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Abstract

Current rates of climate change are exceeding the capacity of many plant species
to track climate, thus leading communities to be in disequilibrium with climatic
conditions. Plant canopies can contribute to this disequilibrium by buffering macro-
climatic conditions and sheltering poorly adapted species to the oncoming climate,
particularly in their recruitment stages. Here we analyse differences in climatic
disequilibrium between understorey and open ground woody plant recruits in 28
localities, covering more than 100,000m?, across an elevation range embedding
temperature and aridity gradients in the southern Iberian Peninsula. This study
demonstrates higher climatic disequilibrium under canopies compared with open
ground, supporting that plant canopies would affect future community climatic
lags by allowing the recruitment of less arid-adapted species in warm and dry
conditions, but also it endorse that canopies could favour warm-adapted species
in extremely cold environments as mountain tops, thus pre-adapting communities
living in these habitats to climate change.

KEYWORDS
climate change, climatic bonus, climatic debt, climatic disequilibrium, climatic lag, establishment,
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CANOPY INDUCES CLIMATIC DISEQUILIBRIUM

INTRODUCTION

Plant species tend to spread across sites suitable for
their establishment and persistence in concordance
with the climatic conditions of their fundamental niche
(Hutchinson, 1957; Pulliam, 2000; Soberon, 2007).
However, multiple biotic and abiotic factors may hinder a
perfect match between fundamental climatic niches and
species' distributions (Pausas & Bond, 2018; Pulliam, 2000),
so that species are often excluded from suitable sites or
temporally persist under suboptimal conditions. Hence,
plant communities and their constituent species are, to
a greater or lesser extent, in climatic disequilibrium with
the concurrent climatic conditions of the sites where
they occur (Blonder et al., 2015; Davis, 1984; Svenning &
Sandel, 2013). The climatic disequilibrium (CD, also re-
ferred to as climatic lag or climatic debt) of a given com-
munity represents the amount of mismatch between the
observed macro-climate of the site where the community
occurs and the optimal climatic requirements of the com-
munity's constituent species (Bertrand et al., 2011, 2016;
Dullinger et al., 2012; Svenning & Sandel, 2013).
Historical contingency, species traits, soil characteris-
tics and biotic interactions are first-rank drivers of climatic
disequilibrium in plant communities. Historical contin-
gency through priority effects (Fukami, 2015) may cause
climatic disequilibrium by preventing the establishment
of immigrants that are better adapted to the local macro-
climate. Similarly, functional traits contribute to explain
the variation in the magnitude of disequilibrium among
different species by limiting the dispersal of species that
are well adapted to the prevailing macro-climate (Stahl
et al., 2014; Svenning & Sandel, 2013) or allowing the per-
sistence of long-lived individuals under suboptimal con-
ditions (Eriksson, 1996; Holt, 2009; Jackson & Sax, 2010),
which ultimately results in increased climatic disequilib-
rium. Environmental filtering imposed by non-climatic
factors, such as soil characteristics or plant-animal inter-
actions (e.g. herbivory) may also impede the establishment
of climatically adapted species (Kaarlejarvi et al., 2013;
Lenoir et al., 2010; Svenning et al., 2014). Interestingly,
plant—plant interactions can also induce climatic disequi-
librium through competition or facilitation. On the one
hand, competition can lead to the exclusion of climati-
cally suitable species that are weak competitors (Svenning
et al., 2014) but, on the other hand, established plants can
modify the climatic conditions under their canopies, which
may in turn facilitate the recruitment of species that are
poorly adapted to the predominant macro-climate (de
Frenne et al., 2013, 2019; Lenoir et al., 2013) (Figure 1).
Plant canopies can effectively ameliorate macro-
climatic conditions by buffering extreme temperatures,
reducing high irradiance, mitigating evapotranspiration
and increasing nutrient and water availability (Brooker
et al., 2008; Pritchard & Comeau, 2004), thus favouring
the establishment of species that are in disequilibrium
with the concurrent macro-climate. de Frenne et al. (2013,

