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Introduction: Despite their biogeographical relevance, the trait space exploited
by endemic plants of Mediterranean forests remains largely unknown.
Understanding their functional divergence from widespread congeners is key
to explaining their restricted distribution, ecology, and resource-use strategies.
Methods: Here, we analyzed interspecific variability in leaf economic traits
capturing plant strategies of resource-use such as leaf area (LA), specific leaf
area (SLA), leaf mass per area (LMA), leaf dry matter content (LDMC), leaf nitrogen
content per unit dry mass (Nmass) and carbon to nitrogen ratio (C:N ratio), across
45 endemic taxa of Mediterranean forests. The influence of environmental
variables and the phylogenetic signal of traits were examined to identify the
main drivers. Next, we performed paired comparisons in 27 endemic-non
endemic pairs, with allopatric, parapatric and sympatric distribution.

Results and discussion: Overall, trait variability within endemics was remarkably
ample, reflecting their diversity in functional types, phylogenetic relationships
and biogeographical contexts. Endemics were widely distributed along the
resource use gradient associated with LA, LMA and Nmass. Herbaceous taxa
showed more resource-acquisitive trait values and prevalence of C and R
strategies, while woody endemics were more resource-conservative and
stress-tolerant. Traits showed a phylogenetic signal of variable intensity
depending on the metrics, with Pagel's A approaching the Brownian model for
LA and LMA. Environmental factors variously influenced trait variation. LA
decreased with temperature and depended on forest type, while LDMC
decreased with latitude and precipitation. LMA increased with temperature and
varied with ecoregion and forest type, while Nmass decreased with latitude and
increased with precipitation. Species pairs analysis revealed a negative effect of
the endemic condition on LA, but positive on LMA. Compared with widespread
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congeners, this pointed to a lower acquisitive ability and stronger resource
conservation attitude, also confirmed by CSR strategies. Differences in LA and
LMA within allopatric and parapatric pairs were larger than in sympatric pairs,
suggesting the role of vicariance in key leaf trait divergence. In advancing our
understanding of the functional and ecological characteristics of Mediterranean
endemic forest plants, this study may help to predict the effects of the increasing
pressures to their habitat and support strategies for their conservation.

KEYWORDS

endemic plants, forest habitats, functional divergence, leaf traits, Mediterranean flora,
resource-use strategies, understorey species

1 Introduction

The reasons why endemic plant species have a more or less
restricted range with respect to widespread congeners are a central
issue in ecology and biogeography (Lavergne et al., 2004). While
many studies have focused on the relationships and conservation of
endemic plants, only a few investigations have delved into the
factors determining their inherently limited ability to spread over
wider territories (Hobohm, 2014). It is well established that a
multiplicity of historical, ecological and biological circumstances,
often variously combined together, can result in a limited dispersal
capacity and a restricted distribution range of a given species (Song
and Li, 2023). Understanding these factors is increasingly important
to help predicting the effects of global changes on endemic
plants worldwide, and support strategies for their conservation
(Damschen et al.,, 2012; Erfanian et al., 2021; Erlandson et al,,
2021; Hobohm, 2014). In the Mediterranean biodiversity hotspot,
narrow endemics are a significant proportion of the rich native flora
(Quezel and Medail, 2003). It was highlighted that these taxa are
most often ecologically divergent with respect to widespread
congeners, being restricted to harsh habitats such as steep rocky
slopes with open vegetation and low species richness (Thompson,
2020; Thompson et al., 2005). Niche specialization and adaptation
in response to stressful conditions and selective pressures have been
generally assumed to be major drivers for their origin and
persistence, allowing them to colonize more extreme habitats and
to escape from competition and anthropogenic disturbance (Coppi
et al, 2014; Hand et al., 2017; Medail and Verlaque, 1997; Totté
et al., 2015).

Niche specialization and ecological divergence are less likely to
occur under the more favorable conditions of forest habitats. This
explains, at least in part, the minor proportion of narrow-ranged
endemics in temperate European forests (Quézel and Medail, 2003;
Rackam and Grove, 2001). Stronger interspecific competition and,
often, more intense disturbance in woodlands are further factors
contributing to the low proportion of forest endemics in Europe
(Bruchmann, 2011; Hobohm, 2014). In contrast, the Mediterranean
flora includes substantial endemic woody and herbaceous plants
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within forest habitats, found in closed interiors, open canopies,
gaps, and edges (Selvi et al, 2023). Despite the conservation
relevance, rarity, and isolated phylogenetic position of many of
these taxa, their biology and ecology remain largely unknown.
Recently, Selvi et al. (2023) provided baseline statistics for over
130 taxa with narrow range across Italian forests, mainly
herbaceous but also woody, either “paleo-” or “neo-” endemics,
highlighting the current lack of information about their functional
characteristics and ecological strategies.

The functional trait approach for the investigation of
Mediterranean endemic taxa has been poorly adopted so far,
although it can provide insights into the factors involved in their
restricted range in terms of plant fitness and resource use strategies.
Evidence from mainly non-forest taxa indicates that these plants
have a smaller stature than widespread congeners, yet they do not
significantly diverge in specific leaf area, leaf nitrogen content, leaf
dry matter, or maximum photosynthetic rate (Hand et al., 2017;
Lavergne et al., 2004). Overall, this pointed to a lower competitive
ability, based on smaller stature, but similar attitudes in the
acquisition and use of resources in the taxa analyzed in the above
studies. However, whether these findings can be generalized
to endemics specialized for a different macro-habitat, such as
temperate forests, remains still unclear. Hence, little inference can
be made on the factors behind their restricted distribution in terms
of competitive ability for light, nutrients and water.

Leaf traits play a critical role in plant growth and survival,
largely determining the functional space explored by plants in terms
of resource use (Garnier et al., 2015; Niinemets, 2020; Niklas et al.,
2023; Wright et al., 2004). Analyzing these traits in forest endemic
species and unveiling the range of interspecific variability between
them can provide insights into their ecological strategies and
position within the leaf economic spectrum (Wright et al., 2004).
Moreover, investigating the dependency of traits on environmental
and main habitat factors (latitude, altitude, climatic variables, forest
type, dominant tree species and others) on the one hand, and on
phylogenetic constraints on the other, is key to infer the influence of
the evolutionary history of the taxa and the current conditions of
their environment on their variation (Garnier et al., 2015).
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Several forest endemics in the Mediterranean have widespread
(non-endemic) related taxa inhabiting similar habitats across larger
continental areas. This circumstance offers the opportunity to
compare trait divergence in endemic and non-endemic species
pairs, excluding the effect of ecological specialization and under
similar constraints of competitive interactions with other species of
the canopy and understory communities. The question of whether
endemics and widespread congeners differ in traits, resource use
strategies and competitive ability can thus be addressed specifically
for forest species, unlike in previous studies (Hand et al., 2017;
Lavergne et al, 2004; Thompson, 2004; Thompson et al., 2005;
Totte et al,, 2015). If present, functional divergence and differences
in resource use within these species pairs cannot be directly related
to clear differences in the light regimes, since both taxa, endemic
and non-endemic, share a similar adaptation to shade, a major
driver of leaf trait variability (Liu et al., 2016; Poorter et al., 2019;
Valladares et al., 2016). Instead, trait divergence may result from
evolutionary and biogeographic processes within each species pair,
potentially resulting in different resource use attitudes. For this
purpose, accounting for the distribution pattern of species in
multiple pairs, e.g. whether allopatric, parapatric or sympatric,
can help to unravel the role of geographic separation and
vicariance in trait variation.

To bring light on the above issues, we measured six core leaf
traits capturing plant strategies related to resource use (leaf area,
specific leaf area, leaf mass per area, leaf dry matter content,
nitrogen mass and C:N ratio) in 45 endemic forest taxa of vascular
plants in distant angiosperm and conifer clades, either woody or
herbaceous, most of which have not been examined for functional
traits so far. These taxa are restricted to parts of the Italian
peninsula, especially the southern regions and the islands of
Sicily and Sardinia, which are well known centers of plant
endemism of high biogeographical relevance, significantly
contributing to the diversity of the Mediterranean flora (Meédail
and Quezel, 1999). Remarkable examples of narrow-ranged and
phylogenetically distinctive forest endemics in these areas are the
umbellifers Petagnaea gussonei, Cryptotaenia thomasii
and Heptaptera angustifolia, the composite Rhaponticoides
centaurium, the borage Aegonychon calabrum or the shrub
Rhamnus persicifolia. This allowed us to open a window on the
range of interspecific variation in leaf traits across Mediterranean
endemic forest plants, to infer their position in the Leaf Economic
Spectrum and to get insights into their resource use strategies and
competitive abilities. Moreover, exploring the influence of a set of
unrelated environmental and geographical variables for each
sampled species/population and the phylogenetic signal of each
trait made it possible to evaluate the role of either ecological or
evolutionary constraints on trait variation across the taxa. In
addition, expanding trait analysis to twenty widespread and
closely related taxa of the same functional type and from similar
forest habitat allowed phylogenetically independent comparisons
to unveil the levels and patterns of variability in 27 species pairs,
also in relation to the model of distribution of the two species in
each pair, e.g. whether allopatric, sympatric or parapatric. Based
on previous studies, we could test the hypothesis that endemics
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show no or little divergence from congeners in traits related to
resource use such as leaf area, leaf mass per area and nitrogen
content, as well as in terms of CSR strategies. Finally, we could
explore whether trait divergence is overall lower in sympatric
species pairs (with overlapping ranges) than in allopatric or
parapatric pairs (with separate ranges), due to geographic and/
or ecological vicariance in distinct ecoregions. Overall, this study
contributes to a better knowledge of Mediterranean endemic
plants and to the recent perspective of integrating the functional
approach to the investigation of biodiversity, considering the
influences of environment and evolution under environmental
change (Liu et al., 2024).

