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Abstract

Aim: The Mediterranean Basin is a major hotspot of plant biodiversity, including for-
est trees. Over the past centuries, Mediterranean forests have been fragmented and
over-exploited, to which the threats of climate change are now added. Our aim is to
better understand patterns and processes of tree biodiversity in the Mediterranean
and to provide indicators complementing the traditional approaches to biodiversity
conservation based on species counts and occurrences, using georeferenced phylo-
genetic diversity and endemism analyses in a spatial ecological context.

Location: Mediterranean Europe.

Methods: Using a dated phylogeny of the 64 Euro-Mediterranean tree genera, we cal-
culated phylogenetic diversity for all 50 x 50 km? grid cells spanning Mediterranean
Europe (n = 643) and compared values with those obtained for genus-level taxo-
nomic diversity. Then, we tested the relative influence of geography, past and present
climate, and soil on tree diversity (phylogenetic or taxonomic) and its geographical
turnover. Geographical patterns of phylogenetic endemism were inferred using the
Categorical Analyses of Neo- and Paleo-Endemism (CANAPE) methodology.
Results: We showed that phylogenetic and taxonomic diversity within and among
cells are correlated and influenced by soil parameters as well as current, Holocene
and Late Glacial Maximum climate. Southern Spain, Cyprus and some Aegean islands
contained areas of disproportionately high phylogenetic diversity and a concentra-
tion of phylogenetic paleo-endemics, while phylogenetic neo-endemism was high
in eastern Sicily. Mixed phylogenetic endemism regions were detected in southern
Spain and Portugal, in the Balkans and in Crete.

Main conclusions: Our phylogenetic approach provides relevant indicators for better
protecting forests of the Mediterranean, encompassing past and present evolution-
ary processes and factors. We consider areas that show a concentration of evolution-
ary history manifested by high phylogenetic endemism as high priority targets for the
conservation of the European tree flora.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2021 The Authors. Diversity and Distributions published by John Wiley & Sons Ltd.

Diversity and Distributions. 2021;00:1-16.

wileyonlinelibrary.com/journal/ddi


www.wileyonlinelibrary.com/journal/ddi
mailto:﻿
https://orcid.org/0000-0003-2379-7617
http://creativecommons.org/licenses/by/4.0/
mailto:bruno.fady@inrae.fr
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fddi.13241&domain=pdf&date_stamp=2021-02-07

CHEIKH ALBASSATNEH ET AL.

> LwiLey-

KEYWORDS

conservation, Euro-Mediterranean vascular flora, Nonmetric Multidimensional Scaling,

phylogenetic diversity, phylogenetic endemism, relative environmental turnover

1 | INTRODUCTION

Forests and woodlands harbour immense terrestrial and aquatic bio-
diversity and represent one of the most species-rich habitat type
worldwide (Gibson et al., 2011; Lindenmayer, 2009). Forests provide
a wide range of critically important ecosystem services such as cli-
mate regulation, biomass production, water supply and purification,
pollination, and provision of habitats for forest species (Brockerhoff
et al., 2013; Decocq et al., 2016; Liang et al., 2016; Mori et al., 2017;
Thompson et al., 2011). Over the last centuries, forest habitats have
been destroyed at rates much higher than ever observed in human
history (Gaston, 2000; Johnson et al., 2017; Turvey & Crees, 2019).
As a result, a high number of species have become extinct and/
or suffered severe population declines (Mace et al., 2005), with
many advancing at high speed to higher categories of threat every
year, notably in the biodiversity hotspots of the world (Hoffmann
et al., 2010; Le Roux et al., 2019). The forests of the Mediterranean
Basin, a recognized hotspot of biodiversity, follow the same trend
(Gauquelin et al., 2018; Médail & Quézel, 1997).

