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A B S T R A C T

Background: The Iberian Peninsula comprises one of the largest boundaries between Mediterranean and Euro-
siberian vegetation, known as sub-Mediterranean zone. This ecotone hosts many unique plant species and com-
munities and constitutes the low-latitude (warm) margin of numerous central European species which co-occur
with Mediterranean vegetation. Two of the main species found in this region are the Eurosiberian European beech
(Fagus sylvatica L.) and the Mediterranean Pyrenean oak (Quercus pyrenaica Willd.). It remains unclear how the
different physiological and adaptive strategies of these two species reflect their niche partitioning within a sub-
Mediterranean community and to what extent phenotypic variation (intraspecific variability) is driving niche
partitioning across Eurosiberian and Mediterranean species.
Methods: We quantified functional niche partitioning, based on the n-dimensional hypervolume to nine traits
related to resource acquisition strategies (leaf, stem and root) plus relative growth rate as an additional whole-
plant trait, and the environmental niche similarity between Pyrenean oak and European beech. Further, we
analyzed the degree of phenotypic variation of both target species and its relationship with relative growth rates
(RGR) and environmental conditions. Plant recruitment was measured for both target species as a proxy for the
average fitness.
Results: Species’ functional space was highly segregated (13.09% overlap), mainly due to differences in niche
breadth (59.7%) rather than niche replacement (25.6%), and beech showed higher trait variability, i.e., had larger
functional space. However, both species shared the environmental space, i.e., environmental niches were over-
lapped. Most plant traits were not related to abiotic variables or RGR, neither did RGR to plant traits.
Conclusions: Both target species share similar environmental space, however, show notably different functional
resource-use strategies, promoting a high complementarity that contributes to maintaining a high functionality in
sub-Mediterranean ecosystems. Therefore, we propose that conservation efforts be oriented to preserve both
species in these habitats to maximize ecosystem functionality and resilience.
1. Introduction

The southern two thirds of the Iberian Peninsula account for around
20% of the total surface of the Mediterranean region (Qu�ezel, 1985),
with the northernmost part of the Peninsula belonging to the Euro-
siberian region. Thus, the Iberian Peninsula represents one of the largest
boundaries between Mediterranean and Eurosiberian vegetation, known
as the sub-Mediterranean zone (S�anchez de Dios et al., 2009). This
transitional region constitutes the lower latitude margins of the
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distribution ranges of numerous central European species that co-occur
with Mediterranean vegetation (Qu�ezel, 1985). Given their particular
environmental conditions at the boundary between Mediterranean and
Eurosiberian climates, sub-Mediterranean regions are of special conser-
vation interest because of their high biodiversity. These ecotone regions
host species from both Mediterranean and Eurosiberian climates and
many endemic species forming unique plant communities (S�anchez de
Dios et al., 2009; Vila-Viçosa et al., 2020a, 2020b; see Loidi (2017) for a
detailed description of the sub-Mediterranean vegetation in the Iberian
ology, Konrad-Wachsmann-Allee 6, 03046, Cottbus, Germany.
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Peninsula).
Two of the main tree species inhabiting these mixed communities in

the Iberian sub-Mediterranean regions are the Pyrenean oak (Quercus
pyrenaica Willd.) and the European beech (Fagus sylvatica L.; S�anchez de
Dios et al., 2009). Pyrenean oak and European beech (referred to as
beech hereafter) are dominant key species in forest formations in Med-
iterranean and Eurosiberian regions, respectively (von Wühlisch, 2008;
Packham et al., 2012; Quintano et al., 2016). Pyrenean oak is especially
important in the Iberian Peninsula, which hosts 95% of Pyrenean oak's
global distribution (Lorite et al., 2008; Quintano et al., 2016). This spe-
cies has traditionally been of interest for silvo-pastoral uses: firewood,
charcoal production and grazing for livestock in times of pasture scarcity
(Jim�enez et al., 1998). It also plays an important ecological role in the
Iberian Peninsula for the species-rich ecosystems it creates (García and
Jim�enez, 2009; Quintano et al., 2016). In fact, Pyrenean oak forest for-
mations are included in the European Habitats Directive —habitat 9230
subtype 41.61— as Sites of Community Importance (García and Jim�enez,
2009; Interpretation Manual of European Habitats - EUR28). However,
due to a long history of human activities, Pyrenean oak forests are
nowadays seriously deteriorated (Calvo et al., 2003; Castro et al., 2006;
Quintano et al., 2016; Salom�on et al., 2017).

Beech is one of the most ecologically and culturally important trees in
Europe (von Wühlisch, 2008; Packham et al., 2012); it is found
throughout the continent, with its optimal distribution range around
Central Europe (Bohn and Welβ, 2003; Kramer et al., 2010). Beech is
especially sensitive to drought stress (Aranda et al., 2013) and is being
replaced by more drought-resistant species in lower altitudes in response
to increasing drought events due to climate change (Pe~nuelas and Boada,
2003; Albert et al., 2017; Ill�es and M�oricz, 2022). Further, at a conti-
nental scale, species distribution models predict a northward shift in
beech distribution ranges (Kramer et al., 2010). Rear-edge (warmer)
marginal populations are potentially more vulnerable to increasing
drought conditions than populations at the core of its distribution range
(Fr�ejaville et al., 2020; Camarero et al., 2021). However, contrary to
these predictions, beech populations in the Iberian “Sistema Central”
mountainous range are spreading, likely in response to the abandonment
of traditional land uses that occurred after the middle twentieth century
(S�anchez de Dios et al., 2021). It is important to develop appropriate
management and conservation measures for this species that ensure its
persistence and correct functioning in sub-Mediterranean habitats.

Although there is abundant information available in the literature on
the distribution and ecology of both beech and Pyrenean oak (Aranda,
1998; Aranda et al., 1996, 2013, 2020; Kramer et al., 2010; Camis�on
et al., 2015; Quintano et al., 2016; P�erez-Luque et al., 2020), it still re-
mains unclear how the different functional responses of these two species
determine the composition and structure of mixed forests in
sub-Mediterranean communities under a climate change scenario. In this
context, a functional trait approach is a broadly-known, key tool to un-
derstand the mechanisms underlying species responses to changing
environmental conditions and to assess niche differences among coex-
isting species (de la Riva et al., 2018b; Carvalho et al., 2020). Further-
more, a functional profiling approach allows to elucidate how individuals
use the resources from their environment (Garnier and Navas, 2012),
being the differences among species associated with specific functional
strategies (Carvalho et al., 2020).

