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Abstract

Leaf traits are good indicators of ecosystem functioning and plant adaptations to
environmental conditions. We examined whether leaf trait variability at species and
community levels in Mediterranean woody vegetation is explained by growth form,
regeneration mode, and vegetation type. We studied several plant communities across
five vegetation types - semi-closed forest, open forest, closed shrubland, open shrub-
land, and scrubland - in southwestern Anatolia, Tirkiye. Using linear mixed models,
community-weighted trait means, and principal component analysis, we tested how
much variability in three leaf traits (specific leaf area, leaf thickness, and leaf area) is
accounted for species, growth form, regeneration mode, and vegetation type. Despite
a large amount of leaf trait variability both within- and among-species existed, func-
tional groups still accounted for a significant part of this variability. Resprouters had
higher SLA and leaf area and lower leaf thickness than non-resprouters. However,
further functional separation in regeneration mode, by considering the propagule-
persistence trait and the seed bank locality, explained leaf trait variability better than
only resprouting ability. Although no consistent pattern was observed in three leaf
traits in the growth form, we found evidence for the difference in SLA and leaf thick-
ness between shrubs and large shrubs, and subshrubs had smaller leaves than other
growth forms. Vegetation type also accounted for a substantial amount of leaf trait
variability. Specifically, plant communities in closed habitats had larger leaf area than
open ones, and those in scrublands had higher SLA, lower leaf thickness, and lower
leaf area than other vegetation types. Climate and phylogeny had limited contribu-
tion to the results obtained, with the exception of a significant phylogenetic effect
in explaining the differences in SLA between resprouters and non-resprouters. Our
results suggest that multiple drivers are responsible for shaping plant trait variability
in Mediterranean plant communities, including growth form, regeneration mode, and

vegetation type.
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Ozet

Yaprak karakterleri ekosistem fonksiyonunun ve bitkilerin cevresel kosullara
uyarlanimlarina dair iyi gostergelerdir. Bu calismada, Akdeniz orman vejetasyo-
nundaki tiir ve komiinite seviyesinde yaprak karakter degiskenliginin, blytme sekli,
rejenerasyon modu ve vejetasyon tipi tarafindan aciklanip aciklanmadigini inceledik.
Tarkiye'nin glneybatisinda, bes farkl vejetasyon tipinde - yari kapal orman, acik
orman, kapali calilik, acik calilik ve bodur calilik - bircok bitki kom{initesini inceledik.
Dogrusal karma modeller, komiinite agirhkh karakter ortalamalari ve temel bilesen
analizi kullanarak, tic yaprak karakterinin (6zgul yaprak alani, yaprak kalinligi ve yaprak
alani) degiskenliginin ne kadarinin tar, biytme sekli, rejenerasyon modu ve vejetasyon
tipi tarafindan aciklandigini sinadik. Hem tiir ici hem de tirler arasi biiylik miktarda
yaprak karakter degiskenligi olmasina ragmen, fonksiyonel gruplar bu degiskenligin
onemli bir kismini aciklamistir. Yeniden slirglin veren tirlerin SLA ve yaprak alani daha
ylksek, yaprak kalinlklari ise yeniden silirglin veremeyenlere gore daha diisik olarak
bulunmustur. Ancak, rejenerasyon modunda daha fazla fonksiyonel ayrima gidilmesi,
yalnizca yeniden slirglin verme yeteneginden ziyade, tohumla yerlesebilme 6zelligi ve
tohum bankasi konumunun da dikkate alinmasi yaprak karakter degiskenligini daha
iyi aciklamistir. Blyime seklinde Uic yaprak karakterinde tutarl bir 6riintli gbzlemlen-
memesine ragmen, calilar ve blytk calilar arasinda SLA ve yaprak kalinliginda farklar
olduguna ve bodur calilarin diger bliylime sekillerine goére daha kiictik yapraklara sahip
olduguna dair kanitlar bulduk. Vejetasyon tipi de yaprak karakter cesitliliginin dnemli
bir kismini aciklamistir. Ozellikle, kapali habitatlardaki bitki komuniteleri acik olanlardan
daha blytk yaprak alanina sahipken, bodur calliklardaki kominiteler diger vejetasyon
tiplerine gore daha yiksek SLA, daha dislik yaprak kalinhgi ve daha diistik yaprak
alanina sahipti. Yeniden slrglin verenler ve veremeyenler arasinda SLA farkliliklarini
aciklayan énemli bir filogenetik etki disinda, iklim ve filogeni elde edilen sonuclara
sinirli miktarda katkida bulunmustur. Sonuclarimiz, Akdeniz bitki komunitelerindeki
bitki karakter degiskenliginin sekillenmesinde aralarinda bliytime sekli, rejenerasyon
modu ve vejetasyon tipinin de yer aldigi cok sayida stirtici etkenin sorumlu oldugunu

onermektedir.

functioning in community-level assessments (de Bello et al., 2010;

