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Abstract
Aim: Plant– plant interactions are an important factor in structuring plant biodiver-
sity. However, most studies on the impacts of plant– plant interactions on biodiversity 
focus on species richness and to a lesser extent on other facets of diversity. When 
other facets of biodiversity are considered, studies often include a limited set of en-
vironmental conditions. We aimed to quantify the impacts of nurse plants on taxo-
nomic, functional and phylogenetic facets of plant biodiversity and how these impacts 
change across environmental gradients.
Location: We report data on 28 alpine and 50 dryland sites, established in 11 countries.
Time period: 1998– 2019.
Major taxa studied: Vascular plants.
Methods: We analysed plant– plant interactions using co- occurrence analyses and 
obtained information on the functional traits and phylogenetic relationships of the 
beneficiary species. We calculated the change in taxonomic, functional and phyloge-
netic diversity caused by the presence of nurse plants and environmental conditions.
Results: Nurse plants enhanced taxonomic and phylogenetic diversity in alpine com-
munities and enhanced functional and phylogenetic diversity in dryland communities. 
However, they had a positive effect on functional and taxonomic diversity only in 
moderate environments in alpine and dryland communities, respectively. The effects 
of nurse plants were larger in drylands for functional and phylogenetic diversity and in 
alpine communities for taxonomic diversity. Interestingly, nurse plants induced non-
linear changes in all facets of biodiversity across environmental gradients, whereas 
biodiversity tended to increase linearly toward more benign conditions in open 
interspaces.
Main conclusions: Facilitation is important in alpine environments to maximize taxo-
nomic diversity and has a more consistent positive effect on the functional and phy-
logenetic diversity of drylands. In general, effects of facilitation on biodiversity peak 
in moderate environmental conditions, which suggests that nurse plants can protect 
biodiversity from impacts of climate change mostly in those places currently under 
low environmental stress and that will be likely to experience moderate stress levels 
in the future.
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1  |  INTRODUC TION

Multiple facets of biodiversity, including taxonomic, functional 
and phylogenetic diversity, are important to understand commu-
nity assembly and the effect of biotic communities on ecosystem 
functioning (Butterfield & Briggs, 2011; Cadotte et al., 2013; Le 
Bagousse- Pinguet, et al., 2019; Valiente- Banuet et al., 2007). All 
these facets of biodiversity are likely to be influenced by plant– plant 
interactions. For example, the presence of nurse plants can enhance 
microclimatic conditions and soil fertility or provide protection from 
grazing, which might allow the recruitment and survival of species 
that would not be present otherwise, increasing as a result the tax-
onomic diversity of the community (Cavieres et al., 2013; Madrigal- 
Gonzalez et al., 2020; Soliveres & Maestre, 2014). Owing to the 
different microenvironments generated by nurse canopies (e.g., 
buffered temperature and radiation, higher soil organic matter), the 
plants growing beneath nurse species often show functional trait 
values different from those plants able to thrive in their absence, 
commonly presenting larger heights or specific leaf areas, typical 
of more competitive and less stress- tolerant strategies. Therefore, 
nurse plants can enhance the functional diversity of the community 
in addition to the taxonomic diversity (Butterfield & Briggs, 2011; 
Schöb et al., 2012). However, facilitation depends not only on the 
functional traits of the beneficiary species, but also on the relation-
ship between nurse and beneficiary traits and on competition be-
tween beneficiary species (Greiner La Peyre et al., 2001; McIntire 
& Fajardo, 2013; Soliveres et al., 2014). Therefore, patterns of func-
tional diversity driven by nurse plants might not match those of tax-
onomic diversity, because strong competition between beneficiary 
species beneath nurse canopies could hinder the overall positive 
effect on taxonomic diversity. In addition, facilitation of taxonomic 
diversity and facilitation of functional diversity can change in dif-
ferent ways across environmental gradients (Madrigal- Gonzalez 
et al., 2020), with facilitation of functional diversity responding 
monotonically and positively to increases in abiotic stress, whereas 
facilitation of taxonomic diversity shows more nuanced responses 
to environmental gradients (reviewed by Soliveres et al., 2015). In 
addition, nurse plants can facilitate the presence of phylogenetically 
distant species, although shared mutualisms could also render facili-
tatory effects for species closely related to their nurses (Butterfield 
et al., 2013; Pistón et al., 2016; Valiente- Banuet et al., 2007). 
Although the relationships between facilitation and phylogenetic 
diversity should mimic those found for facilitation and functional 
traits, these responses of phylogenetic diversity to nurse plants can 
differ from that of functional diversity if functional traits are not 
phylogenetically conserved (Valiente- Banuet & Verdú, 2013; Vega- 
Alvarez et al., 2019) or if phylogeny represents important functional 
traits, the details of these traits have not been measured [e.g., chem-
ical defenses against herbivores or vulnerability to fungal pathogens, 
both of which show evidence of phylogenetic conservatism (Gilbert 
& Webb, 2007; Salazar et al., 2016), or root- related traits, all of which 
are rarely measured in the field]. Therefore, we still do not under-
stand how consistent the effects of facilitation are for different 

facets of plant biodiversity or whether these effects change consis-
tently across environmental gradients.