2019) showed that forest canopies reduce high tempera-
tures, enhancing the performance of heat-intolerant
understorey individuals, and other authors have proved
that such differences between micro and macro-climatic
conditions allowed heat-intolerant species to endure past
and ongoing climatic changes (Anthelme et al., 2014;
Valiente-Banuet & Verdu, 2007). Furthermore, plant
canopies can also buffer extremely low temperatures (as
in high mountain areas) by absorbing part of the long-
wave radiation emitted by the surface and re-radiating
it back to the ground (Grimmond et al., 2000), thus cre-
ating warm refugia for cold-intolerant species (Odorico
et al., 2013). Therefore, canopy amelioration may result
in increased disequilibrium towards a net gain in either
heat- or cold-intolerant species in the understorey rela-
tive to open ground (Figure 1). Under the current con-
text of climate change, the persistence of cold-adapted
species under plant canopies in warm sites can be under-
stood as climatic debt—species lagging behind warm-
ing trends—, while the persistence of warm-adapted
species under plant canopies in current cold sites can be
understood as climatic bonus—pre-adaptation to newly
emerging conditions (Duchenne et al., 2021). This duality
is especially relevant for understanding the impacts on
plant biodiversity of increasing warming and aridifica-
tion in the Mediterranean region (Berdugo et al., 2022).

The effect of plant-plant interactions on climatic
disequilibrium may vary along environmental stress
gradients. Under low stress conditions, such as those
characterized by mild temperatures and absence of water
limitation, microclimatic amelioration would be less
relevant, and thus understorey and open ground com-
munities will show similar climatic disequilibrium val-
ues. Conversely, as environmental harshness increases
towards more arid and/or hotter/colder temperatures,
the buffering effect of canopies may turn critical for
the recruitment of species that are less tolerant to these
macro-climatic conditions (Maestre et al., 2009), thus
broadening the differences in climatic disequilibrium
between understorey and open ground communities.
However, the positive effects of plants on recruitment can
be limited at the edge of the harshness gradient if facili-
tation turns into competition (Maestre & Cortina, 2004;
Michalet et al., 2006).

The impact of plant canopies on understorey commu-
nities can be more readily studied by focusing on recruits
than on adult individuals (Serra-Diaz et al., 2016). Adult
individuals, and especially those of long-lived species,
may have established and grown under past conditions
that differ from current climate (Zhu et al., 2014). In con-
trast, seedlings have been established more recently, and
are frequently more climatically sensitive than adults
(Lloret et al., 2009), and thus they can more precisely
portray current microclimatic conditions under plant
canopies. In addition, the seedling stage, despite its short
duration, is where natural selection exerts its greatest in-
fluence, determining the demographic fate of the species
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FIGURE 1

Conceptual framework representing differences in climatic disequilibrium between understorey and open ground saplings under

warm (a) and cold (b) macro-climatic conditions (temperature in this example). Total disequilibrium is estimated as the difference between the
local temperature (macro-climate) and the temperature inferred from community composition. To infer the latter temperature, it is necessary to
know the thermal niche of each species (left inset). For example, the thermal niche of the cactus-type species ranges between 22 and 25°C with

an optimum of 23.5°C. Therefore, its optimum is 1.5°C colder than the macro-climate in the warm site (25°C) and 4.5°C warmer than that of the
cold site (19°C). Finally, we obtain the total community climatic disequilibrium as the difference between the abundance-weighted mean of the
climatic optima of all the species present in the community and the observed local macro-climate. Canopy-induced microclimates allow heat- and
cold-intolerant species to recruit under warm and cold macro-climatic conditions, respectively, with greater disequilibrium in understorey recruits
relative to open ground. Note that the numbers refer to individuals that may or may not be of the same species.

and ultimately community assembly (Poorter, 2007).
Therefore, considering recruits rather than adults allows
to envisage the future composition of plant communities,
although their predictive capacity in the medium to long
term should be taken with caution (Batllori et al., 2020).

Here, we aim to assess differences in climatic dis-
equilibrium between understorey and open ground
plant recruits across an elevation range embedding
temperature, radiation and aridity gradients in the
southern Iberian Peninsula (western Mediterrancan
region). We use a community climate framework,
based on species climatic niche optimum and recruit
abundances to measure the magnitude of climatic dis-
equilibrium and test the following hypotheses: (1) the
understorey recruit communities show higher climatic
disequilibrium than those growing in open ground

due to canopy-induced microclimatic buffering; (2)
differences in climatic disequilibrium between recruit-
ing communities growing under canopies and in open
ground will vary along the climatic gradient, with
canopy-induced disequilibrium being higher under
more extreme conditions (coldest, warmest and most
arid edges of the climatic gradient).

MATERIALS AND METHODS
Study region
The study comprised 28 localities distributed along the

southern Iberian Peninsula (Figure S1; Table Sl), and
across an altitudinal gradient ranging between 20ma.s.l.
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and 2100ma.s.l. The sampled area captures a wide range
of environmental conditions both in terms of tempera-
ture and precipitation, including three major climate
types (Bernabé Chazarra et al., 2018): mediterranean
climate, mostly towards the centre and west areas; semi-
arid climate, covering mostly the eastern part of the
study region; and the alpine-mediterranean climate at
mountain tops. Annual average minimum temperatures
range between —5°C and 13°C and average maximum
temperatures range between 12°C and 25°C from the
coldest top of the mountains to the warmest southeast
plains respectively. Annual rainfall concentrates during
autumn and spring, and it ranges between 1000mm in
humid mountainous sites and 200mm in the most arid
areas towards the eastern—reference period 1981-2010,
(Bernabé Chazarra et al., 2018).

