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ABSTRACT

Aim: Climate change poses a global threat to forest ecosystems. However, its effects are usually examined independently of local
factors, assuming that functionally diverse forest habitat types within a single biome will react similarly. Here we evaluated how
temperature influences the taxonomic and functional diversity of tree and shrub guilds, accounting for the regulatory effects of
local factors across forest habitat types.

Location: Italy.

Time Period: From 1970 to 2020.

Major Taxa Studied: Trees and shrubs.

Methods: We integrated > 5000 forest vegetation plots from a national databases with data on seven functional traits. We fitted
regression models to quantify the individual and interaction effects of temperature, solar radiation (a proxy for topography), and
soil moisture on the taxonomic and functional diversity of tree and shrub guilds across four main forest habitat types.

Results: Temperature gradients similarly affected the taxonomic and functional diversity of both tree and shrub guilds, al-
though with a stronger magnitude for trees. Topographic solar radiation regulated mainly the temperature-diversity relationship
in trees, with a stronger positive effect on cold forest habitats compared to warm ones. Soil moisture exerted a stronger control
on shrub guilds, especially in cold forest habitats, but with positive and negative effects on taxonomic and functional diversity,
respectively. Assuming climate-diversity responses will hold under climate change, projections to 2100 suggest that the diversity
of warm forest habitats might reduce, possibly due to intensification of summer drought stress, while the diversity of cold forest
habitats might increase as winter frost stress lessens.
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Main Conclusion: Temperature is a strong biodiversity determinant. Still, projections should account for local regulatory mech-
anisms and consider that grouping different forest habitat types into a broad category can obscure critical diversity responses.
The distinct responses of forest habitat types to topography-mediated climate conditions suggest the need for targeted adaptive

management strategies.

1 | Introduction

Earth's climate has already warmed by more than 1°C over
the past century, significantly impacting biodiversity glob-
ally (De Frenne et al. 2013; Scheffers et al. 2016; IPCC 2023).
This warming is shifting species’ geographical distributions,
with wide-ranging consequences for ecological processes and
services, and represents a significant threat to human well-
being (Diaz et al. 2019; Atwoli et al. 2021; Pretzsch et al. 2023;
Pacheco-Riafio et al. 2023). Given the critical role of forests
in providing essential ecosystem services, understanding the
mechanisms driving forest community reorganisation in re-
sponse to climate change is crucial for predicting future biodi-
versity changes and developing mitigation strategies (Gamfeldt
et al. 2013; Biber et al. 2020; del Martinez Castillo et al. 2024).

Climate effects on forest diversity have been intensively stud-
ied, but usually it is assumed that climate acts independently
of local factors (Bruelheide et al. 2018; Wieczynski et al. 2019;
Loidi et al. 2021; Bricca, Jiménez-Alfaro, et al. 2025). Local fac-
tors are known to regulate climate change mechanisms (Lenoir
et al. 2013), modulating the impacts on plants (Walther et al. 2002;
Colwell et al. 2008; Wigley et al. 2016; Gazol et al. 2018). For ex-
ample, topographical features (e.g., slope, aspect, elevation) and
soil conditions can significantly modify local heat exchanges and
water availability, thus creating locally heterogeneous responses of
plant communities to warming (Simpson et al. 2016). Topographic
conditions also capture the amount of fine-scale variation in
solar radiation, which in turn is expected to influence microcli-
matic factors such as temperature (Bennie et al. 2008; Barry and
Blanken 2016). The regulating effect of local factors on climate has
been previously assessed at the global scale for forest plant com-
munities (Bouchard et al. 2024; Hordijk et al. 2025). Nonetheless,
such assessments necessarily lumped different forest habitat types
into one or a few broader groups, thus assuming that all forests,
for example broadleaved evergreen and deciduous, have similar
responses to changes in climatic conditions. However, depend-
ing on the physiology and ecology of tree-dominant species, dif-
ferent forest habitat types might be differentially vulnerable to
climate change (Borderieux et al. 2024). For example, broadleaved-
evergreen tree species, having harder leaves and a more conserva-
tive water-use, are more tolerant to drought conditions compared
to broadleaved-deciduous species (Mediavilla and Escudero 2004).
Yet, broadleaved-evergreen forests often grow in areas where the
severity and frequency of droughts are increasing rapidly, which
may lead to higher tree mortality if the new climatic conditions
are beyond their range of physiological tolerance (Gazol et al. 2018;
Encinas-Valero et al. 2022).

The interplay between forest vulnerability and changes in climatic
conditions highlights the critical need to examine how traits medi-
ate species’ responses to environmental stressors. Traits capturing
the major axes of plant form and functions relate to the so-called

plant size, leaf and root economics, and reproductive spectra (Diaz
et al. 2016; Carmona et al. 2021; Weigelt et al. 2021), which to-
gether provide fundamental insight into species’ adaptive capac-
ities (Funk et al. 2017). Since traits are directly linked to species’
ecological niches, they can serve as proxies for tolerance limits
(Violle et al. 2007). Consequently, forest habitat types dominated
by tree species with different functional strategies may show di-
vergent climatic sensitivities depending on the overlap between
their physiological limits and the magnitude of climatic stressors
they face. Understanding trait-mediated responses to local cli-
mate mechanisms is therefore crucial for accurately forecasting
forest habitat types' responses and guiding effective conservation
strategies (Gallagher et al. 2021; Bricca et al. 2024). Such a task
is urgent, especially considering the climatic projections from the
IPCC (2023), which indicate that global temperatures could rise
by up to 4.4°C by 2100 under a worst-case scenario. The projected
temperature increase might compromise the suitability of forest
habitats, especially those already close to their physiological tol-
erance limits.