According to modern coexistence theory, differences in functional
niche and fitness among species drive the outcome of competition under
any combination of environmental conditions (Kraft et al., 2015). The
differences in average species fitness in a community determine the
competitive dominance of certain species in terms of per-capita growth
rates (Chesson, 2000). On the other hand, the range of distribution of
trait values within species, i.e. the intraspecific trait variation, may be
considered a proxy of their realized niche (Helsen et al., 2020). In this
regard, functional segregation among species in a community depends
both on their mean trait values (i.e., functional distinctiveness) and the
intraspecific variation of these trait values (i.e., functional diversity)
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(Gal�an Díaz et al., 2021). In this framework, quantifying the functional
niche space overlap based on plant traits defining multiple resource-use
strategies improves the understanding of plant species coexistence within
communities with varying resource availability (Carvalho and Cardoso,
2020). Functional trait convergence among coexisting species (low
functional distinctiveness) may arise as a result of habitat filtering
(McGill et al., 2006). By contrast, high functional distinctiveness allows
coexisting species to minimize fitness differences and avoid interspecific
competition through higher complementarity in the use of resources
(Mao et al., 2018), a process known as limiting similarity (MacArthur and
Levins, 1967). In this regard, high intraspecific variation enhances the
competitive ability of plant species and stabilizes their niche differences
with competitors (Bittebiere et al., 2019), leading to functional trait
divergence within a given habitat, and ultimately determining commu-
nity assembly processes (Jung et al., 2010). Thus, incorporating intra-
specific trait variability will improve our understanding of how
coexisting species exploit the available resources and the implications of
coexisting strategies for ecosystem processes and functions.

Integrating functional strategies at the whole plant level is important
since resource use strategies can be measured and defined at multiple
organ levels (e.g. leaves, roots and stems; Wright et al., 2004; Chave
et al., 2009; Prieto et al., 2015; Roumet et al., 2016; see de la Riva et al.,
2016; Zhao et al., 2016 for the Plant Economics Spectrum). An integrated
approach to the study of functional strategies at the whole plant level has
been often overlooked within the conceptual framework of niche
breadth. Previous studies have typically focused on a single attribute of
the study species such as distribution or tree growth (i.e., Ruiz-Labour-
dette et al., 2012; Dorado-Li~n�an et al., 2017, 2019). Moreover, some
recent studies have mainly focused on traits related only to water use
(e.g., Gonz�alez-Gonz�alez et al., 2014; Vodnik et al., 2019; Gea-Izquierdo
et al., 2021), overlooking the use of other resources. Most of these studies
have explored the segregation of tree species based mainly on their
sensitivity to climate and particularly to drought stress. However, addi-
tional factors that are often ignored, such as soil physicochemical prop-
erties or topographic attributes, also seem to determine species
performance and composition of sub-Mediterranean ecosystems (Nanos
et al., 2005).

Transition zones, such as the sub-Mediterranean ecotone, where
species from two different biomes can coexist, are ideal to assess species
coexistence across environmental gradients (Mao et al., 2018), but have
received relatively limited attention to date. Our main goal was to
determine whether coexistence of Pyrenean oak and beech trees in a
mixed forest stand in central Spain, where beech reaches one of the
southernmost populations in Europe (Hern�andez Bermejo et al., 1982;
Aranda et al., 2000; Rubio-Cuadrado et al., 2018a), is driven by differ-
ences in niche partitioning. To address this aim, we first analyzed the
functional distinctiveness and functional diversity of both species at the
whole plant level using 9 leaf, stem and root traits, plus the relative
growth rate measured in 51 individual trees, and identified which were
the environmental drivers best associated with phenotypic variation
along the forest. In addition, we also estimated the functional niche of
both species using the multidimensional hypervolume concept proposed
by Hutchinson (see Blonder et al., 2014; Blonder, 2018; and Carmona
et al., 2016, 2019). In this approach, hypervolume overlap corresponds
to the functional space shared by both species and hypervolume differ-
entiation corresponds to the unique functional space of each species
(Carvalho and Cardoso, 2020). Furthermore, we assessed plant recruit-
ment as a proxy of average fitness. Moreover, given that environmental
heterogeneity at local scale may also affect the coexistence of different
species (Speziale and Ezcurra, 2011), we also compared the environ-
mental niches of both species, that is, the environmental conditions that
each species needs to meet its physiological and ecological requirements
(Pearman et al., 2008; VanDerWal et al., 2009). The comparative study of
the functional and environmental niches of beech and Pyrenean oak will
improve our understanding of the ecology and assembly processes of
sub-Mediterranean communities. Such information may provide
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guidance for the conservation and restoration of these ecosystems in a
climate change context (Cavender-Bares et al., 2016; Nock et al., 2016).

2. Materials and methods

2.1. Study area

This study was carried out in the “Hayedo de Montejo” forest (Mon-
tejo forest hereafter). This forest was traditionally managed as an open
woodland, and it evolved into the current secondary forest since the
abandonment of massive livestock grazing in the 1960s (Pardo and Gil,
2005). However, today it still is relatively easy to find a few cows grazing
sporadically in the forest. Montejo forest is part of the “Ancient and
Primeval Beech Forests of the Carpathians and Other Regions of Europe”,
a list of European beech forests included in the UNESCO World Heritage
Sites List. Furthermore, Montejo is part of the “Sierra del Rinc�on”, which
was designated as a Reserve of the Biosphere by UNESCO in 2005.
Montejo is a sub-Mediterranean forest with a high diversity of plant
species and communities coexisting in a relatively small area (Hern�andez
Bermejo et al., 1982; Gil et al., 2010; Moreno et al., 2005). The forest
species list includes some endangered herbaceous species such as Paris
quadrifolia L., Melica uniflora Retz. and Aconitum napellus L., as well as
tree species at the rear edge of their distribution in Europe such as Fagus
sylvatica L. and Quercus petraea (Matt.) Liebl. (Rodríguez-Calcerrada
et al., 2011). Eurosiberian species coexist with typically Mediterranean
plant species such as the already mentioned Pyrenean oak (Q. pyrenaica)
and other small tree species such as hawthorne (Crataegus monogyna
Jacq.), among others (S�anchez de Dios et al., 2009; Gil et al., 2010;
Rivas-Martínez et al., 2011).

The Montejo forest has ca. 125 ha and is located in the Spanish
“Sistema Central” range (41�70 N, 3�300 W), between 1250 and 1550 m
a.s.l. Orientation is predominantly northeast, although it ranges from
south to north in some locations. The area has a transitional climate
between the Mediterranean climate in the east of the mountain range and
more continental climate in the western side. The slope of the terrain
varies between nearly flat at higher elevations to slopes of ca. 58% in the
steepest areas. Soil depth ranges from 30 cm in upper areas to 1.5 m
down in the valley. Mean annual precipitation in the study forest is 858.8
mm and mean annual temperature 9.7 �C for the 1994–2021 period.
Summers are dry and hot, with a marked drought period (average rainfall
and temperature in July are 23.9 mm and 19.1 �C, respectively) typical of
the Mediterranean climate. Precipitation and temperature data were
obtained from a weather station located in the Montejo forest that has
been recording climatic data since 1994.

