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Abstract
Mosses are a dominant ground cover in a wide array of ecosystems, especially in those developing under cold-stressed 
environments such as arctic and alpine ice-melting glacial forelands. Consequently, mosses may influence the performance 
and distribution of other plants. Here, we assessed the nature of interactions between vascular plants and cushion-forming 
mosses in three alpine communities in the northern Patagonian Andes. We recorded species richness, plant abundance and 
cover of vascular plants within and outside moss cushions, measuring also patch area and moss layer depth. To determine 
the effect of mosses on vascular plant assemblages, we calculated the relative interaction index (RII) in terms of richness, 
abundance and cover of all vascular plants, and of individual species. Moss-cushion patches showed higher species rich-
ness, plant abundance and cover in comparison with bare ground areas. Overall, the diversity of vascular plants increased 
with both moss-cushion area and layer depth. Species-specific RII values revealed that the effects of moss cushions on 
neighboring vascular plants were predominantly positive for all three plant communities surveyed. These results highlight 
the role of mosses as nurse plants in alpine ice-melting glacial forelands and, thus, as ecosystem engineers that can be key 
in maintaining vascular plant diversity.
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Introduction

Biotic interactions are key drivers of plant population 
dynamics and community composition. Particularly, in 
severe environments, the importance of facilitation in sus-
taining plant diversity is widely acknowledged (Brooker 
et  al. 2008). As opposed to competition, plant–plant 

facilitative interactions occur when one species increases 
the performance of another plant by, for instance, the modi-
fication of the local abiotic or biotic environment (Bertness 
and Callaway 1994; Brooker and Callaghan 1998). Although 
facilitation and competition are processes that can occur 
between neighboring plants within a single community, 
facilitation is more frequent in harsh environments, shifting 
to competition as abiotic conditions become more benign 
(Bertness and Callaway 1994; Callaway et al. 2002). How-
ever, plant–plant interactions can also depend on intrinsic 
traits of the interacting species, both of the beneficiary and 
of the benefactor (e.g., Gomez-Aparicio 2009; Navas and 
Violle 2009; Schöb et al. 2013; Bonanomi et al. 2015). In 
particular, cushion-like plant species are known to be par-
ticularly effective “nurse plants” in alpine and arctic envi-
ronments (Butterfield et al. 2013; Cavieres et al. 2014). Fur-
thermore, most of the current knowledge about plant–plant 
interactions is based on interactions occurring between 
vascular plants, highlighting the need to explore the role of 
plants belonging to other taxonomic groups as possible eco-
system engineers that determine plant community structure, 
composition, and diversity.
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Mosses are a dominant ground cover in a wide array 
of ecosystems, especially in those developing in cold-
stressed environments, such as the Arctic tundra and Ant-
arctic fellfields, where they typically adopt a cushion-like 
form. Consequently, mosses may affect the performance 
and distribution of small-sized and/or short-lived vascular 
plants through both abiotic and biotic pathways. Recent 
studies have addressed the facilitation of vascular plants 
by bryophytes (Groeneveld et al. 2007; Gornall et al. 2011; 
Casanova-Katny and Cavieres 2012; Rayburn et al. 2012; 
Sand-Jensen et al. 2015). Moreover, mosses in the polar 
tundra can act as ecosystem engineers given their influ-
ence on microclimate and soil processes (Malmer et al. 
2003; Gornall et al. 2007). Indeed, like many vascular 
plants with a cushion growth form, mosses can provide 
better microhabitats than the surrounding environment by 
increasing soil moisture and nutrients, reducing frost dam-
age experienced by seedlings and plants roots, and buffer-
ing the extreme temperatures that impact the surrounding 
bare ground (e.g., Smith 1988; Carlsson and Callaghan 
1991; Groeneveld and Rochefort 2005; Gornall et al. 2007; 
Groeneveld et al. 2007; Startsev et al. 2007; Roberts et al. 
2009). In addition, the physical structure of mosses, while 
favoring seed trapping, can provide safe sites that pro-
tect seeds against predation (Jeschke and Kiehl 2008). 
Therefore, the microenvironment provided by mosses can 
enhance the establishment, growth and/or survival of other 
plant species (Carlsson and Callaghan 1991; Groeneveld 
et al. 2007; Casanova-Katny and Cavieres 2012).

