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Abstract

1. Plant performance has a climatic optimum, especially during early establishment,
and declines when conditions deviate from this optimum. However, shrubs can
buffer unfavourable climatic conditions by creating more suitable microclimates
beneath their canopies, facilitating the establishment of species with disparate
climatic niches.

2. Across 10 Mediterranean shrubland sites, we compared climatic niche disparity
and phylogenetic structure of plant recruits under shrub canopies versus open
ground, integrating environmental, niche and phylogenetic data to reveal under-
lying abiotic and evolutionary drivers.

3. We show in 10 Mediterranean shrublands that the climatic niche disparity of re-
cruits established under shrub canopies is significantly greater than that of those
in open ground. This pattern was only weakly associated with shrub-driven mi-
croenvironmental heterogeneity, estimated using variability in photosynthetically
active radiation as a coarse proxy, suggesting that additional abiotic factors may
also contribute to recruit niche disparity. In addition, recruit assemblages beneath
shrubs were composed, on average, of more distantly related species. Combined
with phylogenetic conservatism in the aridity-response axis of their climatic
niche, this pattern results in the co-occurrence of recruits with higher disparity in
key climatic niche axes beneath canopies.

4. Synthesis. Plant canopies host recruit species that exhibit a wide diversity of cli-
matic niches, which may play a role in maintaining biodiversity under ongoing and

future climate change.
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1 | INTRODUCTION

Species performance tends to reach a maximum under specific cli-
matic conditions, referred to as the climatic optimum, particularly
during the early stages of establishment (Grubb, 1977; Sanchez-
Goémez et al., 2006). As environmental conditions deviate from
this optimum, plant performance declines due to increasing physi-
ological and ecological constraints (Pérez-Navarro, Lloret, Ogaya,
et al., 2024). In ecological theory, this decline is often interpreted
through the distinction between stress and strain: stress refers to
the intensity of external abiotic pressures acting on plants, whereas
strain describes the physiological response of individuals, expressed
as their deviation from the optimal functioning imposed by those
pressures (Chapin Ill & Shaver, 1985; Liancourt et al., 2005, 2017).
Building on this perspective, Gross et al. (2010) proposed that fa-
cilitation arises from the interplay between stress and the result-
ing strain, with species becoming more dependent on neighbouring
plants when changes from the local climate from their optimum re-
duce performance. Under such suboptimal conditions, facilitation
tends to prevail because neighbours buffer harsh climatic conditions,
thereby reducing species strain by creating more favourable micro-
habitats (Diaz-Borrego et al., 2024; Margalef-Marrasé et al., 2025;
Michalet et al., 2006), enhancing recruitment and promoting more
diverse communities (Brooker et al., 2008), even though these com-
munities may exhibit greater climatic disequilibrium (CD) (Pérez-
Navarro, Lloret, Molina-Venegas, et al., 2024). Competition may

also be operating under suboptimal conditions, depending on the
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interacting species, community composition, resource availability,
and the specific type and intensity of stress (Maestre et al., 2009).
In such cases, limited resources or asymmetric competitive abilities
may outweigh the potential buffering effects of neighbours, leading
to competitive dominance even in stressful environments.

The CD of a local community is represented as the difference
between the actual climate in the locality and the average optimum
climate of its species (Davis, 1986; Mikinen et al., 2025; Svenning
& Sandel, 2013), and it can be applied to communities of recruits
(Pérez-Navarro et al., 2022). This calculation focuses on the com-
munity's average climatic position, thereby overlooking the disparity
among species in their individual climatic optima. This means that
two communities may exhibit equivalent levels of disequilibrium, re-
gardless their species' optima are either highly similar (i.e. exhibiting
low niche disparity) or markedly different (i.e. exhibiting high niche
disparity, Figure 1). A high disparity of climatic niches within the
community reflects the presence of species that require contrast-
ing climatic conditions. For example, greater disparity of climatic
niches beneath plant canopies suggests the co-occurrence of spe-
cies adapted to warmer conditions alongside those preferring cooler
environments, as well as species from humid habitats occurring to-
gether with those from drier environments.

To better predict ecological changes in plant communities under
ongoing climate warming, it is crucial to understand the range of
climatic conditions in which their individual species can persist
(Chapin Il & Shaver, 1985). However, the responses of plant spe-

cies to climate can be modulated by ecological interactions (Suttle
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FIGURE 1 Representation of two communities that share the same climatic optimum—and therefore the same climatic disequilibrium at a
given local climatic condition —but differ in the disparity of their species' climatic optima. Each of the five species (sp1 to sp5) has a climatic
optimum in terms of temperature and precipitation. The climatic optimum of the community is represented as the centroid of the five
species (red circle). The difference between this optimum and the current climate (green diamond) is the community climatic disequilibrium
(CD), represented as a purple dashed line. In the right-hand community, species' climatic optima are widely dispersed around the centroid,
indicating that species have different climatic optima. In contrast, in the left-hand scenario, all species in the community share a similar

climatic optimum.
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et al.,, 2007; Valiente-Banuet et al., 2006), which eventually deter-
mine community assembly. Recruitment represents a critical stage
in plant community assembly, as the climatic niche for germination
and seedling survival is typically more restrictive than that of adults
(Young et al., 2005). However, plant canopies can buffer the niche
of recruits against climatic extremes by modulating local microhabi-
tat conditions, both biotic and abiotic. Consequently, the combined
effects of biotic and abiotic microhabitat conditions are expected to
influence the disparity of climatic niches within recruit communities
beneath plant canopies (Callaway, 2007).

Plant canopy may ameliorate abiotic constraints such as tem-
perature extremes, soil moisture deficits and solar radiation stress,
but this effect is unlikely to be uniform across its entire coverage
(Sanchez Martin et al., 2024). High microenvironmental heteroge-
neity beneath canopy plants can enhance recruitment by broaden-
ing the range of conditions that are favourable for multiple species
(Lopez-Pintor et al., 2006; Sanchez Martin et al., 2024). This het-
erogeneity can produce a mosaic of microsites with differing levels
of light, moisture and/or temperature, increasing the likelihood that
many recruit species meet their specific ecological requirements
to establish. Under harsher environmental conditions, however,
successful recruitment may rely less on the diversity of micro-
sites and more on the canopy's capacity to buffer extreme abiotic
stress (Sanchez Martin et al., 2024). Thus, by reducing variabil-
ity in factors like temperature and moisture, some canopy plants
create more stable microhabitats that act as refuges for recruits
(Anthelme et al., 2014).

Among the biotic processes contributing to increased climatic
niche disparity under plant canopies, the presence of functionally
and/or phylogenetically distant species provides insight into under-
lying competitive interactions. Species that establish beneath the
canopy of other plants tend to compete with one another (Schéb
et al., 2013), resulting in recruit communities that are functionally
and phylogenetically diverse (Castillo et al., 2010). Competitive ex-
clusion tends to eliminate functionally similar species; thus, assum-
ing evolutionary conservatism of functional traits, closely related
species are also more likely to be excluded (Pausas & Verdu, 2010).
Since climatic niches are generally phylogenetically conserved
(Harris et al., 2022), the resulting disparity in climatic niches among
recruits is expected to reflect the phylogenetic distances between
species—that is, the phylogenetic diversity of the recruit community.

In this study, we calculate the disparity of climatic niches of 170
recruit species across 10 Mediterranean shrubland communities.
These species were sampled both beneath the canopy of 150 shrubs
belonging to 30 species and in adjacent open areas along a climatic
gradient across the Iberian Peninsula. This gradient encompassed
a wide range of temperature and aridity conditions, allowing us to
capture a substantial variation in climatic disequilibria and providing
an ideal framework to assess microsite effects on niche disparity.
We hypothesize that shrub canopies support recruit communities
characterized by greater climatic niche disparity relative to adjacent
open microsites. This disparity is expected to arise from the hetero-
geneous abiotic conditions beneath the canopy, which enable the

BRITISH 30of13
E moen. Journal of Ecology | ot

establishment of sets of species representative of a broad range of
climatic optima. Additionally, we propose that this increased niche
disparity is associated with the recruitment of functionally and phy-
logenetically distinct species, potentially reflecting the imprint of
competitive exclusion on community assembly processes.

