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ABSTRACT
Plant recruitment—the transition from seed dispersal to seedling establishment—is a vulnerable stage strongly shaped by can-
opy plants, which modify microclimates, soils, and biotic interactions relative to open ground. Using a global database covering 
142 communities across ten terrestrial biomes, we examined canopy effects on taxonomic and phylogenetic diversity at global 
and local scales, quantified with Hill numbers (q = 0, 1, 2) to weight rare, common, and dominant species. Globally, canopy 
microsites hosted five times more exclusive species and over three times more evolutionary history than open ground. Locally, 
canopies buffered aridity's negative effects, sustaining higher diversity. For q = 1, open ground had higher diversity under low 
aridity, but under dry conditions canopies promoted rare, stress-sensitive species alongside dominants. These patterns show that 
canopy plants act as microrefugia, preserving both species richness and evolutionary history, highlighting their critical role as 
guardians of plant diversity under increasing climatic aridity.

1   |   Introduction

The diversity of plant communities varies profoundly in space, 
and the study of such variation is a foundational pursuit in plant 
ecology, as diversity is tightly linked to ecosystem functioning 
(Wagg et al. 2017; Hautier et al. 2018). Climate is a major driver 
of plant diversity (Hawkins et al. 2003; Kreft and Jetz 2007), with 
aridity standing as a primary abiotic pressure that promotes 
shifts in species composition, functional traits, and community 
structure (Harrison et al. 2020; Gleiser et al. 2025). Previous re-
search has largely focused on patterns of adult plant diversity 
along gradients of aridity, temperature, and soil properties (e.g., 

Berdugo et  al.  2020). However, we still lack a comprehensive 
understanding of how aridity shapes plant community diversity 
during the crucial early stages of establishment, when seed-
ling recruitment and survival determine long-term community 
composition (Shackelford et  al.  2021). This gap is particularly 
important given the strong contrasts in microclimatic condi-
tions across microhabitats -such as open ground versus canopy-
covered areas which can substantially influence recruitment 
dynamics and early community assembly (Soliveres et al. 2014). 
While adult plant diversity offers a contemporary snapshot of a 
plant community, quantifying the diversity of the early plant life 
stages is crucial for assessing its regeneration potential. This is 
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especially important given the pervasive threats that plant com-
munities face, such as habitat fragmentation, land-use change, 
fires, droughts, biological invasions, and the broader impacts of 
climate change (Franklin et al. 2016; Pausas and Keeley 2021).

Plant recruitment, the successful transition from seed dispersal to 
seedling establishment, is a demographic bottleneck for plant com-
munities (Harper  1977; Valdez et  al.  2019), and is notably more 
sensitive to the projected effects of climate change, such as in-
creasing aridification, than the adult stage (Walck et al. 2011). The 
success of plant recruitment largely depends on the availability of 
suitable microhabitats for seedling establishment, which are de-
termined by the ecological requirements of each species (Gómez-
Aparicio 2008). These requirements define the recruitment niche 
(Grubb 1977), which, in many cases, is provided by canopy species–
adult plants which modify microclimatic conditions, soil proper-
ties and biotic interactions relative to the surrounding bare ground. 
The buffering effect provided by canopies against extreme climatic 
conditions is particularly evident in drylands, where recruitment 
is often limited by high temperatures, intense solar radiation, and 
scarce water availability. In such environments, canopy plants 
enable the establishment of species that otherwise would be ex-
cluded from those communities (Valiente-Banuet and Verdú 2013; 
O'Brien et al. 2019; Vega-Álvarez et al. 2019). Conversely, canopy 
plants may hinder recruitment by creating unsuitable microhabi-
tat conditions (May and Ash 1990; Weedon and Facelli 2008), or by 
depressing—and in some cases entirely preventing—the recruit-
ment of certain species underneath them (Alcántara et al. 2018). 
Consequently, the diversity of recruiting species within a commu-
nity is expected to be shaped not only by broad climatic factors 
but also, at finer spatial scales, by the outcomes of plant–plant 
interactions, which are themselves context-dependent (Maestre 
et al. 2009; Alcántara et al. 2025), species-specific (Callaway 1998; 
Castillo et  al.  2010; Paterno et  al.  2016) and might change with 
ontogeny (Miriti 2006; Paterno et al. 2016).