A large body of literature illustrates changes in plant– plant in-
teractions across environmental gradients. Existing results can, 
arguably, be summarized in the following three main categories: (1) 
those showing increases in the frequency, intensity or importance of 
facilitation with environmental harshness, because the more stress-
ful an environment becomes, the more likely it is that facilitatory 
interactions will gain importance, whereas competitive interactions 
should prevail in more benign conditions (the stress gradient hypoth-
esis; Bertness & Callaway, 1994); (2) if the microclimatic amelioration 
does not suffice to sustain the growth and survival of beneficiary 
species, facilitation can collapse when the environment becomes 
too harsh, therefore showing a hump- shaped relationship for facili-
tation across an environmental gradient (Maestre & Cortina, 2004; 
Michalet et al., 2006); and (3) if facilitation– environment relation-
ships depend on the species- specific adaptations to the environ-
ment of each beneficiary species, the overall community responses 
to facilitation could show a rather neutral relationship between 
facilitation and plant biodiversity across environmental gradients 
(reviewed by Michalet et al., 2014; Soliveres et al., 2015). Previous 
studies looking at the relationship between plant– plant interactions 
and environmental gradients have focused mostly on the effects of 
these interactions on taxonomic diversity (or other attributes of the 
vegetation, such as biomass, survival, seed production and growth). 
However, there are few studies addressing how the effects of plant– 
plant interactions on evolutionary relatedness and functional trait 
distribution vary across such environmental gradients (Butterfield & 
Callaway, 2013; Butterfield et al., 2013; García- Camacho et al., 2017; 
Le Bagousse- Pinguet, et al., 2018; Schöb et al., 2013; Soliveres 
et al., 2012, 2014). From the available information, it seems that the 
responses of these facets of biodiversity to plant– plant interactions 
can differ strongly from those found on taxonomic diversity in their 
dependence on the environmental conditions.

In drylands, for example, species that evolved during the 
Tertiary, in wetter conditions, are generally dependent on nurse 
plants to recruit (Valiente- Banuet et al., 2007), and this seems 
generally true regardless of how harsh the environment is, which 
generates neutral facilitation– environment relationships (García- 
Camacho et al., 2017; Soliveres et al., 2012). In alpine environ-
ments, however, there is no parallel to the Tertiary– Quaternary 
division in plant regeneration syndromes found in drylands, and 
facilitation intensifies with environmental stress for those taxa 
more distantly related to their nurse (Duarte et al., 2021). Plant 
functional traits, instead, respond strongly to both environmen-
tal gradients and the presence of nurse plants (e.g., Butterfield 
& Briggs, 2011; Schöb et al., 2013), and this could generate more 
clear and monotonic relationships of increasing facilitation with 
environmental stress than those found for taxonomic or phyloge-
netic diversity. Hence, it is likely that strong differences arise in 
the relationships between the effects of plant– plant interactions 
on biodiversity across environmental gradients depending on the 
biodiversity facets on which we focus. Given that these different 
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facets of biodiversity interact in driving ecosystem functioning (Le 
Bagousse- Pinguet, et al., 2019) and that they show contrasting 
responses to the presence of nurse plants across environmental 
gradients (e.g., Vega- Alvarez et al., 2019), this could explain, in 
part, the conflicting results sometimes reported regarding asso-
ciations between facilitation and ecosystem functioning (Maestre 
et al., 2010; Wright et al., 2017, 2021).

Here, we re- analysed a large dataset of species co- occurrences 
together with new data to assess plant– plant interactions in alpine 
and dryland sites, where facilitation is a major driver of community 
assembly (Callaway, 2007). Although missing important alpine (e.g., 
Alps, Scandes and Rocky mountains) and dryland locations (e.g., 
sub- Saharan Africa and Asia), our database includes sites covering 
a large variety of environmental conditions and plant composi-
tions and should therefore be representative of plant biodiversity 
responses to facilitation across environmental gradients in harsh 
environments. We obtained information on functional trait values 
and phylogenetic relationships for the most common species and 
addressed the following hypotheses: (1) facilitation consistently 
enhances taxonomic, functional and phylogenetic diversity in al-
pine and dryland environments and (2) facilitation– diversity rela-
tionships across environmental gradients differ depending on the 
biodiversity facet, the biome and the environmental conditions, 
showing significant relationships for taxonomic diversity and more 
monotonic and positive responses to environmental stress for 
functional and phylogenetic diversity.

2  |  MATERIAL S AND METHODS

2.1  |  Study area and data collection

We used an existing dataset complemented by an additional 
field study (Soliveres & Maestre, 2014; Soliveres et al., 2014; 
Supporting Information Table S1). Our data come from community- 
level studies, in which plant– plant interactions were inferred from 
co- occurrence analyses and which were conducted in alpine and 
dryland ecosystems, where a large proportion of the studies fo-
cusing on plant– plant interactions are developed (Callaway, 2007). 
Therefore, data were collected from reported empirical data on 
the dominant(s) nurse species and all their neighbours (i.e., paired 
microsites of nurse/open) with the same methodology in drylands 
and alpine studies (Soliveres & Maestre, 2014). We found 15 study 
cases, including 28 and 50 sites located in alpine and dryland areas, 
respectively. Alpine sites were in five countries (Chile, Ecuador, 
India, Spain and USA), whereas dryland sites were in eight coun-
tries (Australia, Ecuador, Iran, Morocco, Palestine, Spain, Tunisia 
and Venezuela) (see details in Supporting Information Table S1). 
From all these sites, we obtained comparable data on elevation 
and 19 bioclimatic variables from the WorldClim dataset (http://
www.world clim.org; Hijmans et al., 2005) at a 30″ resolution. 
The use of WorldClim provided us with a standardized and com-
mon climatic dataset for all our sites, while accurately reflecting 