2 | METHODS
2.1 | Study sites

The study was conducted in 10 shrubland communities distributed
across a climatic gradient in the Iberian Peninsula, with annual pre-
cipitation ranging from 280 to 760 mm and mean annual temperature
from 11.8 to 17.3°C (Figure S1). The region has a Mediterranean-
type climate, characterized by high inter- and intra-annual variability
in temperature and precipitation, with pronounced drought periods
mainly occurring in summer (Coll et al., 2017). Due to these climatic
and ecological constraints, plant communities exhibit sparse vegeta-
tion cover (Aguiar & Sala, 1999), composed of patches of chamae-
phytes and shrubs, usually surrounded by open areas of nearly bare
soil (Figure S2; see species composition of patches and open areas
in the data available at https://zenodo.org/records/20457090;
Verda (2026)). In our study communities, plant cover ranged from
25.2% to 87.2% (Figure S1). The woody vegetation patches typi-
cally facilitate the recruitment of other plant species beneath their
canopy, primarily by ameliorating the microhabitat conditions (e.g.
through the accumulation of organic matter and nutrients, and buff-
ering of climatic extremes), particularly in the driest sites (Brooker
et al.,, 2008). Soil physicochemical properties varied among sites
(Table S1), with pH ranging from moderately acidic to alkaline condi-
tions and textures spanning from sandy to clay-rich soils.

Across the 10 studied communities, we established 150 paired
sampling units to assess plant recruitment under shrubs and in
adjacent open ground. Each community included five shrub spe-
cies, with three replicate individuals per species. For each shrub,
we sampled two matched areas: one located beneath the shrub
canopy and another in nearby open ground, resulting in 15 paired
sampling units per community (5 shrubsx3 replicatesx?2 paired
microsites). The open-ground area was matched in size and shape
to the corresponding shrub canopy projection, which had a mean
area of 2.00m? (SD=2.63; range 0.12-16.85m?). The paired sam-
pling units were randomly distributed within each study site, which
covered approximately 3ha, to capture local spatial heterogeneity.
Open-ground areas were placed at a distance sufficient to minimize
the influence of their paired shrub while remaining close enough
to reduce broader spatial variability. Consequently, larger shrubs
required longer distances, whereas smaller shrubs had shorter dis-
tances to their paired open plots. In high-density communities, open
plots were sometimes located farther from the canopy patch. In our
study, the median distance between paired plots was 4.5m (range:
0.8-28m), with 75% of pairs separated by less than 8 m. Distance be-
tween paired samples was not significantly related to differences in

35UBD1T SUOWILLOD SAIIaID) 3|dedl|dde au Aq pausenob ae 9ol YO ‘8SN J0 Sa|NJ J0j Aeiq 1 8uluO A3|IAA UO (SUOTIIPUOD-pUR-SLUBIW0 4B | IM A le.d 1 Ul |uo//:Sdny) SUONIPUOD pue swid 18U} 3eS *[9202/0T/c0] Uo Ariqi]auljuo 48| ‘elouseA 9@ TISBAIUN - NP A PNBIW Aq 9502 'S/2-G9ET/TTTT OT/I0p/Wod A3 | Afelq1pulU0'S |UIN0 aq//:sdny Wwo) papeoumoq ‘0T ‘9202 ‘SiZ2S9ET


https://zenodo.org/records/20457090

MARGALEF-MARRASE ET AL.

40f 13 BRITISH ¢
Eggg}ggw Journal of Ecology

soil variable (r=-0.045, d.f.=148, p=0.583), indicating that spatial
separation does not influence observed patch-gap soil differences
(Figure S3).

Vegetation sampling was conducted between February and July
2023. Within each sampling unit, plant recruitment was quantified
using a line-intercept method along equidistant parallel transects
scaled to the patch size. This approach was chosen to standardize
the sampling effort across varying shrub dimensions, ensuring that
larger units received proportionally more sampling lines to maintain
representative data. The number of transects per sampling unit was
determined by the shrub's maximum dimension: units with a max-
imum length shorter than 1.2m were sampled with five transects,
whereas units with a maximum length longer than 1.2m were sam-
pled with seven transects. Transects traversed the full extent of
the canopy or open sampling areas, recording all recruited plants
intersecting the transect lines. We identified all woody species (pha-
nerophytes and chamaephytes) and perennial herbaceous plants
(hemicryptophytes). Annual plants were excluded from this study,
as their inclusion would require continuous sampling throughout
the growing season to account for the temporal dynamics of their
emergence.

Fieldwork was conducted in protected areas, and the authors
obtained all necessary permits from the relevant administrations
throughout the study period.

2.2 | Community climatic niche metrics

To calculate the climatic niche metrics—CD and niche disparity—for
each plot, we first characterized species' climatic niche optima using
a principal component analysis (PCA) of climatic variables, following
Broennimann et al. (2012). The PCA-defined climatic space was then
used to estimate both the community-inferred climate (CIC) and the
observed climate (OC), projected into the same reduced space. Using
these representations, we calculated the CD and niche disparity of
the recruit communities as explained below.

The species climatic niche was constructed using climatic data
from the native range of the studied plant species. Species occur-
rence data were obtained from the GBIF database (GBIF, 2025,
http://www.gbif.org; Table S2). To ensure data accuracy, raw
occurrences were filtered to remove taxonomic and geographic
errors. To minimize geographical inconsistencies and exclude po-
tentially extinct localities, only records from 1970 onward were
considered. Additionally, a maximum density of one occurrence
per km? was applied to prevent climatic data redundancy (Franklin,
2010), given that the resolution of the climatic dataset was 1km?
(Karger et al., 2017). Climatic niche characterization was based
on 13 bioclimatic variables developed for the BIOCLIM program
(Booth, 2025), which we extracted for each occurrence from the
CHELSA 2.1 database (Karger et al.,, 2017, https://chelsa-clima
te.org) to build the common climatic space of all species distri-
butions (see Table S3 for a description of the biovariables). Of
these 13 variables, seven were temperature-related: annual mean

temperature (bio0O1), temperature seasonality (bioO4; measured
as the standard deviation of monthly mean temperatures x100,
reflecting the degree of temperature variation over the year),
maximum temperature of the warmest month (bio05), minimum
temperature of the coldest month (bio06), annual temperature
range (bio07; difference between the maximum temperature of
the warmest month and the minimum temperature of the cold-
est month), mean temperature of the warmest quarter (bio10)
and mean temperature of the coldest quarter (bio11). The remain-
ing six variables were precipitation-related: annual precipitation
(bio12), precipitation of the wettest month (bio13), precipitation
of the driest month (bio14), precipitation seasonality (biol5; ex-
pressed as the coefficient of variation of monthly precipitation,
indicating how unevenly rainfall is distributed over the year), pre-
cipitation of the wettest quarter (bio16) and precipitation of the
driest quarter (bio17). Other variables in the CHELSA database
which combine temperature and precipitation (e.g. mean tem-
perature of the wettest quarter), were excluded to avoid potential
issues with orthogonal correlations in the climatic space gener-
ated through the subsequent PCA (Diaz-Borrego et al., 2024). The
selected 13 bioclimatic variables were extracted for the period
1980-2010 for all species occurrences. To reduce the effects
of spatial autocorrelation, we used Mantel correlograms imple-
mented in the ecospat.mantel.correlogram function from the eco-
spat R package (Broennimann et al., 2012; Di Cola et al., 2017) to
identify the minimum distance at which correlations among occur-
rence records were no longer significant (p=0.05), hereafter the
no-autocorrelation distance. Occurrence records were then ran-
domly thinned so that only one record was retained within a radius
equivalent to this distance). As a result, clean occurrence datasets
were obtained for the studied species, ranging from 82 to 24,445
observations per species (Table S2).