The dominant vegetation varied from mediterranean
dwarf shrublands in high-elevation localities, towards
Pinus and Quercus mixed forests in mid altitudes and
summer deciduous shrublands dominated by Cistaceae
and Lamiaceae species in the most arid localities (see
Table S1, for a full list of vegetation types).

Community recruitment data

Sampling protocols were adapted in each locality to
the type of vegetation (see Table S1 for details), follow-
ing the recommendations in Alcantara et al. (2019) (see
Appendix S1 for further details). We considered a recruit
as every woody plant older than 1 year, smaller than 25%
the typical adult size and without visible signs of hav-
ing reached reproductive stage. We recorded whether
the recruits were growing in open ground or under the
canopy of other individuals. A total of 26,252 recruit
individuals of 141 species were recorded across all sites
(Table S2). Finally, we also estimated the percentage of
open ground surface as the accumulated longitude of the
midline of the transect or quadrat without plant intersec-
tion * 100, and canopy surface corresponds to 100 minus
open ground surface.

Estimation of community climatic disequilibrium
Species occurrences

We downloaded all geographic occurrences for the
141 sampled species from the Global Biodiversity
Information Facility (GBIF, 2020, www.gbif.org) re-
moving records with geographic and taxonomic incon-
sistencies or referring to non-living organisms. We also
randomly thinned species occurrences to avoid spatial
autocorrelation (Appendix S2). The final number of oc-
currences per species dataset after data cleaning varied
between 50 and 27,639, totalling 669,392 records across
all species (Table S2).

Climatic data

We collected 13 bioclimatic variables from CHELSA da-
tabase version 1.2 (Karger et al., 2017) for the average
reference period 1979-2013. We used 13 bioclimatic vari-
ables: annual mean temperature, temperature seasonality
—standard deviation * 100—, maximum temperature
of warmest month, minimum temperature of coldest
month, temperature annual range, mean temperature of
warmest quarter, mean temperature of coldest quarter,
annual precipitation, precipitation of wettest month,
precipitation of driest month, precipitation seasonality -
coefficient of variation-, precipitation of wettest quar-
ter and precipitation of driest quarter; all of them with
30arcsec resolution (~1 km?). We excluded bioclimatic
variables containing interactions between tempera-
ture and precipitation (e.g. precipitation of the warmest
quarter) to avoid problems in PCA orthogonality (Perez-
Navarro et al., 2021).

Community climatic niche calculations

We built a common climatic space using principal com-
ponent analysis (PCA) with scaled climatic data of all
the 1km? grid-cells with at least one species occur-
rence (PCA-occ sensu Broennimann et al., 2012). This
approach reduced the climatic dimensionality from 13
bioclimatic variables to a two-dimensional space with-
out considerable reductions in the total explained vari-
ance (the first two PCA axes retained 74.9% of the total
variance, Figure S2). Further, this approach facilitated
the visualization of the community climatic niche and
also allowed to obtain an overall climatic disequilibrium
value per recruiting community by integrating multiple
climatic variables at the same time. The first PCA axis
positively correlated with temperature variables and
negatively with precipitation ones, thus representing an
aridity gradient; and the second PCA axis positively cor-
related with temperature seasonality and negatively with
both temperature and precipitation variables. We then
characterized the climatic niche surface and optimum of
each species in the multivariate climatic space by trans-
lating species occurrences into the two-dimensional
climatic space (Broennimann et al., 2012). To do so,
we followed the procedure described in Perez-Navarro
et al. (2022) and in Appendix S3. Accordingly, species'
climatic niche corresponded to the 2d occurrence den-
sity surface, and niche optimum to the centre of mass of
this surface. We also built the climatic space using data
from the 1979-2003 period to assess the possible effect
of fast climatic shifts during the last decade in our niche
models, but we did not observe significant differences
(Appendix S3).