local climatic conditions measured in situ at several of the study 
locations (correlations between WorldClim and local climatic data 
> .8; for details, see Soliveres & Maestre, 2014). These sites var-
ied widely in their vegetation and climatic conditions, with eleva-
tions ranging from 0 to 6,000 m a.s.l., average annual precipitation 
from 76 to 1,300 mm and mean annual temperature from −10.5 
to 28.4°C. We included nurse species with different life- forms, 
such as trees, shrubs and grass tussocks. For each site, we used 
the number of individuals found for plant species in the open in-
terspaces and beneath nurse microsites (i.e., two microsites were 
located in each site) as the observed values. Open interspaces 
refer to places beyond the influence of the canopies of nurses, 
as opposed to nurse microsites, which are those beneath nurse 
canopies. We obtained 2,685 pairwise combinations from these 
15 study cases, from which we selected only those species occur-
ring in at least four sites in the dataset (45 species accounting for 
320 occurrences in total) for further analyses. This ensured that 
we covered enough range in environmental conditions to be able 
to disentangle nurse– environment interactions in determining di-
versity, while minimizing potential confounding effects of strong 
changes in species composition in these responses. In any case, 
the diversity metrics reported (please see 2.4 section in material 
and methods) are abundance weighted, which should minimize the 
effect of ignoring the least abundant species in our selection of 
pairwise interactions. Finally, functional trait information was not 
available for the rarest species in most of our study sites, which 
prevented us from including those species in our analyses.

Inferring plant– plant interactions from co- occurrence data can 
have some issues, widely recognized in the literature (e.g., Blanchet 
et al., 2020; Delalandre & Montesinos- Navarro, 2018). However, 
given that the sampling procedure across all sites was consistent, 
these issues should not bias facilitation– environment relationships, 
which is what we are focusing on here. Furthermore, and although 
with many exceptions, species co- occurrence can indicate net plant– 
plant interaction outcomes (Tirado & Pugnaire, 2003), and this is 
particularly true for abundant species (Rajala et al., 2019), such as 
the ones we considered in our analyses. Finally, nurse species could 
select more favorable microsites to establish in the first place, which 
could overestimate their facilitatory effects later on. However, 
nurse plants improve soil and microclimatic conditions as they age, 
therefore contributing to the improved microhabitats beneath their 
canopies beyond any initial effect of establishing in more benign 
microsites (e.g., Navarro- Cano et al., 2015; Pugnaire et al., 1996). 
Thus, by sampling beyond (relatively) large individuals of the nurse 
species, we should be including this nurse- mediated microclimatic 
improvement.

2.2  |  Functional trait information

Plant functional traits generally influence ecosystem proper-
ties via their effects on plant growth, tissue quality and resource 
use. These effects can depend on environmental conditions and 

http://www.worldclim.org
http://www.worldclim.org
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biotic interactions (Lavorel, 2013; Lienin & Kleyer, 2012; Meng 
et al., 2015). Many studies have suggested that a robust image 
of the functional profile of a species can be obtained by consid-
ering traits related to resource acquisition, resource limitation 
and reproductive investment (Douma et al., 2012; Drenovsky 
et al., 2012; Ostertag et al., 2014; Sonnier et al., 2012). Leaf dry 
matter content (LDMC), specific leaf area (SLA), leaf nitrogen, 
phosphorous and carbon content and C/N ratio are related to leaf 
structural properties, fast to slow strategies and leaf quality, which 
affect growth rate and litter quality (Cortez et al., 2009; DeChaine 
et al., 2014; Kazakou et al., 2006). Plant height is strongly related 
to the ability of plants to compete for light, growth rate and de-
mographic features, such as longevity and time to reproduction 
(Cornelissen et al., 2003; Moles et al., 2009). Seed mass is related 
to dispersal, longevity and survival (Ostertag et al., 2014). Leaf 
fresh matter content (LFMC) is an important trait, especially in 
species whose leaf shape is narrow, where it might be a better sur-
rogate of leaf photosynthesis and respiration than leaf dry mass 
(Huang et al., 2019). Therefore, we obtained information on these 
10 plant functional traits (plant height, LFMC, LDMC, seed mass, 
leaf carbon content, leaf nitrogen content, leaf phosphorus con-
tent, leaf thickness, SLA and C:N) for plant species occurring in the 
alpine and dryland communities, either from field measurements, 
for c. 10% of plant species, or from publicly available trait datasets 
[BIEN package in R (Maitner et al., 2018), TRY (Kattge et al., 2011), 
LEDA (Kleyer et al., 2008) and TR8 (Bocci, 2015)]. When multi-
ple measurements per species were available in these databases, 
we averaged observations to create a species mean trait value. 
For some plant species, we used genus- level means when either 
species- level data were not available or plants were identified only 
to genus level (Lamanna et al., 2014) (for details, see Supporting 
Information Table S2.

2.3  |  Phylogenetic information

We obtained a phylogeny of species based on the most up- to- date 
megaphylogeny for seed plants (Smith & Brown, 2018), which com-
prises 79,881 taxa. We standardized the species names in our data-
set according to The Plant List using the R package “Taxonstand” 
(Cayuela et al., 2012). We then used the R function V.PhyloMaker (Jin 
& Qian, 2019) to link the species names in our dataset with those in 
the megaphylogeny, and the scenario 3 approach (Qian & Jin, 2016) to 
add species to the phylogeny. Scenario 3 adds missing taxa (e.g., 
genus or species) to the phylogeny within the taxa with known branch 
lengths, in a similar way to the approach implemented in Phylomatic 
and BLADJ (Webb et al., 2008). We pruned our complete phylogeny 
to create two trees, which included either (1) only 30 (most abundant, 
occurring in at least four sites) plant species recorded in the alpine 
environments or (2) only 34 (most abundant) plant species recorded in 
the dryland communities in our dataset. These trees were then used as 
reference lists, from which phylogenetic diversity could be calculated 
for alpine and dryland communities in the dataset.