Where and how to prioritize biodiversity conservation is a
key political, societal and scientific issue for modern societies.
Traditionally, biodiversity assessments have been based on species
counts, valuing areas in terms of species richness and number of
endemics and/or threatened species, mostly per spatial units (Kier
et al.,, 2009; Myers et al., 2000; Norman, 2003). However, as species
richness, endemism and threat can be influenced by many factors,
such as the species concepts and taxonomic standards used, the
spatial scale and the intensity of the sampling. Using such data can
thus make biodiversity assessments and comparisons across taxo-
nomic groups and sites limited in scope or misleading (Hillebrand
et al., 2018; McKerrow et al., 2018; Van Jaarsveld et al., 1998).
Limitations may also arise when considering all species equal enti-
ties and ignoring their particular functional role in the ecosystem,
their associated communities and/or their evolutionary history (e.g.,
Doxa et al., 2020).

The contribution of phylogenetic systematics to the biodi-
versity conservation debate stems from the very idea that spe-
cies are not equivalent entities from an evolutionary point of view
(Mishler, 2009). As tools to characterize species in terms of evolu-
tionary history using DNA sequences became increasingly avail-
able, phylogenetic diversity (PD), the sum of branch lengths in a
phylogeny connecting a set of taxa, was proposed as a measure to
quantify the loss of evolutionary history (Faith, 1992; Nipperess
et al.,, 2012). A major advantage of PD is that it is relatively resis-
tant to changes in taxonomic status (not that we expect any here, as
the genus-level taxonomy of Mediterranean trees is well known and
accepted, see Médail et al., 2019) and, thus, allows direct compari-

sons among different taxonomic groups. Additionally, PD can be also

compared with other diversity measurements, such as functional di-
versity, including the role of evolutionary history in assembly rules
in communities. For instance, facilitation-mediated coexistence has
been demonstrated to be driven by evolutionary history of inter-
acting species (Valiente-Banuet & Verdu, 2007), as the functional
syndromes of Mediterranean woody plants (Herrera, 1992; Verdu &
Pausas, 2013) or the different niche response to fire in communities
(Ojeda et al., 2010).

Phylogeny-based methods for measuring biodiversity have
developed rapidly during the last decades, with one important
area of development relating to endemism (Rosauer et al., 2009).
Endemism has always been a major consideration in biogeography
and one of the most important criteria when defining conserva-
tion priorities (Bacchetta et al., 2012; Linder, 2001). The concept of
endemism is implicitly and closely related to the idea of irreplace-
ability (Margules & Pressey, 2000), and therefore of conservation
value. However, the traditional definition of endemism has been
narrowly interpreted as the complete restriction of a taxon to a cer-
tain area (i.e. absolute endemism). Relative endemism, which refers
to the degree of restriction of taxon-range on a quantitative scale
ranging from 1 (absolute endemism) to O (ubiquitous), broadens the
concept (Crisp et al., 2001). In order to integrate evolutionary in-
formation, the concept of relative endemism has been extended to
the geographic restriction of clades at any taxonomic level, a met-
ric called phylogenetic endemism (PE, Mishler et al., 2014; Rosauer
etal., 2009).

Phylogenetic diversity and endemism are most often used to
characterize alpha diversity (PD or PE) of given local sites. When
entire geographical areas are considered, these estimators can
be complemented by the quantification of phylogenetic beta di-
versity, that is, the turnover in PD among local sites (Graham &
Fine, 2008). This estimator is similar to traditional measures of
species turnover among sites with the exception that it refers to
the shared and unshared branches of the phylogeny that are mea-
sured instead of the shared and unshared species. Turnover can
also be measured for PE, by weighting range-restricted branches
more heavily than common branches, and is termed “phylogenetic
range weighted turnover” (Laffan et al., 2016). All these mea-
surements can enhance our understanding of biodiversity pat-
terns and can be used for conservation assessment and planning
(Thornhill et al., 2016).