Plant functional traits are morphological, physiological, and phe-
nological characteristics of plant species affecting their growth,
reproduction, survival, and response to changing environments
(Garnier et al., 2004, 2016; Kihn et al., 2021; Pérez-Harguindeguy
etal., 2013; Violle et al.,2007). Among these, leaf functional traits are
integral to understanding ecological strategies (Westoby, 1998) and
determine how a species adapts to and interacts with environmental
challenges (Dong et al., 2020). They serve as indicators of ecosystem

Diaz et al., 2004; Stanisci et al., 2020) and include a range of char-
acteristics that influence a plant's performance and its interactions
within a community (Reich et al., 2003). Recent studies emphasize
the universal importance of leaf functional traits in deciphering eco-
logical patterns across diverse ecosystems, shedding light on their
role as integrative measures of plant performance and resource-use
strategies (Laughlin et al., 2020; Siefert et al., 2015). Additionally,
variations in these traits at both the species and community levels
can provide critical information about a plant's competitive ability,
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resilience, and overall contribution to ecosystem processes (Albert
et al., 2010; Diaz et al., 2016).

Although many leaf traits are phylogenetically conserved
(Homeier et al., 2021), among- and within-species variability also
contributes a significant amount to the geographic variation of
many leaf traits (Dong et al., 2020; Messier et al., 2017), even at
the community level (Siefert et al., 2015). Drivers of leaf trait vari-
ability differ across various biomes globally, mainly due to their
difference in environmental and disturbance processes (Llerena-
Zambrano et al., 2021). Climate is among the main drivers of vari-
ability in some leaf traits, including leaf area (Dong et al., 2020;
Geekiyanage et al., 2017; Llerena-Zambrano et al., 2021), SLA
(Homeier et al., 2021; Shi et al., 2018; Wang et al., 2015), and
leaf thickness (Geekiyanage et al., 2017; Homeier et al., 2021,
Shi et al., 2018). Therefore, studying leaf trait variability at the
community level is crucial to understanding the potential of local
communities to adapt to new environmental conditions such as
prolonged and/or intensified droughts associated with climate
change. Leaf trait variation among species and communities were
studied in several aspects, such as along elevational gradients
(e.g., Homeier et al., 2021; Llerena-Zambrano et al., 2021) and in
comparing different environmental conditions (e.g., Geekiyanage
et al., 2017; Markesteijn et al., 2007; Wang et al., 2015), functional
groups (Jin et al., 2014), and vegetation types (Shi et al., 2018).
However, as environmental conditions substantially differ at re-
gional or local scales, more studies are still needed for a compre-
hensive understanding of leaf trait variability across various scales
in different terrestrial biomes.

Mediterranean plant species have developed strategies to cope
with limiting resources, especially in relation to drought conditions
(Altieri et al., 2015; Hernandez et al., 2010; Maseyk et al., 2011,
Mereu et al., 2009). In Mediterranean plants, leaves have evolved
to reduce water loss (Chirino et al., 2017; Hernandez et al., 2010;
Valencia et al., 2016). Dominant woody species in Mediterranean
vegetation, characterized by small and sclerophyllous leaves with
thick epidermal walls and cuticle (Ackerly et al., 2002; Paula &
Pausas, 2006), have adapted to low water availability (Gillison, 2019;
Paula & Pausas, 2006) and have developed conservative water
use strategy (Kiihn et al., 2021). Moreover, drier environments in
the Mediterranean Basin host more resource-conservative spe-
cies than wetter ones (Garnier et al., 2019). Leaf trait variability
in Mediterranean plant communities, however, can be influenced
by factors beyond climate, including among-species differences
(Hulshof & Swenson, 2010), local environmental conditions like
light, humidity, or soil nutrients (Campetella et al., 2019; Dominguez
et al., 2012), and resprouting ability (Paula & Pausas, 2006).

Mediterranean Basin ecosystems have long experienced sev-
eral types of natural disturbances, including drought, herbivory, and
fire (Lavorel, 1999). Since the onset of the Holocene, human-driven
disturbances such as agricultural activities, domestic herbivory, and
other kinds of land uses have also significantly contributed to shap-
ing the Mediterranean Basin landscapes (Naveh & Carmel, 2004).
Therefore, both natural and human-caused disturbances are
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considered important drivers of the current occurrence and distribu-
tion of various vegetation types in the Mediterranean Basin. Forests,
shrublands, and scrublands are three major vegetation types in the
Mediterranean Basin (Arianoutsou, 1998; Blondel & Aronson, 1999;
Kavgaci et al., 2017; Keeley et al., 2012), and they considerably vary
in form, structure, diversity, and human use (Keeley et al., 2012).
Moreover, functionally significant differences between open and
closed states of forests in several terrestrial biomes on Earth are
also well-known (Bond, 2019; Pausas & Bond, 2020). Given that
similar disparities may exist across various vegetation types in the
Mediterranean Basin, such as open or closed forests and shrublands
(Tufekcioglu & Tavsanoglu, 2022), examining the functional differ-
ences between the open and closed states of these major vegeta-
tion types can more comprehensively represent the diverse species,
functional groups, and plant communities in the region. Functional
group classifications also improve our understanding of ecosystem
function and processes (Diaz Barradas et al., 2009) and allow us to
follow the patterns of vegetation recovery after disturbances over
a long-term period (Kazanis & Arianoutsou, 2004; Tavsanoglu &
Girkan, 2014). Although various Mediterranean vegetation types
can be quite complex regarding growth forms and regeneration
modes (Tifekcioglu & Tavsanoglu, 2022), different trends can be
observed during post-disturbance recovery in different vegetation
communities. The resprouting ability plays an essential role in veg-
etation recovery in the Mediterranean Basin after particular distur-
bances, such as wildfire and drought (Pausas et al., 2016). Moreover,
resprouting after disturbance is an important plant trait associated
with other plant traits, including several leaf traits (Hernandez
et al,, 2011; Paula & Pausas, 2006). Mediterranean plant functional
classification is more intricately defined by regeneration strategy,
encompassing both resprouting and seedling establishment abilities
(Pausas et al., 2004). This approach broadens the basic dichotomy
of resprouters and non-resprouters by incorporating the efficacy
of seedling establishment from propagules, distinguishing between
propagule persisters and non-persisters (Saura-Mas & Lloret, 2007,
Tavsanoglu & Gilrkan, 2014). This distinction is also important
to include seed germination and seedling survival, which is a crit-
ical trait under the summer-dry conditions of the Mediterranean
climate. Given that fire has been a key evolutionary force shaping
various plant traits (Keeley et al., 2012), these classification ap-
proaches offer vital insights into the dynamics of plant communities
in Mediterranean ecosystems.