2.4  |  Measures of taxonomic, functional and 
phylogenetic diversity

To measure the contribution of nurse plants to the different bi-
odiversity facets, we considered communities with and without 
the presence of nurse plants (i.e., PN factor). In this regard, we 
considered communities including nurse plants as PN=YES (com-
munities accounting for nurse and open interspaces) and PN=NO 
(communities with only open microsites). The PN=YES communi-
ties were created by randomly replacing 50% of the quadrats sam-
pled in open microsites per site with the same amount of randomly 
selected quadrats sampled at the same site beneath nurse micro-
sites. Although this does not consider the relative proportion of 
nurse/open microsites at each location, using this standard pro-
portion allowed us to compare our results across the two different 
biomes and their environmental gradients. To measure taxonomic 
diversity, we used the first three Hill numbers (Chao et al., 2014) 
to estimate species richness (q = 0), the exponential of Shannon's 
entropy (q = 1; referring to Shannon diversity) and the inverse of 
Simpson's concentration (q = 2; referring to Simpson diversity) of 
alpine and dryland communities (Hsieh et al., 2016). The exponen-
tial of Shannon's entropy and the inverse of Simpson's concen-
tration capture important facets of taxonomic diversity weighted 
by abundances of rare and dominant plant species in commu-
nity, respectively (Chao et al., 2014). The calculation was based 
on the number of species, which is less affected by differences 
in total sampling effort than other methods (Chao & Jost, 2012). 
However, it must be noted that species richness is underestimated 
in our dataset, because we focused on only those species occur-
ring in at least in four sites and, for the same reason, Shannon's 
and Simpson's indices could be overestimated, although all these 
metrics should remain comparable across sites. Given that q = 2 
was highly correlated with the other Hill numbers (ρ > 0.9 in both 
alpine and dryland communities), this measure of taxonomic diver-
sity was not considered further in our analyses.

To assess functional and phylogenetic diversity, we chose 
the mean pairwise distance (MPD) (Tucker et al., 2017; Webb 
et al., 2002) among the many metrics of functional and phyloge-
netic diversity, given that MPD is one of the most robust mea-
sures for computing the phylogenetic and functional relatedness 
between pairs of species belonging to a given group in each com-
munity (Webb et al., 2002) and, in the abundance- weighted case, 
is equivalent to Rao's Q and Hill numbers (Tucker et al., 2017). To 
produce a phylogenetic and functional index of diversity that is 
independent of species richness, we calculated the standardized 
effect sizes (SESs) of abundance- weighted mean pairwise distance 
for functional (FSES.mpd) and phylogenetic (PSES.mpd) diversity 
by comparing the observed community diversity with the null 
distribution of randomly assembled communities. We used the 
independent- swap algorithm to draw a null distribution based on 
999 randomizations, which retains the species richness within 
each plot and the relative frequency of species occurrences, but 
changes species co- occurrences. SES values > 1.96 or < −1.96 
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indicate significant functional/phylogenetic overdispersion and 
clustering in the community, respectively (Webb et al., 2002). We 
calculated SES.mpd with the “ses.mpd” function in the R package 
picante (Kembel et al., 2010).

2.5  |  Statistical analyses

The degree to which the studied traits of alpine and dryland spe-
cies showed a phylogenetic signal was assessed by the K- statistic 
of Blomberg et al. (2003) to estimate the strength of phylogenetic 
conservatism for different traits of dryland and alpine communities 
using the “multiPhylosignal” function in R package picante. The K- 
statistic was compared with randomized K values, and significant 
p- values indicate non- random correspondences between traits 
and phylogeny. Values of K higher than one indicate that traits are 
more conserved than expected by a Brownian motion evolutionary 
model (Swenson, 2014). Values lower than one indicate that traits 
are less conserved along the phylogeny than expected according 
to this model. In addition, we analysed the relationships between 
the different facets of biodiversity by conducting Spearman's rank 
correlations between our community- level biodiversity metrics 
(q0, q1, FSES.mpd and PSES.mpd). We considered the influence of 
the presence of nurse plants (i.e., PN factor) in these relationships by 
performing them separately for PN=NO and PN=YES communities.

Some of the environmental predictors were highly correlated 
with each other and could induce multicollinearity in our models. To 
avoid this, environmental variables with | r | > 0.7 were considered 
highly correlated (Wheeler & Tiefelsdorf, 2005), and one of the vari-
ables was removed from our dataset before performing any further 
analyses to avoid multicollinearity among environmental variables. 
To select among pairs of highly correlated variables, we favoured 
those more plausibly related to macroclimatic parameters known 
to determine the plant species distribution and plant– plant inter-
actions in alpine and drylands (e.g., Callaway et al., 2002; Cavieres 
et al., 2013; Vallejo et al., 2012; Xiao et al., 2019). Furthermore, we 
analysed multicollinearity amongst the remaining variables using 
variance inflation factors (VIFs) [function vif() in the package “car” 
(Fox &Weisberg, 2011], and variables with VIF scores > 10 were 
considered to be highly collinear and removed from our list of pre-
dictors. For alpine communities, five variables [elevation, maximum 
temperature of warmest quarter (MTWaQ), precipitation of warm-
est quarter (PWaQ), precipitation seasonality (PS) and maximum 
temperature of wettest quarter (MTWeQ)] were selected and used 
in subsequent analyses. They are related to environmental condi-
tions during the growing season in alpine environments (MTWaQ, 
PWaQ and MTWeQ) and also to the general harshness, length of 
the growing season and general climatic unpredictability of the en-
vironment (elevation and PS). They have been identified previously 
as important determinants of plant– plant interactions in these envi-
ronments (e.g., Callaway et al., 2002; Cavieres et al., 2013; Körner 
& Hiltbrunner, 2018). Annual precipitation (PP), elevation, mean di-
urnal ranges of temperature (MDR), maximum temperature during 