The geology of the area is dominated by schists (Moreno et al., 2005).
Soils have a sandy loam texture with three well-marked horizons. They
are fertile and moderately acidic with good permeability and moderate
water-holding capacity (Gil et al., 2010).

2.2. Sampling design

From 1994 to 2015 three forest inventories (FIs) were made in
Montejo by personnel from the Polytechnic University of Madrid, in
1994, 2005 and 2015. In these FIs, 125 circular plots with a 30-m
diameter were established in a 100 m � 100 m grid. In each of the
plots, all trees were counted to estimate total tree density (number of
trees per ha) and identified at the species level. Moreover, basal area
(m2⋅ha�1) and dominant height of 10 taller trees/plot (m) were esti-
mated. Tree diameter at breast height (DBH) was measured in trees with
DBH >5 cm. In the FIs of the years 2005 and 2015, the center of the 125
plots as well as the adult trees (DBH > 5 cm) within each plot were
georeferenced with a total station. See Appendix S6 Table S6.3 for mean
values and variance of stem density, basal area, dominant tree height and
DBH by each of the forest types detailed below.

For our study, we selected a subset of 60 plots and sampled 51 healthy
adult trees from the FI with at least 10 cm of DBH scattered throughout
3

the forest in accordance with their distribution, both in areas where
beech is more abundant than Pyrenean oak and in areas where Pyrenean
oak is more abundant than beech, as well as in areas where both species
have similar abundances and in areas where sessile oak (Q. petraea), the
third most abundant species in Montejo forest, is the dominant tree
species (see Appendix S6 Table S6.2 for the abundances of these three
species in the different areas of the forest). These areas were classified
based on the dominance of the species registered in the FI as follows: (I)
Fagus sylvatica, (II) Quercus pyrenaica, (III) Quercus petraea (when >60%
of the abundance corresponded to one of these three species, respec-
tively), (IV) mixed forest 1 (transition areas between F. sylvatica and
Q. pyrenaica) and (V) mixed forest 2 (transition area with codominance of
F. sylvatica, Q. pyrenaica and Q. petraea). We selected 26 individuals of
F. sylvatica and 25 of Q. pyrenaica that, according to FIs, are the main
representatives of Eurosiberian and Mediterranean vegetation in Mon-
tejo, respectively. Five individuals from the FIs of each target species
were sampled in each area, except in area V where 6 individuals of beech
were sampled instead of five.

2.3. Measurements of abiotic variables

In a subset of 60 plots from the FIs, we determined soil organic matter
content (SOM) and soil nitrate and phosphate concentrations. Three soil
samples were collected between June and July 2021 with a hand trowel
from the top 15 cm in each plot at three spots following the slope of the
plot, one of the samples corresponding to the center of the plot and the
other two approximately 5 m above and below the center. The three soil
samples from each plot were then mixed in a plastic bag to homogenize
the soil and taken to the lab where they were dried at 50 �C to constant
weight (~72 h) and sieved at 2 mm. Soil organic matter content was
estimated by the loss-on-ignition (LOI) method (Bensharada et al., 2022),
soil nitrate concentration was determined using a UV/VI spectropho-
tometer at 218/228 nm after extraction with 0.01 mol⋅L�1 calcium
chloride (Houba et al., 2000), and soil phosphate concentration was
estimated with the same spectrophotometer at 880 nm after extraction
with Calcium-Acetate-Lactate (CAL) solution (Schüller, 1969). Slope,
aspect and altitude of the plots where the trees were selected were esti-
mated using the GIS software package Spatial Analyst (AcrGIS 10
Desktop 10.5.1) and the Digital Terrain Model of 5 m grid produced by
the Spanish National Program for Aerial Orthophotography (PNOA). Soil
depth was measured in four points 10-m apart from the center of the plot
following cardinal directions by hammering a 1-m-long iron bar into the
soil until reaching the bedrock. When the bedrock was deeper than 1 m,
we assigned a value of 1 m soil depth to that specific location. Soil depth
was then calculated as the mean depth of the four values per plot.

2.4. Plant trait sampling and measurements

Plant material (leaf, shoots and roots) was sampled for each tree be-
tween June and July 2021, when leaves were fully expanded. From each
selected individual, leaves, stems and roots were sampled. We selected
healthy, mature trees and collected south-oriented, two-year-old shoots
with full-sun-exposed and expanded green leaves using a 4-m pole vault
ensuring all the leaves were attached to the shoot section. Heights of
sampled branches varied due to tree canopy structure and technical
limitations. In the same trees, we excavated fine roots (<2 mm diameter)
from the top 15–20 cm of soil near the trunk of the trees. Roots were
stored fresh in the field and taken to the lab where they were rinsed in
distilled water to eliminate adhered soil particles.

Six aboveground and three belowground key morphological and
physicochemical functional traits associated with resource acquisition
were measured (Table 1): leaf dry matter content (LDMC; leaf dry mass
per unit of water-saturated fresh mass; mg⋅g�1), specific leaf area (SLA;
leaf area per unit of leaf dry mass; m2⋅kg�1), leaf C isotopic ratio (δ13C;
‰), leaf carbon to nitrogen ratio (C:N), stem dry matter content (SDMC;
stem dry mass per unit of water-saturated fresh mass; mg⋅g�1), Huber



Table 1
List of the 9 functional traits considered in this study, their abbreviations, units and functional roles.

Trait Abbreviation Unit Functional role References

Leaf morphology
Leaf dry matter content LDMC mg⋅g�1 Physical resistance and stress tolerance P�erez-Harguindeguy et al. (2013); de la Riva et al. (2017)
Specific leaf area SLA m2⋅kg�1 Leaf longevity, light capture and growth rate Shipley and Vu (2002)
Stem morphology
Stem dry matter content SDMC mg⋅g�1 Physical resistance de la Riva et al. (2018b)
Root morphology
Root dry matter content RDMC mg⋅g�1 Physical resistance de la Riva et al. (2018b)
Specific root area SRA m2⋅kg�1 Water and nutrients acquisition de la Riva et al. (2021b)
Average root diameter Rdiam mm Water and nutrients acquisition Freschet et al. (2021)
Physiology
Huber value Hv cm2⋅cm�2 Water transport capacity Mencuccini et al. (2019)
Leaf chemistry
Isotopic carbon fraction δ13C ‰ Gas exchange and water use efficiency Prieto et al. (2018)
Ratio C:N C:N %/% Growth rate Zhang et al. (2020)

Based on fresh mass.
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value (Hv; sapwood area:leaf area), root dry matter content (RDMC; root
dry mass per unit of root fresh mass; mg⋅g�1), specific root area (SRA;
root area per unit of root dry mass; m2⋅kg�1), average root diameter
(Rdiam; mm), and tree main-stem relative growth rate (RGR;
mm⋅mm�1⋅year�1). Leaves and roots were scanned with EPSON® V850
PRO scanner. Leaf area was measured from the scanned images with
ImageJ software (Schneider et al., 2012). Root area and diameter were
obtained by analyzing the scanned images with WinRHIZO 2009 (Regent
Instruments and Win/MacRHIZO, 2001). Tissue collection, storing and
processing of all leaf, stem and root material, as well as trait measure-
ments, were carried out following the protocols detailed by
P�erez-Harguindeguy et al. (2013). RDMC was measured following the
same procedure as LDMC. For a detailed protocol of trait harvesting and
measurements see also de la Riva et al. (2016).