The Mediterranean biome worldwide contains circa 20% of the
world's floristic richness on only 2% of its terrestrial surface (Médail
& Quézel, 1997). Many biogeographical and phylogenetic studies
have been conducted in the five Mediterranean climate regions of
the world to elucidate the composition and structure of their floras
(e.g., Rundel et al., 2016). Comprehensive biome-wide phylogenetic

surveys are also available for South Africa (Forest et al., 2007),
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California (Kling et al., 2019; Thornhill et al., 2017), Chile (Morlon
etal., 2011; Scherson et al., 2017) and Australia (Mishler et al., 2014).
Although many studies of the biodiversity of the Mediterranean
Basin exist (Médail et al., 2019; Thompson, 2020), surprisingly, a
comprehensive spatial phylogeny is still lacking for this region, by
far the largest Mediterranean climate region in the world and the
second-largest terrestrial biodiversity hotspot of the world (Myers
et al., 2000). Only spatially restricted phylogenies are available, no-
tably in southern Spain (Molina-Venegas et al., 2015; Simon-Porcar
et al., 2018). The most comprehensive phylogeny available to date
for the region is the dated phylogeny at genus level for all tree taxa of
the Euro-Mediterranean region of Cheikh Albassatneh et al. (2020).

Here, we combine the genus-level phylogeny of Cheikh
Albassatneh et al. (2020) with the most exhaustive compilation of
occurrence data for these tree genera across the European part of
the Mediterranean Basin (Médail et al., 2019; Monnet et al., 2020).
Our specific goal was to single out regions of high phylogenetic
neo- and paleo-endemism, thereby increasing our knowledge of
biodiversity spatial patterns and of the ecological factors that can
explain their emergence, as well as contributing to prioritizing areas
of high conservation value. For this aim, we (a) calculated a series
of taxonomic and phylogenetic diversity indices for each of the
50 x 50 km grid cells (n = 643) covering the entire European part
of the Mediterranean Basin; (b) quantified among-cell variation and
identified the main environmental factors explaining genus turn-
over and (c) calculated grid cell level phylogenetic endemism indi-
cators using the Categorical Analyses of Neo- and Paleo-Endemism
(CANAPE) methodology.

vy irvuions VTRV

2 | MATERIAL AND METHODS

2.1 | Study area

Our study area is the Euro-Mediterranean-region defined by Médail
et al. (2019), the North Mediterranean terrestrial ecoregion in the
biogeographic classification scheme of Olson et al. (2001). These
biogeographical limits of the Euro-Mediterranean region are similar
to those proposed by Médail and Quézel (1997), except for some
mountain ridges in the Italian peninsula and the Balkans. The total
area covered, including islands, is 1,610,200 km?, with a coastline
approximately 45,200 km in length. The orographic variation in the
area is large and elevations range from O metres above sea level
(m.a.s.l) up to 3,482 m a.s.l. (Mulhacén, Sierra Nevada, Spain).

Following the biogeographic delineation of Europe of Rivas-
Martinez et al. (2004), our study area comprises fifteen biogeo-
graphical provinces (Figure 1), covering in parts or in total the
following countries, from west to east: Portugal, Spain, France, Italy,
Malta, Slovenia, Croatia, Montenegro, Albania, Macedonia, Greece
and Cyprus.

2.2 | Data sources for tree occurrences,
environmental variables and the phylogeny

The woody vegetation of the Mediterranean is made of di-
verse types of shrublands (maquis, garrigue, phrygana) and for-

ests, where tree morphology varies widely with environmental

250 0 250 500 750 1000 km
I T ]

Biogeographical provinces
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[ Coastal Lusitano-Andalusian
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[ Betican [ Mediterranean West Iberian
[ Central European I Murcian-Almerian
[] Cevenno-Pyrenean

[ Adriatic
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FIGURE 1 Distribution of the 15 biogeographical provinces (sensu Rivas-Martinez et al., 2004) of the Euro-Mediterranean region
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constraints (climate, geology, geomorphology, soil type), habitat
types and anthropogenic activities. We adopted the criteria elabo-
rated by Médail et al. (2019) concerning tree definition and used
their checklist of 64 native tree genera. For genus occurrence and
their spatial distribution, we used the data compiled by Monnet
et al. (2020).