2 Materials and methods
2.1 Species selection

We built a dataset including 45 endemic taxa (37 species and 8
subspecies) in a wide range of plant families (27) and genera (37)
of vascular plants, including conifers, eu-dicot and monocot
angiosperms. The dataset includes woody (trees and shrubs;
Raunkiaer’s life-forms P scap, P caesp, NP, n=10) and herbaceous
taxa (perennial herbs: geophytes and hemicryptophytes, annual
herbs: therophytes; n=35), sampled across seven Italian regions,
including Sicily and Sardinia (Supplementary Figure 1). Twenty
taxa are illustrated in Supplementary Figure 2. Taxon selection was
based on Selvi et al. (2023) who provided a full list and dataset of
Italian forest endemics, e.g., taxa that are restricted to Italy or Italy
and Corsica (France), in line with the recent checklist of the native
Italian flora (Bartolucci et al., 2024) and the portal to the Flora of
Italy (https://dryades.units.it/floritaly/). The selected species
represent a relatively broad range of phylogenetic lineages and are
all typical of forest habitats (guilds 1.1 and 1.2 of Heinken et al.
(2022) and Selvi et al. (2023)). Also, all endemics analyzed here are
found in forest habitats listed in the EUNIS classification of
Terrestrial Habitats (EEA, 2021, as “forest and other wooded
land”, T code). Distribution ranges of the selected taxa span from
very local within a single Italian region (e.g. Vicia brulloi, Rhamnus
persicifolia) to relatively wide across several Italian peninsular
regions (e.g. Melampyrum italicum, Digitalis micrantha).

To compare endemics vs sister widespread taxa and allow
independent evaluations of trait variation in relation to range size
we included in the dataset 20 widespread (non-endemic) woody
and herbaceous species in 18 families and 19 genera, resulting in a
total of 65 taxa and 27 pairs of taxa analyzed. “Widespread” taxa
were distributed across large parts of continental Europe and
beyond (see “chorotype” in Supplementary Table 1), with a range
size many-fold larger than that of the related endemic; these taxa
were selected based on the following criteria: i) native presence in
Italy, ii) systematic and phylogenetic relatedness as resulting from
standard floras (especially Pignatti et al. (2017), monographic works
and phylogenetic analyses of given taxonomic groups when
available, iii) same Raunkiaer’s life-form and functional type, and
iv) clear preference for forest habitat (guilds 1.1 or 1.2 of
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Heinken et al. (2022) or based on personal experience). In this way,
we largely excluded habitat and growth form as factors affecting
trait variation. To account for the distribution relationship of the
two taxa in each pair, we classified the 27 pairs in three groups: i)
allopatric (ranges of the two taxa not overlapping and sharply
disjunct, e.g. Rhamnus persicifolia vs. R. cathartica; n=10), ii)
sympatric (range of the endemic totally or largely overlapping
with that of the widespread congener, e.g. Aegonychon calabrum
vs. A. purpureocaeruleum, n=9), iii) parapatric (ranges not
overlapping but in contact or in close proximity at their limits,
e.g. Cardamine battagliae vs. C. heptaphylla, n=8).

The full list of the 65 taxa included in this study is given in
Supplementary Table 1.

2.2 Field sampling of plant material

Sampling campaigns were conducted in the years 2023 and
2024, in spring and early summer to collect fully developed leaves.
We analyzed one population per taxon (both endemics and non-
endemics), as this study focused on interspecific variation. The
selected population was randomly chosen from those in
representative forest sites and habitats for the species, without
signs of recent disturbance (e.g. fire, clear-cuttings, windthrow
areas). When more populations were present, the most easily
accessible one was selected for sampling. Twenty leaves were
collected from each site/population, following standard protocols
(Kleyer et al., 2008; Pérez-Harguindeguy et al., 2013). At each
sampling site, we collected two healthy leaves from ten randomly
selected individuals at least 10 m from each other, usually one leaf
from the base and one from the upper part of the fertile stem. Two
basal leaves were collected in species without well distinct cauline
leaves (e.g. Crocus). For trees and shrubs, leaves were collected from
one-year old twigs in the outer parts of the crown that were best
exposed to light. In the case of a few species (e.g. Paeonia mascula),
less than 20 leaves were collected due to the low number of
individuals in the population. In total, 1269 leaves (878
“endemic”, 391 “non-endemic”) were collected and included in
the dataset. One specimen for each sampled population
was gathered to serve as a voucher in the Herbarium Centrale
Italicum at the Museum of Natural History of the Florence
University (FI-H.C.I). Geographical details of the sampling sites
for each taxon are given in Supplementary Table 1.

2.3 Leaf trait selection and measurement

We analyzed the following traits: i) Leaf area (LA, mm?), which
is strongly related to photosynthesis rate, water and heat balance
and leaf temperature (Cornelissen et al.,, 2003; Diaz et al., 20165
Falster and Westoby, 2003); ii) Specific Leaf Area (SLA), and its
inverse, Leaf Mass per Area (LMA, g.m’z), quantifying the
combined thickness and density of a leaf and representing the
plant investment per area of light intercepting surface (Diaz et al,
2016; Evans and Poorter, 2001; Niinemets, 2001; Wright et al.,
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2004); SLA and LMA are powerful indicators of a species resource-
use strategy and its ability to balance light capture with water
conservation (Poorter et al., 2009; Gasperini et al., 2025); iii) Leaf
Dry Matter Content (LDMGC, g.g”" after Diaz et al., 2022), a proxy
for leaf density, negatively associated with relative growth rate and
photosynthetic rate, but positively with nutrient retention
(Cornelissen et al., 2003; Poorter and Garnier, 2007); iv) Leaf
Nitrogen content per unit Mass (Nmass, mg.g'), a good
indicator of plant photosynthetic capacity, respiration and
growth rate (Wright et al., 2004), and v) C:N ratio (C:N),
negatively correlated with relative growth rate, photosynthetic
rates, reflecting higher concentration of Rubisco and other
photosynthetic proteins in the leaf (Field and Mooney, 1986).
Leaf area, fresh and dry weight (including the petiole) were
determined as in the LEDA protocol (Kleyer et al., 2008). Fresh
weight was determined as soon as leaves were brought to the
laboratory, using a precision balance (Toledo Mettler with
sensitivity=0.1mg); next, leaves were scanned (1653 x 2338 pixels,
200 dpi), to allow area measurement with Lafore (Lehsten, 2005).
Leaves were then stored and allowed to dry for at least two weeks at
room temperature. Samples were further dried in the oven for 72
hrs at 40°C to determine dry weight. For each taxon, one basal and
one cauline leaf were collected from five randomly chosen
individuals and pooled together for C and N content analysis.
These were performed through high temperature combustion at
1000°C using an elemental analyzer (EA 1110 CHNS-O-CE).

Plant vegetative height (H, cm) was measured on herbarium
specimens for the herbaceous taxa and visually estimated on two
individuals in the field for tall shrub and tree species; all plant
heights were checked using Flora d’Italia, 2nd edition (Pignatti
et al., 2017). At present, availability of trait data in national and
global databases is very low for the Italian endemic taxa (no data for
26 taxa out of 45), while most of the widespread congeners are
covered for at least one trait (based on TRY (Kattge et al., 2020),
February 2025; Chelli et al., 2025).

2.4 Environmental variables

Trait variation was analyzed in relation to biogeographical and
environmental variables potentially exerting a selective pressure on
leaf structure, including: i) latitude; ii) elevation above sea level; ii)
the 19 WorldClim bioclimatic variables related to temperature and
precipitation (BIO1-BIO19); these variables describe annual
averages, measures of seasonality, the warmest and coldest
temperatures, the driest and wettest months and the overall
variability in temperature and precipitation. These data were
extracted from the WorldClim database (Fick and Hijmans, 2017)
for all species using the ‘getData’ command from the ‘raster’
package (Hijmans, 2015); iv) main soil type, using the geological
WMS map of the national geoportal of the Ministry of the
Environment and Energy Security; v) ecoregion according to Blasi
etal. (2014), to account for the different biogeographical contexts of
the analyzed endemics; vi) tree shade casting ability (SCA) of the
dominant tree species in the forest sites where understorey species
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were sampled, as a proxy for the light regime in their habitat
(Leuschner and Ellenberg, 2017; Depauw et al., 2021). SCA values
range from 1 (lowest shading ability) to 5 (highest shading ability)
and were mostly retrieved from Kiber et al. (2021); the tree species
not included in previous assessments (e.g. Quercus ilex) were scored
based on personal experience. For understory populations sampled
at the forest edge or in gaps with reduced canopy cover, the SCA
value of the dominant tree projecting its shade on the population
was multiplied by 0.5; vii) major forest type according to
the following classification: evergreen, deciduous broadleaf,
hygrophilous, beech, coniferous, open forest. Environmental
variables for each taxon are given in Supplementary Table 2.

2.5 Data analysis

2.5.1 Leaf traits

To assess the significance of differences between woody and
herbaceous endemic taxa, we first calculated the mean, variance,
coefficient of variation, skewness, and kurtosis for each trait. We
then used Mann-Whitney U tests to compare each trait between
these two groups. The Pearson’s product moment correlation
coefficient was applied to test the correlation between the traits.
Next, Principal Component and multifactorial Analyses using LA,
LDMC, LMA, Nmass and C:N were applied to summarize and
display the position of the 45 endemics in relation to the main axes
of leaf functional variation. Principal component analysis (PCA)
was performed for the 45 species using the ‘prcomp’ function in
package ‘stats’ and visualized using the ‘FactoMineR’ and
‘factoextra’ packages. All response variables were scaled to unit
variance before the analysis. The normal distribution of all variables
was tested with the ‘shapiro.test’ function and log-transformed
when needed. Next, the application Phenospace (Segrestin et al.,
2020) was used to visualize the distribution of the endemics and the
27 related congeners in the trait space determined by variation
across the 2214 species analyzed in Diaz et al. (2016). To this
purpose, we used the traits representing the leaf economics
spectrum, LA, LMA, and Nmass, and H (Height) as a measure of
the size of the whole plant.

The relative position of the endemics and of the widespread
congeners in the CSR plant strategy scheme (Grime, 2001) was
assessed using StrateFy (Pierce et al., 2017). This tool allows the
calculation of the CSR components of single leaf samples starting
from leaf area, fresh weight and dry weight (Santi et al., 2025).