In this study, we aimed to elucidate the drivers shaping leaf trait
variability in Mediterranean woody plant communities. Specifically,
we ask the question whether leaf trait variability at species and com-
munity levels in Mediterranean woody vegetation is explained by
growth form, regeneration mode, and vegetation type. We expected
to find that functional groups account for a significant part of leaf
trait variability at the species level, and vegetation type is another
driver responsible for creating leaf trait variability at the community
level. To test these hypotheses, we measured leaf traits of several
species in woody plant communities across various Mediterranean

vegetation types (semi-closed forest, open forest, closed shrubland,
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open shrubland, and scrubland). Then, we examined the variability
in leaf traits among species and communities based on functional
groups (the growth form and regeneration mode) and vegetation

type.

2 | MATERIALS AND METHODS
2.1 | Study areaand sites

The study area was in southwestern Anatolia (Turkiye), which is
under a Mediterranean climate characterized by cool, wet winters
and hot, dry summers and dominated by Mediterranean vegeta-
tion types, including several open and closed vegetation states
(Tufekcioglu & Tavsanoglu, 2022). We established our study sites
in the five most frequent vegetation types of the region: semi-
closed Turkish pine (Pinus brutia) forest with total pine cover be-
tween 11% and 40% (hereafter: semi-closed forest), open Turkish
pine forest with total pine cover <10% (hereafter: open forest),
closed maquis shrubland with total canopy cover between 11%
and 100% (hereafter: closed shrubland), open maquis shrubland
with total canopy cover <10% (hereafter: open shrubland), and
phrygana scrubland dominated by Sarcopoterium spinosum (hereaf-
ter: scrubland). The selected study sites were unmanaged and had
not been burned for several years, and they were in their mature
successional stages. Although these vegetation types share sev-
eral plant species, there were also significant differences in their
woody species composition (Tufekcioglu & Tavsanoglu, 2022).
Specifically, Phillyrea latifolia and Quercus coccifera were accom-
panying to Turkish pine in closed and open forests, while Arbutus
andrachne, Olea europea, and Q. coccifera were dominant in closed
shrublands and Q. coccifera, Cistus salviifolius, and Genista acantho-
clada in open shrublands. We selected 28 study sites, 1 ha in size,
distributed them to different vegetation types by considering their
relative area covered in the study area (six for the semi-closed for-
est, eight for the open forest, four for the closed shrubland, six
for the open shrubland, and four for the scrubland). A further de-
tailed explanation of the study sites is given by Tifekcioglu and
Tavsanoglu (2022).

2.2 | Leafsampling and transect surveys

We collected leaf samples within study sites to measure leaf traits
of individual plants in the dry period of the region, i.e., between May
and September 2019, and only in September 2020 due to COVID-19
mobility restrictions. Following Pérez-Harguindeguy et al. (2013),
we sampled 10 leaves from mature and healthy-looking individuals
located in unshaded locations. In order to avoid dehydration after
collection, we wrapped leaf samples in moist paper and put them in
sealed plastic bags just after we collected the leaves. We blew into
the bags before closing them to allow more carbon dioxide inside to
minimize the water loss due to transpiration. Finally, bags including

leaf samples were stored in a cool box in the field until they were put
in a refrigerator at 4°C. We made further processing of leaf samples
within 24 h after the collection.

In total, we collected leaf samples from 857 individuals of 38
species, of which 709 individuals of 37 species in 2019 and 148 indi-
viduals of 23 species in 2020. Since all plant species were not found
in all study sites, the number of individuals sampled varied among
study sites and vegetation types. Therefore, we obtained more leaf
samples from the most frequent species in comparison to rarer ones
(Table S1).