One way to better understand trait-environment relationships
is by considering groups of functionally similar species (guilds),
since forests are not exclusively composed of trees and the influ-
ence of climate and local factors can differ across these groups
(De Frenne et al. 2019; Bricca, Zerbe, et al. 2025). Besides trees,
understory woody species are a vital component of forest habitats.
They provide shelter and food sources for a variety of wildlife, in-
cluding fungi, insects, birds, and mammals, contributing also to
productivity (Chen et al. 2025). This biodiversity enhances ecosys-
tem stability and resilience against disturbances, including those
driven by climate change. Compared to trees, understory woody
species should respond more quickly to variation in climatic condi-
tions due to their shorter life cycles (Loidi et al. 2021). Nonetheless,
their response can be regulated by the degree of tree canopy cover,
which can buffer climatic variations (De Frenne et al. 2013; Davis
et al. 2019). Deconstructing forest vegetation into guilds represen-
tative of different layers can help to characterise the relationships
between vegetation and climatic conditions by allowing to test
whether different guilds follow similar or different patterns.

Here, we used > 5000 vegetation-plot observations, seven plant
traits capturing the largest part of the plant functional spectrum
(Burton et al. 2020; Carmona et al. 2021), as well as four down-
scaled climate-regulation variables to compare the individual and
combined effects of temperature, topography, and soil conditions
as spatial determinants of the distribution of tree and shrub spe-
cies guilds across four main forest habitat types in Italy (Chytry
et al. 2020). This approach will help determine whether different
forest habitat types and guilds within habitat types respond dif-
ferently to local warming. We addressed three specific questions:

1. Do current climatic conditions differently influence tax-
onomic and functional diversity in forest habitats? We
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expect a positive influence of warmer temperature on
the diversity of colder forest habitat types (broadleaved-
deciduous and temperate coniferous forests), since higher
temperatures may reduce the winter constraints, compared
to warmer forest habitat types (broadleaved-evergreen and
Mediterranean coniferous forests) where increasing sum-
mer drought can lead to higher mortality rates and a de-
crease in diversity overall (del Martinez Castillo et al. 2024)

2. To what extent is the effect of climatic conditions regulated
by local environmental conditions? We hypothesise that
topographic solar radiation and soil moisture may regulate
the response of taxonomic and functional diversity to cli-
matic variation (Bouchard et al. 2024).

3. Are these effects consistent across woody species guilds?
We postulate that tree and shrub guilds will show similar
general responses to warming, but with higher intensity
for the shrub guild (Loidi et al. 2021).

By assessing the current climate-biodiversity relationship, we
will produce spatially explicit maps projecting the hypothetical
tree and shrub diversity changes of forest habitats under future
climate scenarios for the year 2100.

2 | Material and Methods
2.1 | Study System

The study system is Italian forests. Italy is an ideal study area
due to its broad environmental gradients in latitude and eleva-
tion, and because it spreads across three biogeographical regions
(Mediterranean, Continental, and Alpine) (Alessi et al. 2023;
Chelli et al. 2024). The peculiar geographic position in the mid-
dle of the Mediterranean makes Italy highly vulnerable to climate
change (Giorgi and Lionello 2008). The Mediterranean region,
a transition zone between the arid climate of North Africa and
the Temperate, rainy climate of central Europe, has experienced
significant climate shifts in the past (Luterbacher et al. 2006)
and is identified as a prominent ‘hot spot’ in future climate
change projections (Giorgi and Lionello 2008). These changes
will pose a major threat to forest habitats (Janssen et al. 2016).
Italy's forest coverage spans 90,851 km?, representing 37% of its
territory (Gasparini et al. 2022). Because of considerable vari-
ation in latitude (from 35° to 47°), elevation, geomorphology
(Fredi and Palmieri Lupia 2017), and climate (Fratianni and
Acquaotta 2017), Italian forest habitats are highly diverse, mainly
belonging to the Temperate biome (sensu Mucina 2019). Main for-
est habitats include broadleaved evergreen forest, and coniferous
forests of Mediterranean climates, broadleaved deciduous forests
and coniferous forests of temperate climates (Alessi et al. 2023).

2.2 | Vegetation and Trait Data

We retrieved tree and shrub community data from the Italian
Forest Database, a database collector containing 16,259 vegeta-
tion plots and 2948 species (Alessi et al. 2023; Appendix S1). The
database is composed of vegetation plot data containing georef-
erenced information on all vascular plant species (trees, shrubs,
and herbs) co-occurring in survey plots of variable sizes, normally

with information on the relative abundance of each species, but
no specific information of individuals (e.g., diameter at breast
height). To reduce the noise typical of the analysis of large oppor-
tunistic databases (e.g., Loiola et al. 2018; Bonari et al. 2021), we
cleaned the data according to specific criteria described in detail
in the Appendix S2. The final datasets used in this study consist
of (i) 5450 plots with 94 tree species and (ii) 5940 plots with 359
shrub species, from the main forest habitats namely ‘broadleaved-
deciduous forests’ (EUNIS habitat type—T1), ‘broadleaved-
evergreen forests’ (T2) and ‘coniferous forests’ (T3). These three
forest habitats enable a representative picture of Italian forests
(Alessi et al. 2023), representing the main European forest habitats
(Chytry et al. 2020) with coniferous tree covering approximately
46%, and broadleaved (deciduous and evergreen) trees 37%. The
rest is represented by mixed forests (De Rigo et al. 2016).