the coldest quarter (MTCQ), precipitation during the coldest quarter 
(PDQ), precipitation during the warmest quarter (PWaQ) and pre-
cipitation seasonality (PS) were selected as non- correlated vari-
ables for dryland communities. These climatic variables reflect the 
general harshness in dryland environments (PP), water availability 
during the driest period, a major bottleneck of seedling recruit-
ment in drylands (PDQ), and temperature and other environmental 
oscillations that could cause additional physiological stress (MDR, 
MTCQ, TS, elevation and PS). Most of these climatic variables have 
been identified previously as major drivers of plant distributions and 
plant– plant interactions in drylands (e.g., Soliveres & Maestre, 2014; 
Whitford, 2002; Xiao et al., 2019).

Hence, we analysed the response of taxonomic, functional and 
phylogenetic diversity (using separate analyses for each) relative to 
the presence/absence of nurse plants in communities and environ-
mental factors described above using multi- model inference based 
on information theory (Burnham & Anderson, 2004) using the func-
tion “dredge” provided in the “MuMIn” R package (Barton, 2013). 
From all possible models, we kept only those with ΔAIC (difference 
in AIC between a focal model and the model with the lowest AIC) 
< 2, which included elevation and PWaQ in alpine environments, and 
MDR and PWaQ in drylands (for details, see Supporting Information 
Table S3).

When plotting the data, nonlinear trends between the different 
facets of biodiversity and climatic predictors emerged. Thus, we also 
included quadratic terms for these climatic predictors in our models. 
Then, we compared models with and without the quadratic term, 
using second- order Akaike information criteria (AIC) and R2

adj values 
in both biomes (for details, see Supporting Information Table S4). 
Finally, the best models were plotted, and their marginal R2 values 
were obtained using the function “r.squaredGLMM” provided in the 
package “MuMIn” (Barton, 2013). Marginal R2 is the proportion of 
variance explained solely by our fixed factors (the climatic variables 
and the presence of nurse plants).

To examine the relative importance of environment and the 
presence of nurse plants in explaining variation in each diversity 
index, we performed variation partitioning based on partial linear 
regression using the “varpart” function (Oksanen et al., 2016). The 
total percentage of variation explained was divided into a unique and 
shared contribution for two sets of predictors: (1) environment (i.e., 
elevation and PWaQ in alpine communities, and MDR and PWaQ in 
drylands); and (2) PN.

3  |  RESULTS

3.1  |  Relationships between facets of biodiversity

We found a significant phylogenetic conservatism for plant height 
and LDMC in both alpine and dryland species. In addition, other 
resource- use traits were phylogenetically conserved in alpine 
(LFMC and leaf thickness) or dryland (leaf C, N, P and C:N ratio, 
and SLA) communities. Generally, phylogenetic conservatism was 
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much higher in dryland species than in alpine ones, with 8 of 10 
traits showing significant conservatism in drylands, versus 4 of 10 
in alpine plants (Table 1). According to this, our metrics of functional 
and phylogenetic diversity exhibited strong and positive correlations 
with each other (ρ > 0.68) in drylands, but this relationship was much 
weaker in alpine communities (Figure 1).

Our different biodiversity indices showed contrasting degrees 
of correlation depending on the biome studied and the presence of 
nurse plants. In alpine environments, all biodiversity metrics (except 
phylogenetic vs. functional diversity) exhibited strong and positive 
correlations, and these relationships did not differ substantially 
when considering the presence of nurse plants. However, in dryland 
communities the different facets of biodiversity showed weaker 
correlations (except phylogenetic vs. functional diversity, as stated 
above), and the strength of correlations between functional and tax-
onomic diversity decreased when including the presence of nurse 
plants (Figure 1).

3.2  |  Impacts of plant– plant interactions and 
environmental factors on biodiversity

All biodiversity facets responded significantly to environmental con-
ditions and the presence of nurse plants in both alpine and dryland 
environments (Figure 2). A common pattern across all biodiversity 
facets and biomes was that biodiversity showed linear relationships 

with climate when considering only open interspaces (Figure 2, 
PN=NO), whereas these biodiversity patterns became nonlinear 
when including the presence of nurse plants (Figure 2, PN=YES; 
for further details, see Supporting Information Table S4). Nurse 
plants enhanced taxonomic (q0 and q1), functional (FSES.mpd) and 
phylogenetic (PSES.mpd) diversity in alpine environments, mainly 
in moderate environments (at an elevation of c. 4,000 m a.s.l.), 
with lower diversity in open + nurse versus open- only communi-
ties across the remaining gradient [particularly for taxonomic (q0 
and q1) and functional (FSES.mpd) diversity; Figure 2a]. Biodiversity 
patterns in drylands and alpine environments changed in a similar 
manner across climatic gradients when including nurse plants (i.e., 
in open + nurse communities) compared with their open interspaces 
(Figure 2b). However, stronger increases for both functional and 
phylogenetic diversity were found in drylands than in alpine envi-
ronments (Figure 2b, marginal R2

adj for FSES.mpd and PSES.mpd 
in alpine and dryland environments), whereas taxonomic diversity 
showed a stronger response to nurse plants in the alpine environ-
ments. Increases in plant biodiversity facets beneath nurse plants 
peaked in moderate environments, with a reduction in biodiversity 
values at both ends of the environmental gradients.