We estimated the community inferred climate (CIC)
of the recruiting communities of each locality and mi-
crohabitat, that is, individuals growing beneath plant

85UB01 T SUOWIWIOD 9A 81D 3|qeot[dde 8y} Aq peusenob afe Saofie YO 9SO Sa|nJ o A%IqiT8UIUQ AS]IM UO (SUOTIPUCO-PUB-SWLR)/LLI0O" A8 | 1M ARed 1jul [UO//SANL) SUONIPUOD puUe SWiB | 8U1 89S *[1Z0z/S0/ST] o AkeiqiTauliu A8|im ‘(ouleAnge T) aqnopesy Aq T6EYT@B/TTTT OT/I0P/WO00 A8 i Aleiqipul|uoy/Sdny wolj pepeojumod ‘Z ‘v20Z ‘8r20TorT


http://www.gbif.org

PEREZ-NAVARRO ET AL.

| 50f13

canopies and in open ground respectively (totalling
56 recruiting communities, 28 localities x 2 microhab-
itats). Specifically, CIC values were calculated as the
gravity centre of the niche optima of all the species
present in the community, that is, the mean niche opti-
mum in the multivariate 2d-space weighted by species
abundance. In addition, the average observed climate
(OC) of each locality during the reference period 1979—
2013 was translated into the common multivariate cli-
matic space. Finally, the climatic disequilibrium (CD)
was estimated as the Euclidean distance between CIC
and OC (Figure 2; Figures S4 and S5). CD equal to 0
indicates a perfect climatic equilibrium between the
recruiting community and the macro-climate of the
locality, and CD values higher than 0 indicate disequi-
librium in any of the directions of the 2d climatic space
(hereafter ‘multivariate 2d CD’). In addition, to facili-
tate the interpretation of the results, we also calculated
one-dimension CD for each PCA axis separately, and
for mean annual temperature, minimum temperature
of coldest month and annual precipitation. In this case,
CD was estimated as the difference between CIC and
OC (CIC-0CQ).

While multivariate CD in the two-dimensional space
only shows the absolute distance between OC and CIC,
the CD estimated for each separate climatic variable
(each separate PCA axis and the 3 climatic variables)
can be calculated either as absolute or directional CD,

that is, including signs. Directional CD in one dimen-
sion can take positive values (when recruiting commu-
nities have warmer or wetter optima than the observed
macro-climate) and negative values (when recruiting
communities have colder or drier optima than observed
macro-climate), hence informing about the direction of
the disequilibrium (hereafter ‘directional CD’). However,
absolute values portray CD magnitude independently of
its direction (hereafter ‘absolute CD’). It is worth not-
ing that CIC, OC and CD are macro-climatic estimates,
since they refer to climate conditions measured at rela-
tively high spatial resolutions (1 km?).

Statistical analyses
Prevalence of recruit—canopy interactions

We applied a chi-squared test to disentangle whether
species recruited more under plant canopies than in open
ground. Specifically, we compared the observed and ex-
pected number of individuals recruiting under canopies
given the proportion of surface occupied by plant cano-
pies in the community. Thus, significant positive or neg-
ative differences between the number of observed and
expected recruits under canopies indicate that saplings
recruit under canopies more or less often than expected
by chance respectively.

High temperature 4 Species niche
seasonality centroids
S (]
BN ) °
™ Observed climate °
S 2 ° °
— e 06 A ( ]
N Climatic disequilibrium,” o
.2 ¥ ] ¥
> “ah © .
< | ‘ Inferred climate
2 ! °0
® 1 Species
§ abundance
B [}
Q 5] [ )
o
Low aridity/ 23 0.0 23 ®
. . . o
Low temperature Climatic Axis 1 (48.2%) High
seasonality —————— aridity

FIGURE 2 Example of a community climate diagram. The panel shows a two-dimensional climatic space obtained from the PCA analysis
with the 13 selected climatic variables (Figure S2). The first PCA axis positively correlated with temperature variables and negatively with
precipitation ones, thus representing an aridity gradient; and the second PCA axis positively correlated with temperature seasonality and
negatively with both temperature and precipitation variables. Axis are unitless as they come from a PCA combination of precipitation and
temperature variables. Each colour dot represents the niche optima of each species present in the community, and dot size represents its
abundance in the community. Black dot shows the community-inferred climate (CIC), obtained by averaging niche optima of all the species
weighted by their relative abundance, and the black triangle represents the observed climate (OC) of the locality. The dashed arrow represents
the 2d multivariate climatic disequilibrium (CD) between observed and inferred climate. Species and abundance data for that figure comes
from real data of recruiting community growing in open spaces for QUIBJ site (Table S1).
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Differences in climatic disequilibrium between
recruiting communities growing in open
ground and under canopies

We first conducted a chi-square test to assess the number
of localities in which understorey recruiting communi-
ties showed greater 2d-multivariate CD than recruiting
communities in open ground. Next, we analysed dif-
ferences in climatic disequilibrium between recruiting
communities growing under plant canopies and in open
ground using mixed effect models with CD in the mul-
tivariate 2d-space as response variable, microhabitat
(under canopy or open ground) as explanatory variable
and locality as random intercept (Ime4 R package, Bates
et al., 2015).