Tree diameter at breast height (DBH) was used to calculate the tree
relative growth rate (RGR) as the difference in DBH between the years
2021 and 2005 divided by the DBH in 2005 (to account for differences in
tree size) and by the number of years elapsed between initial and final
DBH, i.e., 16 years, to calculate it on a yearly basis.

Additionally, plant recruitment was measured for both target species
and taken as a proxy of average fitness. As present recruitment may be
highly determined by the dominance of the species in the plot (Perea
et al., 2020), we divided the forest in the five different categories detailed
above (Appendix S6 Table S6.2). Plots were then classified into one of the
five categories and a minimum of three plots per category were then
selected (a total of 22 plots). The selection of plots was made according to
the topography of the terrain and the abundances recorded in the FI of
the three main species in the different areas. In each of the plots, three
25-m long and 2-m wide parallel transects along the slope were drawn
and all the individuals of both beech and Pyrenean oak with a DBH <5
cm were counted along this transect and classified as seedlings (<1 year
old) or juveniles (�1 year old) following the protocol of Lloret et al.
(2016). For the purposes of our study we did not differentiate between
juveniles being resprouts and juveniles grown from seeds. However, we
assume the majority of juveniles of Pyrenean oak to be sprouts due to
their proximity to adult trees and the high sprouting ability of this species
(Valbuena-Caraba~na and Gil, 2013). Juveniles of beech, on the other
hand, were considered mostly trees from seed origin due to their usually
relatively high distance to potential mother trees (personal observation)
and because seed origin is the predominant form of regeneration of beech
(Milios and Papalexandris, 2019). All individuals classified as seedling
were individuals from seed origin.
2.5. Data analyses

2.5.1. Functional niche analyses
We analyzed the degree of functional dissimilitude between species

using a two-tailed Wilcoxon test for each plant trait to detect significant
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differences in mean trait values. When significant, one-tailed Wilcoxon
tests were run to detect which species showed higher (or lower) trait
values. To assess differences in the functional niche segregation and
phenotypic diversity between beech and Pyrenean oak, we calculated
their trait probability density function (TPD), which represents the
probabilities of observing each possible trait value in a given ecological
unit (sensu Carmona et al., 2016), and functional richness (FRic) — i.e.,
the functional trait space occupied by a species (Carmona et al., 2019)—
for each trait independently. For each species its TPD was calculated
using kernel density estimation based on trait averages and variances of
the species (see Carmona et al., 2019 for mathematical details). FRic is
the sum of the hypervolumes of cells in which TPD is greater than 0. FRic
is conceptually similar to the volume obtained with the hypervolume
method (Blonder 2018; see Appendix S2 Table S2.1 for values of FRic for
each study trait of both target species). Both TPDs and FRic were
calculated with the TPD R package with default parameters (Carmona
et al., 2019). Additionally, we built the functional hypervolume of each
species with the 9 leaf, stem and root traits plus RGR following the
multidimensional kernel density estimation (KDE) procedure with
default parameters from the HYPERVOLUME R package (Blonder et al.,
2018b). In order to reduce the number of dimensions and improve axes
orthogonality (recommended for this analysis), we first conducted a
principal component analysis (PCA) including all study traits previously
log-transformed, centered and scaled (Blonder et al., 2018b). We used
the first three principal components to construct the hypervolumes,
which explained 69.04% of the variance of trait values. This hyper-
volume represents the realized functional niche of the species (see Ap-
pendix S3 from Supporting Information for details of hypervolume
construction). We assessed functional niche segregation between beech
and Pyrenean oak by calculating the overlap/differentiation between the
total hypervolume of each species (see Appendix S4 from Supporting
Information for more details of overlap calculation).

As these metrics of phenotypic diversity, i.e., the range of values
occupied by each trait and the functional space occupied by each species,
may be strongly influenced by the effect of certain individuals with
extreme trait values, to remove this confounding effect, we computed the
size of the kernel density for each trait independently and for the total
hypervolume using 100 randomizations and 15 individuals per species.
This randomization allowed us to determine actual differences in the
phenotypic diversity of each species and not the effect of potential in-
dividuals with extreme trait values. Then, we calculated the mean effect
size (Hedges’ d) and bias-corrected 95%-bootstrap confidence intervals
(EFFSIZE R package, Torchiano, 2018) for differences in kernel densities
between species, for each trait independently and for the hypervolume
constructed with the 10 traits. Mean effect sizes were considered sig-
nificant when their 95%-confidence interval did not overlap with zero.

To explore the influence of abiotic variables (SOM, soil nitrate and
phosphate concentrations, soil depth and slope) in the phenotypic
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variability of each species, we conducted maximum likelihood tech-
niques with a linear function using the LIKELIHOOD package in R
(Murphy, 2015). We only fitted two-factor models to avoid over-
estimating the models with spurious parameters with very poor weights
(Grueber et al., 2011). The factors were added either additively or
multiplicatively. We computed every possible model and models were
then ranked by their Akaike Information Criterion corrected for small
sample size (AICc, Barton and Barton, 2015). We selected the best-fitted
model as the model with the lowest Akaike Information Criterion (ΔAIC
< 2). The best-fitted linear models were then re-run using REML and the
slope of these models were used as an estimation of the variability of each
trait in response to the corresponding environmental factors.