However, since the EUNIS habitat type of coniferous forests con-
sists of both forests occurring in temperate climates on higher
elevations such as the Alps, and in Mediterranean climates close
to the sea (Chytry et al. 2020), we decided to group temperate
coniferous habitats (i.e., T31, T32, T34, T35, T36, T3C, and T3J)
in ‘temperate coniferous forests’ (T3t), and Mediterranean conif-
erous habitats (i.e., T33, T37 and T3A) in ‘mediterranean conif-
erous forests’ (T3m). Their geographic distribution is reported in
Appendix S2.

We considered plant traits expressing independent axes of the
plant size spectrum (plant height), the reproductive spectrum
(seed mass), the leaf economic spectrum (specific leaf area;
SLA), the root economic spectrum (specific root length), and the
woody economic spectrum (stem specific density) (Salguero-
Gomez et al. 2016; Diaz et al. 2016; Carmona et al. 2021). Trait
data were obtained from the TRY database (Kattge et al. 2020),
except for specific root length which was retrieved from the
GRooT database (Guerrero-Ramirez et al. 2021). Before extract-
ing trait data, we cleaned the databases to reduce the inconsis-
tency between trait values (Augustine et al. 2024). Trait data
cleaning process is reported in Appendix S2.

Finally, we classified each tree species based on its life habit (i.e.,
broadleaved tree and needle-leaved tree) and leaf phenology
(i.e., evergreen and deciduous). For shrub species, we considered
only leaf phenology since a few shrub species are needle-leaved
(i.e., only Juniperus spp.).

All data manipulations and statistical analyses were done in the
R statistical programming language (version 4.4.2).

2.3 | Climatic and Climate-Regulation Variables

We considered climatic variables known to affect vegetation in
general and forests in particular, namely mean annual tempera-
ture (MAT—°C), annual precipitation amount (kgm=2), tem-
perature seasonality (°C/100), and precipitation seasonality (CV)
(Padullés-Cubino et al. 2021; Alessi et al. 2023; Chelli et al. 2024).
We extracted bioclimatic variables from CHELSA (Karger
etal. 2017). CHELSA's data have a 30 arc-second resolution, which
may not adequately characterise the microclimatic conditions that
forest communities experience. Thus, we downscaled bioclimatic
variables to a finer resolution (i.e., 250 m; Appendix S3).
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As climate-regulation variables, we selected the direct nor-
mal irradiation (DNI; kWh/m2), hereafter solar radiation,
for topographic conditions and soil water capacity (SWC; ©)
for soil conditions (Kambach et al. 2024). Solar radiation cap-
tures fine-scale variation in energy availability driven by topo-
graphic conditions (e.g., slope, aspect, elevation), which in turn
influences microclimatic factors such as temperature (Bennie
et al. 2008; Barry and Blanken 2016). Solar radiation was ex-
tracted from Global Solar Atlas 2 (n.d.) (https://globalsolaratlas.
info), whereas the soil water capacity was calculated according
to the formula of Dijkerman (1988) based on the sand content of
the soil. The soil sand content values (%) for each plot were ex-
tracted from the SoilGrids 2.0 database for a depth of 15-30cm
(Poggio et al. 2021). Both climate-regulation variables share the
same resolution consistent with the downscaled climate data at
250 m resolution.

Then, we performed a principal component analysis (PCA) with
all climatic and climate-regulation variables to check their de-
gree of correlation, considering all forest habitats and for each
forest habitat separately. For tree data, we found consistent pat-
terns for each forest habitat with all climatic variables loading
on the first PC axis, soil water capacity and solar radiation load-
ing on the second PC and third PC axes. Thus, we decided to
keep only mean annual temperatures as a climate variable since
this variable showed the strongest correlation with the first axis
(Appendix S4).

However, since the light availability that filters from the can-
opy can influence forest understory markedly, and since it can
regulate climatic conditions under the canopy (Davis et al. 2019;
Chelli et al. 2024; Perez-Navarro et al. 2024), we decided to in-
clude tree canopy cover in the PCA of shrub data. Specifically,
we calculated the tree canopy cover (%) for each plot using
Jennings-Fischer's formula, which combines the covers of all
tree species present in the plot into a single cover value, while
accounting for potential overlap among individuals (Jennings
et al. 2009; Fischer 2015). We found contrasting trends for each
forest habitat. While for broadleaved-deciduous, broadleaved-
evergreen, and Mediterranean coniferous forests we found mean
annual temperature, solar radiation, and soil water capacity as
representative of the first three PC axes, in the case of temperate
coniferous forests, we found higher variation explained by mean
annual temperature, soil water capacity, and tree canopy cover
(Appendix S5). Therefore, for the shrub guild, we calibrated dif-
ferent models for different forest habitats, depending on the im-
portance of the predictors (see paragraph 2.5).

2.4 | Statistical Analysis

We considered two distinct facets of plant diversity, namely tax-
onomical and functional diversity. We selected species richness
as an indicator of taxonomic diversity (TD), while we selected
Rao's Quadratic Entropy based on the five selected quantitative
traits in addition to two categorical traits of life-history and leaf
phenology for tree species and leaf phenology for shrub species
as an indicator of functional diversity (multi-FD). The multi-FD
index measures the degree of functional dissimilarity among
species in a given assemblage: lower values indicate the coexis-
tence of functionally similar species (i.e., species with the same

trait values), whereas higher values indicate the coexistence of
functionally dissimilar species (i.e., species with different trait
values). We used Gower's distance to measure species functional
distance since it handles missing trait values and multi-traits to-
gether (Pavoine et al. 2009; de Bello et al. 2010). Quantitative
traits were log-10 transformed to reduce the skewness of data
distribution (Mdjekova et al. 2016). To reduce the dispropor-
tional contribution of categorical traits in the functional diver-
sity, we used the updated version of Gower's distance which
provides a more balanced weight between quantitative and
categorical traits (de Bello et al. 2021). We are aware that taxo-
nomic and functional diversity are not necessarily independent,
and positive or negative relationships are possible. In the case of
a positive relationship, an increase in taxonomic diversity fol-
lowed by an increase in functional diversity depicts a reduction
of ‘functional redundancy’ as more species perform dissimilar
functions. On the contrary, a negative relationship points out a
larger ‘functional redundancy’ since it increases the presence
of species sharing similar traits (Diaz and Cabido 2001; Ricotta
et al. 2016). However, in our case, we did not find a strong cor-
relation between the taxonomic and functional diversity for
tree and shrub data for each of the four forest habitats (i.e.,
—0.5>x<0.5; details in Appendix S6).