On the other hand, negative interactions between 
mosses and vascular plants have also been reported (e.g., 
Hobbie et al. 1999; Bret-Harte et al. 2004; Jeschke and 
Kiehl 2008; Gornall et al. 2011; Doxford et al. 2013). In 
fact, several studies indicate that competition between 
mosses and vascular plants is the prevalent type of interac-
tion in the Antarctic fellfield (Block et al. 2009; Krna et al. 
2009). Whereas moss growth can be suppressed through 
leaf litter deposition and shading from associated vascular 
plants (Malmer et al. 2003; Van der Wal et al. 2005; Start-
sev et al. 2008), mosses can hamper seedling emergence 
and plant growth of vascular plants via moss ground cover 
effects (Bai and Romo 1995, Donath and Eckstein 2010, 
Hobbie et al. 1999; Gornall et al. 2011; Doxford et al. 
2013). Furthermore, it has been shown that moss layer 
depth is crucial in determining the sign and magnitude of 
these plant–plant interaction (Van der Wal and Brooker 
2004; Jeschke and Kiehl 2008; Gornall et al. 2011) since 
shallow and deep mosses tend to affect positively and neg-
atively, respectively, the growth of plant species of the 
Arctic tundra. Particularly, it has been reported that deep 
mosses can decrease local soil temperature and nutrient 
availability, creating more stressful microhabitats (Van 
der Wal and Brooker 2004; Gornall et al. 2007, 2011). In 

sum, mosses can exert both positive and negative effects 
on vascular plants.

Most studies on plant–plant interactions involving mosses 
have been conducted in polar ecosystems. Alpine environ-
ments can be as stressful as the Arctic tundra (Bliss 1962; 
Körner 2003), as both are characterized by extreme cold and 
poor soils with low nutrient availability. However, alpine 
ecosystems are subjected to much larger daily variations of 
temperature and solar radiation during the growing season 
and also to a greater impact from ultraviolet radiation than 
arctic ecosystems (Bliss 1962; Gardes and Dahlberg 1996). 
Therefore, the nature of moss–vascular plant interactions 
between alpine and arctic ecosystems can differ, although, 
to the best of our knowledge, no study on moss–plant inter-
actions has been conducted so far in an alpine environment.

In this study, we investigated the nature of moss—vas-
cular plant interactions in three alpine communities in the 
Andes of North Patagonia. Specifically, we addressed the 
following questions: (1) Are moss-cushion patches richer 
in plant species than bare ground areas of similar size? (2) 
Is diversity of vascular plants related to moss-cushion area 
and depth? (3) What is the nature and strength of vascular 
plant responses to cushion mosses at the community and 
species levels? (4) How effective are mosses as nurse plants 
in comparison with angiosperm-cushion species?

Methods

Site and species studied

The study was conducted in three high-Andean communities 
dominated by mosses in the North Patagonian Andes during 
January and February of 2018. The three moss-dominated 
communities studied were located on the (1) east-facing 
slope of Cerro López at 1850 m (41°6ʹS, 71°33ʹW), (2) 
east-facing slope of Cerro Hielo Azul at 1820 m (41°52ʹS, 
71°39ʹW), and (3) southeast-facing slope of Cerro Catedral 
at 1840 m (41°11ʹS, 71°30ʹW). The region of the North 
Patagonian Andes is strongly influenced by moisture-car-
rying westerlies, with most precipitation falling in winter. 
All the communities included in this study occur on ice-
influenced large plateaus where plant cover is extremely low 
(from 3 to 5%) due to the severe abiotic conditions, resulting 
in a landscape mainly covered by stones, rock crevices, soil 
and mosses (Fig. 1). In these sites, moss cushions estab-
lish on ice-melting glacial forelands, more specifically, on 
a plateau surrounding a lagoon fed by rain and the thaw of 
a nearby glacier (Hielo Azul), or by the melting of nearby 
semi-permanent ice patches and snow packs (López and Cat-
edral). Accordingly, all sites are environmentally character-
ized by freeze–thaw action, cryogenic processes, and large 
water and temperature variations, typical of the high-cold 
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permafrost characterizing several alpine ecosystems (Wang 
et al. 2006). Mean annual temperature is ca. 4.5 °C with an 
annual precipitation of approximately 1054 mm at López, 
937 mm at Hielo Azul, and 942 mm at Catedral (Worldclim, 
http://www.world​clim.org; Hijmans et al. 2005), mainly fall-
ing during winter in the form of snow, leaving mounds of ice 
and snow during summer.