Beyond ameliorating understory microenvironments, canopy 
plants–particularly those from harsh environments–offer more 
heterogenous recruitment niches by increasing variation in light, 
temperature or soil fertility compared to bare ground (Moro 
et al. 1997; Soliveres et al. 2011; Sánchez-Martín et al. 2024). This 
heterogeneity in the regeneration niches is expected to allow the 
recruitment of species with different traits (Paterno et  al.  2016; 
Fagundes et  al.  2022), likely stemming from different lineages. 
Additionally, competitive exclusion among recruits tends to occur 
between closely related lineages; therefore, surviving recruits are 
more likely to belong to phylogenetically distant lineages (Castillo 
et  al.  2010). Together, these processes enhance the phylogenetic 
diversity—that is, the evolutionary history—of the species pool 
recruiting beneath canopy plants. As regeneration niches are 
often evolutionarily conserved (Valiente-Banuet and Verdú 2007), 
the phylogenetic diversity of a pool of recruits is a good proxy of 
its functional diversity (i.e., functional trait diversity; Tucker 
et al. 2018). Therefore, the joint estimation of the taxonomic and 
phylogenetic diversity of the recruits provides an integrative mea-
sure of community diversity, as these two complementary dimen-
sions may diverge in their responses to environmental and biotic 
filters (Devictor et al. 2010; Swenson 2011; Hähn et al. 2024).

A global synthesis of over 10,000 experimental and observational 
cases of plant–plant interactions indicates that competition is 

more prevalent than facilitation across plant communities, al-
though this pattern varies considerably across biomes and onto-
genetic stages (Yang et al. 2022). Despite the dual role of canopy 
plants in promoting both facilitation and competition, both 
processes can contribute to increases in taxonomic and phylo-
genetic diversity (facilitation by expanding the range of suitable 
microhabitats and competition by limiting dominance and pro-
moting niche partitioning). This is supported by co-occurrence 
analyses of adult plants, which highlight the role of canopy spe-
cies as safeguards of these diversity components—with stron-
ger effects on taxonomic diversity in alpine ecosystems and on 
phylogenetic diversity in drylands (Bashirzadeh et  al.  2022). 
However, community-level studies that go beyond pairwise ex-
perimental designs are needed to provide the broader ecological 
context in which plant–plant interactions occur. In particular, 
focusing on the recruitment stage—the most limiting phase in 
the plant life cycle—is essential to understand the mechanism 
underlying the generation and maintenance of diversity in plant 
communities, as co-occurrence analyses based on adult individ-
uals conflate different ontogenetic stages and may obscure key 
mechanisms. Moreover, integrating data across multiple biomes 
is crucial to understand how these interactions shape biodiver-
sity under contrasting environmental conditions.

In this study, we address these gaps by estimating the taxo-
nomic and phylogenetic diversity of recruiting plant species 
from a wide array of plant communities spanning different 
biomes and aridity levels worldwide. Our main objective is to 
evaluate whether canopy plants enhance different facets of di-
versity—specifically taxonomic and phylogenetic—compared to 
open ground, and to assess whether this potential effect varies 
along an aridity gradient from humid to arid communities. We 
hypothesize that canopy plants will increase both taxonomic 
and phylogenetic diversity of recruiting species relative to open 
ground, and that this positive effect will be stronger in more arid 
communities, where facilitative interactions are expected to be 
more pronounced. We used abundance-based diversity mea-
sures through Hill numbers, which allow differential weighting 
of rare versus common species (Chao et al. 2014). This approach 
is particularly relevant given that facilitation has been suggested 
to disproportionately benefit rare species (Soliveres et al. 2015), 
and thus, using Hill numbers enables a more nuanced assess-
ment of how aridity and microhabitat conditions affect not only 
species richness but also community evenness and dominance 
patterns among recruiting species. By providing a more com-
prehensive and ecologically meaningful understanding of the 
diversity of the pool of recruiting species, this approach offers 
valuable insights into the regeneration potential and thus resil-
ience of the plant communities, a topic that is gaining increasing 
relevance given the accelerating aridification scenario projected 
for many regions, especially drylands (Mirzabaev et al. 2019).