The common climatic space derived from the 13 bioclimatic
data extracted from all the filtered occurrences was characterized
through a correlation-based PCA using dudi.pca function of the
ade4 R package (Dray & Dufour, 2007). To reduce the dimension-
ality of the 13 variables, we used the two first axes of the PCA.
Then, the climatic niches of all the studied species were built fol-
lowing Broennimann et al. (2012): each species' geographic occur-
rences were translated into the common climatic space by using
suprow function of the ade4 R package (Dray & Dufour, 2007).
From this projection, we extracted all the scores for the first two
PCA axes corresponding to each species' occurrences. For each
species, a two-dimensional kernel density function was then ap-
plied to smooth the density of occurrence scores along the two
first PCA axes. A Gaussian kernel function was used to estimate
the expected density of occurrences within each cell of the cli-
matic space. The optimal bandwidth matrix for each density func-
tion was selected by cross-validation (Duong & Hazelton, 2005).
The climatic niche optimum of each species' was defined as the
centre of gravity (centroid) of its two-dimensional kernel distri-
bution (Pérez-Navarro et al.,, 2021). This was calculated using
the COGravity function of the SDMTools R package (VanDerWal
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et al.,, 2014). It is important to note that the climatic niche esti-
mates used in this study represent empirical approximations of the
Grinnellian (climatic) niche. As such, they should be interpreted
as species-level climatic affinities reconstructed from their real-
ized distributions rather than direct measurements of physiolog-
ical tolerances or regeneration niches. This framework is widely
used in macroecological and ecological niche studies to character-
ize climatic preferences across broad spatial scales and provides
a consistent basis for comparing community-level climatic struc-
ture (Broennimann et al., 2012; Diaz-Borrego et al., 2024; Pérez-
Navarro et al., 2022; Pérez-Navarro, Lloret, Molina-Venegas,
et al., 2024; Pérez-Navarro, Lloret, Ogaya, et al., 2024). We quan-
tified two key metrics of the recruit communities: CD and climatic
niche disparity. CD was defined as the Euclidean distance between
the community-inferred climate (CIC) and the observed climate
(OC), with higher values indicating a greater mismatch between the
community's climatic composition and the local macroclimate. The
CIC was estimated for each plot as the abundance-weighted cen-
troid of the climatic optima of the species present in the commu-
nity. The OC was derived by projecting the mean observed climate
for each locality during the reference period (1980-2010) into the
same PCA space, using the same 13 bioclimatic variables employed
to characterize species' climatic niches. Similarly, for each plot, cli-
matic niche disparity was calculated as the abundance-weighted
mean of the Euclidean distances between each species' climatic
niche optimum and the centroid of the community. Species' cover
within the plot was used as the weighting factor to calculate the
disparity. Higher disparity values within a plot indicate that the
community includes species adapted to a broader range of climatic
conditions. Although various measures can capture niche diversity,
they are often correlated with each other. For instance, the metric
used here (niche disparity) is strongly correlated with the standard
deviation of climatic distances between species' niche optima and

the community centroid (Pearson's r=0.61, p <0.00001).

2.3 | Canopy effects on abiotic and biotic
parameters

2.3.1 | Abiotic effects: Light microenvironments

Light availability was used as a proxy for the abiotic influence of shrub
canopies on recruits, as it integrates key microenvironmental changes,
such as shading, temperature buffering and soil moisture retention, as-
sociated with canopy presence (Callaway, 1995). The variability in light
conditions was calculated as the coefficient of variation (CV) of pho-
tosynthetically active radiation (PAR) measurements taken at ground
level at five points beneath each shrub canopy and at five paired points
in adjacent open ground. Measurements were taken using a 1-cm di-
ameter quantum sensor (Skye Instruments, Llandrindod-Wells, UK).
Since PAR levels fluctuate throughout the day, each pair of canopy

and open-ground measurements was taken sequentially within a short

BRITISH 50f13
Eggg}ggw Journal of Ecology | ot

time window to ensure temporal matching and avoid confounding ef-
fects due to diurnal light variation.

To confirm that CV_PAR accurately reflects broader abiotic vari-
ation in these communities, we empirically validated this premise
using an extensive monthly dataset collected over a full year across
three Mediterranean shrubland communities sharing similar climate,
soil and vegetation structure (Sot de Chera, included in the present
study, Salinas; 38°32’ 24” N, 0°53’ 24” W) and La Calderona (39°39’
36”N, 0°29’ 24" W). In each community, PAR, soil temperature and
soil moisture were measured across 12 points beneath each of 100
shrub canopies and in their adjacent open clearings. This empirical
validation confirmed that spatial variation in PAR consistently tracks
broader microclimatic spatial heterogeneity, showing significant
positive correlations with spatial heterogeneity in both soil moisture
(r=0.47 in Sot de Chera, r=0.31 in Salinas, r=0.37 in La Calderona;
p<2.2e-16in all cases) and soil temperature (r=0.20 in Sot de Chera,
r=0.62 in Salinas, r=0.49 in La Calderona; p<2.2e-16 in all cases).

2.3.2 | Biotic effects: Taxonomic and phylogenetic
diversities

The taxonomic diversity of the recruit communities was estimated
using the Shannon diversity index, which accounts for both species
richness (the number of species) and evenness (the relative abun-
dance of each species) in a community (Shannon, 1948).

The phylogenetic diversity of the recruit communities was esti-
mated as the mean phylogenetic distance between all pairs of species
within each community. To calculate phylogenetic distances, we re-
constructed the phylogenetic tree representing the evolutionary re-
lationships among all recruit species with the help of the R package
V.PhyloMaker2 (Jin & Qian, 2022). This tool generates dated phyloge-
nies from a species list by leveraging a comprehensive megaphylogeny
(GBOTB.extended.TPL.tre; Jin & Qian, 2022; Smith & Brown, 2018) as
a backbone. We employed the phylo.maker function with the insertion
option set to ‘S3’ to incorporate species not present in the backbone
tree (Jin & Qian, 2019; Qian & Jin, 2021), resulting in a complete phy-

logeny for all species recorded at our study sites.

2.4 | Statistical analysis

Paired t-tests were used to assess differences between microhabi-
tats (shrub canopy and their adjacent open areas) for all studied vari-
ables, including community CD, niche disparity, light variability and
both taxonomic and phylogenetic diversity.

The phylogenetic signal of the climatic optima of the recruit species
was estimated by calculating Blomberg's K using the phylosig function
from the phytools package in R (Revell, 2024). This function quantifies
the degree to which trait similarity among species reflects their phylo-
genetic relatedness by comparing the observed variance of trait values

across the phylogeny with the variance expected under a Brownian
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motion model of evolution. The analysis was conducted using the
species-level values of climatic optima as the trait data and the corre-
sponding phylogenetic tree of the recruit species as the evolutionary
framework. Significance was assessed through randomization tests
that compare the observed K to a null distribution generated by per-
muting trait values across the tips of the phylogeny.

The relationship between climatic niche disparity and heteroge-
neity in light availability was tested through a general linear mixed
model (GLMM) with a normal distribution of errors using the Imer
function of the Ime4 R package (Bates, 2010). Climatic niche dispar-
ity was the response variable, and the CV of the light (PAR) incident
on the plots was the explanatory variable. We first fitted a model
with community and shrub species as random effects. However,
only community accounted for a significant portion of the variance,
so we retained community as the sole random factor in the final
model. The same model structure was used to test the effects of
shrub canopy, phylogenetic diversity and CD of the recruit com-
munities in its climatic niche disparity. Variance explained (R?) was
calculated by the r.squaredGLMM function of the MuMIn R package
(Barton, 2018). Significance of the estimates was obtained by the
Imertest package (Kuznetsova et al., 2017).

We used abundance-weighted metrics as the primary approach
following standard practice in community-level diversity and dis-
equilibrium metrics. In any case, weighted and unweighted niche
disparity metrics were highly correlated (r=0.91; p<0.001), and all
analyses repeated using unweighted metrics yielded qualitatively
identical results, with no change in the main ecological conclusions
(data not shown).

The statistical analyses were carried out with R version 4.3.3
(R Core Team, 2024). All data and scripts to reproduce the analyses
and figures can be found at https://zenodo.org/records/20457090;
Verdu (2026)).

3 | RESULTS
3.1 | Climatic space

The PCA reduced the 13 climatic biovariables to two principal compo-
nents explaining 48% and 28% of the variance, respectively (Figure S4).
Overall, the first axis (PC1) correlated positively with temperature-
related variables (such as mean annual temperature or mean tempera-
ture of the warmest quarter) and negatively with precipitation-related
variables (such as mean annual precipitation and precipitation of the
driest month; Table S3). Thus, PC1 can be interpreted as a gradient
of aridity, with higher values corresponding to increased aridity. The
second axis (PC2) is positively correlated with variables related to tem-
perature variability (e.g. annual temperature range and temperature
seasonality; Table S3), thus representing a gradient of continentality.
Consequently, species whose optima are located in the upper right
quadrant of the multivariate space defined by the PCA are adapted
to more stressful climatic conditions, whereas species situated in the
opposite quadrant are less adapted to such stressors.

3.2 | Climatic disequilibrium of recruit communities

The recruit communities established beneath the shrub cano-
pies and in the open ground had similar levels of CD (Figure 2a;
Estimate + SE=0.027+0.062; t,,,,=0.43, p=0.67; linear mixed
model). However, the disparity of the climatic niches under shrub
canopies was significantly larger than that in the open (Figure 2b;
0.168+0.054; t, .4 ,=3.09, p=0.002).