We used a total of 643 grid cells of 50 x 50 km spatial reso-
lution to completely cover the European Mediterranean Basin. The
database of tree genus occurrence within each cell can be found in
Appendix S1. The spatial resolution of environmental variables was
originally 344 km? for current climate and paleoclimate data (worLp-
cuM, https://worldclim.org/) and 250 km? for soil data (soiLGriDs,
https://soilgrids.org/). To match our genus occurrence data, envi-
ronmental data were aggregated to a 2,500 km? spatial resolution
(50 x 50 km) using the package raster (Hijmans et al., 2015) so as
to obtain one average value per cell. For our analysis, we used 30
different environmental variables (Appendix S2) which are further
described below.

We used the dated genus-level phylogenetic tree of Cheikh
Albassatneh et al. (2020). This phylogeny was built using sequence
data of three chloroplast DNA regions commonly used for phylo-
genetic and taxonomic barcoding purposes: the protein-coding rbcL
and matK genes, and the non-coding intergenic spacer trnH-psbA
(Hollingsworth et al., 2009; Kress & Erickson, 2007). The number
of concatenated sites added up to 1,759 base pairs. The chrono-
gram of Cheikh Albassatneh et al. (2020) is timed in million years
and its topology and branch lengths are constrained using multiple
calibration points. This phylogeny is largely congruent with the most
recent Angiosperm Phylogeny Group classification (APGIV, Chase
et al., 2016). Using a chronogram instead of a non-dated phylogeny
makes it possible to account for the slow mutation rate of plastid
DNA and reduces the risk of not detecting the most recent phyloge-
netic endemism centres.

2.3 | Relative environmental turnover—diversity
among cells and correlation with the environment

To quantify among-cell variation and identify the main environ-
mental factors explaining genus turnover, we estimated beta
pairwise diversity using the betapart package in R (Baselga, 2012)
and the following decomposition based on Sgrensen's metric:
Bsor = Bsim + Bsne» Where g is the total beta diversity, g, is beta
turnover and f,,. is beta nestedness. This decomposition can be
adapted to the calculation of beta taxonomic and phylogenetic
diversities. We first computed incidence-based pairwise dissimi-
larities for the beta taxonomic (composition) diversity. The beta.
pair function estimates three distance matrices: (a) turnover (re-
placement), (b) nestedness and (c) total dissimilarity (the sum of
both components). We then computed pairwise phylogenetic dis-
similarities for beta phylogenetic diversity, using the phylo.beta.

pair function which similarly estimates three distance matrices: (a)

phylogenetic turnover, (b) phylogenetic nestedness and (c) the sum
of both values.

Phylogenetic dissimilarities are based on Faith's phylogenetic di-
versity. For our analyses, we retained Simpson's beta turnover dis-
similarity index (B, as the most relevant. Contrary to nestedness,
spatial turnover implies the replacement of some taxa by others as a
consequence of environmental sorting or spatial and historical con-
straints (Qian et al., 2005), our focus in this study. g, values were in
a matrix format (pairwise distance matrix of dissimilarities) for the 643
grid cells covering the Euro Mediterranean area. The relationships be-
tween f;,, taxonomic and phylogenetic matrices were explored using
Mantel tests and 999 permutations (Mantel, 1967). The diversity indi-
ces of the few cells that had a surface area less than 2,500 km? (border
cells) were calculated in the same way as those of the other cells. The
spatial coordinates of a cell were those of its centroid.

Relative environmental turnover (RET) was applied to exam-
ine the relationship between environmental variables and the tree
genera of the Euro-Mediterranean area, using phylogenetic and
taxonomic (composition) turnover (Gonzalez-Orozco et al., 2016).
As with previous studies (Buckley & Jetz, 2008), we used the term
environmental turnover to explore rates of change of dissimilar-
ity by taxonomic replacement in Mediterranean tree genera and
their relationship to the environment depending on geographical
distances.