In these alpine communities, we studied the nurse effect 
of moss patches that grow as cushions of varied shapes and 
sizes (Fig. 1). At least three moss species occur at the López 
community, Philonotis esquelensis Matteri (Bartramiaceae), 
Bryum pseudotriquetrum (Hedw.) G. Gaertn., B. Mey & 
Scherb. (Bryaceae), and Pohlia wahlenbergii (F. Weber & D. 
Mohr) A.L. Andrews (Mielichhoferiaceae). The most abun-
dant moss species with cushion-like form at this community 
was P. esquelensis. Philonotis is commonly found growing 
on rocks or soil, usually associated with wet sites such as 
stream banks or seeps, from sea level to 4700 m, well above 
tree line (Gradstein et al. 2001; Jimenez and Suárez 2017; 
Jimenez et al. 2014, 2016). At the Hielo Azul community, 
two moss species were found, Bryum pseudotriquetrum and 

Pohlia wahlenbergii; however, B. pseudotriquetrum was the 
dominant species. The distributions of B. pseudotriquetrum 
and P. wahlenbergii also encompass all kind of moist or wet 
habitats from wet meadows, swamps, stream banks, rivers, 
and lake shores to mountain meadows near springs, streams 
and flushes, among others (Erzberger and Schröder 2013; 
Suárez and Schiavone 2011). At the Catedral community, 
only one moss species was found, Bartramia patens Brid. 
(Bartramiaceae), an endemic species of South America with 
incursions into the Antarctic continent (Larraín 2007). At 
each community, we sampled the most abundant moss spe-
cies (i.e., Philonotis esquelensis at López, Bryum pseudotri-
quetrum at Hielo Azul, and Bartramia patens at Catedral).

Vegetation sampling

At each community, a total of 50 moss cushions were hap-
hazardly selected, pairing each moss cushion with an adja-
cent non-cushion or ‘open area’ microsite about 50 cm dis-
tant in a random direction. This short distance ensures that 
the non-cushion area was similar in substrate and overall 

Fig. 1   Communities studied at a López, b Hielo Azul, and c Catedral mountains; and d, e examples of the moss-cushion patches sampled

http://www.worldclim.org
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micro-environmental conditions. To obtain comparable data 
sampling in the surrounding open area, a wire hoop was 
shaped to match the size of the sampled cushion which was 
then placed on the ground (e.g., Cavieres et al. 2014). Vascu-
lar plant species abundance and plant cover were recorded at 
both cushions and matching open-area plots. For the whole 
vascular plant assemblage and for each individual species, 
abundance was estimated as number of plant individuals and 
plant cover measured visually as a percentage of the sam-
pled area. Even though plant cover is generally related to the 
number of plant individuals, it can be used as an estimation 
of occupancy (Damgaard et al. 2011). Given that cushions 
were usually roughly elliptical, microsites were defined 
as elliptical plots and, thus, the longer and shorter axes of 
each cushion were measured as an approximate estimation 
of their area. We also measured cushion depth as the dis-
tance between the ground level and the maximum height of 
the cushion, recorded at the cushion center. To evaluate the 
comparative efficiency of mosses as nurse plants, vascular 
plant species growing within several angiosperm-cushion 
species from different mountain systems in the same region 
were also recorded using the same sampling protocol as we 
did with the cushion mosses. Particularly, we identified 15 
angiosperm-cushion species performing as nurses in several 
genera and families in a total of 21 high-Andean commu-
nities occurring between 1600 and 2000 m spread among 
seven mountains, estimating absolute and relative plant spe-
cies richness associated with each of these species (Online 
Resource, Table S1). Besides absolute richness, similarly to 
the measurements performed in moss cushions, we estimated 
relative richness from counts of plant species growing in 
50 paired angiosperm-cushion and open-area patches (see 
below).

Statistical analyses

Assessment of differences in species richness between cush-
ions and open-area plots requires sampling efforts large 
enough to fully capture the species assemblages associated 
with each microhabitat (Colwell 2013). Therefore, rarefac-
tion curves were constructed with Mao Tau estimations for 
mean species richness per sampling class for both cushion 
and open-area plots at the three communities, using the soft-
ware EstimateS (version 9.1.0, Colwell 2013). Additionally, 
we estimated asymptotic species richness using non-para-
metric estimators (Gotelli and Colwell 2011). For incidence 
data, the most proper estimator of species richness is the 
Chao-2 estimator (Colwell 2013), which takes into account 
the rare species and the total number of species observed in 
the sample to estimate the expected total species richness 
(Colwell 2013). Accordingly, we calculated Chao-2 values 
at both microsites (moss cushions and open areas) for the 
three communities.