2.5.2 Environmental variables

The effects of the environmental and bioclimatic variables on
leaf traits (LA, LMA, LDMC, Nmass, and C:N) were investigated
using a linear model approach (command Im in package stats, R
Core Team, 2023). A two-step selection was done to reduce the
number of potential explanatory variables. First, PCA using the
prcomp function from the ‘factoextra’ package (Kassambara and
Mundt, 2020) was applied to identify the bioclimatic variables
more strongly associated with the first two principal components.
Mean annual air temperature (MAT or BIO1) and mean annual
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precipitation (MAP or BIO12), were most correlated with the first
component (r = -0.29 and + 0.28, respectively), which explained
40.5% of the total variance (vs 16% of the 2nd component). These
two variables are given for each endemic population in
Supplementary Table 2. Next, MAT and MAP were included,
along with all other environmental variables transformed into
numbers, in a correlation analysis using the cor function from the
corrplot package (Wei and Simko, 2024). This step was performed
to identify multicollinearity among variables and allowed to exclude
longitude and elevation, which exhibited correlations > |0.5| with
MAT. As a result, five response variables were analyzed using the
following linear model:

Y ~ Latitude + ecoregion + forest type + soil type + SCA: W/H

+ MAT + MAP.

The variable SCA was included in interaction with the factor W/
H (Woody/Herbaceous) describing the main plant functional
group, e.g. woody or herbaceous, as SCA values were not assigned
to six woody endemic species that formed the tree canopy cover at
the sampling sites (Abies nebrodensis, Acer cappadocicum subsp.
lobelii, Alnus cordata, Pinus nigra subsp. laricio, Rhamnus
persicifolia, Salix arrigonii). Other interactions were not included
for the sake of simplicity. The most parsimonious model (single best
model) for each response variable was selected based on the Akaike
Information Criterion (AIC) with the dredge-function of the
package MuMIn (Barton, 2019). All continuous explanatory
variables were scaled to facilitate comparisons. For the categorical
variables included in the selected models, group differences were
assessed using one-way ANOVA followed by pairwise comparisons
with emmeans (package emmeans); when assumptions of normality
and homoscedasticity were not satisfied we applied the Kruskal-
Wallis test (kruskal.test, package stats) followed by Dunn’s post hoc
test (dunnTest, package FSA).

2.5.3 Species pairs analysis

Species pairs were analyzed with linear mixed effects models
(LMMs) with a Gaussian distribution and using the following
equation: Variable ~ IT_endemic + (1 | pair).

The models were fitted using the package ‘lme4’ (Bates et al.,
2015) separately for woody and herbs with endemic vs non-
endemic as fixed factors (IT_endemic: two categorical variables)
and pair as random effect term (27 pair categories). In all models,
residuals were evaluated for normality and homogeneity by a visual
check of the model assumptions (normality of residuals, normality
of random effects, homogeneity of variance). For all models, we
computed the proportion of variance explained by the fixed effects
of the model (marginal R*) and by both random and fixed effects
(conditional R% Nakagawa and Schielzeth, 2013).

The mean endemic vs non-endemic difference in LA, LMA,
LDMC and Nmass within each of the three distribution groups
(allopatric, parapatric, sympatric) was determined as the mean of
the differences in each pair for each group, for each trait. The
significance of the differences between the three groups was then
tested using ANOVA and post-hoc Tukey test.

frontiersin.org


https://doi.org/10.3389/fpls.2025.1664759
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Selvi et al.

2.5.4 Phylogenetic signal

A well-resolved phylogenetic tree of the 65 taxa in our dataset
was obtained using V.PhyloMaker, the function ape for scenario
selection (1) and ggtree for tree plotting (Supplementary Figure 3).
The phylogenetic signal of LA, LMA, LDMC and Nmass (e.g. the
tendency of closely related species to resemble each other more than
expected by chance; Blomberg and Garland (2002)) was determined
by testing the null hypothesis that these traits evolved
independently of phylogenetic relationships between the 45
endemics. Three statistical metrics were used for this purpose: i)
Pagel’s A (Pagel, 1999), ii) Blomberg’s K (Blomberg et al., 2003), and
iii) Abouheif’s Cmean (Abouheif, 1999); all were calculated using
the R package phylosignal (Keck et al., 2016). Concerning the first
metric, A = 0 indicates no signal while A = 1 points to phylogenetic
signal under a Brownian model of trait evolution. Similarly,
Blomberg’ K indicates no signal when = 0, while K > 1 indicates
intense signal, with closely related species resembling each other
more than expected under the Brownian model; 0 < K < 1 indicates
that closely related species resemble each other less than expected,
and K = 1 indicates phylogenetic signal as expected by the Brownian
model. Although the use of Blomberg’s K has recently increased, it
was recently demonstrated that Pagel’s A is a more appropriate
measure to test phylogenetic signal in several circumstances (Avila-
Lovera et al., 2023). The third metric, Cmean, is not model-based
but represents an autocorrelation measure of the covariation of trait
values across species in relation to the phylogenetic distance
between the species; Cmean = 1 indicates strong similarity across
close relatives and Cmean = — 1 indicates strong negative
associations between species and trait similarity. Phylogenetic
correlograms were built to visualize how the above traits are
autocorrelated at different lags of phylogenetic distance among
the taxa. Finally, the Local Moran’s Index (LMI) was computed to
detect autocorrelation hotspots across the endemics phylogeny.
LMI can show significant positive values when the trait is more
similar among closely relatives than expected by chance, or negative
values when the trait is more divergent among distantly relatives
than expected by chance (Keck et al, 2016). The lipaMoran
function was used to determine LMI and autocorrelation values
were plotted with the dotplot.phylo4d function in the Phylosignal
package. All analyses were performed in R version 4.0.3 (R Core
Team, 2023).

3 Results

3.1 Leaf trait variation in the forest
endemics

Trait values across the endemics showed a broad variability, high
kurtosis and skewness especially for LA and LMA; Nmass and C:N
were comparatively less variable (Table 1). Leaf area was significantly
higher in herbaceous than in woody taxa (p < 0.001; Supplementary
Table 3), reaching a minimum in the conifer Abies nebrodensis and a
maximum in the herb Rhaponticoides centaurium (see Supplementary
Table 3 for species means and standard deviations for each trait). Leaf
mass was instead significantly higher in the woody taxa (p < 0.001),
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TABLE 1 Main statistical moments for each leaf trait across the 45
endemic taxa analyzed.

Statistics

Min 347 0.058 14.6 7.39 8.66
Max 34197 0.594 464.9 50.32 64.29
Mean 4691 0.231 64.1 26.83 18.60
Variance 52546610 | 0.0128 62912 92.05 101.01
Skewness 2.7604 1.4243 3.65 036 2.84
Kurtosis 10.59 4.9305 17.05 2.88 12.47

especially in the two conifers. An approximately ten-fold variation
occurred in this trait among herbs, with low values in Asyneuma
Petagnaea and Cryptotaenia and relatively high in Echinops; in
Helleborus, a species with long and thick leaf petiole, variation was
about 30-fold. Nitrogen content (Nmass) was slightly higher in
herbaceous than in woody taxa (p < 0.05), contributing to a
significantly lower C:N ratio in the former group (p < 0.001). The C:
N ratio was in fact inversely related with Nmass (Pearson r = -0.78) and
positively with LDMC (r = 0.52), while no covariation was found
between the other traits (Supplementary Figure 4).

Multifactorial and PCA analysis of the species means dataset
(Figures 1A, B) accounted for 73.1% of the total variation, a
percentage similar to that observed in the single-leaf dataset
(Supplementary Figure 4). LA and SLA contributed most strongly
to this variation followed by leaf dry matter content (LDMC, 20),
while leaf nitrogen content (Nmass) and the C:N ratio contributed
less (<18). Herbaceous taxa had tendentially higher scores on the
positive side of Dimension 1 (54.2%) associated with LA, SLA and
Nmass, while woody species were more widely scattered along the
negative side associated with C:N ratio and LDMG; tree species were
also widely spaced along Dimension 2 (18.2%). In the Phenospace
ordination (Figure 2A), endemics were mostly scattered along the
Nmass and LMA axes of variation. Many of the herbaceous
endemics lied in the high Nmass zone, characterized by a low
density of species in the global leaf spectrum (yellow to white areas);
similarly, the four endemic angiosperm trees were positioned in the
high Nmass zone, outside the high density area of woody species in
the global spectrum (orange to red areas). In contrast, the two
endemic conifer trees were in the low Nmass and high LMA zone,
far from the high density area of woody species (close to the 0.95
density area limit).

The endemic taxa were widely spaced in the CSR scheme and
with tendentially elevated values on the C and R dimensions
(Figure 3A). However, these two strategies were dominant in the
herbaceous species, while the woody endemics were characterized
by higher stress tolerance (Supplementary Table 3).