We also analysed differences in CD for mean annual
temperature, minimum temperature of coldest month
and annual precipitation (i.e. univariate analyses) and
the two first PCA climatic axes separately. In these cases,
we tested for significant differences in both directional
and absolute CD. Specifically, we run (1) five mixed ef-
fect models—one model per each of the three univariate
climatic variables and two PCA climatic axes—including
directional CD as response variable and microhabitat
(canopy vs. open ground) as explanatory variable with
locality as random intercept; (2) five mixed effect mod-
els with the same model structure but including absolute
CD as response variable (Table S3).

Climate disequilibrium along
environmental gradients

We applied mixed effect models to explore if differ-
ences in CD between understorey and open ground
recruiting communities varied along different envi-
ronmental gradients. Particularly, we included multi-
variate 2d CD as response variable and aridity index
(measured as PET/P), annual radiation, mean annual
temperature, and percentage of plant canopy cover in
plots interacting with microhabitat (under canopies
vs. open ground) as explanatory variables, with local-
ity as random intercept. Aridity index, mean tempera-
ture, and radiation for the reference period 1979-2013
were obtained from CHELSA database v.1.2 (Karger
etal., 2017). Percentage of canopy cover in each locality
was included to control the potential influence of this
variable determining differences in CD between micro-
habitats. All explanatory variables were normalized
for the analysis. Additionally, we run gls models (nlme
package, Pinheiro et al., 2009) to account for possible
spatial autocorrelation in the results (Appendix S4),
since several localities belong to the same mountain
range (Sierra Nevada) (Figure S1).

Finally, we also tested the relationship between direc-
tional CD for the selected univariate climatic variables
with their respective climatic gradients. Specifically, we

applied three mixed effect models with (1) directional
CD of mean annual temperature as response variable
and observed mean annual temperature as explanatory
variable, (2) directional CD of minimum temperature of
coldest month as response and observed minimum tem-
perature of coldest month as explanatory variable, and
(3) directional CD of annual precipitation as response
variable and aridity index as explanatory variable. In
all cases, microhabitat (under canopies or open ground)
was included interacting with explanatory variables, and
locality was included as random intercept (Table S3).
We also tested if the observed slopes were significantly
different from zero (i.e. null scenario of maximum com-
munity tracking capacity) and the null expectation that
the community composition keeps constant across sites
(i.e. null scenario of minimum climatic tracking capacity
of communities) using emmeans package (Lenth, 2021;
Appendix S5). All analyses were performed using R v.
4.2.1 (R Core Team, 2023).

RESULTS
Prevalence of recruits—canopy interactions

From the total of 26,252 recruited individuals belong-
ing to 141 species and 28 communities, 49.5% occurred
on open ground and 50.5% under plant canopies.
Regarding the 429 species x locality records, 40.3% of
species showed lower recruitment under canopies, 37.3%
showed enhanced recruitment under canopies, and
22.4% showed no differences between the number of in-
dividuals observed under canopies and the number of
individuals expected by chance given the proportion of
plant canopy in the locality.

Differences in climatic disequilibrium between
recruiting communities growing in open
ground and under canopies

In 20 out of the 28 study communities, the recruit plant
communities growing under canopies had a larger 2d
multivariate CD than those growing in open ground
(;(%:5.14; p=0.02; Table S4). The average 2d multivari-
ate CD was 13.3% higher in recruit communities grow-
ing under canopies (0.917+£0.41) than in open ground
(0.767+0.383) (Figure 3), and this difference was statisti-
cally significant (p=0.003, Table S6).

Differences in absolute 2d multivariate disequilib-
rium agree with the significant differences in absolute
CD in both PCA axes separately and temperature, but
not precipitation variables (Figure 4; Table S4). As such,
recruits under canopies showed higher absolute values
of univariate and multivariate CD indicating that can-
opies generated climatic disequilibrium by buffering
aridity (PCALl), seasonality (PCA2) and temperatures
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FIGURE 3 Violin plots showing 2d multivariate climatic disequilibrium of recruit communities growing under plant canopies (orange
colour) and in open ground (blue colour). Grey lines join pairs of recruiting communities sited in the same locality.

for both the upper colder and hotter limit (Table S3).
These results are consistent with the observed significant
differences in directional CD for temperature of cold-
est quarter and PCA2 (Figure S7). In contrast, annual
precipitation was marginally significant only for direc-
tional CD but no absolute CD. Recruiting communities
growing under canopies showed a mean of —0.08 units
lower than open ground communities for PCA2, corre-
sponding to niche optima less adapted to temperature
seasonality (Figure S2). Minimum temperature of cold-
est month and annual precipitation showed marginally
significant differences, with understorey communities
showing average optima 0.2°C hotter and 5.88 L wetter
than open ground communities (Figure S7; Table S4).