Generalized linear mixed-effect models (glmer function in 
lme4 R package, Bates et al. 2015) were used to test for the 
effect of microsite (moss cushion vs. open area) on vascular 
plant species richness, and assemblage-wide plant abun-
dance and cover, using patch area as a covariable. Paired 
plots and community were included as random effects. We 
estimated the Pearson correlation between cushion meas-
urements, area and depth to determine to what extent these 
factors are associated. The influence of moss-cushion depth 
on vascular species richness, plant abundance and cover was 
analyzed with generalized linear mixed-effect models, using 
cushion depth as a fixed factor and community as a random 
effect. Response count variables (i.e., species richness and 
plant abundance) were examined for over-dispersion; plant 
species richness was analyzed considering a Poisson distri-
bution (Zuur et al. 2009), whereas a quasi-Poisson model 
was used for plant abundance with the function glmmPQL 
of the MASS package. Instead, plant cover was analyzed 
assuming a normal distribution. Predicted values with 95% 
confidence intervals of all models were computed and plot-
ted with the function ggpredict of the ggeffects package. All 
analyses were performed with the R software (R Develop-
ment Core Team 2017).

To assess the effect of cushion mosses on vascular plant 
diversity, abundance, and cover, we calculated the relative 
interaction index (RII; Armas et al. 2004) at both the whole 
assemblage and species level. The RII is calculated as (x 
within cushion–x in open area)/(x within cushion + x in open 
area), where x represents any performance variable of inter-
est. The RII varies from − 1 to 1 and in the case of abun-
dance, for instance, RII = 1 (i.e., complete facilitation) if all 
individuals occur within cushions; RII = − 1 if all individuals 
are found growing in the open areas; or RII = 0 if individu-
als are equally distributed between cushion and open-area 
plots. At the community level, RII values were assessed by 
comparing species richness, total plant abundance, and total 
plant cover in each paired moss–open-area plot. One sample 
t tests with the Bonferroni correction (Rice 1989) were used 
to examine if community RII values (RIIrichness, RIIabundance, 
and RIIcover), at each site, were significantly different from 
zero, allowing to ascertain if overall moss–plant interactions 
are positive, negative or neutral (Yang et al. 2017). At the 
species level, the RII was estimated for each vascular plant 
species using species-specific records of plant abundance 
and cover (e.g., Anthelme et al. 2012).

Finally, to assess how effective were mosses as nurse 
plants compared to angiosperm-cushion plants, a ranking 
was performed by ordering angiosperm- and moss-cushion 
plant species according to the mean species richness found 
growing within and to the estimated RIIrichness value, which 
was calculated using the number of species found inside 
and outside cushion plant patches and which correct for dif-
ferences in the richness of the overall species pool found at 
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the different communities (Butterfield et al. 2013; Cavieres 
et al. 2014).

Results

A total of 56 vascular plant species were found in the three 
surveyed moss-dominated communities, with the most fre-
quent species being Cardamine cordata, Cerastium arvense, 
Luzula racemosa, Poa obvallata, Epilobium australe and 
Trisetum barbinode. The community at Hielo Azul had the 
highest richness, with a total of 36 species of vascular plants, 
and the community at López had the lowest richness, harbor-
ing 22 species only. Species richness increased at a faster 
rate with the number of moss patches sampled than with the 
number of bare ground patches outside mosses for the three 
sampled communities (Fig. 2). Among the sampled commu-
nities, cumulative species richness recorded in moss cush-
ions ranged from 22 to 33, whereas species number in open-
ground plots ranged from 12 to 21 species (Table 1, Fig. 2). 
Cushion mosses also sustained higher species diversity than 

bare ground at the community level, as indicated by differ-
ences in the asymptotic Chao-2 estimates (Table 1). 

At the patch level, there were significantly higher species 
number, plant abundance and cover of vascular plants asso-
ciated with moss cushions (Table 2) than in paired open-area 
plots in all studied communities (Fig. 3). Both moss-cushion 
area and depth were highly variable (Figs. 4, 5) and only 
weakly correlated (r = 0.15, n = 150, P = 0.06). Patch area 
was a significant predictor for all plant community estimates 
(Table 2). Particularly, species richness, plant abundance 
and cover increased with plot area, yet this increase was 
only observed for the moss-cushion patches and not for 
the paired open-area plots (Fig. 4). All these variables also 
tended to significantly increase with the depth of moss-cush-
ion patches (species richness, X2 = 22.37, P < 0.0001, n = 50; 
plant abundance, X2 = 81.25, P < 0.0001, n = 50; plant cover, 
X2 = 6.42, P = 0.011, n = 50; Fig. 5). Therefore, large and 
deep moss cushions were those that sustained the highest 
plant diversity, abundance and cover at the patch level.