In each study site, we established three belt transects 10x40m
and 10x30m in size (according to topography) except for a study
site including two transects due to topographic limitations. In total,
we sampled 83 belt transects. We counted all mature individuals of
woody species in each belt transect to obtain abundance data for
further use in community weighted mean analyses. Some of those
individuals were the same ones on which we made leaf sampling.

2.3 | Trait measurements

We studied leaf area, leaf thickness, and specific leaf area (SLA),
which are leaf traits informing resource use and ecosystem proper-
ties (Li et al., 2022; Paula & Pausas, 2006; Roche et al., 2004). SLA is
often cited as a key plant functional trait (Garnier et al., 2004; Reich
et al., 1992; Roche et al., 2004; Wilson et al., 1999), leaf area dra-
matically affects the energy acquired by a leaf and is related to the
water balance (Diaz et al., 2016), and leaf thickness acts as a proxy
for a leaf's physical strength (Pérez-Harguindeguy et al., 2013).

We measured all three leaf traits for each sampled individual. We
followed the Pérez-Harguindeguy et al. (2013) protocols for mea-
suring leaf traits. We made one measurement on the lamina of each
leaf by using a digital micrometer to measure leaf thickness. To mea-
sure the leaf area, we scanned the leaves collected from the field
and then calculated their one-sided area using the ImageJ program
(Rasband, 2012). To obtain SLA values for each individual plant, we
first weighted leaves using a digital scale after they were dried in
the oven at 70°C for 72 h to determine the oven-dry mass of leaves
(Pérez-Harguindeguy et al., 2013). After this process, SLA values
were calculated by dividing the average leaf area of each individual
by the total oven-dry mass value.

2.4 | Functional groups

We used three functional grouping systems in this study. First,
we classified woody species according to their growth forms as
subshrub, shrub, large shrub, tree, and liana. This classification
is based on Tavsanoglu and Pausas (2018) and field observa-
tions. Second, we used post-fire resprouting ability as a binary
classification system for regeneration mode: resprouters and
non-resprouters. Finally, we assign species into one of the four re-
generation strategy classes reflecting the regeneration properties
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of species in more detail: (1) non-resprouter propagule persisters
with a canopy seed bank (R - P +c), non-resprouter propagule per-
sisters with a soil seed bank (R-P+s), resprouter propagule-non-
persisters (R+P-), and resprouter propagule-persisters with a soil
seed bank (R+P). This regeneration mode classification is based
on Pausas et al. (2004) with addition of seed bank location for
propagule persisters (Pausas, 1999; Tavsanoglu & Giirkan, 2014).
Resprouting ability and propagule persistence traits used in the
latter two classification systems are based on Tavsanoglu and
Pausas (2018) and field observations. Since data for resprouting
ability and propagule persistence for some species are missing in
the literature and BROT database (Tavsanoglu & Pausas, 2018),
and the resprouting ability varies at the population level in some
species, we excluded some species from resprouting ability and
regeneration strategy analyses. Consequently, although we used
data from all 38 species and 857 individuals for growth form anal-
ysis, we included 31 species and 784 individuals in resprouting
ability analysis and 30 species and 732 individuals in regeneration
strategy analysis (Table S1).

2.5 | Dataanalysis

First, we revealed among-species variation in the studied leaf traits
(i.e., SLA, leaf thickness, and leaf area). We only used species with
leaf samples from at least five individuals; thus, the data consisted
of 837 individuals belonging to 31 species in this analysis. We made
ridgeline plots to visualize within- and among-species variability for
each trait. For further investigation of trait variability, we assessed
the range (min. and max.) of trait values for each species. Then, we
performed a general linear model to reveal differences among spe-
cies. Moreover, as a proxy for among-species variability in each leaf
trait, we calculated the coefficient of variation for each trait based
on mean trait data at the species level.

We compared functional group classes for leaf thickness, leaf
area, and SLA for each functional grouping system. To visualize and
analyze the differences among functional group classes, we made
violin plots to show the interquartile range and the lower/upper ad-
jacent values and performed linear mixed effects models (LME) for
each trait for functional groups. In these models, functional group
class and species were considered fixed and random factors, re-
spectively. Since the number of sampled individuals varied for each
functional group class, we performed the LME analysis by weight-
ing data with the number of sampled individuals. We calculated the
mean and standard error of leaf traits for each functional group and
made multiple comparisons following LME analyses by estimating
marginal means based on Tukey HSD adjustment method for differ-
ent functional group classes. Trait data were log-transformed before
LME analyses to improve the linearity of relationships, and model
residuals were visually checked for homoscedasticity.