We used regression models to examine the effect of tempera-
ture, solar radiation, and soil water capacity on the taxonomic
and functional diversity of the tree guilds for each forest habitat.
For shrub guilds, we used temperature, soil water capacity, can-
opy cover, and solar radiation according to forest habitat type
as predictors. We considered interaction terms between solar
radiation, soil water capacity, and canopy cover with tempera-
ture to account for a possible regulating effect of these variables
on climate. Since previous investigations found non-linear re-
lationships along broad environmental gradients (Bouchard
et al. 2024), we considered and compared three sets of models,
that is, (1) models with only linear terms, (2) models with qua-
dratic terms only for mean annual temperatures, and (3) models
with quadratic trends for all three predictors. Model selection
according to the residual sum of squares was evaluated with the
chi-squared test (Bricca et al. 2023). Since the models selected
respected all the assumptions (i.e., normality of residuals and
homogeneity of variance), we did not use more sophisticated
models (St-Pierre et al. 2018).

To hypothesise how taxonomic and functional diversity will
change under climate change, we adopted a space-for-time
substitution approach, assuming that the climate-diversity re-
lationships observed in space will hold under climate change.
Space-for-time substitution is a widely adopted approach using
the knowledge gained from the analysis of contemporary spa-
tial patterns to make inferences on temporal ecological pro-
cesses (e.g., Backhaus et al. 2021; Kambach et al. 2023). It
relies on the assumption that spatial variation among sites can
reflect the trajectory of vegetation change over time, thereby
allowing reconstruction of long-term dynamics from a single
temporal snapshot (Pickett 1989). Specifically, we used the fit-
ted climate-diversity linear models to predict the taxonomic
and functional diversity of different guilds in different habi-
tat types under new climate conditions. We made projections
for three alternative climate change scenarios provided by the
IPCC (2023), namely mild (+1.4°C; SSP1-1.9), intermediate
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(+2.7°C; SSP2-4.5), and worst-case (+4.4°C; SSP5-8.5) by
2100 (del Martinez Castillo et al. 2024). In the results section,
we focused on the predictions generated with the worst-case
scenario (+4.4°C) and report the results related to the mild
scenario in Appendix S7. Climate-regulation variables (solar
radiation, soil moisture, and canopy cover for shrubs) were
assumed to remain constant over time. Projections were con-
trasted with the diversity estimates predicted by the model
using climatic data for the period of 1980-2010. In this way,
we quantified the relative diversity variation (delta) for both
species guilds as follows: delta =diversity prediction 2100—
diversity prediction 1980-2010. Positive and negative delta
values mean a relative increase or decrease of diversity esti-
mates over time, respectively.

Taxonomic and functional diversity were calculated with the
RaoRel function in the cati package, Gower's distance with the
gawdis function (optimised algorithm) in the gawdis package,
and the regression model with the Im function in the stats pack-
age. Model comparisons were performed with the ANOVA func-
tion in the stats package. A detailed list of package references is
reported in the Appendix S8.

3 | Results
3.1 | Tree Guild

Regarding tree guild, temperate coniferous habitat type
had the lowest mean taxonomic diversity (4), followed by
Mediterranean coniferous and broadleaved-evergreen habi-
tat types (5), and broadleaved-deciduous habitat type (6). We
found an opposite pattern for functional diversity with the
highest values for temperate coniferous habitat type (0.17),
followed by Mediterranean coniferous habitat type (0.15),
broadleaved-evergreen habitat type (0.14) and broadleaved-
deciduous habitat type (0.13) (Appendix S9). Overall, our
regression models detected a direct effect of mean annual
temperature on both taxonomic and functional diversity of
the tree guild in all four forest habitat types. We found in-
verted U-shaped trends for broadleaved-evergreen habitat
type, Mediterranean coniferous habitat type and broadleaved-
deciduous habitat type (Figure 1a). Contrarily, for temperate
coniferous habitat type, we found a significant linear effect of
mean annual temperature (Figure 1la). For the broadleaved-
deciduous and temperate coniferous habitat types, we found
that solar radiation regulates the effect of mean annual
temperature on taxonomic diversity, being more intense in
forest stands where solar radiation is higher and lower, re-
spectively. Moreover, only for the broadleaved-deciduous
forests, we found a significant negative interaction between
soil water capacity and mean annual temperature, indicating
a linear relationship in which taxonomic diversity increases
faster with temperature where soil water capacity is higher
(Figure 1c). For functional diversity, we found a linear neg-
ative relationship for Mediterranean coniferous habitat type
and a positive unimodal trend for broadleaved-deciduous
habitat type (Figure 1d). We detected a significant interaction
between solar radiation and mean annual temperature for
broadleaved-deciduous and Mediterranean coniferous habi-
tat types but also with temperate coniferous habitat type. In

the case of broadleaved-deciduous habitat type, we found a
steeper variation of functional diversity in stands where solar
radiation is higher. In Mediterranean coniferous habitat type,
functional diversity decreased slowly with increasing solar ra-
diation (Figure 1le), while the opposite was true for temperate
coniferous habitat type (Figure 1e). Lastly, we found a regulat-
ing effect of soil water capacity on mean annual temperature
but exclusively for broadleaved-deciduous forests, depicting
an increasing and decreasing effect of mean annual tempera-
ture on functional diversity occurring under high and low soil
water capacity (Figure 1f). Detailed information on models’
selection and parameters of the best fitting model is reported
in the Appendices S10 and S11.