2   |   Methods

2.1   |   Database and Phylogenetic Hypotheses

We obtained data from the RecruitNet database, which contains 
records on plants recruiting in open ground or in association with 
canopy plants (recruiting microsites hereafter). This database 
gathers data from studies spanning 143 plant communities from 
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both tropical and temperate regions from five continents, covering 
10 of the 14 types of terrestrial biomes (Verdú et al. 2023; Figure 1). 
In these studies, field sampling was conducted by applying one of 
the following protocols: (1) the Recruitment Network (RN) proto-
col, in which sampling units (e.g., plots or transects) are defined, 
and where all plants (canopies and recruits) are identified; (2) the 
paired Canopy-Open (pCO) protocol, in which a focal canopy 
plant is identified, and all plants recruiting in association with 
this focal canopy and in a nearby open ground of the same area 
are recorded; and (3) the Georeferenced Plot (GP) protocol, where 
canopy-recruit interactions were inferred from the locations of 
georeferenced plants. We excluded one study site because it had 
not registered plants recruiting in the open ground. This yielded 
a total of 142 plant communities, with total areas ranging from 14 
to 500,000 m2 (23,796 ± 81,558 m2, mean and SD Table S1). This 
huge variation in sampling effort was associated with the type 
of studied community (Verdú et al. 2023). Despite this variation, 
coverage—a metric reflecting how comprehensively a commu-
nity has been sampled (Chao and Jost  2012)—was high, with 
link coverage averaging 0.95, ranging between 0.60 and 1.00, 
with most studies (86.71%) reaching a coverage above 0.90 (Verdú 
et  al.  2023). To represent the evolutionary relationships among 
all the recruiting species in the RecruitNet database, we used the 
megaphylogeny derived in Gleiser et al. (2025). Briefly, the phy-
logeny was generated using the R package V.PhyloMaker2 (Jin 
and Qian 2022), which builds large-scale trees from species lists 
based on the GBOTB.extended.TPL.tre megaphylogeny (Smith 
and Brown 2018). Prior to analysis, species names were standard-
ized to match those in the reference tree by correcting spelling 
errors and verifying accepted names according to World Flora 
Online (WFO 2023). For genera absent from the megaphylogeny, 
we incorporated phylogenetic affinities obtained from published 
sources to improve the placement of missing taxa. The final tree 
was produced using the options “S3” (for inserting absent species) 
and “nodes.​info.1.TPL” (for handling non-monophyletic genera). 
This comprehensive phylogeny was then pruned for each plant 
community according to the list of recruiting species recorded. 
From this phylogeny, we also derived pairwise phylogenetic dis-
tances between species, representing the evolutionary time sep-
arating them (in millions of years, Myr). These distances were 
used as a basis for quantifying phylogenetic diversity within the 
studied communities.

2.2   |   Estimation of Taxonomic and Phylogenetic 
Diversity

We estimated the taxonomic and phylogenetic diversity of the pool 
of species recruiting in open ground and under canopies using 
Hill numbers (Hill 1973). This approach for measuring diversity 
considers not only species richness but also the evenness of the 
communities in terms of species abundance, and has preferred 
mathematical properties in comparison with previous approaches 
(i.e., it conforms to the replication principle; Chao et  al.  2014). 
More specifically, Hill numbers incorporate the most widely used 
diversity indexes inside a unified expression that includes a pa-
rameter “q” that determines the sensitivity of the estimation to 
abundance unevenness. Although q can take any value, three q 
values are frequently considered because of their association with 
the three most popular diversity indexes. For q = 0, diversity equals 
species richness as relative abundances are not taken into account. 
For q = 1, species are weighted by their frequencies and diversity 
approaches the exponential of Shannon entropy (measuring the 
number of common species), and for q = 2, the contribution of rare 
species to diversity is negligible and diversity equals the inverse 
Simpson concentration index (measuring the number of dominant 
species, that is, of those species with greater abundances). More 
broadly, as q increases, Hill numbers decline most significantly in 
communities with greater unevenness among species. Diversity 
estimated through Hill numbers then measures the effective num-
ber of equally abundant species (or entities under a broader frame-
work, see below), allowing straightforward comparisons, which 
are not possible using traditional diversity indexes.

Beyond taxonomic diversity, Hill numbers have been extended 
to consider other dimensions of biodiversity (Chao et al. 2014), 
such as phylogenetic diversity, which takes into account the 
amount of shared evolutionary history among species. Instead 
of considering the species as the unit of interest, phylogenetic 
Hill numbers are measured based on phylogenetically equally 
distinct entities, with a phylogenetic entity being a unit-length 
branch segment. Species frequencies are incorporated by 
weighting each entity by the corresponding branch abundance, 
obtained by summing the relative abundance of all species 
descended from that branch. Phylogenetic Hill numbers are 
associated with Faith's phylogenetic diversity (a phylogenetic 

FIGURE 1    |    Geographic distribution of study sites. Each point represents one of the 142 plant communities, colour-coded by biome.
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generalisation of species richness; Faith 1992) when q = 0 (i.e., 
the abundances are not considered), while high values of q 
give more weight to those nodes in the phylogeny with higher 
relative abundances. The specific cases where q = 1 and q = 2 
are related to Allen's et  al. phylogenetic entropy (a phyloge-
netic generalisation of Shannon entropy; Allen et al. 2009) and 
to Rao's quadratic entropy (a phylogenetic generalisation of 
the Simpson's index; Rao 1982) respectively (Chao et al. 2010). 
Taxonomic and phylogenetic diversity based on Hill numbers 
are directly comparable, as both are expressed in units of ef-
fective numbers of equally abundant species or evolutionary 
lineages (Chao et al. 2014). For instance, the theoretical maxi-
mum of phylogenetic diversity in a community corresponds to 
its taxonomic diversity, which would occur if all species were 
maximally divergent—that is, shared no evolutionary history. 
In such a case, each species would contribute equally as one 
effective number of species and one unit of branch length.