3.3 | Effect of shrub canopy on abiotic and biotic
variables

Shrub canopies generated a higher variability of light microenviron-
ments than the open ground (Figure 3; 58.63+3.25; t,95=18.05,
p<0.0001). The variability of light environments significantly explained
the disparity of the climatic niches of the recruit plants (0.001 +0.0006;
t,04=2.18; p=0.02), but with a very low R? (R?=0.015).

The taxonomic diversity of the recruit communities was higher
beneath the shrub canopies than in the open ground (Figure 4a;
0.19+0.05; t,,,=3.72, p-value=0.0003). Similarly, shrub cano-
pies harboured communities of recruits that were phylogenetically
more diverse than those established in the open ground (Figure 4b;
14.68 +5.45; t,,,=2.69, p-value=0.008).

The phylogenetic signal of the climatic optimum of the recruit
species, estimated from the species scores on the climatic PCA, was
significant for the first PCA axis (PC1; related to aridity; Blomberg's
K=0.09, p=0.005) but not for the second axis (PC2; related to con-
tinentality; Blomberg's K=0.04, p=0.706; Figure S5). These results
indicate that closely related species tend to resemble each other's
aridity optima more than expected by chance. As expected from
this climatic niche conservatism in the first axis, niche disparity is
positively associated with phylogenetic diversity (phylogenetic di-
versity term in Table 1), and this association was not dependent on
the microhabitat (open ground, beneath canopies) (Phylogenetic di-
versity x Microhabitat term in Table 1).

This trend indicates that more phylogenetically diverse com-
munities of recruit plants contain higher disparity of climatic niches
(Figure 5a). Furthermore, niche disparity is dependent on the interac-
tion between microhabitat and climatic disequilibrium (Microhabitat
x Climatic disequilibrium term in Table 1). This interaction arises
because niche disparity in the recruit communities beneath shrubs
canopy increases more strongly with CD than it does in the open

ground (Figure 5b).

4 | DISCUSSION

Plant canopies attenuate environmental filters enabling the recruit-
ment of species that would otherwise not be able to establish in
open areas (Callaway, 2007). Consequently, species recruiting be-
neath other plants do not experience the actual macroclimate, as
it is modified by the plant canopy. In this sense, it has been found
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FIGURE 2 Violin plots showing (a) the climatic disequilibrium and (b) the disparity of niches of the recruit communities established on the
open ground and beneath shrub canopies. Significant differences between these microhabitats are shown with an asterisk while ns indicates
non-significant differences. Lines connecting the two violins represent paired canopy and open plot measurements taken in the field.
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FIGURE 3 Violin plots showing the variability (i.e. coefficient
of variation) in photosynthetically active radiation (PAR) on the
open ground and beneath shrub canopies. Significant differences
between microhabitats are shown with an asterisk. Lines
connecting the two violins represent paired canopy and open plot
measurements taken in the field.

that recruit communities under canopy plants exhibit higher CD than
those living in close gaps (Pérez-Navarro, Lloret, Molina-Venegas,
et al., 2024). However, an important and overlooked implication of
this process is that the same average community disequilibrium can
be the result of either a small or a large disparity in the climatic op-
tima of the recruit species. While a low disparity of optima under
shrubs would suggest that plant canopies host species with similar
climatic niches, a high disparity would indicate that the canopies pre-
serve a broad diversity of niches, potentially serving as a reservoir
of plants preadapted to variable climatic conditions. These recruit
communities represent a necessary but not sufficient condition to

determine the future of plant communities, as other biotic interac-
tions, such as herbivory or predation, are likely to play pivotal roles in
determining the long-term composition and dynamics of vegetation
under emerging climatic conditions (Hamann et al., 2021; Zvereva &
Kozlov, 2006).

Here, we found that while the mean CD of recruits was simi-
lar beneath plant canopies and open ground (in contrast to Diaz-
Borrego et al. (2024) and Pérez-Navarro, Lloret, Molina-Venegas,
et al. (2024)), the disparity of niches was larger beneath shrub can-
opies. These results illustrate that the same CD value can represent
species with either similar optima close to the current climate or
species with varying optima distant from it. This distinction high-
lights that CD alone does not fully capture the complexity of niche
diversity within recruit communities. Two potential mechanisms may
explain the greater disparity of climatic niches observed in recruits
under plant canopies: an abiotic one, stemming from the microcli-
matic buffering provided by the canopy, and a biotic one, related
to the interplay between facilitation and competition during species
establishment.

From the abiotic perspective, shrub canopies can generate
greater diversity of microhabitats, thus facilitating the recruitment
of species with different climatic niches (De Frenne et al., 2013,
2021). Indeed, our results indicate that niche disparity increases
with the CD of the recruit community, particularly beneath shrub
canopies. This pattern aligns with the concept of climatic buffering
provided by canopies, which create a more benign microclimate that
facilitates the coexistence of species with climatic requirements that
diverge from the prevailing regional climate, thereby contributing
to broader niche disparity (Pérez-Navarro, Lloret, Molina-Venegas,
et al., 2024).
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the field.
Estimate + SE df
(Intercept) 0.209+0.121 70.8
Phylogenetic diversity 0.005+0.0005 290
Microhabitat (Shrub) -0.041+0.147 282

0.103+0.0509 264
-0.001+0.0008 283

Climatic disequilibrium

Phylogenetic diversity x Microhabitat
(Shrub)

Microhabitat (Shrub) x Climatic
disequilibrium

0.194+0.0551 282

Note: Marginal R?=0.35; Conditional R>=0.46.

Using a coarse proxy for microclimatic spatial heterogeneity (CV
of PAR radiation measured over a short temporal window), we found
that shrubs generated a more heterogeneous microhabitat than the
open ground. This pattern is expected because shrubs create vary-
ing levels of shade depending on factors such as canopy density, leaf
structure or defoliation. Such spatial heterogeneity in the light levels
is necessarily correlated with spatial heterogeneity in other abiotic
factors such as soil and air humidity or temperature (Callaway, 1995;
De Frenne et al., 2021) providing opportunities for species with
different climatic requirements to establish themselves, leading to
increased niche disparity. In line with this expectation, we found
that microhabitats with greater microclimatic spatial heterogeneity
supported recruits with more disparate climatic niches. However,
the explanatory power of this relationship was low, indicating that
PAR variability alone captures only a limited fraction of the abiotic
processes underlying niche disparity. Future studies incorporating
longer term and seasonal measurements of microclimatic conditions

TABLE 1 Generalized linear model

t p-value showing the effects of climatic
1.73 0.087 disequilibrium and phylogenetic diversity
9.40 2 00E-16 of recruit communities growing in two
different microhabitats (open ground
-0.28 0778 (reference factor) and beneath shrubs
2.02 0.044 canopies) on the niche disparity of these
-1.42 0.154 communities.

3.51 0.0005

could provide a more comprehensive understanding of how temporal
fluctuations in environmental heterogeneity influence recruit estab-
lishment and niche disparity. Additional factors are therefore likely
to contribute to the observed patterns. For instance, soil heteroge-
neity, shaped by litter decomposition and root inputs, which depend
on regional climate and species traits, can generate fine-scale fer-
tility patterns beneath the same canopy (Austin & Vivanco, 2006;
Navarro-Cano et al., 2019). Also, rather than microhabitat hetero-
geneity, the reduction of average stress levels was identified as the
main driver enhancing facilitation in a Mexican desert community
(Sanchez Martin et al., 2024). Altogether, this contrasting evidence
suggests that a complex balance between stress reduction and mi-
croenvironmental heterogeneity governs the disparity of climatic
niches favoured under plant canopies, and that this balance may
vary across climatic contexts.