For each forest habitat type, we mapped the hypothetical geo-
graphical projected changes in taxonomic and functional di-
versity of the tree guild under a 4.4°C temperature increase
by 2100, according to the worst-case IPCC scenario (2023), as
shown in Figure 2. For the broadleaved-deciduous habitat type,
our projection highlights a geographic pattern of a gain in tax-
onomic diversity coupled with a loss of functional diversity in
the inner parts of Italy (central and eastern Alps and along the
Apennine chain), but a loss of taxonomic diversity coupled with
a gain in functional diversity along the coastline (Figure 2a-e).
For the broadleaved-evergreen habitat type (Figure 2b-f) and
Mediterranean coniferous habitat type (Figure 2c-g), projec-
tions highlight a slight loss in taxonomic and functional di-
versity, especially strong along the coasts of Central Italy. For
the temperate coniferous habitat type, projections suggest a
general gain in taxonomic diversity in the Alps, although func-
tional diversity remains quite stable (Figure 2d-h).

3.2 | Shrub Guild

The lowest mean value in taxonomic diversity for the shrub
guild was found in broadleaved-evergreen habitat type (7) and
temperate coniferous habitat type (7). Mediterranean conifer-
ous forests and broadleaved-deciduous habitat type displayed a
slightly higher taxonomic diversity (8). Similarly to the tree guild,
also for the functional diversity of the shrub guild, we found an
opposite pattern with the highest values for temperate conifer-
ous habitat type (0.24), followed by Mediterranean coniferous
habitat type (0.15), broadleaved-evergreen habitat type (0.16),
and broadleaved-deciduous habitat type (0.17) (Appendix S9).

Overall, our regression model found a stronger relationship
between taxonomic diversity and mean annual temperature
(Figure 3). Specifically, increasing mean annual temperature had
similar effects on shrub taxonomic diversity as those observed for
trees (Figure 3a). Only for broadleaved-deciduous habitat type
did we detect a relatively weak, though significant, interaction
between solar radiation and mean annual temperature, with the
increase of taxonomic diversity being steeper where solar radi-
ation is low (Figure 3b). Soil water capacity also interacted with
mean annual temperature, but only in temperate coniferous hab-
itat type (Figure 3c). Regarding functional diversity, we found a
significant effect of mean annual temperature for all forest hab-
itat types except Mediterranean coniferous habitat type. For
broadleaved-evergreen habitat type, functional diversity decreases
for increasing values of mean annual temperature (Figure 3).
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FIGURE1 | Regression lines of the fitted values from the models for taxonomic diversity (expressed as species richness) (a-c) and functional di-

versity values (d-f) of the tree guild for the different forest habitat types. Only the significant effect of mean annual temperature (MAT), single or in

interaction with climate-regulator variables (DNI, solar radiation; SWC, soil water capacity) is shown. The categories of explanatory variables (high,

mid, low) denote the 90th, 50th and 10th percentiles of their distribution.

For broadleaved-deciduous habitat type, we detected a unimodal
pattern with lower functional diversity values at the extremes of
the gradient (Figure 3d). This pattern was also regulated by soil
water capacity, with a steeper increase of functional diversity on
soil with higher water capacity (Figure 3f). For the latter, the effect
of mean annual temperature was regulated by soil water capac-
ity producing a linear decrease of functional diversity. However,
we detected a steeper reduction of functional diversity in higher
soil water capacity (Figure 3f). Detailed information on models'
selection and parameters of the best fitting model is reported in the
Appendices S12 and S13.

Maps of the hypothetical geographical projected changes in
taxonomic and functional diversity of the shrub guild under

a 4.4°C temperature increase by 2100, according to the worst-
case IPCC scenario (2023), are shown in Figure 4. For the
broadleaved-deciduous habitat type, our projections highlight
a gain in both taxonomic and functional diversity along the
main mountain ranges (Alps and along the Apennine chain)
and a loss along the coastline (Figure 4a—e). The shrub guild
of broadleaved-evergreen habitat type (Figure 4b-f) and
Mediterranean coniferous habitat type (Figure 4c-g) is pre-
dicted to face a loss of taxonomic and functional diversity, more
marked along the coasts, especially for the taxonomic diversity
in Mediterranean coniferous habitat type. For temperate conif-
erous habitat type, projections suggest an overall gain in taxo-
nomic diversity in the Alps, coupled with a loss in functional
diversity (Figure 4d-h).
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FIGURE 2 | Relative predicted variation (delta) on tree species richness (a, b, ¢, and d) and on functional diversity (e, f, g, and h) for each forest
habitat type after an increase of 4.4°C temperature rise for 2100. Each point represents a plot in a cell size of 1km X 1km of CHELSA.