Climate disequilibrium along
environmental gradients

Despite the geographical aggregation of the study com-
munities (Figure S1), the models relating 2d multivariate
CD and environmental gradients did not show a signifi-
cant effect of spatial autocorrelation (see higher AIC val-
ues of models including autocorrelation in Table S6 as
well as the lack of slope in the semi-variogram model in
Figure S8).

The 2d multivariate CD increased along the aridity
gradient in open ground communities but not in those
growing under canopies (Figure 5; Tables S7 and S8).
Gradients of radiation, mean annual temperature and
canopy cover were not significant neither in recruiting
communities growing in open ground nor under cano-
pies (Figures S9-S11; Table S7).

Regarding variations of directional CD (including
sign) for specific climatic variables, CD in mean annual
temperature varied along the annual temperature gradi-
ent, with those communities located in colder sites show-
ing positive CD (i.e. warmer niche optima than observed
macro-climatic temperature) and those communities
located in warmer localities showing negative CD (i.e.
colder niche optima than the observed macro-climatic
temperature). Interestingly, this trend was significantly
stronger for understorey communities, which showed
higher climatic disequilibrium than open ground com-
munities both in the warmer and colder limit (Figure 6a;
Tables S9 and S10). This pattern was similar for the min-
imum temperature of the coldest month (Figure Sl1;
Tables S9 and S10). CD of annual precipitation increased
along the aridity gradient, implying communities with
wetter optima than observed climate as aridity increased.
In this case, differences in trends of recruiting commu-
nities growing under open ground and under canopies
were marginally significant with understorey communi-
ties showing wetter optima than those growing in open
ground (Figure 6b; Tables S9 and S10). For all the three
variables, the observed slope was significantly different
from zero and from the null model of complete correla-
tion between CD and observed climate (Table S9).

DISCUSSION

Our results show a consistent pattern of greater climatic
disequilibrium in recruit communities growing under
plant canopies (Figure 3). This result is coherent with
plant canopies alleviating the macro-climatic conditions
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FIGURE 4 Differences in absolute community climatic
disequilibrium between recruit communities growing

under plant canopies and those growing in open ground

(|ICCD, er Canopicsl - |CCD0pm|). Positive differences indicate higher
absolute disequilibrium in communities growing under canopies
with respect to the open ground ones. Black, grey, and white dots
represent significant variables (p value <0.05), marginally significant
(0.1> p value >0.05) and non-significant variables (p value >0.1)
respectively. Line-range represents 95% confidence interval for
model output. Ranges crossing zero are not statistically significant.
Multivariate Axisl and Axis2 CD are unitless, while precipitation is
in L/m? and temperature variables are referred in °C x 10.

and improving the recruitment of species that would
otherwise be less abundant under concurrent climatic
conditions. Particularly, absolute values of climatic
disequilibrium were higher for temperature variables
(Figure 4), suggesting the role of canopy buffering tem-
peratures. The difference in the climatic disequilibrium
between recruiting community growing under canopy
and open habitats is not homogeneous across climatic
gradients, showing higher differences in disequilibrium
in environments characterized by extremely cold or hot
temperatures and higher aridity (Figure 6; Table S10).
Our results are consistent with the recognized ef-
fect of plant canopies on buffering temperatures, both
for hot and cold conditions. Along the climatic gradi-
ent, both open and understorey recruiting communities
better adjust to the observed climate than expected by
a null scenario where community composition remains