3.2 Environmental variables

Mean annual temperature (MAT) significantly reduced LA,
while latitude had no significant effect (Table 2). Among factorial
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FIGURE 1

(A) Multifactorial analysis showing contributions of LA, SLA, LDMC, Nmass and C:N ratio on the first two ordination axes from the 45 endemics
dataset; (B) PCA biplot scattergram showing the position of the 45 endemics in the leaf trait space; (C) multifactorial analysis of the 27 species pairs
dataset; (D) PCA biplot scattergram showing distribution of the 27 species pairs in the leaf trait space. Species abbreviations as in Supplementary
Table 1: Abi.alb, Abies alba; Abi.neb, Abies nebrodensis; Ace.lob., Acer cappadocicum subsp. lobelii; Ace.pla., Acer platanoides,; Aeg.cal., Aegonychon
calabrum; Aeg.pur., Aegonychon purpureocaeruleum, Aeg.pur., Aegonychon purpureocaeruleum; Aln.cor., Alnus cordata; Aqu.bar., Aquilegia
barbaricina; Aqu.dum., Aquilegia dumeticola; Aqu.nug., Aquilegia nugorensis; Aqu.sic., Aquilegia sicula; Ari.lut., Aristolochia lutea; Ari.sic., Aristolochia
sicula; Arityr., Aristolochia tyrrhena; Asy.tri., Asyneuma trichocalycinum; Bet.etn., Betula etnensis; Bet.pen., Betula pendula; Bry.dio., Bryonia dioica;
Bry.mar., Bryonia marmorata; Car.bat., Cardamine battagliae; Car.hep., Cardamine heptaphylla; Cro.etr., Crocus etruscus; Cro.neg., Crocus
neglectus; Cry.tho., Cryptotaenia thomasii; Dig.lut., Digitalis lutea; Dig.mic., Digitalis micrantha; Ech.sic., Echinops siculus; Eup.amy., Euphorbia
amygdaloides; Eup.cor., Euphorbia corallioides; Eup.meu., Euphorbia meuselii; Eup.sem., Euphorbia semiperfoliata; Gle.hed., Glechoma hederacea;
Gle.sar., Glechoma sardoa; Gym.sci., Gymnospermium scipetarum subsp. eddae; Hel.boc., Helleborus viridis subsp. bocconei; Hep.ang., Heptaptera
angustifolia; Hyp.hir., Hypericum hircinum subsp. hircinum; Kla.cic., Klasea flavescens subsp. cichoracea; Kna.dry., Knautia drymeja; Kna.gus., Knautia
gussonei; Kna.luc., Knautia lucana; Lat jor., Lathyrus jordanii; Lat.nig., Lathyrus niger; Luz.sic., Luzula sylvatica subsp. sicula; Luz.syl., Luzula sylvatica
subsp. sylvatica; Mal.cre., Malus crescimannoi; Mal.syl., Malus sylvestris; Mel.ita., Melampyrum italicum; Myo.flo., Myosotis decumbens subsp.
florentina; Pae.mas., Paeonia mascula; Pae.san., Paeonia sandrae; Pet.qus., Petagnaea gussonei; Phy.pse., Phyteuma ovatum subsp. pseudospicatum;
Pin.lar., Pinus nigra subsp. laricio; Rha.cat., Rhamnus cathartica; Rha.per., Rhamnus persicifolia; Rha.cen., Rhaponticoides centaurium; Sal.arr., Salix
arrigonii; Sal.atr., Salix atrocinerea subsp. atrocinerea; Sal.gus., Salix gussonei; Sym.gus., Symphytum gussonei; Sym.tub., Symphytum tuberosum;
Tep.ita., Tephroseris italica; Vic.bru., Vicia brulloi; Vic.och., Vicia ochroleuca.

10.3389/fpls.2025.1664759

variables, forest type was selected as the most significant driver for
LA; broadleaf, beech and hygrophilous forests had a positive effect
on LA, compared with evergreen, open and pine forests (Figure 4A).
Increasing latitude and precipitation had instead a negative effect on
LDMC. This trait was also influenced by ecoregion, highlighting
distinct patterns between the insular Tyrrhenian and the Apennine
regions, with highest values in Sicily and lowest in the NW
Apennine region (Figure 4B). LMA exhibited a positive
relationship with temperature and was significantly affected also
by ecoregion and forest type; endemics from the central and
southern Apennines and the northern and central Tyrrhenian
regions and evergreen forests tended to have higher LMA values
(Figures 4C, D). Nmass declined significantly with latitude but
increased with precipitation. Ecoregion and forest type were also
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significant drivers for this trait. Endemics from Sardinia, Sicily and
the south Tyrrhenian ecoregion had higher Nmass compared to
those from more northern ecoregions (Figure 4E). Moreover,
endemics from evergreen and open forests exhibited significantly
higher Nmass than those from broadleaf forests (Figure 4F). Soil
type was not found to have significant effects on leaf traits.

3.3 Trait variation across species pairs

Results from mixed model analysis of the 27 species pairs
dataset (Table 3) revealed a significant negative effect of the
endemic condition on LA, which was stronger in the herbaceous
taxa (Supplementary Table 4). Decrease in LA was coupled with a
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Grime triangles showing (A) the position of the 45 forest endemics within the CSR plant strategies scheme, and (B) the position of the 27 endemic-
non endemic species pairs. Species abbreviations are given in Supplementary Table 1.

positive effect on LMA, similarly in herbaceous and woody taxa. In
the herbaceous species pairs, Nmass was higher in the endemic taxa,
while in the woody pairs no differences were detected between
endemics and non-endemics. This resulted in an overall weak
divergence between endemics and widespread congeners,
paralleled by a decrease in the C:N ratio. LDMC did not
significantly differ between endemics and non-endemics.
Significance of the differences in each trait within each species
pair are given in Supplementary Table 5.

In relation to the distribution pattern within pairs, divergence in
LA between endemic and non-endemic congeners decreased in the
order allopatric > parapatric > sympatric, without significant
differences between the latter two groups (Table 4). Difference in
LMA was also smaller in sympatric pairs than in the other two
groups, while for Nmass the mean difference in the allopatric pairs
was lower than in the two other groups. The mean difference in C:N
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was highest in the parapatric pairs, while divergence in LDMC was
similar in the three groups.

Trait variation between endemics and non-endemics translated
into differences in terms of CSR strategies. Overall, the C and S
dimensions were significantly decreased in the endemics, while the
R component was enhanced (Table 3; Figure 3B); these effects were
overall stronger in the herbaceous taxa (Supplementary Table 4).
Significance of the differences in each trait within each species pair
is given in Supplementary Table 6.

Multifactorial analysis explained 75.6% of the total variation,
with Nmass and C:N ratio contributing most strongly (>22), and
SLA and LDMC contributing to a lesser extent (Figure 1C);
endemics and widespread congeners showed a similar distribution
within the trait space. Distance between them was variable
depending on the pair, from very low (e.g. Rhamnus persicifolia-
R. cathartica, Symphytum tuberosum-S.gussonei) to relatively high
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TABLE 2 Optimal linear model structures relating leaf traits (LA, LDMC,
LMA and Nmass; C:N not shown because no significant results) to
environmental variables (latitude, ecoregion, forest type, and tree shade
casting ability-SCA in interaction with habitus-W/H).

LA LDMC LMA Nmass
Continuous variables
Latitude 1 0.09 1 <0.001 / 1 <0.001
MAT 1 <0.001 / 1 < 0.001 /
MAP / 1 <0.001 / 10.015
Factor variables
Ecoregion / < 0.001 < 0.001 < 0.001
Forest type 0.021 / < 0.001 0.022
SCA/WH 0.73 / / 0.1
R’ 0.199 0.278 0.20 0.386
Adjusted R® 0.155 0.248 0.133 0.332

[R syntax of the starting model: Y ~ Latitude + ecoregion + forest type + soil type + SCA:W/H
+ MAT + MAP]. For continuous variables (latitude, mean annual temperature-MAT and
mean annual precipitation-MAP), the table gives the significance level and the positive (1) or
negative (|) direction of the effect; for factor variables (ecoregion, forest type, SCA:W/H) only
the significance level is reported (soil type not shown because not significant). The direction of
significant effects is shown in Figures 4A-F. R? refers to the fraction of the variation explained
by the model structure, and adjusted R* takes into account the number of independent
variables used for predicting the target variable.

(e.g. Aquilegia nugorensis-A.dumeticola, Cardamine battagliae-
C. heptaphylla).

Phenospace ordination (Figure 2B) showed that endemic and
non-endemic congeners are closely distributed and mixed to each
other, mainly along the Nmass and LMA axes. The trait space
explored by the endemics was wider along increasing LMA values
but narrower in the plant height axis (H) due to their significantly
smaller stature (p < 0.001; not shown).

3.4 Trait phylogenetic signal

Traits displayed a phylogenetic signal of variable intensity, also
depending on the metrics used (Table 5). Leaf area showed a
significant signal based on all three metrics. Pagel's A close to 1
pointed to a Brownian model of evolution, while Blomberg K fitted
this model less strongly, though still detecting a signal. The Cmean
metrics supported a marginally significant autocorrelation between
more closely related endemics. The three indices were largely
convergent in detecting a signal also for LMA. In the case of LDMC
and Nmass, the phylogenetic signal was detected by the A and Cmean
indices, but not K. Overall, Pagel’s A detected stronger signals in the
four traits examined, with values more closely approaching the
Brownian model (1). The Nmass correlogram (Figure 5A) showed
positive autocorrelation for short lags (that is, at low levels of
phylogenetic distance), while that of LDMC (Figure 5B) showed
positive and negative autocorrelation for short and long lags,
respectively. In the latter case, therefore, endemics belonging to the
same clade tended to share similar trait values while endemics of
adjacent clades tended to differ strongly. For LDMC, local hotspots of
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positive autocorrelation were found in the conifer and in the Salix
clades, while mainly negative within the Ranunculaceae
(Gymnospermium-Helleborus), the Apiaceae (Cryptotaenia,
Petagnaea, Heptaptera) and the Lamiales (Glechoma, Digitalis) clades
(Figure 6). LMA confirmed significant positive autocorrelations in the
conifer and mostly negative in the Asterid clade with Petagnaea,
Cryptotaenia, Asyneuma and Phyteuma (the latter two taxa in the
family Campanulaceae). For Nmass, positive autocorrelation hotspots
were detected in the clades of Aristolochiaceae and Fabaceae, while
negative in the conifer clade and in the Asteraceae clade with the
genera Echinops, Klasea and Tephroseris.