From the biotic perspective, it has been shown that plant can-
opies facilitate the recruitment of a broader range of species, both
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FIGURE 5 Relationship between niche disparity and (a) phylogenetic diversity (i.e. mean phylogenetic distance, in million years) and (b)
climatic disequilibrium of recruit communities established in open ground and beneath shrubs canopies.

taxonomically and phylogenetically (Bashirzadeh et al., 2022; Gleiser
et al., 2026; Valiente-Banuet & Verdu, 2013). Our results clearly sup-
port that taxonomic diversity beneath shrub canopies is higher than
thatin adjacent open areas. Additionally, this higher species diversity
is not randomly distributed from a phylogenetic perspective but in-
stead represents distant lineages, forming a phylogenetically diverse
neighbourhood, as shown in other communities (Castillo et al., 2010;
Vega-Alvarez et al., 2019). Beyond this contextual comparison, the
key point is that shrub canopies facilitate species from lineages
more distantly related than those coexisting in the open ground.
Therefore, plant canopies are custodians of a deep evolutionary his-
tory, gathering diverse adaptive strategies, including responses to
climate, as we have found here (Valiente-Banuet et al., 2006).
Several mechanisms may produce high phylogenetic diversity
beneath shrubs, including abiotic processes such as microhabi-
tat heterogeneity or relaxed environmental constraints discussed
above, as well as biotic processes such as seed dispersal and com-
petition (Vamosi et al., 2009; Webb et al., 2002). Regardless of the
mechanisms underlying increased phylogenetic diversity, a direct
consequence in the recruit community is a greater disparity in phy-
logenetically conserved traits (Webb et al., 2002). Similar to various
biological attributes, the climatic niche of species has been shown
to exhibit phylogenetic conservatism (Harris et al., 2022). We have
found phylogenetic conservatism in the climatic niches of our study
species, but only along one of the axes defining the niche, specif-
ically, the axis related to aridity response, not the one associated
with seasonality. This result could suggest that some Mediterranean
species, particularly those that evolved under Tertiary tropical-
like climates and lacking strong adaptations to aridity (Valiente-
Banuet et al., 2006), may face evolutionary constraints in adapting

to increasingly arid conditions. However, it must be noted that al-
though statistically significant, the phylogenetic signal (Blomberg's
K=0.09) is relatively low in magnitude. This value is well within the
range typically reported for ecologically relevant plant functional
traits, particularly those related to water use and physiological per-
formance. For example, Avila-Lovera et al. (2023) reported similarly
low Blomberg's K values across a broad set of structural and physi-
ological water-related traits in plants, despite their strong ecological
significance. In this context, the observed signal indicates weak but
detectable phylogenetic conservatism, consistent with the generally
labile evolution of functional traits in plants. Labile evolution sug-
gests that, although there is some phylogenetic inheritance, it does
not strongly constrain the evolution of new adaptations to water
availability. This is particularly relevant under the projected inten-
sification of aridification in the Mediterranean, largely driven by ris-
ing atmospheric evaporative demand due to significant temperature
increases (Vicente-Serrano et al., 2025). In any case, aridification is
occurring faster than the time required for perennial plants to adapt
to these new climatic conditions, reinforcing the importance of the
canopy plants as refugial microhabitats in preserving biodiversity
under accelerating climate stress.

Previous studies have demonstrated that recruitment under
plant canopies is frequency-dependent, benefiting rare species,
which promotes species coexistence by lowering local extinctions
and holds significant implications for the conservation of globally
endangered species (Soliveres et al., 2015). Here, we present an-
other key consequence of plant canopies for species conservation
in the face of climate change: by maintaining a higher disparity of
niches, they act as an ecological bet-hedging mechanism, increasing
the probability that at least some species in the community will be
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adapted to future microclimatic conditions. For example, the can-
opy of shrubs allowed the coexistence of recruit species with a very
arid and low-continentality optimum, such as Launaea arborescens,
alongside others with less arid and more continental optima, such
as Lavandula latifolia (see arrows in Figure S3). However, we never
detected these two species coexisting in open ground. By accom-
modating species with contrasting environmental optima, plant
canopies help buffer communities against diverse future climatic
scenarios, reducing the risk of functional collapse regardless of the
specific direction of the climatic change.

A limitation of this study is that annual plants, an important
component of Mediterranean ecosystems, were not included in the
calculation of niche disparity in recruit communities. Previous work
has shown that annual species often rely on canopy-forming plants
for recruitment, with interactions ranging from facilitation to com-
petition depending on stress intensity (Holzapfel et al., 2006). As
a result, similar patterns to those observed here are likely to apply
to annual plants as well. Incorporating this group in future stud-
ies would further strengthen and extend these findings. Another
limitation is the observational nature of this study. To definitively
establish cause-and-effect mechanisms, future research would re-
quire experimental manipulations of recruit phylogenetic diversity
and niche disparity to test their direct effects on recruit survival and
community dynamics under field conditions.

In conclusion, plant canopies may contribute to biodiversity
conservation by hosting recruit species with a diverse array of cli-
matic niches. This makes plant canopies important elements in man-
agement practices focused on protecting biodiversity and allowing
nature to pick the winners, rather than having humans select climate-
change winners based on uncertain forecasts (Webster et al., 2017).

AUTHOR CONTRIBUTIONS

Jordi Margalef-Marrase: Conceptualization (lead), methodology
(lead), investigation (lead), writing—original draft preparation (sup-
porting), writing—review and editing (equal), Francisco Lloret:
Conceptualization (lead), writing—review and editing (equal), Julio
M. Alcantara: writing—review and editing (equal), José Antonio
Navarro-Cano: Writing—review and editing (equal), Miguel Verdu:
Project administration (lead), conceptualization (lead), investigation
(lead), writing—original draft preparation (lead), writing—review and
editing (equal).

ACKNOWLEDGEMENTS

Financial support was provided by the projects PID2020-
113157GB-100, PID2020-115264RB-100, PID2023-146535NB-100
(funded by MCIN/AEI/10.13039/501100011033 and ‘ERDF A way
of making Europe’) and CIPROM/2021/63 and CIPROM/2026/046
(Generalitat Valenciana). We express our sincere gratitude to Alba
Navarro and Daniel Rodriguez for their dedicated and invaluable

contributions to the fieldwork.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

PEER REVIEW

The peer review history for this article is available at https://www.
webofscience.com/api/gateway/wos/peer-review/10.1111/1365-
2745.70456.

DATA AVAILABILITY STATEMENT
All data and scripts to reproduce the analyses and figures can be
found at https://zenodo.org/records/20457090(Verdu, 2026).

ORCID

Jordi Margalef-Marrase " https://orcid.org/0000-0003-4369-9918
https://orcid.org/0000-0002-9836-4069
https://orcid.org/0000-0002-8003-7844
https://orcid.

Francisco Lloret
Julio M. Alcdntara
José Antonio Navarro-Cano
org/0000-0001-8091-1063
Miguel Verdu "= https://orcid.org/0000-0002-9778-7692

REFERENCES

Aguiar, M. R,, & Sala, O. E. (1999). Patch structure, dynamics and implications
for the functioning of arid ecosystems. Trends in Ecology & Evolution, 14,
273-277. https://doi.org/10.1016/50169-5347(99)01612-2

Anthelme, F., Cavieres, L. A., & Dangles, O. (2014). Facilitation among
plantsin alpine environments in the face of climate change. Frontiers
in Plant Science, 5, 387. https://doi.org/10.3389/fpls.2014.00387

Austin, A. T., & Vivanco, L. (2006). Plant litter decomposition in a semi-
arid ecosystem controlled by photodegradation. Nature, 442, 555-
558. https://doi.org/10.1038/nature05038

Avila-Lovera, E., Winter, K., & Goldsmith, G. R. (2023). Evidence for phylo-
genetic signal and correlated evolution in plant-water relation traits.
New Phytologist, 237, 392-407. https://doi.org/10.1111/nph.18565

Barton, K. (2018). MuMlIn: Multi-model inference. R package version
1.42.1. https://CRAN.R-project.org/package=MuMIn

Bashirzadeh, M., Soliveres, S., Farzam, M., & Ejtehadi, H. (2022).
Plant-plant interactions determine taxonomic, functional and
phylogenetic diversity in severe ecosystems. Global Ecology and
Biogeography, 31, 649-662. https://doi.org/10.1111/geb.13451

Bates, D. M. (2010). Ime4: Mixed-effects modeling with R. https://cran.r-
project.org/web/packages/Ime4/Ime4.pdf

Booth, T. H. (2025). The origins of modern species distribution model-
ling: Some comments on the Vasconcelos et al. (2024) review. Earth,
6, 12. https://doi.org/10.3390/earth6010012

Broennimann, O., Fitzpatrick, M. C., Pearman, P. B., Petitpierre, B.,
Pellissier, L., Yoccoz, N. G., Thuiller, W., Fortin, M. J., Randin, C.,
Zimmermann, N. E., Graham, C. H., & Guisan, A. (2012). Measuring
ecological niche overlap from occurrence and spatial environmen-
tal data. Global Ecology and Biogeography, 21, 481-497. https://doi.
org/10.1111/j.1466-8238.2011.00698.x

Brooker, R. W., Maestre, F. T., Callaway, R. M., Lortie, C. L., Cavieres,
L. A., Kunstler, G., Liancourt, P., Tielborger, K., Travis, J. M. J.,
Anthelme, F., Armas, C., Coll, L., Corcket, E., Delzon, S., Forey, E.,
Kikvidze, Z., Olofsson, J., Pugnaire, F., Quiroz, C. L., ... Michalet, R.
(2008). Facilitation in plant communities: The past, the present, and
the future. Journal of Ecology, 96, 18-34. https://doi.org/10.1111/j.
1365-2745.2007.01295.x

Callaway, R. M. (1995). Positive interactions among plants. The Botanical
Review, 61, 306-349. https://doi.org/10.1007/BF02912621

Callaway, R. M. (2007). Positive Interactions and Interdependence in Plant
Communities. Springer.