4 | Discussion

Understanding how forest plant communities will respond
to temperature change is crucial to mitigate the negative ef-
fects of climate change and to deploy appropriate mitigation
strategies to minimise biodiversity loss (Dyderski et al. 2018).
Notwithstanding the wealth of recent studies (Loidi et al. 2021;
Kambach et al. 2023; Bouchard et al. 2024), the relation be-
tween climate and biodiversity is still not fully understood, es-
pecially when it comes to the interactions between temperature
and local factors, and the individual response of different forest
habitat types within the same biome. Our study uses distinct
forest habitat types (i.e., broadleaved-evergreen, broadleaved-
deciduous, temperate, and Mediterranean coniferous forests)
as model systems to unravel the response of taxonomic and
functional diversity of the tree and shrub guilds to the inter-
action between temperature and local topographical and soil
conditions. Our results demonstrated that (1) tree taxonomic
and functional diversity in different forest habitats exhibit a
distinct relationship with temperature, which can be related
to their biogeographical distribution. Warmer forests, such as
broadleaved-evergreen and Mediterranean coniferous forests,
which are near their physiological tolerance limits, are predicted
to experience a decrease in taxonomic and functional diversity,
possibly as a consequence of the predicted increase in sum-
mer drought stress (Pretzsch et al. 2023; del Martinez Castillo
et al. 2024; Borderieux et al. 2024). By contrast, taxonomic and
functional diversity is predicted to increase in colder forests,
such as temperate coniferous forests, which we interpret as the
possible effect of reduced winter frost stress. While temperature
emerged as a key determinant, (2) topographic solar radiation
and soil moisture were found to regulate the temperature-di-
versity relationship, modulating the temperature effect on

tree guild and shrub guild, respectively (Kambach et al. 2023;
Bouchard et al. 2024). This regulatory influence varied among
forest habitat types and was stronger for colder forests. Finally,
(3) tree guild and shrub guild diversity displayed broadly simi-
lar responses to temperature, whether directly or modulated by
local factors (Loidi et al. 2021), although the climate-diversity
relation was slightly stronger for trees, as compared to shrubs.

4.1 | Tree Guild

Tree guilds respond differently to temperature, depending on
which forest habitat they belong to. Moving from warmer forests
(Mediterranean coniferous forests) to colder forests (temperate
coniferous forests), we found a gradual negative to positive tran-
sition of the effect of mean annual temperature on diversity.

Diversity of the Mediterranean coniferous forest habitat type
was negatively correlated with temperature, suggesting that
a temperature rise could negatively impact the diversity in
these habitats in the future. Mean annual temperature in-
crease might amplify the magnitude of the typical summer
drought stress characterising the biogeographic area where
Mediterranean coniferous forest habitat occurs. This intensi-
fication can overcome the physiological limits of tolerance for
conifers (Pretzsch et al. 2023), reducing the functional and tax-
onomic diversity in the case of higher temperatures. In fact, at
lower elevations, higher temperatures should promote the estab-
lishment of tree guilds dominated by locally-adapted drought-
resistant broadleaved-evergreen and coniferous tree species.
Nonetheless, the filtering effect of temperature on functional di-
versity is regulated by solar radiation. Increases in temperatures
in forest stands where solar radiation is high slightly promoted

Global Ecology and Biogeography, 2026

7 of 14

85UB017 SUOLULLOD BAIES.D 3|deal|dde au3 Aq peusenob afe Sape YO ‘88N JO S3|NJ 10y Afeiq 1 BUIIUO A3]IM UO (SUOIPUOD-PUR-SLUIRYWI0D A8 M ARIq 1 BU1IUO//SARY) SUORIPUOD PUe Swis | 8y} 885 *[9202/T0/02] Uo Arigiauliuo AB|IM *elfeleueIuo00 Ag 98T0L GRB/TTTT 0T/I0p/L0d"AB|IM Afeiq jeul|uoj/sdny Wwoly pepeojumoq ‘T ‘9202 ‘8E2899%T



Shrub species richness
(a) MAT - pure effect

15 0.30
0.25
10
0.20
5| ——
0.15
0 0.10
0 5 10 15 0 5
(b) MAT : DNI (e) MAT:DNI
15 0.30
. 0.25 No interactions
0.20
5
0.15
0 0.10
0 5 10 15 0 5
(c) MAT: SWC (f) MAT: SWC
15 0.30
0.25 ‘
10
0.20
5
0.15
0 0.10
0 5 10 15 0 5

Mean annual temperature (°C)
Adjusted R?

Shrub functional diversity
(d) MAT- pure effect

Forest habitats

[0 T1 Broadleaved-deciduous forests
[l T2 Broadleaved-evergreen forests
[ T3m Mediterranean coniferous forests
@ T3t Temperate coniferous forests

Interaction variable

<+ - High
- - Mid
——Low

10 15

Adjusted R?

OT1 15% oT1t 2%
mT2 2% WT2 13%
[ T3m 16% [ T3m 9%o
O T3t 19% O T3t 6%

FIGURE 3 | Regression lines of the fitted values from the models for taxonomic diversity (expressed as species richness) (a-c) and functional di-

versity values (d-f) of the shrub data for the different forest habitat type. Only the significant effect of mean annual temperature (MAT), single or in

interaction with climate-regulator variables (DNI, solar radiation; SWC, soil water capacity) is shown. The categories of predictors (high, mid, low)

denote the 90th, 50th, and 10th percentiles of their distribution.

functional diversity. These forest stands hosted species tolerat-
ing cold (e.g., Pinus nigra) and hot conditions (e.g., Pinus halep-
ensis), at low and high mean annual temperature, respectively.
On the contrary, a stronger filtering effect has been detected in
forest stands where solar radiation is low. Here, the increase in
temperature might reduce the diversity of tree guilds by ruling
out species not adapted to drought conditions (e.g., Abies alba).