For the community analysis, we calculated community weighted
mean (CWM) by weighting leaf trait values with the abundance of
species for each transect (i.e., plant community) (Garnier et al., 2004).
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In this analysis, we used only trait data of individuals with abundance
data sampled within belt transects. For CWM calculation, we used
average values for leaf traits for each species. Missing trait data
for the species that we could not collect leaf samples in the field
(from summer-deciduous species as the time of the leaf fall coin-
cides with the sampling period and from individuals full of unhealthy
leaves) were obtained from the BROT database (Tavsanoglu &
Pausas, 2018), Hacettepe University Functional Ecology Lab. data
(Aktepe, 2021; Cosgun, 2022), and the relevant literature (Elmas &
Kutbay, 2015; Liakoura et al., 2001; Merchant, 1998; Specht, 1988).
Even though there were still some species whose trait data are miss-
ing (6, 14, and 8 species for SLA, leaf thickness, and leaf area, re-
spectively), we concluded that this missing data would not cause any
problem for the community analyses since many of these species
had low abundance in the field.

Following CWM analysis, we performed LME for each trait for
vegetation types. In these models, the vegetation type and transect
were considered as the fixed and random factors, respectively. We
calculated the mean and standard error of leaf traits for each vegeta-
tion type and made multiple comparisons following LME analyses by
estimating marginal means based on Tukey HSD adjustment method
for different vegetation types. Trait data were log-transformed
before LME analyses to improve the linearity of relationships, and
model residuals were visually checked for homoscedasticity.

We also implemented a principal components analysis (PCA) in-
corporating three leaf traits considered in the study. This analysis
was used to highlight the differences in leaf traits across various
vegetation types and functional group classes, thereby facilitating a
deeper examination into how these traits vary among the different
vegetation categories and functional groups.

To test how traits vary across climatic gradients, we performed
a linear regression analysis to examine the relationships between
the studied leaf traits and temperature and precipitation variables
(specifically, annual mean temperature, annual total precipitation,
and precipitation of the driest quarter). Climate data were obtained
from the WorldClim database (WorldClim, 2023). We also evaluated
bedrock type as a potential explanatory environmental variable for
leaf trait variability, testing the data using PCA based on four bed-
rock type categories: alluvial, clastic sedimentary rock, limestone,
and volcanic. Besides that, to explore the varitation in community
traits, we calculated the most frequently-used distance-based func-
tional diversity indices (Garnier et al., 2016) as functional richness
(FRic), functional evenness (FEve), functional divergence (FDiv), and
functional dispersion (FDis) for each vegetation type to compare leaf
functional traits among vegetation types at the community level. In
this analysis, we used mean trait values for each species and calcu-
lated these indices based on the community compositions of five
vegetation type categories.

Ultimately, to elucidate the effect of phylogeny on the model
results, we also tested our hypothesis by taking into account the
phylogenetic relatedness of species with respect to leaf traits. To
do this, we performed phylogenetic linear models and compared the
results with non-phylogenetic models. To assembe the phylogenetic
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tree used in these models, we used ‘GBOTB.extended’ mega-tree
for vascular plants implemented in V.PhyloMaker package in R (Jin
& Qian, 2019).

All the analyses were performed in the R environment (R Core
Team, 2020). We used ggridges package (Wilke, 2021) for draw-
ing ridgeline plots, ggplot2 package (Wickham, 2016) for drawing
violin and box plots, Ime function in the nlme package (Pinheiro &
Bates, 2000) for performing LMEs, pairs and emmeans functions in
the emmeans package (Lenth, 2020) for estimating marginal means
following LMEs, prcomp and pairwise. adonis functions in the vegan
package (Oksanen et al., 2019) for performing PCA, dbFD function in
the FD package (Laliberté et al., 2023) for calculating distance-based
functional diversity indices, phylo.maker function in the V.PhyloMaker
package (Jin & Qian, 2019) for constructing phylogenetic tree and
phylolm function in the phylolm package (Ho et al., 2022) to run phy-
logenetic models.

3 | RESULTS
3.1 | Variation among species

Leaf traits showed substantial variation both within- and among-
species (Figure 1, Table S2). Leaf area had the highest coefficient
of variation value (116.2) in comparison to other traits (44.8 and
39.1 for SLA and leaf thickness, respectively); therefore, it was
the most variable trait among species. Differences among species
were significant in all leaf traits (for SLA F=38.4, leaf thickness
F=67.9, and leaf area F=279.8, p<.0001 for all). The variabil-
ity among species in SLA and leaf area in our study falls into the
range for the existing trait measurements in the Mediterranean
Basin: 1.55 and 32.36 mm?mg™* for SLA, and 3.0 and 2610.0 mm?
for leaf area (except two extreme values up to 11,968.0 mm?) (in
comparison to the ranges in the BROT database; Tavsanoglu &
Pausas, 2018).

3.2 | Functional groups

Functional groups accounted for a significant part of the variabil-
ity in the studied leaf traits. Different functional grouping systems
explained trait variability at various degrees (Figure 2, Table S3).
Accordingly, we found evidence for differences among functional
groups in different classification systems. Specifically, the growth
form and regeneration strategy accounted for ca. 30% of the vari-
ability in three leaf traits (PCA analysis, R?=.28 and R?=.26, respec-
tively, both p=.001), while the resprouting ability explained only ca.
10% of the total variability in leaf traits (R*=.10, p=.001).