The amount of variance explained for all facets of diversity in-
creased when considering the presence of nurse plants in both bi-
omes (Figure 3). This was particularly true for taxonomic (q0 and 
q1) and phylogenetic (PSES.mpd) diversity in alpine communities 
(Figure 3) and for functional (FSES.mpd) and phylogenetic diversity 
indices in drylands (Figure 3). The presence of nurse species ex-
plained almost twice the amount of the variation of the latter bio-
diversity facets compared with environmental factors (Figure 3). In 
addition, the interactions between nurse presence and climate were 
also particularly strong predictors of variation in phylogenetic and 
functional diversity compared with pure climate fraction (Figure 3, 
drylands), suggesting that the effects of plant– plant interactions on 
these facets of biodiversity are relatively sensitive to environmental 
changes and are more predictable. This is consistent with the large 
R2 registered for functional and phylogenetic diversity as a response 
to nurse presence across our environmental gradients, much larger 
than that found for taxonomic diversity (Figure 2).

4  |  DISCUSSION

The influences of positive plant– plant interactions on diversity have 
received considerable attention, with reported increases in taxo-
nomic (e.g., Cavieres et al., 2005), phylogenetic (e.g., Valiente- Banu 
et al., 2007) and functional (e.g., Butterfield & Briggs, 2011) diver-
sity. However, we do not know whether the positive effects of nurse 
plants on these different facets of biodiversity are of similar mag-
nitude (but see Vega- Alvarez et al., 2019) or whether they respond 
consistently across environmental gradients. Here, we have analysed 
a global co- occurrence database to address these research gaps and 
have found that the effects of nurse plants on facets of biodiversity 
are biome dependent, being particularly beneficial for taxonomic 

TA B L E  1  Phylogenetic signal for the functional traits in alpine 
and dryland plants (Blomberg's K for individual trait levels)

All functional 
traits

Blomberg's K

Alpine Dryland

K p- value K p- value

Seed mass 0.37 .33 ns 0.48 .19 ns

Plant height 0.95 .02* 0.63 .01*

Specific leaf area 
(SLA)

0.08 .62 0.38 .03*

Leaf fresh matter 
content 
(LFMC)

0.091 .03* 0.27 .10 ns

Leaf dry matter 
content 
(LDMC)

0.93 .04* 0.68 .01*

Leaf carbon 
content

0.07 .77 ns 0.41 .05*

Leaf nitrogen 
content

0.27 .11 ns 0.92 .001**

Leaf phosphorus 
content

0.23 .10 ns 0.94 .001**

Leaf C:N ratio 0.02 .62 ns 0.82 .005**

Leaf thickness 0.55 .03* 0.63 .001**

Note: Significant results are shown in bold (*p < .05; **p < .01; ns: these 
traits do not show phylogenetic conservatism).
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and phylogenetic diversity in alpine environments, but for functional 
and phylogenetic diversity in drylands. The effects of nurse plants 
on these facets of biodiversity were as strong or stronger than those 
of environmental conditions, and triggered nonlinear responses of 
plant biodiversity to environmental gradients, showing their major 
importance as drivers of community assembly in harsh environ-
ments. It is important to notice that, by focusing solely on the most 
abundant species, our results could have underestimated the impor-
tance of the positive effects of nurse plants on biodiversity, because 
rare and subdominant species account for a major proportion of spe-
cies richness and functional diversity in any community (Magurran 
& Henderson, 2003; Violle et al., 2017), and they are particularly 
favoured by the presence of nurse species (Soliveres et al., 2015).

4.1  |  Nurse plants enhance all facets of 
biodiversity, albeit in a different manner in alpine and 
dryland communities

In addition to fostering recruitment of the rarest species, nurse plants 
modify understorey plant communities by shifting the relative abun-
dances of the dominant ones (Berdugo et al., 2018; Vega- Álvarez 
et al., 2019). The latter effect would explain the relatively strong 
effects we found of nurse plants on biodiversity despite focusing 
solely on the most abundant species. Our results are also consist-
ent with previous analyses using the complete species list, show-
ing that the effect of nurse plants on the taxonomic richness of the 
beneficiary community are stronger and more predictable in alpine 
ecosystems than in dryland ecosystems (Soliveres & Maestre, 2014). 
Furthermore, our work goes beyond taxonomic richness and shows 
that nurses have a stronger influence on functional and phylogenetic 

plant diversity with respect to environment in drylands than in al-
pine ecosystems. Why do these results depend on the plant diver-
sity facet, if all of them are, to some degree, correlated? The fact that 
taxonomic and functional richness are less well correlated in dry-
lands than in alpine environments, when including the nurse effect, 
suggests competitive exclusion between the beneficiary species 
(McIntire & Fajardo, 2013; Soliveres et al., 2014). This weak (or non- 
significant) correlation suggests that fewer, and more functionally di-
vergent, species are able to coexist in intermediate levels of climatic 
conditions found beneath nurse canopies. This would explain not 
only the weaker effect of dryland nurse plants on taxonomic diver-
sity (in comparison to alpine environments), but also their stronger 
and more consistent effect on functional diversity. If only fewer and 
more competitive (or functionally divergent) species can coexist be-
neath nurse plants, their presence will always contribute to the func-
tional diversity of the entire community (Butterfield & Briggs, 2011; 
Schöb et al., 2012), regardless of the prevalent environmental condi-
tions outside nurse canopies. Contrary to other communities grow-
ing in harsh environments (Tomas and Bjorkman, 2020), dryland 
communities have a large functional diversity despite the harsh con-
ditions they withstand (Le Bagousse- Pinguet et al., 2017; Maestre 
et al., 2021). The strong effect we found of dryland nurse plants on 
functional diversity could explain, in part, the “functional paradox”, 
in which dryland communities have a much larger functional diver-
sity than one would expect (Maestre et al., 2021). The strong compe-
tition between beneficiary species could be less prevalent under the 
tight cushion shape of many alpine nurse species, or simply because 
of the direct impacts of low temperatures in the recruitment and sur-
vival of beneficiary species. Either tight cushions or limiting environ-
ments could foster a larger spatial separation in between beneficiary 
species (lower species density within than outside cushion plants; 