Broadleaved-evergreen forests are projected to be less negatively
impacted by temperature change compared to other forest hab-
itats, despite lower taxonomic diversity coupled with higher
temperatures. The negative trend seems to suggest that a mean
annual temperature of 12°C-13°C represents a threshold over
which temperature becomes challenging for some tree species.

As for Mediterranean coniferous forest habitat type, mean an-
nual temperature values over this threshold may exacerbate
Mediterranean summer drought stress, creating stressful condi-
tions hard to cope even for evergreen tree species well-adapted
to Mediterranean climate (Conte et al. 2019). We speculate that
an increase in temperature could force the current species pool
of broadleaved-evergreen forest to migrate towards new suitable
geographic areas, but it cannot be fuelled by the immigration of
species adapted to new drier conditions, due to the biogeograph-
ical barrier represented by the Mediterranean Sea.

For both cold forest habitats, namely broadleaved-deciduous
and temperate coniferous forests, temperature is projected to
have a positive effect on taxonomic diversity. Nonetheless, the
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FIGURE 4 | Relative predicted variation (delta) on shrub species richness (a, b, ¢, and d) and on functional diversity (e, f, g, and h) for each for-
est habitat type after an expected increase of 4.4°C temperature rise for 2100. Each point represents a plot in a cell size of 1 km x 1km of CHELSA.

temperature-functional diversity relationship differed between
these two forest habitats, suggesting different mechanisms are
at work. For broadleaved-deciduous forests, we detected a higher
taxonomic diversity coupled with lower functional diversity in
the first half of the temperature gradient. Contrary to the pos-
sible intensification of the summer drought in Mediterranean
forests, increasing mean annual temperatures might lower
the winter frost stress (Pretzsch et al. 2023), thus creating be-
nign climatic conditions for the arrival and spreading of new,
more warm-adapted tree species, in a process known as ‘ther-
mophilization’ (Lenoir et al. 2010; Pacheco-Riafio et al. 2023;
Borderieux et al. 2024). In fact, tree guilds under lower tem-
peratures are mainly composed of tree species which cope
with the frost stress using different functional strategies such
as deciduous leaves or needle-like leaves (e.g., Betula pendula,
Fagus sylvatica, Picea abies). On the contrary, warmer condi-
tions tend to rule out cold-adapted species, and the tree guild
is mainly dominated by a higher number of tree species having
similar leaf habits (e.g., Acer pseudoplatanus, Ostrya carpinifo-
lia, Quercus pubescens). Nonetheless, moving from the second
part of the temperature gradient (i.e., above 10°C), the effect of
temperature shifts from negative to positive and the functional
diversity starts increasing. This might be due to the prevailing
temperature conditions that currently favour the establishment
of warmer species. The effects of temperatures on both diversity
facets were also regulated by solar radiation and soil moisture
similarly. Increased solar radiation and soil moisture might
weaken the limitations imposed by low temperatures, extend-
ing the growing season, reducing frost damage, and enhancing
photosynthesis and growth, without causing heat stress. Thus,
higher temperatures where solar radiation and soil moisture are
high can significantly increase both species richness and func-
tional diversity by mitigating the cold stress that limits warmer
species establishment and survival. On the contrary, where

solar radiation and soil moisture are low, higher temperatures
may increase edaphic aridity that leads to a finer division of
niche space rather than to a greater niche partitioning (de Bello
et al. 2006).

In the case of temperate coniferous forest habitat type, the in-
crease of taxonomic diversity within the same functional di-
versity suggested that the habitat becomes more hospitable
(i.e., resources are less limited), leading to reduced competition
among species that can share the same resources (Tilman 1982).
Compared to the results for Mediterranean coniferous forests,
this opposite pattern might be interpreted in light of the dis-
tinct climatic contexts in which these two forest habitats occur.
Temperate coniferous forests are typically found in cooler, higher
elevation conditions where low temperature is a primary limit-
ing factor for plant growth and survival (Kérner 2003). Here,
tree species are adapted to withstand cold temperatures. This
consideration is also confirmed by the regulating effect of solar
radiation, which modulates the temperature relationship with
both diversity facets, similarly to what occurs for broadleaved-
deciduous forest habitat type.

4.2 | Shrub Guild

The shrub life form represents an integrated evolutionary response
to environmental stress (Rundel 1991). It usually displays faster
life cycles than trees, higher survival in extreme conditions and
earlier seed production and dispersal, which make shrubs more
responsive to climatic conditions changing (Loidi et al. 2021).
Nonetheless, we did not find a marked difference in the shrub tem-
perature—diversity relationship, as compared to trees. Similarly to
the tree guild, we found varying relationships with temperature
depending on forest habitats. Across the gradient from warmer
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forests (e.g., Mediterranean coniferous forests) to colder forests
(e.g., temperate coniferous forests), we observed a gradual shift
in the effect of mean annual temperature on shrub diversity,
transitioning from negative to positive. Further, the negative
temperature-diversity relationship for shrub diversity in warm
forests suggests that the expected temperature increase under
climate change will have a detrimental effect on shrub diversity.
Nonetheless, we should note that in Mediterranean coniferous for-
ests, warming is likely to decrease only the taxonomic diversity,
leaving functional diversity unaffected. On the contrary, in the
case of the broadleaved-evergreen forest habitat type, increasing
temperatures are expected to impact both facets of diversity.

Regarding the colder forests, only the broadleaved-deciduous
forests showed a similar response of taxonomic and functional
diversity to temperature variation. With increasing tempera-
tures, taxonomic and functional diversity first increased up to
a maximum value and then declined. We speculate that this
reversed U-shaped relationship hints at a weakening of the
negative effects of winter frost stress on shrub diversity, which
might promote the coexistence of a higher number of species
having different ecological tolerances like Crataegus monogyna,
Juniperus communis, and Ruscus aculeatus.