We observed the lowest SLA values in individuals of some
shrubs (Erica manipuliflora, Phlomis lycia, and Ptilostemon chamae-
peuce) and the highest ones in those of some large shrubs (Cotinus
coggygria, Paliurus spina-christi, and Styrax officinalis), while other
growth forms exhibited no clear pattern (Table S2). Indeed, there

was evidence for the difference in SLA between shrubs and large
shrubs (Figure 3, Table S4). We also observed a difference in leaf
thickness values between shrubs and large shrubs (higher and
lower values, respectively), but trees also had higher leaf thick-
ness than large shrubs (Figure 3, Table S4). Subshrubs had smaller
leaves than any other growth form group (Figure 3, Table S4), and
the species with the largest leaves were all large shrubs (Arbutus
andrachne, Ceratonia silique, Cotinus coggygria, and Laurus nobilis,
Table S2).

We obtained consistent results using two alternative group-
ing approaches based on the regeneration mode; resprouting
ability and regeneration strategy (Figure 4, Table S4). In general,
resprouters had higher SLA and leaf area and lower leaf thickness
values than non-resprouters at both species (Table S2) and func-
tional group levels (Figure 4, Table S4). Although we found no evi-
dence of difference in SLA among regeneration strategy groups, a
clear distinction was obtained when comparing resprouting ability
classes (resprouters vs. non-resprouters) (Figure 4). Moreover, this
difference can be attributed to the higher SLA values of species
with R+ P- strategy but not to those with the R+ P+ strategy with
similar SLA values with non-resprouters (Figure 4, Table S4). In
terms of leaf thickness, the leaves of the non-resprouters were
thicker than the resprouters, and this difference was mainly due
to Pinus brutia with the R-P + c strategy. Similar to the pattern we
observed in SLA, we found evidence that resprouters had larger
leaves than non-resprouters, but this difference was due solely to
R+ P- strategists but not species with R+ P+ strategy (Figure 4,
Table S4).

3.3 | Vegetation type

Since the abundance of species varied in plant communities be-
longing to different vegetation types, the contribution of each
species to the community trait mean also differed among vegeta-
tion types (Table S5). Consequently, PCA analysis showed that
the vegetation type explains a considerable variation in leaf traits
among local plant communities (R*=.29, p=.001, Figure 5). Plant
communities in semi-closed forest, open forest, closed shrub-
land, and open shrubland were relatively similar for the studied
leaf traits, while scrubland differed from these vegetation types
(Figure 5, Table S6). Scrubland had higher SLA, lower leaf thick-
ness, and lower leaf area than other vegetation types in many
cases (Figure 6, Table S7). Although this general trend, we pro-
vided no evidence for the difference between scrubland and open
forest regarding leaf thickness and leaf area (Figure 6, Table S7).
Other exceptions we observed were including the similar leaf area
values obtained for scrubland and open shrubland, the lower leaf
thickness in the open forest than in semi-closed forest and open
shrubland, and the higher leaf area in closed shrubland than in
open forest and open shrubland (Figure 6, Table S7). We revealed
that a few species dominated the scrublands with relatively higher
SLA, lower leaf thickness, or lower leaf area values (Cistus creticus,
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Genista acanthoclada, Sarcopoterium spinosum, and Thymbra capi-
tata, Table S5) were responsible for the difference in leaf traits
between the communities in scrubland and those of other vegeta-
tion types.

Calculated functional diversity indices showed considerable dif-
ferences across vegetation types. The minimum functional richness
was observed in scrublands, showcasing a distinct disparity among

log10(Leaf Area)

the vegetation types (Table S8). Conversely, the functional evenness
values reached their peak in semi-closed forest and scrubland veg-
etations, while the maximum functional divergence and dispersion
values were evident in closed habitats, namely semi-closed forest
and closed shrubland (Table S8). Notably, scrublands exhibited a
lower value in comparison to other vegetation types with respect to
the functional dispersion index (Table S8).

85UB017 SUOWWIOD 8AIEa.D 3(dedldde ayy Aq pausenob ale sejoie YO ‘8N JO 3| 10y AfIq1T8UlUO 8|1 LO (SUONIPUOD-PUE-SWLBI W00 A8 | 1WA Leq Ul [UO//SdNY) SUONIPUOD PUe SIS | 8L 88S *[17202/0/2T ] Uo ARIqiTaulluO A8]IM ‘P 80UBPIAT 8URIL0D AoMin L AQ SETTT'€899/200T OT/I0P/W00 A8 | I Afe.d 1 |pul|uoy/sdny Woij pepeojumoq ‘¢ ‘v202 ‘852.5702



8of 16 WI LEY—ECOIOgy and Evolution

TUFEKCIOGLU and TAVSANOGLU

Open Access.