As a consequence of the higher diversity of vascular plants 
associated with mosses than with open-area patches, the RII 
values of the vascular plant assemblage were significantly 

Fig. 2   Rarefaction curves for plant species number sampled growing 
within moss cushions and paired open-area plots (i.e., non-cushion 
plant vegetation present). The Mao Tau estimators and their respec-

tive standard deviations are shown for each of the three communities 
at a López, b Hielo Azul, and c Catedral

Table 1   Total number of 
species observed and estimated 
species number for both 
microsites (moss cushion 
vs. open area) at the three 
communities

Community-wide species richness estimates are represented by Chao-2 values and their respective ana-
lytical standard deviations (SDs). The percentage depicts the difference of richness between microsites for 
both observed and estimated species numbers

López Hielo Azul Catedral

Inside Outside % Inside Outside % Inside Outside %

Observed richness 22 12 45 33 21 36 32 17 47
Estimated richness 

(Chao-2 mean)
32.29 13.47 58 35.39 26.88 24 38.49 26.49 31

SD 10.38 2.55 2.01 5.29 5.25 12.12
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positive in terms of species richness, abundance and cover 
at the three sites (Table 3). Accordingly, species-specific RII-
values, either based on the number of individuals or species 
cover, were predominantly positive (Online Resource, Fig. 
S1). Based on our results, we estimated that about 90% of the 
vascular plant species surveyed at López and Catedral, and 
75% at Hielo Azul, were facilitated by mosses. Furthermore, 
about 80% of all species encountered only once in any of the 
communities studied were exclusively associated with moss 
cushions (Online Resource, Fig. S1). As a consequence, moss 
cushion plants appear to be key elements in sustaining diver-
sity at the patch and community levels in the cold-stressed 
environments surveyed.

We identified a total of 15 angiosperm-cushion species 
performing as potential nurse plants among the additional 
21 high-Andean communities sampled in the region (Fig. 6). 
Mean plant species richness associated with the three sampled 
moss-cushion species was both in absolute and relative terms 
(i.e., as estimated by the RII) comparable to that associated 
with angiosperm-cushion species (Fig. 6). In fact, the mean 
number of species growing inside the dominant moss cushions 
at the Hielo Azul community (Bryum pseudotriquetrum) and 
the Catedral community (Bartramia patens) ranked among 
the highest, whereas at López the number of species inside the 
moss Philonotis esquelensis ranked at an intermediate posi-
tion (Fig. 6a). When species richness associated with cushion 
plants was estimated in relative terms (i.e., based on the RII 
index), moss-cushion species were even better nurses than 
more than half of the angiosperm-cushion species (Fig. 6b).

Discussion

In this study, we evaluated the effect of cushion-forming 
mosses on vascular plant diversity in three alpine communi-
ties of ice-melting glacial forelands of the North Patagonian 

Andes. In particular, moss-cushion patches harbored higher 
species richness, plant abundance and cover of vascular 
plants in comparison with bare ground areas. Furthermore, 
vascular plant richness, abundance and cover increased with 
both moss-cushion area and depth. Overall, our results sug-
gest that the effect of moss-cushions on interacting vascular 
plants was predominantly positive at both the whole plant 

Table 2   Effect of the microsite (moss cushion vs. open area) and 
patch size on vascular plant community composition

Richness is the number of vascular plant species, abundance is the 
total number of plant individuals, and cover is the total vascular plant 
occupancy in the plot estimated as a percentage

Response Predictor X2 P

Richness Microsite 135.2 < 0.0001
Area 18.48 < 0.0001
Microsite × area 0.556 0.456

Abundance Microsite 266.48 < 0.0001
Area 39.27 < 0.0001
Microsite × area 1.42 0.233

Cover Microsite 106.57 < 0.0001
Area 44.32 < 0.0001
Microsite × area 24.57 < 0.0001

Fig. 3   Number of a vascular plant species (i.e., species richness), b 
individuals (i.e., abundance), and c total cover (as a percentage) asso-
ciated with moss-cushion and open-area plots at each of the three 
sites. For each measure, the mean ± 1 SE is shown
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assemblage and individual species levels. To the best of our 
knowledge, this study represents the first report of mosses 
as nurse plants in alpine communities.