4 Discussion

A first evidence from this study was the unexpectedly ample
variability in the leaf traits across the examined forest endemics,
substantially reflecting their diversity in terms of functional types,
phylogenetic relationships, biogeographical contexts and forest
habitat preferences. Plotting the endemics in the global spectrum
based on leaf economic traits and plant height (Diaz et al., 2016)
showed their wide and essentially continuous distribution in the
functional space mainly defined by Nmass, LA and LMA. As these
traits are among those that better reflect the species position along
the acquisitive-conservative axis (Garnier et al., 2015), endemics
resulted broadly spaced along the resource use gradient, though
sharing common adaptive features to the forest macrohabitat such
as their shade-tolerant character in the case of understory species.
Accordingly, our findings support that the acquisitive-conservative
axis emerges even in relatively homogeneous environments, due to
the phylogenetic and biogeographic divergence between species
(Gorne et al.,, 2022). Based on the mean values reported at the
global scale (Diaz et al., 2022), endemics showed relatively high
values of LA and Nmass, while slightly lower for LMA. However,
woody and herbaceous taxa showed significant differences in all
examined traits, in line with previous findings (e.g. An et al,, 2021;
Matsuo et al., 2024). The higher LA and Nmass and lower LMA
displayed by the herbaceous taxa supported that understory species
have more acquisitive traits compared with species in environments
with growth limiting factors (Cornelissen et al., 2003;
Poorter et al., 2009). Overall, this was supported by the
dominance of the C and R components in these taxa, pointing to
their relative ability for fast use of resources for growth. Stress
tolerance was instead poorly implemented, unlike in other
Mediterranean endemics mostly found in open and water-limited
habitats (Hand et al, 2017). The latter strategy was more
implemented by the woody endemics, which showed more
resource-conservative trait values (e.g. lower LA, higher leaf mass
per area and lower Nmass), in line with existing evidence for many
angiosperms of forest habitats (Matsuo et al., 2024). Stress tolerance
was especially implemented in the two endemic conifers with high
density needle-like leaves from the Sicilian mountains with nutrient
poor soils and intense summer drought (Pignatti et al., 2017).

Leaf area was the most variable trait, varying by 3140-fold
among species between Abies nebrodensis and the large
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FIGURE 4

Variation of leaf trait in forest endemics across most significant environmental factors (Forest type and Ecoregion) according to model results
(Table 2): (A) Leaf Area (LA) across forest types (B) Leaf Dry Matter Content (LDMC, expressed as g/g) across ecoregions (C, D) Leaf Mass per Area
(LMA) across ecoregions and forest types, respectively (E, F) Nitrogen mass per unit leaf dry mass (Nmass) across ecoregions and forest types,
respectively. Boxplots display the median (horizontal line), interquartile range (box), and data dispersion (whiskers and individual points). Forest types
and ecoregions are ordered based on decreasing median values of the respective traits. Different letters indicate significant pairwise differences
among groups according to post hoc tests (Tukey's HSD with emmeans after ANOVA, or Dunn's test after Kruskal-Wallis, depending on model
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hemicryptophyte R. centaurium (Supplementary Figure 2A, B). Leaf
area is globally one of the most variable leaf traits (Wright et al.,
2017), and dependent on functional groups, clades, biomes and
habitats (Garnier et al., 2015; Price et al., 2014; Wright et al., 2017).
In the forest endemics examined here, it appeared influenced by
phylogenetic relationships, approaching a Brownian model of trait
evolution based on Pagel’s A, as well by environmental variables
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related to climate and forest habitat. The negative relationship with
temperature (MAT) is likely associated with the frequent water
limitation of warm areas of the Mediterranean regions, while the
cooler conditions of beech forests and other hygrophilous forest
communities, especially at lower latitudes, supported larger leaf size
in the endemics. Overall, these findings fit global patterns that large-
leaved species predominate in humid and warm environments
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TABLE 3 Model results of endemic vs non-endemic species pair analysis
(n = 27 pairs) showing direction (estimate) and significance of general
effects on LA, LDMC, LMA, Nmass and C:N ratio and on C, S and R
strategies.

: 2 )
I{I?a::égy SHER | PN rF‘{narginal Eonditional
LA -2206.86 oo 0.02 0.67
LDMC -4518¢-03 | ns. 0.01 043
LMA 5.082¢-03 oex 0.01 0.70
Nmass 1.6149 * 0.01 0.67
CN -1.3045 t 0.003 0.88
C -2.8949 ook 0.005 0.86
S -4.1195 e 0.005 0.76
R 7.0058 oo 0.03 0.63

Significance level: *p<0.05, **p<0.01, ***p<0.001; n.s. not significant.

TABLE 4 Mean value and standard deviation of differences in each trait
between endemic and non-endemic congeners in allopatric (n=10 pairs),
sympatric (n=9 pairs) and parapatric groups (n=8 pairs); negative
differences indicate lower trait values in the endemic taxa; letters
indicate statistically significant groups at p < 0.05.

Leaf trait Allopatric Parapatric Sympatric
LA mm? -4301.9 +9317.1° | -1540.6 + 8914.8° | -998.73 + 2863.4
LDMC g.g! -0.026 + 0.091° 0.01 £020° 0.003 +0.22 *
LMA gm™ 34.4 +20.8 69.54 +29.8 -13.6+33.1°

Nmass mgg’ ~ -1.526+6879° 4344 +7.271° 3108 + 11.258 °

C:N ratio 0.6284 + 5728 * 44083 +5.8137 " | -0.890 + 6.3430 *

TABLE 5 Indices of phylogenetic signal and related significance of four
leaf traits across 45 Italian forest endemic plants; A, Pagel's Lambda;
Cmean, Abouheif's Cmean; K, Bloomberg's K; p-values determined by
5000 randomizations.

P-value Cmean

LA 0.997 | 0.001 0.183 0.042 0.363 | 0.009
LMA 0.628 | 0.010 0.211 0.029 0.868 | 0.002
LDMC 0.709 | 0.001 0.413 0.001 0.121 | 0.135
Nmass 0.687 | 0.003 0.307 0.002 0.125 = 0.053

LA, Leaf Area; LMA, leaf mass per area; LDMC, Leaf Dry Matter Content; Nmass, leaf
nitrogen content per unit mass.

while leaf size decreases in species of warm but arid sites and at
higher latitudes (Li et al., 2024; Wright et al., 2017). Remarkably,
however, species pairs analysis pointed to a substantial negative
effect of the endemic condition on this trait, especially in the
herbaceous taxa. Consequent functional differences with respect
to widespread congeners from similar forest habitats could be
reduced photosynthesis rates as well as effects on leaf water
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balance and temperature regulation, all directly dependent on LA
(Cornelissen et al., 2003; Diaz et al., 2016; Falster and Westoby,
2003). Notably, the divergence in LA resulted positively related to
the level of geographic separation between endemics and non-
endemic congeners, thus stronger in allopatric than in parapatric
and, even more, sympatric species pairs. Allopatric speciation has
thus likely contributed to a significant evolutionary divergence in
this key trait, likely in concomitance with adaptive processes to
ecological constraints in distinct biogeographical regions. Our
results are in line with recent evidence that this mode of
speciation, more than others, promotes leaf area divergence
among allopatric congeneric species living under different habitat
conditions (Vargas et al., 2023).

Leaf mass per area varied about ten-fold among the examined
endemics and was on average slightly lower than the global mean of
72.4 g m™ reported in Diaz et al. (2022). Considerably higher values
occurred in the woody than in the herbaceous taxa, as already
known from a previous study (Poorter et al.,, 2009). Environmental
factors and, to some extent, phylogenetic relationships between taxa
had a significant influence on LMA, in line with data from a wide
range of Mediterranean species investigated by De la Riva et al.
(2018). Ecoregion and, even more than for LA, type of forest habitat
resulted important drivers of variation, in apparent contrast with
previous evidence for remarkably small differences between
different types of forest worldwide (Poorter et al., 2009). Mean
annual temperature and evergreen forests had both a positive effect
on LMA, showing the more resource-conservative behavior of
endemics from warmer areas and drought-adapted forests in the
southern and central Apennines and the Tyrrhenian regions. This
supports general evidence that species with tendentially high LMA
are those from habitats where either drought, nutrient limitation or
both strongly hamper growth, including more or less open
woodlands (Poorter et al., 2009). Also in the forest endemics
examined here, therefore, LMA increases with the relative
abundance of epidermal and sclerenchyma tissue and with
reduced intercellular air spaces in the mesophyll, as an adaptation
to life in sites with limited water availability (De la Riva et al., 2016;
Fan et al., 2024).

Similarly to LA, divergence in LMA was stronger within pairs
formed by allopatric and parapatric taxa than in those including
sympatric ones, suggesting the above histo-anatomical adjustments
to have originated in concomitance with species range separation
and adaptive vicariance.

A relevant finding was the consistent increase of LMA in the
endemics, compared with the congeneric species. Combined with
reduction in LA and the smaller stature, this clearly points to a lower
acquisitive ability and a stronger implementation of a resource
conservation attitude than in widespread, closely related taxa. Based
on the assumption that LMA is an indicator of the entire plant
strategy (Reich, 2014; see also Butrim et al, 2024), the studied
endemics appear inherently more inclined to implement a slower
return-on investment behavior and higher persistence. When
restricting the analysis to plants of forest habitats, therefore, we
lend no support to the hypothesis that Mediterranean endemics do
not differ from widespread congeners in leaf traits related to resource
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Phylogenetic correlograms of (A) LDMC and (B) Nmass, showing positive (red bars) and negative (blu bars) correlations at low and high levels of
phylogenetic distance between the 45 forest endemics: the horizontal black line indicates the expected value of Moran’s | under the null hypothesis

of no phylogenetic autocorrelation.

acquisition or conservation (Hand et al., 2017; Lavergne et al., 2004).
Decrease in the C dimension in the endemics also provided evidence
for lower resource acquisition ability, though this was associated with
a parallel decrease in stress-tolerance and an increase in the “ruderal”
component in the herbaceous endemics. The weak increase in Nmass,
usually considered as an indicator of plant photosynthetic capacity,
respiration and growth rate (Khan et al., 2022; Wright et al., 2004),
was in line with the enhanced ruderal strategy. As for LA and LMA, a
phylogenetic signal was detected for Nmass, supporting recent
findings that aboveground tissue element concentrations in plants,
particularly N, Ca, K, and B, is phylogenetically conserved (Furey and
Tilman, 2023). Hence, this trait appeared under the complex
influence of interacting factors, including latitude and related
environmental variables such as precipitation, ecoregion and, to a
lesser extent, type of forest habitat. Lower values in the southern
endemics from the Sicilian, Sardinian and south Tyrrhenian
ecoregions fit evidence that leaf N globally declines with decreasing
latitude (Reich and Oleksyn, 2004), though in the present study this
increase resulted coupled with precipitation (MAP) and not with
temperature (MAT). In addition, the higher Nmass values in
endemics from open and evergreen forests support that species in
drier or sunnier sites tend to have higher nitrogen concentration in
their leaves, likely reflecting a higher photosynthetic efficiency (Fan
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et al, 2024). Unlike for morpho-functional traits, differences in
Nmass were overall larger in parapatric and sympatric species
pairs, suggesting this trait to be more influenced by environmental
variables, forest habitat and possibly other local site conditions, than
by allopatric speciation.