Castillo, J. P.,, Verdu, M., & Valiente-Banuet, A. (2010). Neighborhood
phylodiversity affects plant performance. Ecology, 91, 3656-3663.
https://doi.org/10.1890/10-0720.1

35UBD1T SUOWILLOD SAIIaID) 3|dedl|dde au Aq pausenob ae 9ol YO ‘8SN J0 Sa|NJ J0j Aeiq 1 8uluO A3|IAA UO (SUOTIIPUOD-pUR-SLUBIW0 4B | IM A le.d 1 Ul |uo//:Sdny) SUONIPUOD pue swid 18U} 3eS *[9202/0T/c0] Uo Ariqi]auljuo 48| ‘elouseA 9@ TISBAIUN - NP A PNBIW Aq 9502 'S/2-G9ET/TTTT OT/I0p/Wod A3 | Afelq1pulU0'S |UIN0 aq//:sdny Wwo) papeoumoq ‘0T ‘9202 ‘SiZ2S9ET


https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.70456
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.70456
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.70456
https://zenodo.org/records/20457090
https://orcid.org/0000-0003-4369-9918
https://orcid.org/0000-0003-4369-9918
https://orcid.org/0000-0002-9836-4069
https://orcid.org/0000-0002-9836-4069
https://orcid.org/0000-0002-8003-7844
https://orcid.org/0000-0002-8003-7844
https://orcid.org/0000-0001-8091-1063
https://orcid.org/0000-0001-8091-1063
https://orcid.org/0000-0001-8091-1063
https://orcid.org/0000-0002-9778-7692
https://orcid.org/0000-0002-9778-7692
https://doi.org/10.1016/S0169-5347(99)01612-2
https://doi.org/10.3389/fpls.2014.00387
https://doi.org/10.1038/nature05038
https://doi.org/10.1111/nph.18565
https://cran.r-project.org/package=MuMIn
https://doi.org/10.1111/geb.13451
https://cran.r-project.org/web/packages/lme4/lme4.pdf
https://cran.r-project.org/web/packages/lme4/lme4.pdf
https://doi.org/10.3390/earth6010012
https://doi.org/10.1111/j.1466-8238.2011.00698.x
https://doi.org/10.1111/j.1466-8238.2011.00698.x
https://doi.org/10.1111/j.1365-2745.2007.01295.x
https://doi.org/10.1111/j.1365-2745.2007.01295.x
https://doi.org/10.1007/BF02912621
https://doi.org/10.1890/10-0720.1

MARGALEF-MARRASE €T AL.

Chapin, F. S., lll, & Shaver, G. R. (1985). Individualistic growth response
of tundra plant species to environmental manipulations in the field.
Ecology, 66, 564-576. https://doi.org/10.2307/1940405

Coll, J., Aguilar, E., & Ashcroft, L. (2017). Drought variability and change
across the Iberian Peninsula. Theoretical and Applied Climatology,
130, 901-916. https://doi.org/10.1007/s00704-016-1926-3

Davis, M. B. (1986). Climatic instability, time lag, and community disequi-
librium. In J. M. Diamond & T. J. Case (Eds.), Community ecology (pp.
269-284). Harper and Row.

De Frenne, P., Lenoir, J., Luoto, M., Scheffers, B. R., Zellweger, F., Aalto,
J., Ashcroft, M. B., Christiansen, D. M., Decocq, G., De Pauw, K.,
Govaert, S., Greiser, C., Gril, E., Hampe, A., Jucker, T., Klinges, D.
H., Koelemeijer, I. A., Lembrechts, J. J., Marrec, R., ... Hylander, K.
(2021). Forest microclimates and climate change: Importance, driv-
ers and future research agenda. Global Change Biology, 27, 2279-
2297. https://doi.org/10.1111/gcb.15569

De Frenne, P., Rodriguez-Sanchez, F., Coomes, D. A., Baeten, L.,
Verstraeten, G., Vellend, M., Bernhardt-Rémermann, M., Brown, C.
D., Brunet, J., Cornelis, J., Decocq, G. M., Dierschke, H., Eriksson,
O, Gilliam, F. S., Hédl, R., Heinken, T., Hermy, M., Hommel, P,,
Jenkins, M. A, ... Verheyen, K. (2013). Microclimate moderates
plant responses to macroclimate warming. Proceedings of the
National Academy of Sciences, 110, 18561-18565. https://doi.org/
10.1073/pnas.1311190110

Di Cola, V., Broennimann, O., Petitpierre, B., Breiner, F. T., d'’Amen, M.,
Randin, C., Engler, R., Pottier, J., Pio, D., Dubuis, A., Pellissier, L.,
Mateo, R. G., Hordijk, W., Salamin, N., Guisan, A., & Guisan, A.
(2017). ecospat: An R package to support spatial analyses and mod-
eling of species niches and distributions. Ecography, 40, 774-787.
https://doi.org/10.1111/ecog.02671

Diaz-Borrego, R., Pérez-Navarro, M. A., Jaime, L., Elvira, N. J., & Lloret,
F. (2024). Climatic disequilibrium of recruit communities across a
drought-induced die-off gradient in Mediterranean shrubland.
Oikos, 2024, e10465. https://doi.org/10.1111/0ik.10465

Dray, S., & Dufour, A. B. (2007). The ade4 package: Implementing the du-
ality diagram for ecologists. Journal of Statistical Software, 22, 1-20.
https://doi.org/10.18637/jss.v022.i04

Duong, T., & Hazelton, M. L. (2005). Convergence rates for uncon-
strained bandwidth matrix selectors in multivariate kernel density
estimation. Journal of Multivariate Analysis, 93, 417-433. https://
doi.org/10.1016/j.jmva.2004.05.003

Franklin, J. (2010). Mapping species distributions: Spatial inference and pre-
diction. Cambridge University Press.

GBIF. (2025). GBIF home page. https://www.gbif.org

Gleiser, G., Alcantara, J. M., Bascompte, J., Garrido, J. L., Montesinos-
Navarro, A., Paterno, G. B., Valiente-Banuet, A., & Verdu, M. (2026).
Canopy plants safeguard the taxonomic and phylogenetic diversity
of recruiting plants worldwide. Ecology Letters, 29, e70447.

Gross, N., Liancourt, P., Choler, P, Suding, K. N., & Lavorel, S. (2010). Strain
and vegetation effects on local limiting resources explain the out-
comes of biotic interactions. Perspectives in Plant Ecology, Evolution and
Systematics, 12, 9-19. https://doi.org/10.1016/j.ppees.2009.09.001

Grubb, P. J. (1977). The maintenance of species-richness in plant commu-
nities: The importance of the regeneration niche. Biological Reviews,
52,107-145. https://doi.org/10.1111/j.1469-185X.1977.tb01347.x

Hamann, E., Blevins, C., Franks, S. J., Jameel, M. |., & Anderson, J. T.
(2021). Climate change alters plant-herbivore interactions. New
Phytologist, 230(4), 1135-1141. https://doi.org/10.1111/nph.17036

Harris, C., Brummitt, N., Cobbold, C. A., & Reeve, R. (2022). Strong
phylogenetic signals in global plant bioclimatic envelopes. Global
Ecology and Biogeography, 31, 2191-2203. https://doi.org/10.1111/
geb.13591

Holzapfel, C., Tielborger, K., Parag, H. A., Kigel, J., & Sternberg, M.
(2006). Annual plant-shrub interactions along an aridity gradient.
Basic and Applied Ecology, 7, 268-279. https://doi.org/10.1016/j.
baae.2005.08.003

BRITISH 110f 13
Eggg}ggw Journal of Ecology | ot

Jin, Y., & Qian, H. (2019). V.PhyloMaker: An R package that can generate
very large phylogenies for vascular plants. Ecography, 42, 1353-
1359. https://doi.org/10.1111/ecog.04434