At the global (γ) scale, we assessed taxonomic and phyloge-
netic diversity by pooling all communities across the globe. 
Specifically, we quantified the total taxonomic and phylogenetic 
diversity (TD and PD) of all species recruiting under canopies 
and in open ground across all communities, considering q = 0. 
This analysis reflects the number of species and lineages of the 
global species pool associated with each recruiting microsite, 
irrespective of species' local abundances or their distribution 
among communities. To determine whether the observed phy-
logenetic diversity associated with each microsite was greater or 
lower than expected given its species richness, we calculated the 
standardized effect size of phylogenetic diversity (SES.PD) using 
the R package picante (Kembel et al. 2010) and a null model that 
shuffled taxa labels across the tips of the phylogeny (taxa. la-
bels) with 9999 randomizations. p values indicate the quantile 
position of the observed PD within the null distribution, with 
p < 0.05 or p > 0.95 representing significantly lower or higher 
PD than expected by chance. In addition, we repeated all anal-
yses using only species exclusive to each microsite, allowing us 
to disentangle patterns driven by true microsite specialisation 
from those influenced by generalist species that recruit in both 
canopy and open-ground environments, and thus providing 
a more robust assessment of microsite-specific taxonomic and 
phylogenetic diversity.

At the local (α) scale, we evaluated within-community patterns 
of diversity by estimating the taxonomic and phylogenetic Hill 
diversities (q = 0, 1 and 2) of species recruiting under canopies 
and in open ground separately for each community.

All the diversity estimations were made by fitting sample size–
based rarefaction and extrapolation curves using the iNEXT3D 
function in the R package iNEXT.3D (Chao et  al.  2021). This 
approach accounts for differences in sampling area among com-
munities. The asymptotic estimation represents the expected 
diversity when sample coverage approaches 1, meaning a com-
pletely sampled community.

To assess whether phylogenetic uncertainty in the phylogenies 
used to estimate phylogenetic diversities could produce any bi-
ases, we built two more phylogenies using the scenarios “S1” 
and “S2” proposed in Jin and Qian  2019 and recalculated the 
asymptotic phylogenetic diversity values. The strength of the 

correlation between the diversity estimates derived from differ-
ent input phylogenies was used to assess how sensitive our anal-
yses are to different phylogenetic hypotheses.

2.3   |   Diversity in Relation to Recruiting Microsite 
and Aridity

We investigated how the diversity of recruiting plants differs 
between canopy and open ground microsites across contrasting 
levels of aridity. To quantify the level of aridity, we used the arid-
ity index (AI), which is defined as the ratio of precipitation (P) to 
potential evapotranspiration (PET), the latter being a measure 
of the transfer of water from both soil and plant canopy to the 
atmosphere. Larger AI values thus indicate lower aridity levels. 
This index provides a quantitative measure of water availability 
and, thus, constitutes a continuous measure of climatic stress for 
plants. Discrete aridity categories have nonetheless been derived 
from the AI, with different dryland categories defined for those 
regions in which AI < 0.65 (UNEP 1997). To estimate the aridity 
index for each community, we downloaded a raster file with a 
30 arc-seconds resolution from Chelsa V2.1 (Karger et al. 2021) 
and used the R package “raster” (Hijmans 2023) to extract the 
corresponding values.

2.4   |   Statistical Analyses

We ran general linear mixed models to assess how Hill diver-
sities change according to the recruiting microsite (canopy vs. 
open ground) and aridity level, with aridity being defined as 
1-aridity index to simplify interpretation (i.e., increasing values 
indicating higher aridity levels). These models were constructed 
separately for taxonomic and phylogenetic Hill diversities of 
order q = 0, 1 and 2. Aridity, recruiting microsite, and their in-
teraction were treated as fixed effects, and the plant community 
as a random effect. We ran separate models that also included 
the number of canopy species in each community to account 
for potential confounding effects of aridity with the heteroge-
neity in recruitment niches provided by different canopy plants. 
Diversities were log-transformed to achieve normality of resid-
uals. We ran both linear and quadratic models, to account for a 
possible non-linear relationship between diversity and aridity.

To test whether taxonomic and phylogenetic diversity exhibited 
different responses to aridity, we compared the slopes of TD 
and PD along the aridity gradient. Three separate linear models 
were fitted, one for each Hill number (q = 0, 1, 2), using a global 
model that included both diversity types and their interaction 
with aridity; the interaction term tested for differences in slopes 
between TD and PD. All models were run in R version 4.3.3 (R 
Core Team 2024) using the R packages lme4 (Bates et al. 2015) 
and lmerTest (Kuznetsova et al. 2017).