5 Conclusions

By providing novel trait values data for 45 endemic taxa of
Mediterranean forests and 20 widespread congeners, this work
contributes to a better understanding of the functional space
exploited by globally rare plants from a major biodiversity hotspot,
their resource use attitudes and ecological strategies. Overall, the ample
variation in leaf traits across these endemics pointed to a significant
differentiation and continuous distribution along the resource
acquisitive-conservative gradient defined by LA, LMA and Nmass.
Depending on the trait, interspecific variability was influenced by
different drivers, including functional group, eco-geographical,
climate-related factors and forest habitat, as well as phylogenetic
constraints especially for LA and LMA. Herbaceous taxa showed
more acquisitive traits increasing resource capture and use efficiency,
while the woody taxa were overall more stress-tolerant and with more
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resource conservative trait values (e.g. higher leaf mass per area).
Compared with widespread congeners from similar forest habitats,
however, endemics were characterized by lower LA and higher LMA,
as well as smaller stature, pointing to their lower acquisitive ability and
stronger resource conservation attitude. These features may be involved
in their inherently reduced capacity to spread outside their restricted
range and often ecological niche over wider territories. Moreover,
differences in LA and LMA within allopatric and parapatric pairs were
overall larger than in sympatric pairs, suggesting the role of vicariance
and range separation in the divergence of morpho-functional leaf traits.
Analyzing other traits related to persistence, reproduction and dispersal
will further advance our understanding of the functional and ecological
space exploited by Mediterranean forest endemic plants, which will
help to implement actions for their conservation under the increasing
pressures to their habitat.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Author contributions

FS: Writing - original draft, Conceptualization, Data curation,
Methodology. EC: Conceptualization, Data curation, Formal Analysis,
Methodology, Writing — review & editing. GC: Writing - review &
editing, Methodology. RC: Writing — review & editing, Methodology.
SC: Writing - review & editing, Methodology. AC: Writing - review &

Frontiers in Plant Science

13

editing, Data curation, Formal Analysis, Methodology. EF: Writing —
review & editing, Data curation, Formal Analysis, Methodology. AM:
Writing - review & editing, Data curation, Formal Analysis,
Methodology. FM: Data curation, Formal Analysis, Methodology,
Writing - review & editing. NP: Methodology, Writing — review &
editing. LR: Data curation, Formal Analysis, Methodology, Writing —
review & editing. IS: Methodology, Writing — review & editing. CW:
Methodology, Writing - review & editing. MC: Data curation, Formal
Analysis, Methodology, Writing - review & editing. CG:
Conceptualization, Data curation, Formal Analysis, Methodology,
Writing - review & editing,.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This research was
performed within the PRIN project “The Italian endemic forest
plants: diversity and functional traits of a biological heritage under
pressure” project code 2022T3S9BC, CUP B53D23012350006,
supported by the Italian Ministry of University and Research with
funds from the European Union -NextGenerationEU to the Italian
National Recovery and Resilience Plan (NRRP), Mission 4
Component 2 Investment 1.4.

Acknowledgments

Authors wish to acknowledge Laura Vivona (Florence) for her
skillful help in leaf traits measurement.

frontiersin.org


https://doi.org/10.3389/fpls.2025.1664759
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Selvi et al.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure

References

Abouheif, E. (1999). A method for testing the assumption of phylogenetic
independence in comparative data. Evol. Ecol. Res. 1, 895-909. doi: 10.1046/j.1365-
2435.2000.00400.x

An,N,, Lu, N,, Fu, B, Wang, M., and He, N. (2021). Distinct responses of leaf traits to
environment and phylogeny between herbaceous and woody angiosperm species in
China. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.799401

Avila-Lovera, E., Winter, K., and Goldsmith, G. R. (2023). Evidence for phylogenetic
signal and correlated evolution in plant-water relation traits. New Phytologist. 237(2),
392-407. doi: 10.3389/fpls.2021.799401

Bartolucci, F., Peruzzi, L., Galasso, G., Alessandrini, A., Ardenghi, N. M. G,
Bacchetta, G., et al. (2024). A second update to the checklist of the vascular flora
native to Italy. Plant Biosyst. 158, 219-296. doi: 10.1080/11263504.2024.2320126

Barton, K. (2019). MuMIn: Multi-model inference. R Packag. version 1.43.6. Available
online at: http://CRAN.R-project.org/package=MuMIn (Accessed January 15, 2024)

Bates, D., Méchler, M., Bolker, B. M., and Walker, S. C. (2015). Fitting linear mixed-
effects models using Ime4. J. Stat. Software 67, 128254. doi: 10.18637/jss.v067.i01

Blasi, C., Capotorti, G., Copiz, R., Guida, D., Mollo, B., Smiraglia, D., et al. (2014).
Classification and mapping of the ecoregions of Italy. Plant Biosyst. 148, 1255-1345.
doi: 10.1080/11263504.2014.985756

Blomberg, S. P., and Garland, T. (2002). Tempo and mode in evolution: phylogenetic
inertia, adaptation and comparative methods. J. Evol. Biol. 15, 899-910. doi: 10.1046/
j.1420-9101.2002.00472.x

Blomberg, S. P., Garland, T., and Ives, A. R. (2003). Testing for phylogenetic signal in
comparative data: behavioral traits are more labile. Evolution 57,717-745. doi: 10.1111/
j.0014-3820.2003.tb00285.x

Bruchmann, L. (2011). Plant endemism in Europe: spatial distribution and habitat
affinities of endemic vascular plants. Diss. - Univ. Flensbg. 264, 129-134.

Butrim, M. J.,, Love, A. J., and Currano, E. D. (2024). Leaf mass per area: An
investigation into the application of the ubiquitous functional trait from a
paleobotanical perspective. Am. J. Bot. 111, e16419. doi: 10.1002/ajb2.16419

Chelli, S., Bricca, A., Petruzzellis, F., Tordoni, E., Calvia, G., Acosta, A. T. R,, et al.
(2025). ITV-net: a dataset of intraspecific leaf traits data across major Italian habitats.
Plant Biosyst., 1-7. doi: 10.1080/11263504.2025.2531885

Coppi, A., Cecchi, L., Mengoni, A., Pustahija, F., Tomovi¢, G., and Selvi, F. (2014).
Low genetic diversity and contrasting patterns of differentiation in the two monotypic
genera Halacsya and Paramoltkia (Boraginaceae) endemic to the Balkan serpentines.
Flora 209, 5-14. doi: 10.1016/j.flora.2013.11.002

Cornelissen, J. H. C., Cerabolini, B., Castro-Diez, P., Villar-Salvador, P., Montserrat-
Marti, G., Puyravaud, J. P., et al. (2003). Functional traits of woody plants:
correspondence of species rankings between field adults and laboratory-grown
seedlings? J. Veg. Sci. 14, 311-322. doi: 10.1111/j.1654-1103.2003.tb02157.x

Damschen, E. I, Harrison, S., Ackerly, D. D., Fernandez-Going, B. M., and Anacker, B.
L. (2012). Endemic plant communities on special soils: early victims or hardy survivors of
climate change? J. Ecol. 100, 1122-1130. doi: 10.1111/j.1365-2745.2012.01986.x

Frontiers in Plant Science

10.3389/fpls.2025.1664759

accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2025.1664759/

full#supplementary-material

De la Riva, E. G., Olmo, M., Poorter, H., Ubera, . L., and Villar, R. (2016). Leaf Mass
per Area (LMA) and its relationship with leaf structure and anatomy in 34
Mediterranean woody species along a water availability gradient. PloS One 11,
€0148788. doi: 10.1371/journal.pone.0148788

De la Riva, E. G., Violle, C., Pérez-Ramos, I. M., Maraion, T., Navarro-Fernandez, C.
M., Olmo, M,, et al. (2018). A multidimensional functional trait approach reveals the
imprint of environmental stress in mediterranean woody communities. Ecosystems 21,
248-262. doi: 10.1007/s10021-017-0147-7

Depauw, L., Perring, M. P, Landuyt, D., Maes, S. L., Blondeel, H., De Lombaerde, E.,
et al. (2021). Evaluating structural and compositional canopy characteristics to predict
the light-demand signature of the forest understorey in mixed, semi-natural temperate
forests. Appl. Veg. Sci. 24, €12532. doi: 10.1111/avsc.12532

Diaz, S., Kattge, J., Cornelissen, J. H. C., Wright, I. ], Lavorel, S., Dray, S., et al. (2016).
The global spectrum of plant form and function. Nature 529, 167-171. doi: 10.1038/
naturel6489

Diaz, S., Kattge, J., Cornelissen, J. H. C., Wright, I. ], Lavorel, S., Dray, S., et al. (2022).
The global spectrum of plant form and function: enhanced species-level trait dataset.
Sci. Data 9, 755. doi: 10.1038/s41597-022-01774-9

EEA (2021). EUNIS habitat classification (European Environment Agency).
Available online at: https://www.eea.europa.eu/data-and-maps/data/eunis-habitat-
classification-1 (Accessed May 31, 2025).