Then, we employed the fsim matrix to compute Nonmetric
Multidimensional Scaling using the metaMDS method implemented
in the R vegan packages (Oksanen et al., 2012). The metaMDS
method performs Nonmetric Multidimensional Scaling (NMDS), a
reduced representation rank-order ordination, and tries to find a sta-
ble solution using several random starts. In addition, it standardizes
the scaling in the result, so that the configurations are easier to in-
terpret, and adds taxa scores to the grid cell ordination. We reduced
the number of dimensions to two axes, as recommended. We then
fitted the environmental vectors onto the fsim ordination using the
vector fitting envfit function of the vegan package in R (Oksanen
etal., 2012).

The environmental variables that best explained the patterns of
turnover were then displayed as vectors only for the cases with high
predictability (p < .001), assessed by 999 permutations. The “stress”
values of the envfit results were used to estimate the efficiency of the
NMDS ordinations. Stress values represent the difference between
distances in the reduced, two-axis dimension compared with the orig-
inal complete multidimensional space. Stress values >0.05 provide an
excellent reduced dimension representation of turnover, values >0.1 a
great representation, values >0.2 a good representation, while values
>0.3 provide a poor representation. The values of each grid cell along
the first and second axes of the NMDS ordination of fsim distances
were extracted and mapped into five arbitrary classes (that kept the
number of cells per class as balanced as possible while emphasizing dif-
ferences for easy visualization) over the study area using Quantum GIS
(QGIS Development Team, 2014). NMDS values that are very different

indicate strong differences in cell diversity.
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All environmental variables used are described in Appendix S3.
All computations and analyses were performed using the R statisti-

cal environment (R Core Team, 2018).

2.4 | Phylogenetic diversity and endemism analyses

Rao's phylogenetic diversity coefficient was calculated using the
ade4 packages in R (Thioulouse et al., 1997). Biodiverse v.2.99
(Laffan et al., 2010) was used to calculate a set of six other diver-
sity indices and associated randomizations for our 643 equal-area
square grid cells (50 x 50 km) covering the Euro-Mediterranean
area. These were as follows: Taxonomic Richness (TR), Weighted
Endemism (WE; Crisp et al., 2001), Phylogenetic Diversity (PD;
Faith, 1992), Phylogenetic Endemism (PE; Rosauer et al., 2009),
Relative Phylogenetic Diversity (RPD; Mishler et al., 2014),
Relative Phylogenetic Endemism (RPE; Mishler et al., 2014). RPE
was then employed to calculate a set of four phylogenetic end-
emism indices using the Categorical analysis of neo- and paleo-
endemism (CANAPE; Mishler et al., 2014) method.

Taxonomic richness (TR) is defined as the number of taxa ob-
served in each cell of the grid. Weighted Endemism (WE; Crisp
et al., 2001; Laffan & Crisp, 2003; Laffan et al., 2013) is a range-
weighted richness score, where the contribution of each taxon is
weighted by its respective full geographic range in the European
Mediterranean. Phylogenetic Diversity (PD; Faith, 1992) and
Phylogenetic Endemism (PE; Rosauer et al., 2009) are the phylo-
genetic equivalents of TR and WE, respectively. PD is calculated
as the sum of the branch lengths (from root to tips) of all the taxa
observed in each cell whereas PE is the sum of branch lengths
weighted by the full geographic range of the taxon. Branch lengths
are proportional to time as the phylogeny used is time-calibrated.
Relative Phylogenetic Diversity (RPD) and Relative Phylogenetic
Endemism (RPE) are calculated as the ratios between the PD and
PE obtained from the original tree and a reference tree with the
same topology but with all branches of equal length (Mishler
et al., 2014).