3   |   Results

At the global (γ) scale, we recorded 2746 recruiting species, and 
both their taxonomic and phylogenetic diversity were higher 
under canopy microsites than in open ground (Figure 2). Across 
all communities, taxonomic diversity was ~28% higher under 
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canopies, with 2620 species recruiting under canopies and 2045 
in open ground. These totals include many species that occur 
in both microsites. When separating unique and shared species, 
701 species (26%) recruited exclusively under canopies, 126 spe-
cies (5%) recruited exclusively in open ground, and 1919 species 
(69%) recruited in both microsites. This strong dominance of 
canopy-exclusive and shared species highlights the dispropor-
tionate contribution of canopies to overall recruitment diversity 
(Figure 2A; Figure S1A). Species recruiting under canopies also 
accounted for a markedly greater amount of evolutionary his-
tory—62.1 billion years, compared with 50.9 billion years for 
open ground recruits. The standardized effect size of phyloge-
netic diversity did not differ from random expectations under 
canopies (SES.PD = 0.54, p = 0.6884), whereas open-ground 
microsites showed markedly lower phylogenetic diversity than 
expected by chance (SES.PD = −4.15, p = 0.0001; Figure  2A). 
A similar trend appeared for exclusive species: SES.PD for spe-
cies recruiting exclusively under canopies did not differ from 
random expectations (SES.PD = 0.04, p = 0.4964; Figure  S1A), 

while exclusive species in open ground exhibited marginally 
lower-than-expected phylogenetic diversity (SES.PD = −1.54, 
p = 0.0608; Figure  S1A). Thus, at the global scale, canopies 
supported five times more exclusive species and over three 
times more phylogenetic diversity than open ground, reveal-
ing their disproportionate role in preserving plant taxonomic 
diversity and evolutionary history. These patterns remained 
after accounting for differences in sampling effort (Figure 2B; 
Figure S1B).

At the local (α) scale, defined as diversity within individual 
communities rather than pooled across them, species rich-
ness followed the same pattern as at the global scale, with 
more species recruiting under canopies than in open ground 
(Table  1a). Back-transforming the asymptotic taxonomic di-
versities (Table  1a), 25.6 ± 2.0 species recruited under cano-
pies, compared to 18.7 ± 1.4 species in open ground (Hill order 
q = 0), representing roughly 37% higher richness beneath can-
opies. The effective number of species accounting for relative 

FIGURE 2    |    Taxonomic (TD) and phylogenetic (PD) diversity of recruiting species across microsites at the global scale. (A) Phylogenetic trees 
of species recruiting under canopy (left, green) and open ground (right, orange). Coloured branches indicate species present in the microsite; black 
branches are absent from that microsite but present in the global pool. Species occurring in both microsites appear in both trees. TD and PD values 
are shown within each tree, along with the standardized effect size of PD (SES.PD) and p values indicating whether observed PD is higher or lower 
than expected given species richness. While PD under canopy plants does not differ from random expectations, PD in open ground is lower than ex-
pected. (B) Sample-size–based rarefaction and extrapolation curves comparing taxonomic diversity (left) and phylogenetic diversity (right) for species 
recruiting under canopies (green) and in open ground (orange) at q = 0. Solid lines represent observed and rarefied diversity, dashed lines indicate 
extrapolated values, and shaded areas show 95% confidence intervals (N = 30 randomizations). Patterns are qualitatively unchanged when analyses 
are restricted to species recruiting exclusively in one microsite, thereby excluding generalist species that recruit in both environments (Figure S1).
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abundances (q = 1 and q = 2) was also higher under canopies 
than in open ground: 9.9 ± 0.6 versus 7.6 ± 0.5 for q = 1, and 
6.7 ± 0.4 versus 5.8 ± 0.5 for q = 2. Canopy microsites also sup-
ported higher phylogenetic diversity than open ground across 
all Hill orders (Table 1b). For q = 0, approximately 9.9 ± 0.6 lin-
eages recruited under canopies compared to 8.7 ± 0.4 in open 
ground (back-transformed means ± SE in Table  1b). When 
species abundances were taken into account, the effective 
number of lineages declined in both microsites (3.7 ± 0.2 vs. 
3.4 ± 0.2 and 2.6 ± 0.1 vs. 2.4 ± 0.1 lineages recruiting under 
canopy vs. open ground for q = 1 and q = 2, respectively; back 
transformed means ± SE in Table  1b), yet remained signifi-
cantly higher under canopies, indicating greater lineage di-
versity even at higher Hill orders. Species recruiting in both 
microsites were the most numerous, averaging 27 ± 3 species 
and contributing 1832 ± 132 million years of phylogenetic 
diversity. Canopy-only recruits were fewer (6.5 ± 1.1 spe-
cies) but still maintained substantial evolutionary history 
(1020 ± 128 million years), whereas open-only recruits were 
rare (0.97 ± 0.27 species) and contributed less phylogenetic 
diversity (430 ± 105 million years). These results underscore 
how canopy-associated species disproportionately contribute 
to species richness and evolutionary history, with local pat-
terns summing to shape global diversity.