Erfanian, M. B, Sagharyan, M., Memariani, F., and Ejtehadi, H. (2021). Predicting
range shifts of three endangered endemic plants of the Khorassan-Kopet Dagh floristic
province under global change. Sci. Rep. 11, 9159. doi: 10.1038/s41598-021-88577-x

Erlandson, S. K., Bellemare, J., and Moeller, D. A. (2021). Limited range-filling
among endemic forest herbs of eastern North America and its implications for
conservation with climate change. Front. Ecol. Evol. 9. doi: 10.3389/fev0.2021.751728

Evans, J. R., and Poorter, H. (2001). Photosynthetic acclimation of plants to growth
irradiance: the relative importance of specific leaf area and nitrogen partitioning in
maximizing carbon gain. Plant Cell Environ. 24, 755-767. doi: 10.1046/j.1365-
3040.2001.00724.x

Falster, D. S., and Westoby, M. (2003). Plant height and evolutionary games. Trends
Ecol. Evol. 18, 337-343. doi: 10.1016/S0169-5347(03)00061-2

Fan, B., Westerband, A. C., Wright, 1. ], Gao, P., Ding, N., Ai, D., et al. (2024). Shifts
in plant resource use strategies across climate and soil gradients in dryland steppe
communities. Plant Soil 497, 277-296. doi: 10.1007/s11104-023-06401-z

Fick, S. E., and Hijmans, R. J. (2017). WorldClim 2: new 1-km spatial resolution
climate surfaces for global land areas. Int. J. Climatol. 37, 4302-4315. doi: 10.1002/
joc.5086

Field, C., and Mooney, H. A. (1986). “The photosynthesis-nitrogen relationship in
wild plants,” in On the Economy of Plant Form and Function. Ed. T. Givnish
(Cambridge, UK: Cambridge University Press).

Furey, G. N,, and Tilman, D. (2023). Plant chemical traits define functional and
phylogenetic axes of plant biodiversity. Ecol. Lett. 26, 1394-1406. doi: 10.1111/
ele.14262

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2025.1664759/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2025.1664759/full#supplementary-material
https://doi.org/10.1046/j.1365-2435.2000.00400.x
https://doi.org/10.1046/j.1365-2435.2000.00400.x
https://doi.org/10.3389/fpls.2021.799401
https://doi.org/10.3389/fpls.2021.799401
https://doi.org/10.1080/11263504.2024.2320126
http://CRAN.R-project.org/package=MuMIn
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1080/11263504.2014.985756
https://doi.org/10.1046/j.1420-9101.2002.00472.x
https://doi.org/10.1046/j.1420-9101.2002.00472.x
https://doi.org/10.1111/j.0014-3820.2003.tb00285.x
https://doi.org/10.1111/j.0014-3820.2003.tb00285.x
https://doi.org/10.1002/ajb2.16419
https://doi.org/10.1080/11263504.2025.2531885
https://doi.org/10.1016/j.flora.2013.11.002
https://doi.org/10.1111/j.1654-1103.2003.tb02157.x
https://doi.org/10.1111/j.1365-2745.2012.01986.x
https://doi.org/10.1371/journal.pone.0148788
https://doi.org/10.1007/s10021-017-0147-7
https://doi.org/10.1111/avsc.12532
https://doi.org/10.1038/nature16489
https://doi.org/10.1038/nature16489
https://doi.org/10.1038/s41597-022-01774-9
https://www.eea.europa.eu/data-and-maps/data/eunis-habitat-classification-1
https://www.eea.europa.eu/data-and-maps/data/eunis-habitat-classification-1
https://doi.org/10.1038/s41598-021-88577-x
https://doi.org/10.3389/fevo.2021.751728
https://doi.org/10.1046/j.1365-3040.2001.00724.x
https://doi.org/10.1046/j.1365-3040.2001.00724.x
https://doi.org/10.1016/S0169-5347(03)00061-2
https://doi.org/10.1007/s11104-023-06401-z
https://doi.org/10.1002/joc.5086
https://doi.org/10.1002/joc.5086
https://doi.org/10.1111/ele.14262
https://doi.org/10.1111/ele.14262
https://doi.org/10.3389/fpls.2025.1664759
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Selvi et al.

Garnier, E., Navas, M. L., and Grigulis, K. (2015). Plant functional diversity (Oxford,
UK: Oxford University Press).

Gasperini, C., Carrari, E., De Pauw, K., Tacopetti, G., Martini, S., Sanczuk, P., et al.
(2025). Forest density drives survival and trait variation in south European understorey
species: a continental-scale translocation experiment. Ecol. Lett. 28, e70184.
doi: 10.1111/ele.70184

Gorng, L. D., Diaz, S., Minden, V., Onoda, Y., Kramer, K., Muir, C., et al. (2022). The
acquisitive-conservative axis of leaf trait variation emerges even in homogeneous
environments. Ann. Bot. 129, 709-722. doi: 10.1093/aob/mcaal98

Grime, J. P. (2001). Plant strategies, vegetation processes, and ecosystem properties.
2nd ed. (Chichester, UK: Wiley and Sons Ltd).

Hand, R., Grossmann, A., and Lauterbach, D. (2017). Endemics and their common
congener plant species on an East Mediterranean island: a comparative functional trait
approach. Plant Ecol. 218, 139-150. doi: 10.1007/s11258-016-0673-y

Heinken, T., Dieckmann, M., Liira, J., Orczewska, A., Schmidt, M., Brunet, J., et al.
(2022). The European forest plant species list (EuForPlant): Concept and applications.
J. Veg. Sci. 33, 1-16. doi: 10.1111/jvs.13132

Hijmans, R. J. (2015). Raster: Geographic Data Analysis and Modeling. R Package
Version 2.4-15. Available online at: http://cran.r-project.org/package=raster (Accessed
9 February 2025).

Hobohm, C. (2014). Endemism in vascular plants. Plant and Vegetation (Dordrecht:
Springer Netherlands).

Kiber, Y., Meyer, P., Stillhard, J., De Lombaerde, E., Zell, J., Stadelmann, G, et al.
(2021). Tree recruitment is determined by stand structure and shade tolerance with
uncertain role of climate and water relations. Ecol. Evol. 11, 12182-12203. doi: 10.1002/
ece3.7984

Kassambara, A., and Mundt, F. (2020). Factoextra: Extract and visualize the results of
multivariate data Analyses. R package version 1.0.7. Available online at: https://CRAN.
R-project.org/package=factoextra (Accessed May 20, 2025).

Kattge, J., Bénisch, G., Diaz, S., Lavorel, S., Prentice, 1. C., Leadley, P., et al. (2020).
TRY plant trait database — enhanced coverage and open access. Glob. Change Biol. 26,
119-188. doi: 10.1111/gcb.14904

Keck, F., Rimet, F., Bouchez, A., and Franc, A. (2016). phylosignal: an R package to
measure, test, and explore the phylogenetic signal. Ecol. Evol. 6, 2774-2780.
doi: 10.1002/ece3.2051

Khan, A, Yan, L., Mahadi Hasan, M., Wang, W., Xu, K., Zou, G,, et al. (2022). Leaf
traits and leaf nitrogen shift photosynthesis adaptive strategies among functional
groups and diverse biomes. Ecol. Indic. 141, 109098. doi: 10.1016/j.ecolind.2022.109098

Kleyer, M., Bekker, R. M., Knevel, I. C., Bakker, J. P., Thompson, K., Sonnenschein,
M., et al. (2008). The LEDA Traitbase: a database of life-history traits of the Northwest
European flora. J. Ecol. 96, 1266-1274. doi: 10.1111/j.1365-2745.2008.01430.x

Lavergne, S., Thompson, J. D., Garnier, E., and Debussche, M. (2004). The biology
and ecology of narrow endemic and widespread plants: a comparative study of trait
variation in 20 congeneric pairs. Oikos 107, 505-518. doi: 10.1111/j.0030-
1299.2004.13423.x

Lehsten, V. (2005). Lafore. Leaf Area for Everyone (Germany: University of
Oldenburg). Available online at: https://uol.de/en/landeco/download-and-service/
software/lafore (Accessed January 15, 2025).

Leuschner, C., and Ellenberg, H. (2017). Ecology of Central European forests:
vegetation ecology of Central Europe. I (Switzerland: Springer).

Li, X,, Li, Z., and Zhang, S. (2024). Consistent pattern in scaling relationships of leaf
dry mass versus area of woody species co-occurring in dry-hot and wet-hot habitats.
Flora 315, 152521. doi: 10.1016/j.flora.2024.152521

Liu, Y., Dawson, W., Prati, D., Haeuser, E., Feng, Y., and van Kleunen, M. (2016).
Does greater specific leaf area plasticity help plants to maintain a high performance
when shaded? Ann. Bot. 118, 1329-1336. doi: 10.1093/aob/mcw180

Liu, H,, Deyi, Y., He, P., Cadotte, M. W., and Ye, Q. (2024). Linking plant functional
traits to biodiversity under environmental change. Biol. Divers. 2024, 22-28.
doi: 10.1002/bod2.12004

Matsuo, T., van der Sande, M. T., Amissah, L., Dabo, J., Mohammed Abdul, S., and
Poorter, L. (2024). Herbaceous species and dry forest species have more acquisitive leaf
traits than woody species and wet forest species. Funct. Ecol. 38, 194-205. doi: 10.1111/
1365-2435.14477

Meédail, F., and Quézel, P. (1999). Biodiversity hotspots in the Mediterranean basin:
setting global conservation priorities. Conserv. Biol. 13, 1510-1513. doi: 10.1046/j.1523-
1739.1999.98467.x

Meédalil, F., and Verlaque, R. (1997). Ecological characteristics and rarity of endemic
plants from southeast France and Corsica: Implications for biodiversity conservation.
Biol. Conserv. 80, 269-281. doi: 10.1016/S0006-3207(96)00055-9

Nakagawa, S., and Schielzeth, H. (2013). A general and simple method for obtaining
R2 from generalized linear mixed-effects models. Methods Ecol. Evol. 4, 133-142.
doi: 10.1111/j.2041-210x.2012.00261.x

Niinemets, U. (2001). Global-scale climatic controls of leaf dry mass per area, density
and thickness in trees and shrubs. Ecology. 82, 453-469. doi: 10.1890/0012-9658(2001)
082[0453:GSCCOL]2.0.CO;2

Frontiers in Plant Science

15

10.3389/fpls.2025.1664759

Niinemets, >U. (2020). “Leaf trait plasticity and evolution in different plant
functional types,” in Annual Plant Reviews online (Wiley), 473-522. doi: 10.1002/
9781119312994.apr0714

Niklas, K. J., Shi, P., Gielis, J., Schrader, J., and Niinemets, U. (2023). Editorial: Leaf
functional traits: Ecological and evolutionary implications. Front. Plant Sci. 14.
doi: 10.3389/fpls.2023.1169558

Pagel, M. (1999). The maximum likelihood approach to reconstructing ancestral
character states of discrete characters on phylogenies. Syst. Biol. 48, 612-622.
doi: 10.1080/106351599260184

Pérez-Harguindeguy, N., Diaz, S., Garnier, E., Lavorel, S., Poorter, H., Jaureguiberry,
P., etal. (2013). New handbook for standardised measurement of plant functional traits
worldwide. Aust. J. Bot. 61, 167. doi: 10.1071/BT12225

Pierce, S., Negreiros, D., Cerabolini, B. E. L., Kattge, J., Diaz, S., Kleyer, M., et al.
(2017). A global method for calculating plant CSR ecological strategies applied across
biomes world-wide. Funct. Ecol. 31, 444-457. doi: 10.1111/1365-2435.12722

Pignatti, S., Guarino, R., and La Rosa, M. (2017). Flora d’Italia. 2nd Edition (Bologna,
Italy: Edagricole-New Business Media).