Alpine plants, in general, are capable of producing abun-
dant seeds and seedlings (Marcante et al. 2013); however, 
germination, establishment and initial growth are considered 

the most hazardous life-cycle stages (Erschbamer et al. 2008; 
Marcante et al. 2013). Indeed, occurrence of vascular plants 
outside moss cushions was rather restricted (Fig. 3), sug-
gesting that in these high-Andean communities the foremost 
obstacle is possibly the lack of safe sites for initial establish-
ment and seedling survival. Instead, occurrence of diverse 

Fig. 4   Relationships between 
patch size (m2) and number of 
vascular plant species (i.e., spe-
cies richness), individuals (i.e., 
abundance), and total cover (as 
a percentage) for moss-cushions 
(left panels) and open-area 
patches (right panels). Model 
predicted values (solid lines) 
and 95% confidence intervals 
(dashed lines) are shown

Fig. 5   Relationships between moss-cushion layer depth (cm), meas-
ured as the maximum cushion height at the patch middle, and a num-
ber of vascular plant species (i.e., species richness), b total number 

of plant individuals (i.e., abundance), and c total plant cover (as a 
percentage). Model predicted values (solid lines) and 95% confidence 
intervals (dashed lines) are shown
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assemblages of vascular plants was always associated with 
moss cushions, indicating that these moss patches provide 
favorable niches that facilitate the recruitment of many spe-
cies of vascular plants that otherwise would not occur in 
these wet- and cold-stressed plant communities.

Whereas several studies have focused on the effect of 
mosses upon specific-species performance (e.g., Gornall 
et al. 2011; Casanova-Katny and Cavieres 2012), few have 
evaluated their effects on whole species assemblages (Van 
der Wal and Brooker 2004). Our community approach 
allowed us to find a high dependence of rare vascular plants 
species on cushion-forming mosses. In fact, 80% of the 
rarest species occurred only in moss cushions and, conse-
quently, these species would be potentially excluded from 
the studied community in the absence or removal of mosses.

Several biological features of mosses make them extraor-
dinary colonizers in extreme ecosystems (Belkina and Mav-
lyudov 2011; Dickson and Johnson 2014; Belkina and Vilnet 
2015) such as mosses’ tolerance to extremely low tempera-
tures, ability to retain water, and establish and grow on lim-
ited and loose soil without being nursed by other species 
(Belkina and Mavlyudov 2011; Belkina and Vilnet 2015). 
Consequently, mosses are common pioneer species (Bruun 
et al. 2006), facilitating the colonization of less stress-tol-
erant plants (Sohlberg and Bliss 1984), the reason why they 
are important in triggering ecological successions (Jones 
and Henry 2003; Johnstone et al. 2010; Turetsky et al. 2010; 
Garibotti et al. 2011; Arróniz-Crespo et al. 2014; Dickson 
and Johnson 2014). Hence, mosses might play a significant 
role as pioneer species in ice-driven high-Andean commu-
nities, with later successional stages involving small-sized 
and/or short-lived vascular plants occurring within already-
established moss cushions.

Facilitation can be particularly important during early 
successional stages (Niederfriniger Schlag and Erschbamer 
2000), particularly in severe environments (Choler et al. 
2001; Callaway et al. 2002; Cavieres et al. 2005). In fact, 
one outstanding finding of our results was the almost com-
plete dominance of positive interactions between mosses and 
vascular plants, either regarding overall vascular plant diver-
sity or species-specific recruitment within moss patches. 
This is consistent with the prevalence of facilitative over 

Table 3   Mean Relative 
Interaction Index (± 1 SE) 
values (RIIs) of the vascular 
plant assemblage at the three 
sites

Results of one-sample t tests testing the null model of an RII value = 0 are shown. Richness is the number 
of species, abundance is the total number of plant individuals, and cover is the total plant occupancy within 
the plot estimated as a percentage. Sequential Bonferroni correction has been conducted on P values

López Hielo Azul Catedral

Mean SE t49 P Mean SE t49 P Mean SE t49 P

Richness + 0.63 0.04 14.6 < 0.0001 + 0.57 0.04 13.9 < 0.0001 + 0.71 0.03 22.1 < 0.0001
Abundance + 0.74 0.04 18.9 < 0.0001 + 0.72 0.03 23.6 < 0.0001 + 0.80 0.02 29.5 < 0.0001
Cover + 0.64 0.05 12.1 < 0.0001 + 0.75 0.04 19.7 < 0.0001 + 0.71 0.05 14.5 < 0.0001