Taxonomic and phylogenetic diversities were positively cor-
related in both recruiting microsites, but the strength of the rela-
tionship decreased with increasing Hill order (Table S2). In open 
ground, correlations ranged from r = 0.874 for q = 0 to r = 0.474 
for q = 2, while under canopies they ranged from r = 0.859 to 
r = 0.352 (all p < 0.001). This decline reflects that abundant spe-
cies tend to be more closely related, reducing phylogenetic di-
versity when species abundances are considered. Indeed, across 
all communities, the five most abundant species exhibited, on 

average, shorter phylogenetic distances among them (235 ± 5.7 
Myr) than the five least abundant species (258 ± 6.5 Myr). This 
difference was statistically significant (paired t-test: t = −3.35, 
df = 142, p = 0.001), indicating that dominant recruit species be-
long to a more restricted set of related lineages.

While canopies generally supported higher taxonomic and phy-
logenetic diversity than open-ground microsites, this difference 
was influenced by aridity for taxonomic diversity of order q = 1, 
where a significant interaction between microsite and aridity was 
observed. In contrast, for q = 0 and q = 2, canopies maintained con-
sistently higher diversity regardless of aridity (Figure 3; Table 2a). 
This indicates a generally positive effect of canopy plants on total 
species numbers and the coexistence of dominant taxa, largely 
independent of aridity. For q = 1, however, the microsite–aridity 
interaction showed that open ground supported higher diversity 
under low aridity, but this pattern reversed in drier environments, 
suggesting that the advantage of canopy plants in promoting an 
even species distribution becomes stronger under harsh, arid con-
ditions. The results did not change after including the number of 
canopy species in each community as a potential confounding fac-
tor with aridity (Table S4).

Both taxonomic and phylogenetic diversity declined with arid-
ity, with PD generally decreasing less steeply than TD (see 
slopes of diversity and aridity in Table  2). The difference be-
tween slopes increased with Hill order, being non-significant for 
q = 0 (t544 = −0.971; p = 0.332), marginally significant for q = 1 
(t544 = −1.86; p = 0.063), and significant for q = 2 (t544 = −2.24; 
p = 0.026).

Our results were robust to phylogenetic uncertainty, as the di-
versities obtained using the phylogeny constructed under the 
Jin and Qian  (2019) S3 scenario were highly correlated with 
those obtained under the S1 (r = 0.9999486; p < 0.001) and S2 
(r = 0.9993583; p < 0.001) scenarios.

4   |   Discussion

Our study provides a global synthesis of recruitment diversity 
patterns, showing that large-scale climatic and local biotic factors 
jointly shape the taxonomic and phylogenetic diversity of recruit-
ing species. While aridity reduces both facets of diversity at the 
community scale, this negative effect is locally mitigated under 
canopy plants, which act as custodians of taxonomic and phylo-
genetic diversity. Several mechanisms can be producing these 
canopy plant effects on the diversity of recruiting species, includ-
ing the creation of a wider range of regeneration niches (Moro 
et al. 1997; Schöb et al. 2012), the reduction of herbivory pressure 
(Callaway et al. 2000), the facilitation of resource access (McIntire 
and Fajardo  2014), and the mitigation of competitive exclusion 
among recruits through indirect effects (Brooker et al. 2008).

The decline in recruitment diversity with increasing aridity is 
not surprising, as water availability is a key constraint on plant 
establishment (Kreft and Jetz 2007). Yet, the mechanisms shap-
ing this pattern vary across diversity facets. For taxonomic di-
versity, q = 0, which gives equal weight to all species regardless 
of their abundance (species richness), and q = 2, which gives 
greater weight to dominant species, canopy plants consistently 

TABLE 1    |    Mean log-transformed asymptotic diversities and their 
standard errors at different Hill orders of species recruiting in open 
ground versus canopy-covered spaces. Diversity differences between 
microsites were compared with paired t-tests.

(a)

Hill 
order

Taxonomic diversity

p
Open 

ground
Under 

canopies t (df)

q = 0 2.93 ± 0.08 3.22 ± 0.08 4.11 (141) < 0.0001

q = 1 2.03 ± 0.07 2.29 ± 0.06 5.22 (141) < 0.0001

q = 2 1.75 ± 0.08 1.90 ± 0.06 2.43 (141) < 0.05

(b)

Phylogenetic diversity

p
Open 

ground
Under 

canopies t (df)

q = 0 2.17 ± 0.05 2.30 ± 0.06 2.99 (135) < 0.005

q = 1 1.23 ± 0.05 1.32 ± 0.05 4.14 (135) < 0.0005

q = 2 0.89 ± 0.04 0.95 ± 0.04 3.57 (135) < 0.001
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enhanced diversity along the aridity gradient, highlighting their 
protective role in maintaining both total and dominant species 
diversity. In contrast, for q = 1, which weights species in pro-
portion to their relative abundances—giving more influence to 
common species while still accounting for rarer ones—a signif-
icant interaction between microsite and aridity emerged: open 
ground microsites showed higher diversity under low aridity, 
but this pattern reversed under dry conditions. This shift sug-
gests that, as environmental stress intensifies, canopy plants 
promote a more even distribution of species by increasing the 
abundance of rare, stress-sensitive species that benefit more 
from facilitative interactions under the canopy (Sánchez-Martín 
et al. 2023). Such a role is consistent with the hypothesis that fa-
cilitation particularly benefits non-dominant lineages (Soliveres 
et al. 2015).