Jin, Y., & Qian, H. (2022). V.PhyloMaker2: An updated and enlarged R
package that can generate very large phylogenies for vascular
plants. Plant Diversity, 44, 335-339. https://doi.org/10.1016/j.pld.
2022.03.003

Karger, D. N., Conrad, O., Béhner, J., Kawohl, T., Kreft, H., Soria-Auza,
R. W., Zimmermann, N. E., Linder, H. P, & Kessler, M. (2017).
Climatologies at high resolution for the earth's land surface areas.
Scientific Data, 4, 170122. https://doi.org/10.1038/sdata.2017.122

Kuznetsova, A., Brockhoff, P. B., & Christensen, R. H. B. (2017). ImerTest
package: Tests in linear mixed effects models. Journal of Statistical
Software, 82, 1-26. https://doi.org/10.18637/jss.v082.i13

Liancourt, P., Callaway, R. M., & Michalet, R. (2005). Stress tolerance
and competitive-response ability determine the outcome of biotic
interactions. Ecology, 86, 1611-1618. https://doi.org/10.1890/
04-1398

Liancourt, P., Le Bagousse-Pinguet, Y., Rixen, C., & Dolezal, J. (2017).
SGH: Stress or strain gradient hypothesis? Insights from an eleva-
tion gradient on the roof of the world. Annals of Botany, 120, 29-38.
https://doi.org/10.1093/aob/mcx037

Lopez-Pintor, A, Sal, A. G., & Benayas, J. R. (2006). Shrubs as a source
of spatial heterogeneity—The case of Retama sphaerocarpa in
Mediterranean pastures of central Spain. Acta Oecologica, 29, 247-
255. https://doi.org/10.1016/j.actao.2005.10.007

Maestre, F. T., Callaway, R. M., Valladares, F., & Lortie, C. J. (2009).
Refining the stress-gradient hypothesis for competition and facili-
tation in plant communities. Journal of Ecology, 97, 199-205. https://
doi.org/10.1111/j.1365-2745.2008.01476.x

Maikinen, J., Ellis, E. E., Antdo, L. H., Davrinche, A., Laine, A. L.,
Saastamoinen, M., Conenna, l., Hallfors, M., Santangeli, A,
Kaarlejarvi, E., Heliola, J., Huikkonen, I. M., Kuussaari, M., Leinonen,
R., Lehikoinen, A., P6yry, J., Suuronen, A., Salemaa, M., Tonteri, T.,
... Roslin, T. (2025). Thermal homogenization of boreal communi-
ties in response to climate warming. Proceedings of the National
Academy of Sciences, 122, €2415260122. https://doi.org/10.1073/
pnas.2415260122

Margalef-Marrasé, J., Lloret, F., Montesinos-Navarro, A., Alcantara, J.,
Garrido, J. L., & Verdu, M. (2025). Climatic disequilibrium modulates
canopy service across abiotic stress gradients. Journal of Ecology,
113,2160-2172. https://doi.org/10.1111/1365-2745.70084

Michalet, R., Brooker, R. W., Cavieres, L. A., Kikvidze, Z., Lortie, C. J,,
Pugnaire, F. I, Valiente-Banuet, A., & Callaway, R. M. (2006). Do
biotic interactions shape both sides of the humped-back model of
species richness in plant communities? Ecology Letters, 9, 767-773.
https://doi.org/10.1111/j.1461-0248.2006.00935.x

Navarro-Cano, J., Horner, B., Goberna, M., & Verdu, M. (2019). Additive
effects of nurse and facilitated plants on ecosystem functions.
Journal of Ecology, 107, 2587-2597. https://doi.org/10.1111/1365-
2745.13224

Pausas, J. G., & Verdd, M. (2010). The jungle of methods for evaluating
phenotypic and phylogenetic structure of communities. Bioscience,
60, 614-625. https://doi.org/10.1525/bi0.2010.60.8.7

Pérez-Navarro, M. A., Broennimann, O., Esteve, M. A., Bagaria, G.,
Guisan, A., & Lloret, F. (2022). Comparing climatic suitability and
niche distances to explain population responses to extreme cli-
matic events. Ecography, 2022, e06263. https://doi.org/10.1111/
ec0g.06263

Pérez-Navarro, M. A., Lloret, F., Molina-Venegas, R., Alcantara, J. M., &
Verdu, M. (2024). Plant canopies promote climatic disequilibrium
in Mediterranean recruit communities. Ecology Letters, 27, e14391.
https://doi.org/10.1111/ele. 14391

Pérez-Navarro, M. A., Lloret, F., Ogaya, R., Estiarte, M., & Pefiuelas, J.
(2024). Decrease in climatic disequilibrium associated with cli-
mate change and species abundance shifts in Mediterranean plant

35UBD1T SUOWILLOD SAIIaID) 3|dedl|dde au Aq pausenob ae 9ol YO ‘8SN J0 Sa|NJ J0j Aeiq 1 8uluO A3|IAA UO (SUOTIIPUOD-pUR-SLUBIW0 4B | IM A le.d 1 Ul |uo//:Sdny) SUONIPUOD pue swid 18U} 3eS *[9202/0T/c0] Uo Ariqi]auljuo 48| ‘elouseA 9@ TISBAIUN - NP A PNBIW Aq 9502 'S/2-G9ET/TTTT OT/I0p/Wod A3 | Afelq1pulU0'S |UIN0 aq//:sdny Wwo) papeoumoq ‘0T ‘9202 ‘SiZ2S9ET


https://doi.org/10.2307/1940405
https://doi.org/10.1007/s00704-016-1926-3
https://doi.org/10.1111/gcb.15569
https://doi.org/10.1073/pnas.1311190110
https://doi.org/10.1073/pnas.1311190110
https://doi.org/10.1111/ecog.02671
https://doi.org/10.1111/oik.10465
https://doi.org/10.18637/jss.v022.i04
https://doi.org/10.1016/j.jmva.2004.05.003
https://doi.org/10.1016/j.jmva.2004.05.003
https://www.gbif.org
https://doi.org/10.1016/j.ppees.2009.09.001
https://doi.org/10.1111/j.1469-185X.1977.tb01347.x
https://doi.org/10.1111/nph.17036
https://doi.org/10.1111/geb.13591
https://doi.org/10.1111/geb.13591
https://doi.org/10.1016/j.baae.2005.08.003
https://doi.org/10.1016/j.baae.2005.08.003
https://doi.org/10.1111/ecog.04434
https://doi.org/10.1016/j.pld.2022.03.003
https://doi.org/10.1016/j.pld.2022.03.003
https://doi.org/10.1038/sdata.2017.122
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1890/04-1398
https://doi.org/10.1890/04-1398
https://doi.org/10.1093/aob/mcx037
https://doi.org/10.1016/j.actao.2005.10.007
https://doi.org/10.1111/j.1365-2745.2008.01476.x
https://doi.org/10.1111/j.1365-2745.2008.01476.x
https://doi.org/10.1073/pnas.2415260122
https://doi.org/10.1073/pnas.2415260122
https://doi.org/10.1111/1365-2745.70084
https://doi.org/10.1111/j.1461-0248.2006.00935.x
https://doi.org/10.1111/1365-2745.13224
https://doi.org/10.1111/1365-2745.13224
https://doi.org/10.1525/bio.2010.60.8.7
https://doi.org/10.1111/ecog.06263
https://doi.org/10.1111/ecog.06263
https://doi.org/10.1111/ele.14391

MARGALEF-MARRASE ET AL.

12 0f 13 BRITISH
Eggg}ggw Journal of Ecology

communities. Journal of Ecology, 112, 291-304. https://doi.org/10.
1111/1365-2745.14085

Pérez-Navarro, M. A., Serra-Diaz, J. M., Svenning, J., Esteve-Selma, M.
A., Hernandez-Bastida, J., & Lloret, F. (2021). Extreme drought re-
duces climatic disequilibrium in dryland plant communities. Oikos,
130, 680-690. https://doi.org/10.1111/0ik.07882

Qian, H., & Jin, Y. (2021). Are phylogenies resolved at the genus level
appropriate for studies on phylogenetic structure of species assem-
blages? Plant Diversity, 43, 255-263. https://doi.org/10.1016/j.pld.
2021.03.004

R Core Team. (2024). R: A language and environment for statistical
computing.