Fig. 6   Species richness ranking among cushion plant species. The 
mean (± 1 SE) is shown for the a absolute species richness meas-
ured as the number of species found within cushions, and b relative 
species richness estimated by the Relative Interaction Index (RII) 
as the difference in species richness inside and outside cushions, for 
three moss-cushion and fifteen angiosperm-cushion species. Bry pse 
(Bryum pseudotriquetrum), Mul lep (Mulinum leptacanthum), Bar pat 
(Bartramia patens), Azo lyc (Azorella lycopodioides), Bel chi (Belloa 
chilensis), Azo mad (Azorella madreporica), Ore gla (Oreopolus gla-
cialis), Aca ant (Acaena antarctica), Sen cri (Senecio crithmoides), 
Azo mon (Azorella monantha), Mul spi (Mulinum spinosum), Bac 
mag (Baccharis magellanica), Phi esq (Philonotis esquelensis), Mul 
ech (Mulinum echinus), Aca mac (Acaena macrocephala), Nas pyg 
(Nassauvia pygmaea), Gau pum (Gaultheria pumila), Oxa ery (Oxa-
lis erythrorhiza)
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competitive interactions in harsh environments (Bertness 
and Callaway 1994; Callaway et al. 2002). Nonetheless, a 
gradient of environmental severity might systematically alter 
the nature of moss–vascular plant interactions and, thus, in 
less stressful environments these interactions could shift 
from positive to negative (Choler et al. 2001; Maestre et al. 
2009; Anthelme et al. 2012; but see Cavieres et al. 2006; 
De Bello et al. 2011; Dvorsky et al. 2013). However, alpine 
moss cushions are limited to these peculiar cold-stressed 
wet environments (Gavini, personal observation), making 
the evaluation of this hypothesis unfeasible in this case. 
Moreover, at all three mountains mosses occurred in the 
same altitudinal belt (~ 1800 m.a.s.l.) making it impossible 
to undertake comparisons among communities across alti-
tudes to assess the altitudinal version of the stress-gradient 
hypothesis (Cavieres et al. 2006; Anthelme et al. 2012; 
Schöb et al. 2013). In any event, moss-cushion facilitation 
could represent one of the main processes fostering eco-
logical plant succession and maintaining plant diversity in 
high-Andean ice-melting glacial forelands.

Although we did not assess the microhabitat properties 
of the non-vascular nurse species surveyed, it is known that 
mosses can enhance the establishment of other species by 
modifying the local environment. In particular, in addition 
to acting as seed traps (e.g., Groeneveld et al. 2007), mosses 
can increase soil moisture and nutrients, buffer extreme tem-
peratures, reduce frost damage and provide seed and seed-
lings safe sites (e.g., Startsev et al. 2007; Gornall et al. 2007; 
Groeneveld et al. 2007; Jeschke and Kiehl 2008; Roberts 
et al. 2009). Measurements of abiotic variables and experi-
mental field studies involving, for instance, moss removal 
(Hobbie et al. 1999; Bret-Harte et al. 2004; Casanova-Katny 
and Cavieres 2012; Doxford et al. 2013) would be needed 
to identify the mechanisms by which these moss species are 
facilitators. However, given that the studied sites are set-
tled close to ice-melting lagoons, where plant physiologi-
cal drought could be rare, an increase in soil moisture may 
not be the mechanism underlying moss-cushion facilitation. 
Instead, the importance of mosses in insulating plants from 
extreme temperatures could be key in understanding the 
facilitating role of mosses, as explained below.

Contrary to the widespread moss-facilitative effects 
reported here, negative interplays between mosses and 
vascular plants have also been reported. Among negative 
effects, mosses may hamper seedling emergence and plant 
growth of vascular plants via ground cover effects (Bai and 
Romo 1995; Hobbie et al. 1999; Donath and Eckstein 2010; 
Gornall et al. 2011; Doxford et al. 2013). Yet, the sign and 
intensity of plant–plant interactions are often related to nurse 
traits (Michalet et al. 2011, 2014), being moss-cushion depth 
a key factor in the particular case of moss-plant interac-
tions (Van der Wal and Brooker 2004; Jeschke and Kiehl 
2008; Gornall et al. 2011). In our sites, moss-cushion depth, 

indeed, affected the number of associated vascular plants, 
but unlike the findings of these other studies (Gornall et al. 
2011), moss depth influenced positively rather than nega-
tively the establishment of other plants.