Phylogenetic diversity also declined with increasing aridity, 
but canopy microsites consistently supported a higher number 
of evolutionary lineages across all Hill orders. This suggests 
that canopy plants act as refuges that safeguard a broader evo-
lutionary representation within the pool of recruiting species. 
This greater phylogenetic diversity among recruits may result 
from the higher niche heterogeneity provided by canopy plants 
and/or from competitive exclusion processes operating among 
recruits (Valiente-Banuet and Verdú  2013). The increased 
niche heterogeneity under canopy plants allows species with 
different recruitment requirements to coexist. Because these 
requirements are phylogenetically conserved, species occu-
pying different niches tend to be distantly related, resulting 

in a neighbourhood of recruits that is more phylogenetically 
diverse (Navarro-Cano et al. 2016; Paterno et al. 2016). At the 
same time, competitive exclusion tends to act more strongly 
among closely related species, so under canopy plants, the 
preferential survival of distantly related species further en-
hances the phylogenetic diversity of the recruited assemblage 
(Castillo et al. 2010).

Previous studies assessing the role of canopy plants have typ-
ically used different metrics for taxonomic and phylogenetic 
diversity, preventing direct comparisons of their relative mag-
nitudes (Navarro-Cano et al. 2016; Bashirzadeh et al. 2022, but 
see Vega-Álvarez et al. 2019). By analysing taxonomic (TD) and 
phylogenetic diversity (PD) jointly using effective Hill numbers, 
it becomes possible to directly compare the contributions of spe-
cies richness and evolutionary history to community assembly 
(Chao et al. 2014). We found a positive correlation between taxo-
nomic and phylogenetic diversity that declined with Hill orders, 
indicating that recruiting microsites with more species also tend 
to host a greater number of evolutionary lineages. However, the 
decline in this correlation with increasing Hill order reveals 
that the most abundant recruits are often phylogenetically clus-
tered—that is, dominant species belong to a limited set of re-
lated lineages. This pattern implies that while canopy and open 
ground microsites both harbour diverse assemblages, ecological 
filters such as drought tolerance, light requirements, or disper-
sal traits may favour recruitment of closely related taxa within a 
few successful clades. These results are consistent with the hier-
archical filter model, in which abiotic environmental conditions 

FIGURE 3    |    The taxonomic (top) and phylogenetic (bottom) diversities of recruiting plants decrease with aridity. The taxonomic diversities shown 
are the number of species (Hill order q = 0), the number of common species (q = 1) and the number of dominant species (q = 2). The phylogenetic 
diversities shown are the number of phylogenetic entities (q = 0), the number of common phylogenetic entities (q = 1), and the number of dominant 
phylogenetic entities (q = 2; see Methods). Coloured background bands from left to right indicate aridity classes: Humid, dry subhumid, semiarid and 
arid. Lines represent model predictions for each microsite type (canopy vs. open ground).
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act first, followed by biotic interactions (Keddy 1992; Luzuriaga 
et al. 2012).

Building on these patterns, we found that both taxonomic di-
versity (TD) and phylogenetic diversity (PD) declined with in-
creasing aridity, although PD decreased more slowly than TD. 
This suggests that even as species richness is lost under drier 
conditions, the remaining species represent a broad range of 
evolutionary lineages, providing phylogenetic redundancy. Such 
phylogenetic, and therefore functional redundancy, is important 
for maintaining ecosystem functioning under ongoing species 
loss (Ricotta et al. 2016).