2.5.2. Environmental and geographic niche analyses
To compare the environmental requirements of each species we

calculated the environmental niche segregation and their preferences for
the geographical space with the subset of 60 plots from the FIs. To do
that, two different approaches were used: i) the ECOSPAT framework
that includes tools for the spatial analysis and modeling of species'
realized niches (Broennimann et al., 2012; Di Cola et al., 2017) and ii)
generalized linear regression models (GLMs). Both approaches are
complementary, since the first one quantifies the environmental niche
through the overlapping of niches between the two target species only
based on the environmental values extracted for the presence records of
each species; while the second one calculates both the environmental and
the geographic niches for the two target species based on the abundance
data in terms of total tree density (response variable) related to the five
selected topographic and soil predictor variables (independent variable).
The environmental and geographic niche calculations based on both the
ECOSPAT and generalized linear regression model (GLMs) approaches
are described in detail in Supporting Information Appendix S5. Prior to
conducting statistical analyses, to spatialise the abiotic data (topographic
attributes and soil properties) collected for each study plot, we performed
Fig. 1. Trait Probability density (TPD) functions for each of the study traits in Fagus s
significant differences between both species are shown. Note: Hv values are multiplie
differences among the mean values (two-tailed Wilcoxon test analyses) are marked wi
p < 0.05 ‘*’. (For interpretation of the references to colour in this figure legend, the
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a geospatial interpolation through different steps: 1) we created and
rasterized a grid template with the same pixel size as the plot diameter
(30 m); 2) we fitted a model to return objects by using the Inverse Dis-
tance Weighting method; and 3) we interpolated by using the “interpo-
late” function from the RASTER R package. We then derived raster files
corresponding to the original predictor variables (i.e. three topographic
attributes and five soil attributes) that may play an important role in
defining the environmental suitability for the two target species at fine
scales. We measured collinearity effects with the pairwise Pearson's
correlation coefficient and variance inflation factor (VIF) for these first
eight predictors, and defined the final set considering the statistical tests,
expert judgment, and scientific literature (Pardo et al., 1997; Gavil�an
et al., 2018). Thus, we considered only those variables having Pearson's
pairwise correlation coefficients �0.75 and VIF <4 and thus only five
independent predictors: aspect (ASP), elevation (ELE), soil organic mat-
ter (SOM), slope (SLO), and soil depth (SDP).

2.5.3. Recruitment analyses
To compare the average fitness based on species recruitment, we used

contingency tables and the chi-square test of independence. Recruits
were separated by category (sites dominated by Fagus sylvatica, Quercus
pyrenaica, Quercus petraea and a mixture of the species) and by age
(seedlings and juveniles), and significance between these factors (p-
value) was computed using a Monte Carlo simulation with 5000 repeti-
tions (Hope, 1968).

All data analyses were conducted with the R Software v. 4.1.2 (R Core
Team, 2021).

3. Results

Results from trait probability density analyses indicated that beech
and Pyrenean oak are functionally dissimilar species with different trait
values for each species for nine out of the 10 traits considered (Fig. 1).
ylvatica (F. syl, green) and Quercus pyrenaica (Q. pyr, blue). Only traits presenting
d by 105 to facilitate comparisons. Trait abbreviations are in Table 1. Significant
th an asterisk at the top left corner of each plot: p < 0.001 ‘***’; p < 0.01 ‘**’ and
reader is referred to the Web version of this article.)
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Beech had on average higher LDMC, SLA, SDMC, RDMC, SRA and RGR,
while Pyrenean oak showed higher leaf δ13C, Huber values (Hv) and
Rdiam (p < 0.05 in all cases) (Fig. 1); foliar C:N showed marginal sig-
nificant differences between species (p¼ 0.081). Descriptive statistics for
the study traits of both species are shown in Table S1.1. FRic values are
shown in Table S2.1.

Overall, results from the randomized analysis showed higher di-
versity in the trait space for beech than for Pyrenean oak. Mean effect
sizes were positive and significantly different from 0, except for SDMC
and δ13C, indicating that beech occupied a larger proportion of the
functional space than Pyrenean oak by presenting higher phenotypic
variability (except for Hv which showed the opposite pattern), an effect
that was magnified when accounting for all traits together (Fig. 2).

Results from our linear modeling approach showed a predominant
influence of altitude on three out of the 10 study traits. Beech trees
growing at lower altitudes had higher Hv, leaf δ13C and thicker Rdiam
(Fig. 3), reflecting a more conservative and efficient use of water with
decreases in altitude. Conversely, we found no significant relationships
between abiotic variables and traits for Pyrenean oak.

Our results show that beech and Pyrenean oak present highly segre-
gated functional niches, as shown by the low level of niche overlap
(13.09%) between both hypervolumes (Fig. 4a; Supporting Information,
Appendix S3, Fig. S3.1; see Appendix S4 in the Supporting Information
for details on the calculation of niche overlap and partitioning).

We did not observe differences in the environmental niche between
species (Fig. 4b). The PCA calculated by ECOSPAT explained 63.52% of
the variability in the study area (first component: 42.78%; second
component, 20.74%) (Supporting Information, Appendix S5, Fig. S5.3a).
The equivalency and similarity tests showed that environmental niches
were not less similar than expected by chance, with these tests exhibiting
non-significant p-values (Supporting Information, Appendix S5,
Fig. S5.3b). Moreover, the mean Schoener's D index, a measure of spatial
niche overlap (Schoener, 1968; Warren et al., 2008, see Appendix S5 for
details), indicated a high overlap between niches (D ¼ 0.71), with high
stability (S ¼ 0.98; I: 0.83 n.s.) while the expansion and unfilling were
low (E ¼ 0.02 and U ¼ 0.13, respectively).

Based on GLM results, topographic and soil-related models at local
and finer scale showed a high performance in terms of abundance for
beech and Pyrenean oak, being the latter the species that showed the
highest performance for all metrics (Supporting Information, Appendix
S5, Table S5.1). In addition to showing a high relationship of species
6

performance with elevation, which was highlighted in previous sections,
both species also showed a high effect of aspect, but with opposite sing
(Supporting Information, Appendix S5, Table S5.2). Although beech did
not show a significant relationship with slope, Pyrenean oak showed a
strong and significant relationship with this topographic variable.
However, the highlight finding was that the abundance of both species
showed opposite relationships with soil organic matter and soil depth,
being highly significant in beech and not in Pyrenean oak.

The local correlation map between the GLM predictions for both
species based on topographic and soil-related predictors (Fig. 5) shows
pixels where correlation between model predictions is negative, null or
positive over the study area. Positive correlations appear in moderate to
low slope areas (i.e. areas with the wider contour lines), where both
species coexist, while negative correlations are observed in areas where
steep slopes and shallow soils are more suitable for Pyrenean oak than for
beech (Fig. 5).

Plant recruitment was also non-randomly distributed across forest
types and ages for both beech and Pyrenean oak (p < 0.001). We regis-
tered a higher number of seedlings of beech than expected by chance
(null model), except in those plots dominated by Pyrenean oak, where
beech seedlings were very scarce or absent and beech juveniles were
found in relatively low numbers (Fig. 6; Supporting Information, Ap-
pendix S6, Table S6.1).