Revell, L. J. (2024). phytools 2.0: An updated R ecosystem for phyloge-
netic comparative methods (and other things). PeerJ, 12, e16505.
https://doi.org/10.7717/peerj.16505

Sanchez Martin, R., Montesinos-Navarro, A., Ochoterena, H., Pisanty,
I., Rodriguez-Sanchez, M., Verdu, M., & Flores-Olvera, H. (2024).
Homogeneous microenvironmental conditions under nurses pro-
mote facilitation. Functional Ecology, 38, 350-362. https://doi.org/
10.1111/1365-2435.14486

Sanchez-Gémez, D., Valladares, F., & Zavala, M. A. (2006). Performance
of seedlings of Mediterranean woody species under experimental
gradients of irradiance and water availability: Trade-offs and ev-
idence for niche differentiation. New Phytologist, 170, 795-806.
https://doi.org/10.1111/j.1469-8137.2006.01711.x

Schéb, C., Armas, C., & Pugnaire, F. I. (2013). Direct and indirect inter-
actions co-determine species composition in nurse plant systems.
Oikos, 122, 1371-1379. https://doi.org/10.1111/j.1600-0706.
2012.20823.x

Shannon, C. E. (1948). A mathematical theory of communication. Bell
System Technical Journal, 27, 379-423. https://doi.org/10.1002/j.
1538-7305.1948.tb00917.x

Smith, S. A., & Brown, J. W. (2018). Constructing a broadly inclusive seed
plant phylogeny. American Journal of Botany, 105, 302-314. https://
doi.org/10.1002/ajb2.1019

Soliveres, S., Maestre, F. T., Berdugo, M., & Allan, E. (2015). A missing link
between facilitation and plant species coexistence: Nurses benefit
generally rare species more than common ones. Journal of Ecology,
103, 1183-1189. https://doi.org/10.1111/1365-2745.12447

Suttle, K. B., Thomsen, M. A., & Power, M. E. (2007). Species interac-
tions reverse grassland responses to changing climate. Science, 315,
640-642. https://doi.org/10.1126/science.1136401

Svenning, J. C., & Sandel, B. (2013). Disequilibrium vegetation dynam-
ics under future climate change. American Journal of Botany, 100,
1266-1286. https://doi.org/10.3732/ajb.1200469

Valiente-Banuet, A., & Verdu, M. (2013). Plant facilitation and phyloge-
netics. Annual Review of Ecology, Evolution, and Systematics, 44, 347-
366. https://doi.org/10.1146/annurev-ecolsys-110512-135756

Valiente-Banuet, A., Vital, A., Verdd, M., & Callaway, R. M. (2006).
Modern Quaternary plant lineages promote diversity through fa-
cilitation of ancient Tertiary lineages. Proceedings of the National
Academy of Sciences of the United States of America, 103, 16812-
16817. https://doi.org/10.1073/pnas.0604933103

Vamosi, S. M., Heard, S. B., Vamosi, J. C., & Webb, C. O. (2009). Emerging
patterns in the comparative analysis of phylogenetic community
structure. Molecular Ecology, 18, 572-592. https://doi.org/10.
1111/j.1365-294X.2008.04001.x

VanDerWal, J., Falconi, L., Januchowski, S., Shoo, L., & Storlie, C. (2014).
SDMTools: Species distribution modelling tools: Tools for process-
ing data associated with species distribution modelling exercises. R
package version. https://www.rforge.net/SDMTools/

Vega-Alvarez, J., Garcia-Rodriguez, J. A., & Cayuela, L. (2019). Facilitation
beyond species richness. Journal of Ecology, 107, 722-734. https://
doi.org/10.1111/1365-2745.13072

Verdd, M. (2026). Data and script of the MS “Shrub canopies preserve
climatic niche disparity among recruit species in Mediterranean

drylands”. [Dataset]. Zenodo. https://doi.org/10.5281/zenodo.
20457090

Vicente-Serrano, S. M., Tramblay, Y., Reig, F., Gonzalez-Hidalgo, J.
C., Begueria, S., Brunetti, M., Kalin, K. C., Patalen, L., Krzic, A.,
Lionello, P., Lima, M. M., Trigo, R. M., El-Kenawy, A. M., Eddenjal,
A., Turkes, M., Koutroulis, A., Manara, V., Maugeri, M., Badi, W.,, ...
Potopova, V. (2025). High temporal variability not trend dominates
Mediterranean precipitation. Nature, 639, 658-666. https://doi.
org/10.1038/s41586-024-08576-6

Webb, C. O., Ackerly, D. D., McPeek, M. A., & Donoghue, M. J. (2002).
Phylogenies and community ecology. Annual Review of Ecology and
Systematics, 33, 475-505. https://doi.org/10.1146/annurev.ecols
ys.33.010802.150448

Webster, M. S., Colton, M. A,, Darling, E. S., Armstrong, J., Pinsky, M. L.,
Knowlton, N., & Schindler, D. E. (2017). Who should pick the win-
ners of climate change? Trends in Ecology & Evolution, 32, 167-173.
https://doi.org/10.1016/j.tree.2016.12.007

Young, T., Petersen, D. A., & Clary, J. J. (2005). The ecology of resto-
ration: Historical links, emerging issues and unexplored realms.
Ecology Letters, 8, 662-673. https://doi.org/10.1111/j.1461-0248.
2005.00764.x

Zvereva, E. L., & Kozlov, M. V. (2006). Consequences of simultaneous
elevation of carbon dioxide and temperature for plant-herbivore
interactions: A metaanalysis. Global Change Biology, 12, 27-41.
https://doi.org/10.1111/j.1365-2486.2005.01086.x

SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Figure S1. Location and characteristics of the studied communities.
Figure S2. Vegetation of the study sites.

Figure S3. Effect of spatial distance between paired canopy and
open soil samples on differences in soil physicochemical properties.
Colours represent different communities. Soils were collected at
0-10cm depth from paired patch (beneath shrubs) and gap (open
area) locations across all study sites. For each pair, the Euclidean
distance between sampling points was related to within-pair
differences in soil properties. Samples were homogenized, air-dried
and sieved (<2mm) prior to analysis. Variables measured included
pH, electrical conductivity (EC), gravimetric humidity (HG), organic
matter (OM), soil texture fractions (clay, fine silt, coarse silt, sand),
major elements (Al, Ca, K, Mg, Na, P, S), trace and minor elements
(As, Be, Bi, B, Cd, Co, Cr, Cu, Fe, La, Li, Mn, Mo, Ni, Pb, Rb, Sb, Se, Si,
Sr., Ti, Tl, V, Zn) and total nitrogen (Ntotal) and total carbon (Ctotal).
Figure S4. Visual representation of the PCA obtained from the
13 climatic variables selected considering the distribution of the
170 studied species. The biovariables are bioO1 (annual mean
temperature), bio04 (temperature seasonality), bio5 (maximum
temperature of the warmest month), bioOé (minimum temperature of
the coldest month), bioO7 (annual temperature range), bio10 (mean
temperature of the warmest quarter), biol1l (mean temperature of
the coldest quarter), bio12 (annual precipitation), bio13 (precipitation
of the wettest month), biol4 (precipitation of the driest month),
bio15 (precipitation seasonality), bio16 (precipitation of the wettest
quarter), biol7 (precipitation of the driest quarter). The points
represent the projection of the 10 study sites in the climatic space:
Calblanque (CB), Dofana (DO), Garraf (GA), Hoces Cabriel (HC),
Monegros (MO), Puebla de San Miguel (SM), Sierra Nevada (GR), Sot
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de Chera (SC), Tabernas (TA), Tinenca de Benifassa (TB).

Figure S5. The evolution of the climatic niche of recruit species,
disaggregated into its components of aridity and continentality, as
represented in the PCA of Figure S2. Colours indicate the values
along the corresponding principal component axes. Orange tones
(i.e. positive values in PC axes) correspond to species whose climatic
optimum lies in arid and continental extremes, whereas bluish tones
(i.e. negative values in the PC axes) indicate species with optima
in humid and less continental conditions. The arrows indicate two
species with contrasting climatic niches that coexist beneath shrub
canopies but not in open ground.

Table S1. Soil physicochemical properties across study sites.

Table S2. List of species, including their GBIF DOI identifiers, along
with the final occurrence records retained after applying the filtering

criteria described in the Materials and Methods section.
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Table S3. Interpretation of the PCA used to describe the shared
climatic space across the distributions of the 170 analysed species,
for which ecological niches were modelled. Corr.1 refers to the
correlation between each bioclimatic variable and the first principal
component. Corr.2 refers to the correlation between each bioclimatic
variable and the second principal component.
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