constant (i.e. no community adaptation capacity); how-
ever, the scenario of perfect match between community
composition and observed climate is even farther to be
achieved, highlighting the limited capacity of plant com-
munities to keep up with climate (Appendix S5; Table S9;
Figure S13). In any case, open communities always
showed lower disequilibrium absolute values (Figures S7
and S13). These results support the findings reported in
forest ecosystems, where canopies buffer high tempera-
tures (de Castanho & Prado, 2014; de Frenne et al., 2019),
allowing to host plant communities adapted to cooler
temperatures than those experienced on the open ground
(Richard et al., 2021). Buffering of high temperatures
appears to be key in typical Mediterranean climates,
particularly in the context of climate change, where
extreme temperatures can be lethal for seedlings. As a
consequence, understorey plant communities accumu-
late a climatic debt that should be paid if the protective
canopies disappear (Lenoir & Svenning, 2015; Richard
et al., 2021). Interestingly, our results also showed higher
climatic disequilibrium in favour of warm-adapted spe-
cies under colder temperatures such as those experi-
enced in high mountains, with particularly harsh cold
conditions in winter (Figure 6; Figure S7). These results
suggest that plant canopy would also act as climatic re-
fugia filtering in favour of warm-adapted species in cold
environments, thus likely acting as a source-habitat for
species more suitable to the oncoming climate. Given
the context of climate warming, the presence of warm-
adapted species under canopies in cold sites can be un-
derstood as climatic bonus rather than climatic debt,
as previously suggested for some plant communities in
southern Europe (Duchenne et al., 2021).

The intensity of climate buffering by plant canopies
is expected to vary along gradients of environmental
stressors (Molina-Venegas et al., 2018). Accordingly,
we observed that climatic disequilibrium varied not
only along temperature gradients but also along the
aridity one. We have detected that the canopy effect
on the multivariate climatic disequilibrium remained
fairly constant along the aridity gradient (Figure 5),
suggesting that canopies were able to buffer the over-
all macroclimatic conditions in a similar way along the
gradient. In contrast, climate disequilibrium increased
with aridity in open ground pointing that plant com-
munities did not fit so well under harsher conditions
(Perez-Navarro et al., 2023; Serra-Diaz et al., 2014),
likely due to the lack of more adapted species in the
regional pool (Blonder et al., 2017). However, the uni-
variate climatic disequilibrium for annual precipita-
tion also increased for both open ground and under
canopies recruiting communities towards the wet and
arid limits (Figure 6b), also suggesting the great influ-
ence of observed climate on climatic disequilibrium.
Unlike temperature gradients, where plant canopies
showed high buffering capacity in both gradient limits,
the differences between open ground and understorey
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FIGURE 5 Regression plot relating multivariate community climatic disequilibrium and aridity index, measured as the ratio between
potential evapotranspiration and precipitation, thus larger values of the x axis correspond to drier habitats. Orange colour represents the
recruit communities growing under canopies and blue colour represents the recruit communities growing in open ground. Shadow area of each

colour represents the 95% confidence interval.

communities increased only towards the more arid
limit, with recruiting communities growing beneath
plants always showing wetter climatic optima than
open ones (Figure S13). This pattern suggests that the
increase in moisture under canopies facilitated the
recruitment of species less adapted to dry conditions
in arid environments, while the buffer effect of plant
canopies was less relevant in environments not so lim-
ited by water. This observation is consistent with the
prediction of the stress gradient hypothesis, indicating
that facilitation prevails over competition in stressful
habitats, especially when the stress is driven by water
resources (Maestre et al., 2009). However, this result
contrasts with experimental studies suggesting that es-
tablished vegetation can effectively compete for water
with recruits under extremely dry conditions (Maestre
& Cortina, 2004; Rey et al., 2016). Nonetheless, it can-
not be discarded that under environmental conditions
even more stressful than those examined in the studied
environmental gradient, plant facilitation might turn
into competition due to resource limitation.

Despite the increasing evidence on biotic responses
lagging behind climate change, empirical information
on the role of plant cover leading to future climatic debt
or bonus is less frequent, particularly considering recruit
communities, which represents a necessary condition
determining mid to long-term vegetation dynamics in
the absence or further disturbances. These results show
that climatic disequilibrium is not only a contempo-
rary consequence of the presence of long-lived species

persisting in sites that have become unfavourable with
climate change (Richard et al., 2021), but that new plant
generations are also successfully establishing in areas
far from their climatic optima due to buffering effect of
plant canopies. Other factors such as mycorrhizal fungi
(Bennett & Classen, 2020) and phenotypic plasticity
(Nicotra et al., 2010) may assist recruitment away from
the climatic optimum. Such factors may act in addition
to the buffering canopy effect, but their relative contri-
bution to increase the CD remains unknown.