In conclusion, we show that the diversity of the pool of recruit-
ing species depends not only on broad-scale climatic gradients, 
but also on fine-scale habitat heterogeneity. In particular, can-
opy plants become crucial, as they enhance not only the number 
of recruiting species, but also the phylogenetic history contained 
in the community. Current rates of climate change are out-
pacing the ability of many plant species to face these changes, 
threatening their long-term survival. In this context, canopy 
plants constitute key structural elements, as they provide ref-
uge for recruiting species experiencing high climatic disequi-
librium under present macroclimatic conditions (Perez-Navarro 

et  al.  2024). However, climate change also pushes canopy 
plants outside their climatic niche optima, in turn affecting 
their sheltering effect on recruiting species (Margalef-Marrase 
et al. 2025). Therefore, the long-term maintenance of plant di-
versity under future climate change will probably depend either 
on the ability of canopy species to track shifting climatic condi-
tions, or on the capacity of recruiting species to associate with 
more stress-tolerant canopy plants.
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TABLE 2    |    Linear mixed models testing the effects of aridity (considered here as 1-aridity index) and microsite (canopy vs. open ground) on the 
diversity of the plant recruits. Both the taxonomic (a) and phylogenetic (b) Hill diversities were analysed. Plant communities were incorporated in the 
models as a random effect. The interaction term was removed from models where it was not statistically significant.

(a)

Taxonomic diversity

q = 0 q = 1 q = 2

Est ± SE df t Est ± SE df t Est ± SE df t

Intercept 3.7 ± 0.1 175.4 35.7** 2.6 ± 0.1 194 27.1** 2.2 ± 0.1 172.3 23.9**

Microsite (Open ground) −0.3 ± 0.1 141 −4.1** −0.1 ± 0.1 140 −1.6 −0.1 ± 0.1 141 −2.4*

Aridity −1.1 ± 0.2 140 −6.5** −0.7 ± 0.2 194 −4.6** −0.6 ± 0.2 140 −4.6**

Microsite × Aridity −0.3 ± 0.1 140 −2.1*

Marginal R2 0.20 0.20 0.11

Conditional R2 0.60 0.73 0.59

(b)

Phylogenetic diversity

q = 0 q = 1 q = 2

Est ± SE df t Est ± SE df t Est ± SE df t

Intercept 2.7 ± 0.1 156.7 33.4** 1.6 ± 0.07 143.3 22.3** 1.1 ± 0.1 143.5 26.5**

Microsite (Open ground) −0.1 ± 0.1 135.5 −3.0** −0.09 ± 0.02 135.3 −3.8** −0.05 ± 0.02 135.3 −4.1**

Aridity −0.8 ± 0.1 135.6 −6.5** −0.5 ± 0.1 135.9 −5.0** −0.35 ± 0.09 135.9 −3.7**

Microsite × Aridity

Marginal R2 0.21 0.16 0.10

Conditional R2 0.72 0.88 0.88

*0.01 < p < 0.05. 
**0.01 < p < 0.001.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Data S1: Data and scripts. Table S2: 
Pearson's pairwise correlations between taxonomic and phylogenetic 
Hill diversities for q0 (i.e., species abundances are not considered), q1 
(i.e., greater contribution of common species to diversity estimates) and 
q2 (i.e., greater contribution of dominant species to diversity estimates). 
Table S3: Comparison of the goodness of fit between linear and qua-
dratic mixed models used to evaluate the effects of recruiting microsite 
and aridity on the taxonomic and phylogenetic diversity of recruiting 
species. Linear models included the main effects of microsite and arid-
ity, as well as their interaction. Quadratic models additionally included 
a quadratic term for aridity and its interaction with microsite. Model 
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fit was compared using likelihood ratio tests implemented with the 
anova function in R. Table S4: Linear mixed models testing the effects 
of aridity (considered here as 1-aridity index) and microsite (Canopy vs. 
open ground) and the number of canopy plants on the diversity of the 
plant recruits. Both the taxonomic (a) and phylogenetic (b) Hill diversi-
ties were analysed. Plant communities were incorporated in the mod-
els as a random effect. The interaction term was removed from models 
where it was not statistically significant. Figure S1: Taxonomic (TD) 
and phylogenetic (PD) diversity of recruiting species across microsites at 
the global scale. (A). Phylogenetic trees of recruiting species occurring 
exclusively under canopy plants (left, green) and in open ground (right, 
orange). Coloured branches indicate species recruiting only in that mi-
crosite, whereas black branches represent species absent or shared be-
tween microsites. TD and PD values are shown within each tree, along 
with the standardized effect size of PD (SES.PD) and p values indicating 
whether observed PD is higher or lower than expected given species 
richness. While PD under canopy plants does not differ from random 
expectations, PD in open ground is marginally lower than expected. (B) 
Sample-size-based rarefaction and extrapolation curves comparing tax-
onomic diversity (left) and phylogenetic diversity (right) for species re-
cruiting exclusively under canopies (green) or in open ground (orange) at 
q = 0. Solid lines represent observed and rarefied diversity, dashed lines 
indicate extrapolated values, and shaded areas show 95% confidence 
intervals (N = 30 randomizations). Table  S1: Summary of the study 
sites, including country, geographic coordinates, biome type, vegetation 
characteristics, plant community, sampling method (RN = Recruitment 
Network; pCO = paired Canopy–Open; GP = Georeferenced Plot), sam-
pled area (m2), and the number of plant species recorded. 
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