4. Discussion

4.1. Differences in functional strategies and phenotypic variability
among beech and Pyrenean oak

In this study, we observed a clear functional distinctiveness at the
whole plant level (leaf, stem and roots) between beech and Pyrenean oak
that allows their coexistence in a bioclimatic boundary such as the sub-
Mediterranean Hayedo de Montejo forest. Beech is a mesophytic shade
tolerant species that is widely distributed in temperate climates (Mar-
acchi et al., 2005; Durrant et al., 2016), and rare in the Mediterranean
due to its high sensitivity to water stress across all its ontogenetic stages
(Ellenberg, 1988; Hacke and Sauter, 1995; Aranda et al., 1996; Robson
et al., 2009). On the other hand, Pyrenean oak is a Mediterranean species
distributed at lower latitudes in southern Europe with a high tolerance to
water stress (Lorite et al., 2008; Quintano et al., 2016). Although beech
tends to show lower stomatal conductance and higher stomatal control
Fig. 2. Mean effect size (Hedges' d) and bias-
corrected 95%-bootstrap confidence intervals for dif-
ferences in the intraspecific variability (kernel den-
sity) of each trait independently and all together
(Total) among Fagus sylvatica and Quercus pyrenaica.
Positive mean effect sizes indicate that F. sylvatica
presented on average larger intraspecific variability
for a given trait than Q. pyrenaica. Size of the kernel
density for each trait and for the 10 traits together
(Total) were obtained by 100 randomizations
composed of 15 individuals per species from the total
pool. A mean effect size is considered significantly
different from zero when its 95%-confidence interval
does not overlap with zero (vertical solid line).



Fig. 3. Relationship of trait values of Fagus sylvatica in response to altitude (the
best-fitted models supported by the Akaike Information Criterion (ΔAIC < 2)).
Root diameter was fitted to altitude after excluding one outlier with abnormally
high root diameter (red square). R2 of fitted models are shown in the upper-right
corner of each plot. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

S. de Tom�as Marín et al. Forest Ecosystems 10 (2023) 100097
when water availability decreases than other temperate species such as
Q. petraea (Aranda et al., 2005), it showed a greater resource acquisitive
strategy than Pyrenean oak, i.e. higher resource uptake (higher SLA) and
faster relative growth rates, in agreement with our expectations. More-
over, the lower foliar δ13C and C:N ratios observed in beech in our study
may be related to a more profligate use of water and nutrients (Poorter
and de Jong, 1999; Prieto et al., 2018). In contrast, Pyrenean oak showed
the opposite trend (Fig. 1), reflecting a higher efficiency in the use of
nutrients and water, i.e. lower SLA and higher foliar δ13C and C:N ratios,
as expected for a xerophytic oak adapted to higher temperatures and
insolation, and longer summer drought periods characteristic of Medi-
terranean conditions (Aranda et al., 1996; Hern�andez-Santana et al.,
2008). These results partly agree with other studies showing higher C
assimilation rates per unit leaf area and mesophyll conductance to CO2 in
sub-Mediterranean oak species compared to beech (Cano et al., 2013;
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Peguero-Pina et al., 2015). Furthermore, the differences in stem-related
traits observed between beech and Pyrenean oak are likely due to their
different wood anatomy, with beech presenting a diffuse-porous anatomy
(Steppe and Lemeur, 2007) and Pyrenean oak being a ring-porous species
(Corcuera et al., 2006). These different wood anatomies have been
shown to influence stem-related traits (Robert et al., 2017).

Species from the Quercus genus (oaks) are able to uptake water from
deeper soil layers during summer drought (Leuschner et al., 2001;
Zapater et al., 2011), a strategy associated with lower nutrient uptake
given the vertical decoupling between water and nutrient uptake
(Querejeta et al., 2021; Prieto et al., pers. comm. 2022). Beech trees
generally show a shallower rooting habit and are more prone to exhibit
water stress signs when shallow soil layers dry out in the early summer
(Cocozza et al., 2016; Wang et al., 2021). Previous studies from Montejo
forest support this view, as they have reported higher leaf relative water
contents, faster relative growth rates and greater respiratory costs, i.e.
higher metabolic activity, in beech than in Pyrenean oak trees (Aranda
et al., 1996; Rodríguez-Calcerrada et al., 2019). The observed segrega-
tion in leaf traits of both species along the resource uptake trade-off can
also be extended to roots (Root Economics Spectrum; de la Riva et al.,
2021a, 2021b). Given the shallower rooting habit in beech (Wang et al.,
2021), the higher SRA and lower root diameter probably allow the spe-
cies to maximize water and nutrient uptake from shallow soil layers and
maintain relatively high water potential, stomatal conductance and
transpiration during dry conditions occurring in sub-Mediterranean
zones (Prieto et al., 2018; Querejeta et al., 2021), and increase the po-
tential to encounter and absorb relatively immobile soil resources (de la
Riva et al., 2021a, 2021b). Indeed, beech trees are able to meet their high
water demands in drier environments by increasing their SRA at the
expense of a decrease in fine root biomass (Meier and Leuschner, 2008).
They achieve this by a reduction in the average diameter of fine roots,
likely as result of reducing C investment to fine roots (Meier and
Leuschner, 2008); that is, by optimizing the amount of water absorbed
per unit root biomass. Whether a higher dry matter content (as found
here for beech) is advantageous for a species with an acquisitive resource
strategy is less clear. The construction of plant tissues implies trade-offs
between carbon costs, mechanical support, water transport efficiency
and storage of water and assimilates (Pratt et al., 2007; de la Riva et al.,
2021a). Higher tissue dry matter content can imply higher construction
costs in tissues with higher C:N ratios (Villar and Merino, 2001; Villar
et al., 2006; de la Riva et al., 2021b; but see Rodríguez-Calcerrada et al.,
2019), features that are frequently observed in species with more con-
servative strategies (Laureano et al., 2008; Prieto et al., 2018; Querejeta
et al., 2018; Delpiano et al., 2020).

One major challenge that remains unsolved is to understand how two
species with different water use requirements are able to co-dominate a
common geographical space. From an ecophysiological perspective,
Pyrenean oak is more tolerant to drought and late frosts (Rubio-Cuadrado
et al., 2021). From a biogeographical perspective, environmental con-
ditions at Montejo forest are at the optimum for Pyrenean oak trees
(Quintano et al., 2016). Furthermore, Pyrenean oak forests in this region
have been historically managed and are well suited to resist human
perturbations, which has favored the broad expansion of this oak species
in the Sierra del Rinc�on mountain range (Pardo et al., 1997). In contrast,
beech is at its southernmost distribution edge, where dry conditions
strongly influence its physiological behavior and limit survival (Aranda,
1998; Aranda et al., 2000, 2002). However, beech trees at the Hayedo de
Montejo have lower leaf osmotic potentials than other Eurosiberian
species (e.g. Q. petraea), suggesting a certain degree of adaptation to
seasonal summer drought (Aranda et al., 1996). Similarly, previous
studies noted the great capacity of beech trees to acclimate to variable
irradiance and low soil water availability conditions via integrated
changes in SLA, SRA, blade thickness, stomatal densities or cavitation
resistance (Aranda et al., 2001; Curt et al., 2005; Meier and Leuschner,
2008;Wortemann et al., 2011; Cano et al., 2013; Stojnic et al., 2015). The
larger phenotypic variation observed in this study in beech than in