Deep mosses can potentially increase the severity of 
micro-environmental conditions due to a reduction in soil 
temperature, nutrient availability, and growing season 
length, hence hampering the growth of associated plants 
(Van der Wal and Brooker 2004; Gornall et al. 2007, 2011). 
Indeed, negative relationships between moss depth and 
graminoid biomass and/or survival have been reported in 
several tundra studies (e.g., Olofsson et al. 2001, 2004; 
Van der Wal and Brooker 2004; Jeschke and Kiehl 2008; 
Gornall et al. 2011). In contrast, in the alpine communities 
studied, the positive relationships between moss depth and 
species abundance and diversity suggest that there must be 
increasing benefits associated with deep mosses that must 
overcome the costs for the nursed species. These contrast-
ing results are probably explained by the climatic differ-
ences between alpine and arctic ecosystems. Particularly, 
during the growing season, arctic environments are subject 
to less solar and ultraviolet radiation, and lower diurnal 
temperatures than alpine environments (Bliss 1962; Gardes 
and Dahlberg 1996). Consequently, thick moss layers in the 
Arctic can insulate the cold and poorly drained soils caused 
by underlying permafrost, thus constraining the growth of 
accompanying vascular plants (Beringer et al. 2001; Van der 
Wal and Brooker 2004). Instead, deep mosses in alpine envi-
ronments of lower latitudes, where permafrost is generally 
absent, can better buffer the high day temperatures and irra-
diance that can restrict plant growth (Bliss 1962) favouring 
higher vascular plant diversity than shallow mosses. Besides, 
in lieu with these less stressful micro-environmental con-
ditions, deeper cushions might be fostering seed trapping 
and retention by reducing wind speed and enhancing seed 
germination through reduced competition for underground 
space (e.g., root growth) and/or by increasing water avail-
ability. In addition, vascular plant diversity increased with 
the area of the moss cushion independently of its depth. 
These results indicate that the overall size of this amelio-
rated microhabitat fosters recruitment of a higher diversity 
of plants. Alternatively, based on the positive relationship 
between size and age in cushion plant species (Molau 1997; 
Morris and Doak 1998), larger moss cushions might also be 
older and, therefore, may have had more time to accumu-
late more species than younger small-sized cushion patches 
(Nuñez et al. 1999).

Across arctic and alpine ecosystems, a cushion-like archi-
tecture represents a frequent life-form that evolved indepen-
dently in many different plant lineages (Aubert et al. 2014). 
This fact evidences an evolutionary convergence of the cush-
ion life-form among phylogenetically unrelated taxa (Körner 
2003), even between vascular and non-vascular plants. 
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Interestingly, there is also a convergence in the ecological 
role accomplished by plants from highly unrelated line-
ages with cushion life-growth form as ecosystem engineers, 
increasing plant diversity at the patch and community levels 
(Anthelme et al. 2012; Butterfield et al. 2013; Cavieres et al. 
2014). Here, we show that the nurse effect of mosses resem-
bles the pattern exhibited by several angiosperm-cushion 
plant species in the North Patagonian Andes (e.g., Nuñez 
et al. 1999). Yet, the variation observed between the differ-
ent moss and angiosperm-cushion plant species could be due 
not only to the morphological traits of the species involved 
(e.g., Aubert et al. 2014), but also to differences in the envi-
ronmental severity and climate of the sites they inhabit. In 
particular, plant–plant interactions, but more importantly 
overall plant diversity, are likely to differ between wet and 
more arid alpine environments (Michalet et al. 2014). This 
could potentially explain why the communities at Hielo Azul 
and Catedral exhibited higher species richness than the one 
at López, since the latter is subject to greater precipitation. 
In the southern Andes, environmental conditions of alpine 
areas are generally more favorable on the relatively more 
arid mountains, where snow cover is less and the growing 
season lasts longer (Ferreyra et al. 1998). Ultimately, this 
study suggests that in extreme wet-cold environments, such 
as those studied here, mosses may be important nurse plants, 
as angiosperms are in dry-cold alpine environments.

In conclusion, patches vegetated with mosses host higher 
plant diversity than the surrounding open areas, indicating 
that moss cushions facilitate the recruitment of vascular 
plants. This study highlights the importance of mosses as 
potential nurse plants in alpine environments and, thus, their 
role as facilitators and reservoirs of biodiversity. Accord-
ingly, these findings contribute to the relatively recent grow-
ing literature regarding moss–vascular plant interactions. 
The recognition of mosses as ecosystem engineers in the 
severe environments of ice-melting glacial forelands may 
allow a better understanding of how community assemblage 
and species diversity are structured and preserved in these 
extreme cold and wet alpine ecosystems.
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