The effect of canopies increasing or reducing tem-
perature and humidity beneath them will likely de-
termine whether understorey plant communities are
better or worse adapted to future climate conditions.
Canopy-driven recruitment may reduce establishment
lags by promoting the establishment of species that are
adapted to the oncoming climate change conditions.
For example, the establishment of non-native species
has been shown to be facilitated by native nurses in
stressful but not in milder sites (Cavieres, 2021). In con-
trast, canopy-driven facilitation may increase extinc-
tion lags by sheltering resident species from the new
adverse climatic conditions (Alexander et al., 2018).
In addition, the impact of the canopy on the recruit
communities might go beyond the climatic effects and
can be produced by ameliorating other abiotic (e.g.
increasing soil fertility) or biotic (e.g. decreasing her-
bivory, promoting mycorrhizal symbiosis) processes
(Callaway, 2007; Gémez-Aparicio et al., 2005; Jordano
et al., 2003). Any of these processes can reduce climatic
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FIGURE 6 Regression plot relating univariate climatic disequilibrium of (a) mean annual temperature with observed macro-climatic mean
annual temperature and (b) annual precipitation and annual aridity index (potential evapotranspiration/precipitation). Positive disequilibrium
values correspond to recruiting community with disequilibrium values higher than observed macro-climate (wetter or hotter) and negative
disequilibrium values correspond to recruiting community with disequilibrium values lower than observed macro-climate (drier or colder).
Orange colour represents recruit communities growing under canopies and blue colour represents recruit communities growing in open
ground. Shaded area of each colour represents the confidence interval 95%. Grey horizontal dashed line represents 0 climatic disequilibrium in
each panel (i.e. null scenario of perfect climatic tracking of recruiting communities), and grey slope dashed line represents perfect correlation
between disequilibrium and observed climate (i.e. null scenario of constant community composition across climatic gradient, thus representing

that communities have null capacity to adapt to climate).

filtering relevance on community assembly, thereby
likely increasing climatic disequilibrium. On the other
hand, there may be detrimental effects of vegetation
canopy on understorey plants; for instance, by light
depletion under canopies or by competition for water
and nutrients from established adults (Holmgren
et al., 1997). All these opposing effects may counteract
each other and hence reduce the explanatory power of
our statistical model explaining multivariate CD. At

this time, we are not able to disentangle the respective
contribution of these drivers. However, climatic dis-
equilibrium provides an integrative estimation of their
overall impact and further studies can address the role
of different contributors other than climate to plant
community assembly using this climatic framework.
We are aware of the methodological limitations of
our study. For instance, the impossibility to represent
the fundamental niche of the species from field species
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occurrences (Pearman et al., 2008) which already include
biotic interactions, dispersal limitations and also assume
species equilibrium with climate, disregarding species
mismatches with climate (Svenning & Sandel, 2013).
Moreover, these niches assume species as uniform en-
tities across their distribution ranges, not considering
intra-species genetic variability or local adaptation,
which may result in different climatic tolerances (Benito
Garzon et al., 2011; Lloret & Garcia, 2016). However,
identifying these intra-specific levels with homogeneous
ecological responses is not feasible yet for most plant
cases. Also, given the lack of accurate information re-
garding species life-stage, the species climatic space used
in our study more likely corresponds to adult individuals.
Recruits and adults likely exhibit differences in their cli-
matic niche (Jackson et al., 2009), but we assume that the
climatic space of recruits is enclosed within the adult's
one, so we do not expect a strong bias in our analyses re-
garding to niche centroid characterization. In addition,
the predominance of adult records on species occurrence
would imply that the climatic disequilibrium observed in
our study might be more representative of future commu-
nities emerging from this recruit composition. Another
limitation of our approach is that the spatial resolution
of the climatic variables obtained from worldwide data-
bases does not perfectly portray the climatic conditions
closely experienced by plants (Zellweger et al., 2019),
thus potentially neglecting the microclimatic conditions
where species can survive the changing macro-climate
(Lembrechts et al., 2019; Lenoir et al., 2017; Maclean &
Early, 2023). True microclimatic data at high spatial res-
olution would capture more accurately the large environ-
mental differences between microhabitats under nurses
versus open ground (Haesen et al., 2023), though the use
of large-scale and long-term microclimatic time series
is still limited (Lembrechts & Lenoir, 2020). However,
by using the same macro-climatic data for each pair of
communities under canopy and in open ground, our
approach allows us to deduce the macro-climatic ame-
lioration effect of the canopy through the community
climatic niche differences between open and understorey
communities.

Despite disequilibrium was widely common both in
open ground and under canopies, the higher disequilib-
rium of understorey recruits suggests the role of plant
canopies affecting future community climatic lags, by
allowing the establishment of less arid-adapted species
in warm and dry conditions, but also favouring plant
species that are suitable for warm climatic conditions in
cold environments such as Mediterranean high moun-
tains, then acting as a reservoir of species adapted for
oncoming climate change. Future research assessing the
magnitude of climatic disequilibrium in different eco-
systems across the globe would help to predict the role
of plant canopy on the fate of plant communities facing
drastic climatic changes.
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