Fig. 4. Functional and environmental niche repre-
sentations of Fagus sylvatica and Quercus pyrenaica: a)
Estimated functional space occupancy of F. sylvatica
(green) and Q. pyrenaica (blue) shown as 2D pro-
jections including all study traits (LDMC, leaf dry
matter content; SLA, specific leaf area; SDMC, stem
dry matter content; Hv, Huber value; RDMC, root dry
matter content; SRA, specific root area; Rdiam,
average root diameter; δ13C, leaf C isotopic ratio; C:N,
leaf C:N ratio; and RGR, relative growth rate) created
with the HYPEROVERLAP R package (Brown et al.,
2020); b) Realized environmental niche overlap of
F. sylvatica (blue) and Quercus pyrenaica (green)
calculated by ECOSPAT R package. Grayish area in-
dicates environmental niche overlap between both
species. The external solid gray line represents the
100% environmental availability in the study area;
the dashed line shows the 50% most frequent envi-
ronmental conditions. Darker areas indicate higher
density of occupancy of the environmental niche. (For
interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of
this article.)

Fig. 5. Map of the spatial correlation between Fagus sylvatica and Quercus pyr-
enaica in Montejo forest: negative (brown), null (yellow) or positive (green)
relationships are shown for each pixel (30 m � 30 m) in the spatial model. Black
continuous lines are iso-altitudinal contour lines, i.e. similar altitude, repre-
senting 10 m separation between consecutive lines. Altitude (m a.s.l.) is indi-
cated next to each line. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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Pyrenean oak trees at the plant level, i.e., including leaf and root traits,
points to this direction, as high phenotypic variation likely contributes to
optimize plant physiological performance under variable water supply,
such as that found in sub-Mediterranean zones (Casson and Gray, 2008;
Cano et al., 2013). These results emphasize the role of phenotypic vari-
ation in overcoming changes in abiotic conditions (Bittebiere et al.,
2019), which could explain part of the unexpected beech success in a
climatic border such as the Hayedo de Montejo.
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Altitude is a particularly relevant variable regulating plant
behavior because it is associated with steep changes in temperature
and water availability over short distances (Vitasse et al., 2010; Sch€ob
et al., 2013). As a general pattern, variation in morphological and
physiological traits along altitudinal gradients are primarily developed
to maintain plant carbon assimilation and balance (Bresson et al.,
2011) and not so much to maintain the plant water balance (Vitasse
et al., 2010). However, our results suggest that phenotypic variation in
beech along the altitudinal gradient at Montejo forest (ca. 300 m) was
mainly driven by traits associated with plant water balance. Indeed,
altitude was negatively related to beech stem Huber values (Hv), foliar
δ13C and fine-root diameter, possibly as a result of increased water
availability at higher altitudes, where the terrain is less steep. Similar
decreases in Hv in response to increasing water availability have been
found in other tree species (Carter and White, 2009). Lower foliar δ13C
at higher altitudes may be indicative of lower water use efficiency, i.e.,
less carbon fixed per unit water spent (Farquhar et al., 1989). Lower
leaf δ13C at high altitudes is probably the result of both a lower leaf C
assimilation induced by lower temperatures (Farquhar et al., 1989) or
an earlier leaf senescence (Vitasse et al., 2010). Nonetheless, it can
also be a response to an enhanced stomatal conductance at higher
altitudes driven by a higher water availability, as also found in other
drought prone ecosystems (Prieto et al., 2018; Querejeta et al., 2022).
This idea is further supported by previous evidence of changes in both
temperature and soil water availability along an altitudinal gradient
leading to a high beech plasticity in stomatal conductance (P�sidov�a
et al., 2018). Finally, smaller fine roots are typically more vulnerable
to cavitation in response to drought and are less efficient in trans-
porting water, so that thicker roots may prevent cavitation under
potentially drier conditions at lower altitudes and increase root water
transport (Jackson et al., 2000). Altogether, besides temperature,
fine-scale water availability or biotic interactions with neighbors can
explain beech phenotypic variability with altitude (Blonder et al.,
2018a; van der Merwe et al., 2021). Further studies are required to



Fig. 6. Recruitment expressed as total number of seedlings (<1 year old individuals; left) and juveniles (�1 year old individuals; right) of Fagus sylvatica and Quercus
pyrenaica in each type of community named after the species with an abundance �60%. Fsyl: F. sylvatica; Qpyr: Q. pyrenaica; Qpet: Q. petraea; Mix 1: transition area
between F. sylvatica and Q. pyrenaica; Mix 2: transition area between F. sylvatica, Q. pyrenaica and Q. petraea.
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clearly define the main drivers of phenotypic variation in beech trees
in sub-Mediterranean zones.
4.2. Niche segregation and coexistence of beech and Pyrenean oak in
Montejo

Our results point to consistent differences in the functional space
between beech and Pyrenean oak at the Montejo forest. However, we did
not observe differences in their realized environmental niche (Fig. 4),
suggesting that there is not a clear niche partitioning related with the
habitat suitability of the species. These results point to differences in the
functional niche space between beech and Pyrenean oak allowing to
reduce interspecific competition in a shared environment (de la Riva
et al., 2017). This argument is held on the premise that the observed
functional dissimilarities depict differences in resource use strategies
(i.e., limiting similarity hypothesis; MacArthur and Levins, 1967).
Therefore, beech and Pyrenean oak may compete for some resources in
the same space with different intensity, which could stabilize their
coexistence (de la Riva et al., 2017). However, the rapid acquisition of
nutrients and water would allow beech trees to grow faster than Pyr-
enean oak trees. The dense shade created by beech tree canopies may
induce a high competition for light (Van de Peer et al., 2017; �Zemaitis
et al., 2019), promoting an acquisitive set of traits as the most advanta-
geous strategy to cope with competitive exclusion (Mayfield and Levine,
2010; de la Riva et al., 2018a). Thus, open areas resulting from different
disturbance processes (for example, canopy tree death) may also be
relevant for the coexistence of both species.