However, we found a lower regulating effect of local factors.
Forest canopies can buffer climate conditions and serve as refugia
for understory species under climate change (Davis et al. 2019).
Nonetheless, in our case, tree canopy cover never acted as a
temperature-regulating variable. Only in two out of four forest
habitats, we found a regulating effect of local factors, especially
soil moisture. A pattern that contrasts with tree guilds, where
topographic solar radiation has a higher contribution compared to
soil moisture. This difference may be associated with the spatial
scale at which these guilds interact with the environmental con-
ditions. Shrubs, being part of the understory and therefore closer
to the ground, are more sensitive to microenvironmental factors
such as soil moisture retention, soil nutrient availability, and light
filtered through the canopy. By contrast, trees, whose canopies
define the forest structure, are more influenced by large-scale fac-
tors like topography, which in turn influences broader patterns of
temperature (Burton et al. 2014). Only for broadleaved-deciduous
forests did we find a regulating effect of topographic solar radia-
tion. The increase in species richness coupled with temperature
increase is expected to be more marked where solar radiation is
low. This may suggest that, in such environments, the reduction of
winter frost stress is more pronounced, weakening climatic barri-
ers and allowing more species to persist. Temperate coniferous for-
ests showed a clear regulating effect of soil water capacity on both
taxonomic and functional diversity. On more humid soils, func-
tional diversity is expected to decrease steeply with the increase of
temperature, while taxonomic diversity increases, with an overall
increase in redundancy. This pattern aligns with the concept that
in a more resource-rich environment, species tend to converge
because of a similar pressure for resource use (Mason et al. 2011,
Chelli et al. 2024).

4.3 | Limitations

Functional traits are defined as individual measurements that
affect an organism's performance (Violle et al. 2007). They are

therefore not fixed attributes of a species. Our study did not ac-
count for intraspecific trait variation (ITV) in trees and shrubs,
which may influence trait-climate relationships (Kunstler
etal. 2021; Ferrara et al. 2024). Instead, we used trait values aggre-
gated at the species level, a common approach in biogeographical
studies (Padullés-Cubino et al. 2021; Kambach et al. 2024; Bricca,
Jiménez-Alfaro, et al. 2025). This choice reflects the current lack
of intraspecific trait data in global databases such as TRY, as
collecting trait measurements for each population or individual
across sites at a continental scale is not feasible. Importantly, ev-
idence suggests that ITV is generally smaller in magnitude than
between-species trait variation (Siefert et al. 2015; Puglielli et al.
2024), supporting the robustness of our species-level approach.

Similarly, while our goal was to understand how different habi-
tats varied in their responses to temperature, we did not explic-
itly account for within-habitat variability. Including this aspect
could help determine whether a habitat's baseline climate adap-
tation, rather than its broad classification, drives its temperature
response. However, this was not feasible with our dataset: divid-
ing the four main habitat types into more specific sub-habitats
would have resulted in too few data points to reliably character-
ise each sub-habitat's response to climate.

Finally, our analysis is based on a space-for-time substitution.
While this method is widely used in ecological studies where
long-term data are unavailable, it provides less robust infer-
ences about temporal vegetation change. Specifically, this ap-
proach may: (i) overestimate change due to lagging mechanisms
(Elmendorf et al. 2015); (ii) overlook delayed migrations of trees
and shrubs, since plant migration is typically slower than iso-
therm shifts (Pacheco-Riafio et al. 2023). The inherently slow
life cycles of trees compared to shrubs might further contrib-
ute to these lags and to the different diversity response of plant
guilds in relation to temperature. Migration processes and spe-
cies tolerance to environmental conditions changing likelihood
are governed by independent functional dimensions, which are
the drivers of gains and losses in species and functional diver-
sity, respectively (e.g., Borderieux et al. 2024). Our model did not
distinguish these two processes, as well as other factors that can
play a role in plant establishment, such as land use. In fact, con-
sistent information on current forest management in our data is
not available, and forest practices are highly heterogeneous at
the regional scale. As a result, our future projections should be
interpreted with caution.

5 | Conclusions

Temperature is a key determinant influencing the pattern of for-
est diversity. Nonetheless, the effect of climate varies across for-
est habitat types, being more marked for tree and shrub guilds
in forest habitats located at the extreme of the considered tem-
perature gradient, that is, temperate and Mediterranean conifer-
ous forest habitats. Temperate forests are expected to experience
an increase in diversity, likely through immigration of southern
and/or lowland species that find more benign conditions. On
the contrary, Mediterranean forests are foreseen to experience
a decrease in taxonomic and functional diversity, possibly due
to the intensification of drought stress. Also, we documented a
regulating effect of local topographical and soil factors on the
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temperature-diversity relationship in forest habitats, with the re-
sult of making this relationship steeper or shallower in different
forest habitat types and for different guilds. Topographic solar ra-
diation had a stronger modulating effect for trees, while soil mois-
ture played a stronger modulating role for the shrub guild. This
distinction underscores the importance of considering vertical
stratification when assessing how forest species respond to envi-
ronmental conditions. These results further highlight the impor-
tance of local factors regulating effects on climate. Importantly,
to accurately predict the effects of climate change on biodiversity,
we recommend considering the interplay between climate and
climate-modulating factors. Furthermore, in habitat assessments,
using overly broad habitat categories should be avoided to reveal
finer responses based on dominant strategies and common life
habits. The results of our study discourage management practices
uniformly applied to large areas; instead, they must be tailored to
specific habitat types and their specific diversity.
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