Poorter, H., and Garnier, E. (2007). “Ecological significance of inherent variation in
relative growth rate and its components,” in Functional Plant Ecology (CRC Press, Boca
Raton, FL, USA).

Poorter, H., Niinemets, U., Ntagkas, N., Siebenkis, A., Maenpas, M., Matsubara, S., et al.
(2019). A meta-analysis of plant responses to light intensity for 70 traits ranging from
molecules to whole plant performance. New Phytol. 223, 1073-1105. doi: 10.1111/nph.15754

Poorter, H., Niinemets, U., Poorter, L., Wright, L. ]., and Villar, R. (2009). Causes and
consequences of variation in leaf mass per area (LMA): A meta-analysis. New Phytol.
182, 565-588. doi: 10.1111/j.1469-8137.2009.02830.x

Price, C. A., Wright, L. J., Ackerly, D. D., Niinemets, U., Reich, P. B., and Veneklaas,
E.J. (2014). Are leaf functional traits ‘invariant’ with plant size and what is ‘invariance’
anyway? Funct. Ecol. 28, 1330-1343. doi: 10.1111/1365-2435.12298

Quézel, P., and Médail, F. (2003). Ecologie et biogeographie des foréts du bassin
mediterraneen (Paris: Elsevier).

Rackam, O., and Grove, A. T. (2001). The nature of Mediterranean Europe. An
ecological history (Yale, USA: Yale University Press).

R Core Team (2023). R: a language and environment for statistical computing, R
foundation for statistical computing. Available online at: https://www.R-project.org/
(Accessed June 15, 2024).

Reich, P. B. (2014). The world-wide ‘fast-slow’ plant economics spectrum: a traits
manifesto. J. Ecol. 102, 275-301. doi: 10.1111/1365-2745.12211

Reich, P. B., and Oleksyn, J. (2004). Global patterns of plant leaf N and P in relation
to temperature and latitude. Proc. Natl. Acad. Sci. 101, 11001-11006. doi: 10.1073/
pnas.0403588101

Santi, I., Cabrucci, M., Carrari, E., Gasperini, C., De Frenne, P., and Selvi, F. (2025).
Coppice management affects leaf traits in understory species of Mediterranean oak
forests. For. Ecol. Manage. 580, 122517. doi: 10.1016/j.foreco.2025.122517

Segrestin, J., Navas, M., and Garnier, E. (2020). Reproductive phenology as a
dimension of the phenotypic space in 139 plant species from the Mediterranean.
New Phytol. 225, 740-753. doi: 10.1111/nph.16147

Selvi, F., Campetella, G., Canullo, R., Chelli, S., Domina, G., Farris, E., et al. (2023).
The Italian endemic forest plants: an annotated inventory and synthesis of knowledge.
Plant Ecol. Evol. 156, 29-45. doi: 10.5091/plecevo.2023.1987

Song, W.-H,, and Li, J.-J. (2023). The effects of intraspecific variation on forecasts of
species range shifts under climate change. Sci. Total. Environ. 857, 159513.
doi: 10.1016/j.scitotenv.2023.159513

Thompson, J. D. (2004). Plant Evolution in the Mediterranean (Oxford, UK: Oxford
University PressOxford).

Thompson, J. D., Lavergne, S., Affre, L., Gaudeul, M., and Debussche, M. (2005).
Ecological differentiation of Mediterranean endemic plants. Taxon 54, 967-976.
doi: 10.2307/25065421

Totté, A., Delgado, A., Navarro, T., and Meerts, P. (2015). Narrow endemics of the
Almeria Province (Andalusia, Spain) differ in their traits and ecological niche
compared to their more widespread congeners. Folia Geobot. 50, 137-150.
doi: 10.1007/s12224-015-9237-9

Valladares, F., Laanisto, L., Niinemets, U., and Zavala, M. A. (2016). Shedding light
on shade: ecological perspectives of understorey plant life. Plant Ecol. Divers. 9, 237—
251. doi: 10.1080/17550874.2016.1210262

Vargas, O. M., Madrifian, S., and Simpson, B. (2023). Allopatric speciation is more
prevalent than parapatric ecological divergence in a recent high-Andean diversification
(Linochilus: Asteraceae). Peer] 11, €15479. doi: 10.7717/peerj.15479

Wei, T., and Simko, V. (2024). R package “corrplot”: visualization of a correlation
matrix. (Version 0.95). Available online at: https://cran.r-project.org/web/packages/
corrplot/ (Accessed January 15, 2024)

Wright, L. J., Dong, N, Maire, V., Prentice, I. C., Westoby, M., Diaz, S., et al. (2017). Global
climatic drivers of leaf size. Science 357, 917-921. doi: 10.1126/science.aal4760

Wright, I. ], Reich, P. B, Westoby, M., Ackerly, D. D., Baruch, Z., Bongers, F.,, et al. (2004).
The worldwide leaf economics spectrum. Nature 428, 821-827. doi: 10.1038/nature02403

frontiersin.org


https://doi.org/10.1111/ele.70184
https://doi.org/10.1093/aob/mcaa198
https://doi.org/10.1007/s11258-016-0673-y
https://doi.org/10.1111/jvs.13132
http://cran.r-project.org/package=raster
https://doi.org/10.1002/ece3.7984
https://doi.org/10.1002/ece3.7984
https://CRAN.R-project.org/package=factoextra
https://CRAN.R-project.org/package=factoextra
https://doi.org/10.1111/gcb.14904
https://doi.org/10.1002/ece3.2051
https://doi.org/10.1016/j.ecolind.2022.109098
https://doi.org/10.1111/j.1365-2745.2008.01430.x
https://doi.org/10.1111/j.0030-1299.2004.13423.x
https://doi.org/10.1111/j.0030-1299.2004.13423.x
https://uol.de/en/landeco/download-and-service/software/lafore
https://uol.de/en/landeco/download-and-service/software/lafore
https://doi.org/10.1016/j.flora.2024.152521
https://doi.org/10.1093/aob/mcw180
https://doi.org/10.1002/bod2.12004
https://doi.org/10.1111/1365-2435.14477
https://doi.org/10.1111/1365-2435.14477
https://doi.org/10.1046/j.1523-1739.1999.98467.x
https://doi.org/10.1046/j.1523-1739.1999.98467.x
https://doi.org/10.1016/S0006-3207(96)00055-9
https://doi.org/10.1111/j.2041-210x.2012.00261.x
https://doi.org/10.1890/0012-9658(2001)082[0453:GSCCOL]2.0.CO;2
https://doi.org/10.1890/0012-9658(2001)082[0453:GSCCOL]2.0.CO;2
https://doi.org/10.1002/9781119312994.apr0714
https://doi.org/10.1002/9781119312994.apr0714
https://doi.org/10.3389/fpls.2023.1169558
https://doi.org/10.1080/106351599260184
https://doi.org/10.1071/BT12225
https://doi.org/10.1111/1365-2435.12722
https://doi.org/10.1111/nph.15754
https://doi.org/10.1111/j.1469-8137.2009.02830.x
https://doi.org/10.1111/1365-2435.12298
https://www.R-project.org/
https://doi.org/10.1111/1365-2745.12211
https://doi.org/10.1073/pnas.0403588101
https://doi.org/10.1073/pnas.0403588101
https://doi.org/10.1016/j.foreco.2025.122517
https://doi.org/10.1111/nph.16147
https://doi.org/10.5091/plecevo.2023.1987
https://doi.org/10.1016/j.scitotenv.2023.159513
https://doi.org/10.2307/25065421
https://doi.org/10.1007/s12224-015-9237-9
https://doi.org/10.1080/17550874.2016.1210262
https://doi.org/10.7717/peerj.15479
https://cran.r-project.org/web/packages/corrplot/
https://cran.r-project.org/web/packages/corrplot/
https://doi.org/10.1126/science.aal4760
https://doi.org/10.1038/nature02403
https://doi.org/10.3389/fpls.2025.1664759
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Leaf trait variation across Mediterranean forest endemics: drivers and evidence for lower resource acquisition ability than in widespread forest congeners
	1 Introduction
	2 Materials and methods
	2.1 Species selection
	2.2 Field sampling of plant material
	2.3 Leaf trait selection and measurement
	2.4 Environmental variables
	2.5 Data analysis
	2.5.1 Leaf traits
	2.5.2 Environmental variables
	2.5.3 Species pairs analysis
	2.5.4 Phylogenetic signal


	3 Results
	3.1 Leaf trait variation in the forest endemics
	3.2 Environmental variables
	3.3 Trait variation across species pairs
	3.4 Trait phylogenetic signal

	4 Discussion
	5 Conclusions
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