F I G U R E  1  Correlations between different biodiversity indices in (a) alpine and (b) dryland communities. Spearman rank correlation 
coefficients are shown for communities when including presence of nurse plants (i.e., PN=YES, in blue) and communities when considering 
only open microsites (i.e., PN=NO, in red) in both the biomes. *p < .05; **p <  .01; ***p < .001
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F I G U R E  2  Relationships between 
taxonomic, functional and phylogenetic 
diversity relative to environmental factors 
and presence of nurse plants in (a) alpine 
and (b) dryland communities. From left to 
right, panels show results on taxonomic 
diversity (q0 and q1), functional diversity 
(FSES.mpd) and phylogenetic diversity 
(PSES.mpd) within communities with and 
without the presence of nurse plants 
across the studied gradients [i.e., elevation 
and mean diurnal range of temperature 
(MDR)] in alpine and dryland communities. 
Circles of different sizes show variation in 
the second most important climatic driver 
of plant diversity, which was precipitation 
of the warmest quarter (PWaQ) in both 
alpine and dryland communities. The 
adjusted R2 explained by the fixed factors 
in our statistical models (marginal adjusted 
R2, mR2

adj) is shown in each case
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Cavieres et al., 2016), avoiding opportunities for strong competition 
in between them. In this regard, cushion plants might allow more 
complex interaction networks within their canopies, which could en-
hance coexistence without the need for strong differences in traits 
between interacting species (Losapio et al., 2021). This could explain 
the stronger effect of alpine nurses on taxonomic but not functional 
diversity, suggesting that facilitation mechanisms, or else interaction 
networks between beneficiary plants, could be fundamentally dif-
ferent between alpine and dryland environments, rendering strong 
differences in how nurse plants affect different biodiversity facets. 
However, it is also possible that the weaker effect of nurse plants 
on functional diversity in alpine environments, compared with taxo-
nomic and phylogenetic diversity, is related to the very limited trait 
information available for our alpine species (many extrapolated from 
genus- level means, which can include species with very diverse and 
different trait values). Thus, our results regarding the effects of 
plant– plant interactions on the functional diversity of alpine com-
munities should be considered with caution and interpreted more 
as a working hypothesis to be evaluated with a more complete and 
larger database in the future.

The larger amount of variance explained for phylogenetic di-
versity by nurse plants in dryland than in alpine communities was 
somewhat expected, although positive effects of alpine nurse plants 
on phylogenetic diversity are also commonplace (e.g., Butterfield 
et al., 2013). Dryland species show a strong phylogenetic conser-
vatism in their regeneration niches, related to those lineages that 
evolved during the wetter conditions of the Tertiary versus those 
that emerged during the drier Quaternary period (Valiente- Banuet 
et al., 2007). This leaves a strong fingerprint on current phylogenetic 
patterns and would explain the stronger effects of nurse plants on 
this facet of biodiversity in drylands than in alpine environments (see 
variance partitioning analyses in Figure 3), with the latter lacking 

such a strong phylogenetic fingerprint. However, the effect of nurse 
plants on the phylogenetic diversity of alpine communities was 
only slightly weaker, and indeed more positive (see SES in Figure 2) 
than that found in drylands. This could be explained, in part, by: 
(1) the direct effect of the improved microenvironments beneath 
nurse plants, known to dampen reductions of phylogenetic diver-
sity in unproductive conditions in alpine communities (Butterfield 
et al., 2013), whereas the response to environmental productivity is 
less consistent in drylands (García- Camacho et al., 2017; Soliveres 
et al., 2012); or (2) the strong facilitatory effect of alpine nurses 
on species richness, which could, via a sampling effect, enhance 
phylogenetic diversity (these were strongly correlated; Figure 1). 
Regardless of the underlying mechanisms, our results clearly show 
that effects on phylogenetic diversity are the strongest effects of 
nurse plants of all the biodiversity facets we studied, but also the 
most dependent on climate, judging by the large intersections be-
tween nurse and environmental effects on this facet (Figure 3).

4.2  |  Nurse plants trigger hump- shaped 
relationships of plant biodiversity across 
environmental gradients

The responses of plant– plant interactions to environmental gradi-
ents offer conflicting results, with positive, neutral or hump- shaped 
relationships found across environmental gradients (reviewed by 
Michalet et al., 2014; Soliveres et al., 2015). Most of these previ-
ous studies have focused on the effect of plant– plant interactions 
on species richness, and to a less extent on other individual facets 
of plant diversity (but see Butterfield et al., 2013; Pistón et al., 2016; 
Schöb et al., 2012; Vega- Álvarez et al., 2019). By looking simultane-
ously at three major plant biodiversity facets (taxonomic, functional 