(a)

Growth Form
liana
—*= free

—*= large shrub

S5 . e shrub
>
- —*- subshrub
2 °
=
S
@ 0
°\° o ©
0 ® L4
e
~N
O
o
-24
o
-25 0.0 25 5.0
PC1 (56.9% explained var.)
(b)
Resprouting
—*- yes
2_ —— no
e
©
>
B
[
c
©
a
3 04
g
L
8 .
~
O
o
-21
°
°
-25 0.0 25 5.0
PC1 (57.9% explained var.)
(c)
31 Regeneration Strategies
® — RP+c
—o~ R-P+s
. 2 —— R+P-
‘(i; —o- R+P+
>
©
[
£ 14
©
o
x
o
xX
o 07
o
o~
O
0' °
1 °
°®
24

-25

0.0
PC1 (58.9% explained var.)

25

5.0

FIGURE 2 Principal component
analysis graph for specific leaf area, leaf
thickness, and leaf area for different
functional group classifications according
to (a) growth form, (b) resprouting ability,
and (c) regeneration strategy (R-P+c:
non-resprouter propagule persisters

with a canopy seed bank; R-P+s: non-
resprouter propagule persisters with a soil
seed bank; R+ P-: resprouter propagule-
non-persisters; R+ P+: resprouter
propagule-persisters with a soil seed
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functional groups. Each data point is the
mean value in the study area of individuals
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standard deviation of each group.
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FIGURE 3 Comparison of specific

leaf area, leaf thickness, and leaf area

for different growth forms. The letters
above indicate statistical test results as
having different letters mean a significant
difference between two groups, and the
numbers in parentheses at the bottom
represent the sample size (i.e., individuals
measured).

3.4 | Climate, bedrock type, and phylogeny
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Among the climatic variables tested, only leaf area showed a weak

association with annual total precipitation (R?=.104, p=.052,

Figure S1) and precipitation of the driest quarter (R?=.153,

p=.022, Figure S1). None of other combinations among climatic

variables and traits considered in the study demonstrated sig-

nificant associations (R?<.06, p>.05). The variability in leaf traits

appeared to be independent of the bedrock type, as PCA did

not differentiate any of the bedrock type categories (Figure S2).
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Additionally, phylogeny had also limited effect on the results as
non-phylogenetic models exhibited superior explanatory power
for all leaf traits studied, except for the association between the
resprouting ability and SLA (Table S9).

4 | DISCUSSION

Our results reveal the significant within- and among-species vari-
ability in leaf traits in Mediterranean woody plants. Despite this
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substantial variability, our study provides evidence that leaf trait
variation in Mediterranean woody plants can be partly explained by
plant functional groups, including growth form, resprouting ability,
and regeneration strategy. Our analyses further showed that veg-
etation type also accounts for a significant proportion of leaf trait
variability at the local community level. Therefore, the results sup-
ported our hypotheses and initial expectations.

The observed variability in leaf traits among Mediterranean
woody species in our study underscores the complex interactions
between species-specific adaptations and environmental pressures
in Mediterranean ecosystems (de la Riva et al., 2018). Our results
align with global patterns of leaf trait variability, where species-level

differences often reflect distinct ecological strategies and environ-
mental adaptations (Reich, 2014; Wright et al., 2004). Specifically, the
substantial variation in SLA and leaf area among species in the studied
region is consistent with the observed variability at the Mediterranean
Basin and global scales (Diaz et al., 2016; Tavsanoglu & Pausas, 2018).
This suggests a broad ecological strategy spectrum in Mediterranean
woody species even at the regional level. This extensive interspecific
trait variation can be attributed to the heterogeneity of Mediterranean
landscapes, as demonstrated in our study, and the varying degrees of
water stress experienced by these plant communities.

The distribution of plant trait values among different vegetation
types has drawn little research attention globally, but such studies
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FIGURE 5 Principal component analysis graph of community
weighted mean values for specific leaf area, leaf thickness, and
leaf area among different vegetation types. Each data point is
community-weighted mean value of each transect, and eclipses
indicate the standard deviation of each vegetation type.

provide notable insights into our understanding of the evolution and
ecology of biomes and regional floras (Dantas & Pausas, 2020). In the
Mediterranean Basin, differences in SLA values have been observed
across various vegetation types along with aridity or elevational
gradients (de la Riva et al., 2018; Navarro & Hidalgo-Triana, 2021)
and between early and late successional stages (Garnier et al., 2004;
Kazakou et al., 2006). In our study area, scrublands differed con-
siderably from the other vegetation types, as we found the highest
SLA and the lowest leaf thickness and leaf area in these plant com-
munities. Although this difference was due to trait values of a few
species that dominated scrublands, it has an ecological significance
regarding the response of the plant community to environmental
conditions. Scrublands also exhibited the lowest functional richness
and functional dispersion, yet they showed functional evenness and
divergence values comparable to other vegetation types. This pat-
tern may imply a more specialized adaptation to the scrubland en-
vironment. At the same time, despite the low species richness, the
existing species in scrublands appear to be well-distributed across
the available functional niche space. This suggests that scrublands
form a balanced, yet specialized, ecosystem type.