In addition, coexistence of beech and Pyrenean oak may also depend
on their average fitness differences (Kraft et al., 2015). In this regard, tree
recruitment success at the Montejo forest is currently clearly unbalanced
between both species. Overall, the recruitment of beech was higher in
most areas within the forest except in those already dominated by Pyr-
enean oak, but this result differed with the seedling recruitment stage.
Beech showed a much higher recruitment at the seedling stage than
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Pyrenean oak, but both species showed a similar recruitment at the ju-
venile stage. However, most juveniles from Pyrenean oak were found in
areas dominated by Pyrenean oak adults, while juveniles of beech were
abundant not only in areas dominated by beech but also in mixed areas
co-dominated by beech and Pyrenean oak. The thicker and more closed
tree canopy of beech forest patches may hinder the establishment and
development of shade-intolerant Pyrenean oak recruits (Pardo et al.,
2004), being the recruitment thus limited to more open-areas in forest
patches dominated by Pyrenean oak. Indeed, the presence of young oaks
in the Montejo forest was mainly relegated to forest patches in which
oaks were already established before the 1960s (Rubio-Cuadrado et al.,
2020). An additional factor that might favor a higher number of beech
recruits could be that beeches are least preferred by large herbivores than
oak recruits (Didion et al., 2011; Ohse et al., 2017; Perea et al., 2020).
Furthermore, the earlier leaf phenology and synchrony with pollen
emission of beech compared to that of Pyrenean oak probably hinders the
pollination of Pyrenean oak trees within beech dominated-sites due to
the physical barrier of beech canopies to oak pollen dispersal (Miller�on
et al., 2012). These features could explain the overall success of beech
recruitment in the study area. Conversely, beech seedlings suffer from
higher water stress under the canopy of Pyrenean oak trees as a result of
the intense competition from grasses and the relatively high radiation in
these rather open areas (Aranda et al., 2002; Pardo et al., 2004), thus
hindering the recruitment of beech seedlings in these patches. Beech
trees seem to produce more seedlings than Pyrenean oak, but their
advancement to later ontogenetic stages appear to be highly compro-
mised, probably as a result of the water stress induced by summer
drought in these transition areas (Perea et al., 2020). On the other hand,
the strong resprouting capacity of Pyrenean oak likely enhances the
persistence of its recruits in those patches already colonized by the spe-
cies (Valbuena-Caraba~na and Gil, 2013).

Land-use changes during the 20th century have probably affected
forest dynamics and species coexistence in Montejo, as has been previ-
ously observed in other mountain ranges in southern Europe (Kouba
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et al., 2012; Palombo et al., 2013; Pe~na-Angulo et al., 2019). Althoughwe
acknowledge that more data collected at other spatial and temporal
scales than those of this study are needed to extract proper conclusions,
our data allow us to suggest that human legacy is likely a factor shaping
spatial niche partitioning between the two studied species. Historically,
human management of forest areas has favored the broad expansion of
Pyrenean oak in transition areas in the Iberian Peninsula at the expense
of Eurosiberian temperate species like beech (Pardo et al., 1997). Our
results show a negative spatial correlation between both species on
steeper areas and shallow soils of the forest where management was less
intense (Fig. 5). According to satellite images and the first forest in-
ventory in 1994 (Gil et al., 2010), Pyrenean oak patches were already
well established in steeper areas long before the Montejo forest became a
restricted area and traditional forest management activities were banned.
In fact, Pyrenean oak shows a higher resprouting capacity than beech in
disturbed areas with steep slopes (Pardo et al., 1997). Thus, the currently
observed spatial niche segregation between both species in the Montejo
forest could be more related to historical legacy management than actual
differences in their realized niche, a question that warrants further
attention in future studies.

4.3. Coexistence of beech and Pyrenean oak in the future and management
implications

Future forest dynamics in Montejo will depend on the extent of
climate change and its variable impact across microsites (e.g., sites with
different soil depth or tree densities). After the abandonment of tradi-
tional land uses in Montejo during the 1960s, and the ensuing legal
protection by national and European initiatives, an unexpected expan-
sion of beech areas is occurring (see Appendix S7 from Supporting In-
formation, and Gil et al., 2010). Similarly, previous studies have
observed an expansion of beech at the expense of oaks in rear-edge
populations (Martínez del Castillo et al., 2015; Rubio-Cuadrado et al.,
2018b) as a result of the abandonment of traditional land uses
(Am�eztegui et al., 2010; Kouba et al., 2012; S�anchez de Dios et al., 2021).
Therefore, and despite beech being considered highly sensitive to
drought stress, its ability to establish in better regeneration sites (Pardo
et al., 2004) and its great competitive ability in moderately wet micro-
sites seems to compensate for this limitation. This could explain its
continuous increase at the expense of other drought adapted species such
as Pyrenean oak (Perea et al., 2020). It is worth noting that despite both
beech and Pyrenean oak have been considered to represent the latest
successional stage in different ecological situations, they could also
belong to different stages within the same successional process (Pardo
et al., 1997). According to Meyer et al. (2003), mixed stands are not
stable communities in beech forests. In the Iberian Peninsula, beech
forests are mainly monospecific under low anthropogenic pressure
(Casta~no-Santamaría et al., 2021), being oaks usually excluded to sites
with poor growing conditions (Rubio-Cuadrado et al., 2018b). Based on
previous evidence and current forest dynamics in Montejo, asymmetric
competition may theoretically occur between both species, promoting
the competitive exclusion of Pyrenean oak in the long term. However, the
projected increases in temperatures and lower rainfall in
sub-Mediterranean areas for this century are expected to increase
drought conditions and reduce the competitive ability and regeneration
success of beech in southern populations (Aranda et al., 2002; Peuke
et al., 2006). Furthermore, models predicting the future geographical
distribution of sub-Mediterranean territories show a dramatic reduction
in size (S�anchez de Dios et al., 2009; Ruiz-Labourdette et al., 2012). Also,
several studies have already reported a negative impact of climate change
on the current distribution and productivity of beech forests (e.g. Kramer
et al., 2010; Falk and Hempelmann, 2013), with an expansion of Medi-
terranean oak species in sub-Mediterranean regions (Pe~nuelas et al.,
2007; Benito Garz�on et al., 2008; Hern�andez et al., 2017). The number of
years with climatic conditions for optimal oak growth has increased in
the last decades compared to those for beech in Montejo
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(Rubio-Cuadrado et al., 2020), mostly associated to an increase in the
number of late-spring frost events and severe summer droughts that
could potentially offset the current expansion of beech (Casta-
~no-Santamaría et al., 2021; Rubio-Cuadrado et al., 2021).

Nevertheless, negative climate change projections do not necessarily
entail the total extinction of sensitive populations (Hampe, 2004; Gray
and Hamann, 2013). Therefore, there is a need for adaptive management
strategies that address the coexistence of both species under climate
change scenarios in the Hayedo de Montejo. Silvicultural practices
should be oriented to foster diverse forest formations that provide mul-
tiple ecosystem services (Brockerhoff et al., 2017; Jonsson et al., 2019;
Bongers et al., 2021; Mey et al., 2022). For instance, the maintenance of
different microsites, such as patches of shrub cover in open microsites,
will enhance suitable regeneration niches for both species, promoting
their future coexistence (Perea et al., 2020). Integrating information on
the patterns of coexistence of Pyrenean oak and beech will help identify
forest dynamics unbalances, allowing decision-makers to develop
appropriate forest management plans to prevent or mitigate the negative
impacts of climate change in this sub-Mediterranean region.
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