F I G U R E  3  The relative contribution of the environment [in pink; i.e., elevation + precipitation of warmest quarter (PWaQ) for alpine 
communities; mean diurnal range of temperature (MDR) + precipitation of warmest quarter (PWaQ) for drylands] and presence of nurse 
plants (in blue) to taxonomic (q0 and q1 indices), functional (FSES.mpd) and phylogenetic (PSES.mpd) diversity in alpine (up) and dryland 
(down) communities. Values represent the adjusted R2 values
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and phylogenetic) across a wide range of environments and two 
contrasting biomes, we found that positive effects of nurse plants 
on understorey plant diversity generally peaked in moderate envi-
ronmental conditions (e.g., at a mean annual temperature of c. 5°C 
in alpine environments; Figure 2). This provides empirical sup-
port for the hump- shaped model (e.g., Maestre & Cortina, 2004; 
Michalet et al., 2006), in which effects of facilitative interactions 
on the dominant species peak in moderately harsh environments, 
collapsing at the more severe end of environmental gradients and 
perhaps being outweighed by competition at the more productive 
end (i.e., less harsh environments) (also see Berdugo et al., 2018; 
Vega- Álvarez et al., 2019). This suggests that nurse plants can inhibit 
the loss of plant biodiversity when stress increases (Brooker et al., 
2006; Butterfield et al., 2013), but only up to certain levels of harsh-
ness. Although these patterns hold true for effects of nurse plants 
on dominant beneficiary species, they do not necessarily follow for 
subordinate species, which can benefit through different mecha-
nisms, and for which the response to nurse plants follows less pre-
dictable changes across environmental gradients (e.g., Soliveres & 
Maestre, 2014). Analysing collectively the response to nurse plants 
of the diversity of common and rare species offers great potential 
to link plant– plant interactions to ecosystem functioning, because 
these multiple plant biodiversity facets have contrasting effects on 
functioning (Craven et al., 2018; Le Bagousse- Pinguet, et al., 2019; 
Mahaut et al., 2019) and seemingly hold contrasting responses to 
nurse plants too.

A substantial body of work has addressed the importance of 
plant– plant interactions across environmental gradients (i.e., change 
in the sign, strength or importance of plant– plant interactions in 
response to environmental changes). However, there is still little 
quantitative evidence of the relative importance of environmental 
conditions versus plant– plant interactions as drivers of plant bio-
diversity, with most studies either reporting changes in the sign, 
strength or importance of plant– plant interactions across environ-
mental gradients or reporting the effects of plant– plant interactions 
on biodiversity in a specific location (but see Cavieres et al., 2013). 
We found that the relative importance of plant– plant interactions 
versus environmental conditions varies greatly depending on the 
biodiversity facet and the biome on which we focus. Consistent with 
recent reports, plant– plant interactions were of lower importance 
than environmental conditions in defining taxonomic richness in 
drylands (see Maestre et al., 2021; Xie et al., 2021), but they were 
as important or more important than the environment in defining al-
pine taxonomic diversity. These results are somewhat at odds with a 
previous global analysis that found a greater importance of the envi-
ronment than plant– plant interactions on alpine taxonomic diversity 
(Cavieres et al., 2013). This could be explained by our focus on dom-
inant beneficiary species, leaving out the rarest species that could 
be more sensitive to such environmental conditions. In addition, our 
alpine database was limited in geographical coverage, and it was 
restricted mostly to mountains at lower latitudes. This could have 
led to an underestimation of the relative importance of the environ-
ment in our alpine dataset. Notwithstanding the disagreements with 

previous reports, our results show that nurse plants can effectively 
buffer the impacts of climate change on plant taxonomic diversity in 
alpine environments (Anthelme et al., 2014), but might not suffice 
to buffer the impacts of climate change on the species richness of 
drylands.

Interestingly, the relative importance of plant– plant interac-
tions versus the environment in determining plant biodiversity 
increased drastically when looking at functional diversity and, es-
pecially, at phylogenetic diversity (Figure 3). Nurse plants were the 
strongest predictors of plant phylogenetic diversity in both alpine 
and dryland communities, suggesting that the “safety net” effect 
(sensu Butterfield et al., 2013; Cavieres et al., 2013) of plant– plant 
interactions in buffering impacts of climate change on plant bio-
diversity might be particularly important for this facet of biodi-
versity, and this also extended to functional diversity in drylands. 
Contrary to taxonomic richness, the interactions between nurse 
presence and climate were also strong predictors of the variation 
in phylogenetic and functional diversity in dryland environments 
(Figure 3). This suggests that the effects of plant– plant interac-
tions on these facets of biodiversity are most sensitive to environ-
mental changes and, to some degree, more predictable (Thuiller 
et al., 2014). This is consistent with the larger R2 registered for 
functional and phylogenetic diversity than for their taxonomic 
counterparts (Figure 2). Although the debate on how plant– plant 
interactions change across environmental gradients has focused 
mostly on their effects on taxonomic diversity, we argue that per-
haps more consistent outcomes could be obtained if focusing this 
debate on the functional and phylogenetic facets of plant diver-
sity. These biodiversity facets are of major importance for eco-
system functioning (Le Bagousse- Pinguet, et al., 2019) and could 
perhaps provide better mechanistic explanations of the role of 
plant– plant interactions in community assembly across contrasting 
environments.

4.3  |  Conclusion

Nurse plants generally enhanced taxonomic and phylogenetic di-
versity in alpine communities and enhanced functional and phy-
logenetic diversity in dryland communities across environmental 
gradients. These effects peaked in moderate stress conditions, 
inducing nonlinear changes of the three plant biodiversity facets 
across environmental gradients. Assuming that ongoing climate 
change will exacerbate environmental stress in many alpine and dry-
land communities world- wide, our results suggest that nurse plants 
can protect plant biodiversity from the impacts of climate change on 
these communities, but only in places that are currently undergoing 
low to moderate environmental stress, because the positive effect 
of nurse plants on biodiversity is likely to collapse from moderate to 
high environmental harshness. Our study helps to improve our un-
derstanding of the effects of plant– plant interactions on plant biodi-
versity in severe ecosystems and how these effects will be likely to 
change with ongoing climate change.
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