Leaf area also showed a pattern among vegetation types, such
that the plant community in closed vegetations (i.e., closed forest
and closed shrubland) had larger community-weighted mean leaf
size than open ones (open forest, open shrubland, and scrubland).
Species with lower SLA, smaller leaves, and higher leaf thickness
are well known to be more tolerant to drought conditions in many
ecosystems (Ackerly et al.,, 2002; Costa-Saura et al., 2016; de
la Riva et al., 2018; Kiihn et al., 2021; Nunes et al., 2017; Wright
et al., 2017). Our results on SLA and leaf thickness might hint at
differential adaptations, potentially indicating more efficient water
usage and enhanced photosynthetic efficiency per unit leaf area
in Mediterranean forests and shrublands (regardless of their open-
ness status), while scrublands could have more capacity for drought
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resistance. However, it is important to note that our study did not
directly measure water use efficiency, photosynthetic capacity, or
drought resistance. Considering the prolonged drought conditions
in the Mediterranean Basin (and specifically in our study area), plant
species in scrublands may have to compensate for their high SLA and
low leaf thickness with their small leaf area to have some drought
resistance. Moreover, since SLA has a positive relationship with the
relative growth rate (Violle et al., 2007), the results also suggest
that plant communities in scrublands consist of species with faster
growth rates than other vegetation types. Thus, our results may in-
dicate that scrublands are at different place of the slow-fast contin-
uum of the life history than forests and shrublands at the community
level in the Mediterranean Basin. Therefore, the plant community in
scrublands can be expected to have better performance under fre-
quent disturbances (such as fire and herbivory) but worse in the case
of drought than shrublands and forests, and vice versa.

Due to the prolonged summer drought, specific leaf traits
are expected to be filtered by regional climatic conditions in the
Mediterranean Basin. This filtering process may have resulted in
assembling plant communities exhibiting adaptations to drought
conditions. For instance, sclerophyll leaves are characteristic of
woody plant species in Mediterranean-type ecosystems worldwide;
even their floras share no or ancient evolutionary origins (Mooney
& Dunn, 1970). Our findings reveal a weak but significant positive
relationship between precipitation and the mean leaf area across
the study sites, suggesting that precipitation may be a driver of leaf
area in local communities. However, in our study, vegetation type,
regeneration strategy, and growth form had a more pronounced in-
fluence on shaping the leaf area trait. Fire is another selective force
for Mediterranean species operating as fire regimes at the local
scale. Although variability in regeneration traits can be attributed
to fire regimes in the Mediterranean Basin (Moreira et al., 2012),
fire-related traits could not be expected to explain much variability
in leaf traits. In our study, in contrast, we found that resprouting
ability and regeneration strategy account for some variability in
leaf traits. Physiological differences between the two regeneration
syndromes also lead to the coexistence of these two regeneration
strategies in Mediterranean vegetation (Vilagrosa et al., 2014). Such
differences are attributed to a trade-off between drought resis-
tance and carbon storage (Paula & Pausas, 2006) since resprouters
have to allocate more resources to their roots and underground
organs that allow them to resprout after a fire. Consequently, re-
sprouters are less tolerant to drought than non-resprouters in the
Mediterranean Basin as they have higher SLA than non-resprouters.
Moreover, the significant weight of the phylogenetic constraint in
the association between the resprouting ability and SLA suggests
that long-term evolutionary processes have also contributed to
the differences in SLA values between resprouters and nonre-
sprouters. Although the distinction between resprouters and non-
resprouters explains a significant amount of leaf trait variability in
Mediterranean plants (this study; Paula & Pausas, 2006), our results
suggest that further functional separation in regeneration mode,
by considering the propagule-persistence trait and the seed bank
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locality (soil or canopy) of non-resprouter species, offers a more
compherensive explanation for leaf trait variability. Therefore,
using multiple regenerative traits, such as regeneration strat-
egy, seed bank location, and fire-stimuated germination, may en-
hance our understanding of how trait variability is shaped in plant

communities of the Mediterranean Basin (e.g. Huerta et al., 2021,
Tavsanoglu & Giirkan, 2014).

Although leaf traits such as SLA and leaf size do not differ even be-
tween woody species and herbs at the global level (Diaz et al., 2016),
we found that a considerable portion of the variation in leaf traits
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can be attributed to the woody growth form. A similar result was ob-
tained by Navarro and Hidalgo-Triana (2021) for SLA by considering
trees, large shrubs, and shrubs in a series of Mediterranean shrub-
lands. These results suggest that structural differences in woody
plant forms are responsible for at least some of the observed vari-
ability in leaf traits in Mediterranean plants. Vegetation type, growth
form, and regeneration mode all contribute to the leaf trait variability
in local plant communities of the Mediterranean Basin. The differ-
ence in leaf traits among vegetation types considered in our study
may also be attributed to the functional distinctness of these five
vegetation types (Tifekcioglu & Tavsanoglu, 2022). Besides the vari-
ability at functional group and vegetation type levels, we also ob-
served a substantial variation in leaf traits in plant communities at
the transect scale. Indeed, there is growing evidence that consistent
relationships among leaf economic spectrum traits at the global scale
(Wright et al., 2004) may not be expressed at the community scale
and leaf trait dimensions can be locally variable (Messier et al., 2017).
Consequently, overlooking leaf trait variability at the local scale could
underestimate the role of microhabitat filters in community assembly,
potentially leading to ineffective ecological decisions, such as those
in restoration plans (Shi et al., 2018). Therefore, studying leaf traits in
plant communities at the local scale will provide a more comprehe-
rensive understanding of leaf trait variability.
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