Grid cells were assessed for their phylogenetic endemism
using CANAPE (Mishler et al., 2014). CANAPE is a two-step pro-
cess that assesses the contribution to PE from branches that are
longer or shorter than expected, for locations that are first shown
to be significantly high or low in PE. The process then assesses the
significance of the RPE. All cells significant for one of these tests
are classified into four non-overlapping categories (Gonzélez-
Orozco et al., 2016; Mishler et al., 2014; Thornhill et al., 2016): (a)
cells corresponding to centres of paleo-endemism (few taxa with
long branches, significantly high RPE), (b) cells corresponding to
centres of neo-endemism (few taxa with short branches, signifi-
cantly low RPE), (c) cells corresponding to mixed-endemism (rare
long and rare short branches, not significant for RPE but signif-
icant denominator and significant numerator, p-value < .05) and
iv) cells corresponding to centres of super-endemism (rare long

and rare short branches, not significant for RPE but significant
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denominator and significant numerator, p-value < .01). In all cases,
endemism is meant at genus level.

The significance of the observed PD, PE, RPD and RPE values
was assessed using non-parametric tests based on a random reas-
signment of all the taxa into the grid cells. The distribution of the
expected values of these indices under the null hypothesis was cal-
culated from 999 trials of the randomization procedure. Indices in
the highest 2.5% or the lowest 2.5% of the distribution were consid-
ered significant (two-tailed test).

For calculating the relationship between diversity indices and en-
vironmental factors, we used the factorial design of the PCA using the
FactoMineR packages in R (Lé et al., 2008) and matrix of Spearman's
Rank correlation coefficient using the Hmisc packages in R (Harrell
& Harrell, 2019). We also calculated the relationship between the
five CANAPE categories (neo-endemism, paleo-endemism, mixed-
endemism, super-endemism, not significant) and the geographical
and environmental variables which showed significant influence on
indices of alpha diversity: longitude (Coords_X), latitude (Coords_Y),
Last Glacial Maximum (LGM) maximum temperature (Tmax_LGM),
Last Inter-Glacial precipitation (P_LIG), Mid-Holocene maximum
temperature (Tmax_mid_H), solar radiation (SRAD) and current tem-
perature variables (Tavg, Tmax and Tmin) (Appendix S3) overlapped
with the five categories of the CANAPE results. As normality of the
residuals (one of the fundamental assumptions for ANOVAs) was
not fulfilled for the three comparisons (results not shown), we used
a non-parametric Kruskal-Wallis test. If at least one of the distri-
butions was significantly different from the others (p < .05), then
Wilcoxon pairwise comparisons (two-tailed tests with Holm's cor-
rection) were performed to disentangle which categories were sig-
nificantly different from each other (p < .05). The comparison was
plotted using the method of Kassambara (2017).

Groups of cells showing significant PE using CANAPE were iden-
tified using an agglomerative UPGMA cluster analysis in Biodiverse
v.2.99 (Laffan et al., 2010), and the range-weighted phylogenetic
turnover metric (Laffan et al., 2016). By focusing on the shared
range-restricted branches, this analysis highlights geographic re-
gions within which the evolutionary makeup of the endemic flora
is relatively homogeneous (Link-Pérez & Laffan, 2018; Thornhill
et al., 2017).

3 | RESULTS

3.1 | Taxonomic and phylogenetic beta turnover—
biodiversity among cells and correlation with
environmental factors

There was a highly significant relationship between the beta
turnover taxonomic diversity and beta turnover Faith's phyloge-
netic diversity (Mantel test, observation = 0.8920115, simulated p
value = .01). Figure 2 shows the results of the beta turnover phylo-
genetic diversity NMDS analysis plotted over the map of our study

area. The coordinates of the NMSDS axes were aggregated into five
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FIGURE 2 Phylogenetic turnover of Euro-Mediterranean tree genera measured using the non-metric multidimensional scaling (NMDS)
method of (a) axis 1 (NMDS1) and (b) axis 2 (NMDS2). Colours indicate ranges of coordinates on the NMDS axes and were kept different for

axes 1 and 2 as they cover different ranges on the two different axes

classes (see Appendix S4 for the number of cells per NMDS class).
Cells with the highest and lowest NMDS values indicate regions with
high genus turnover.

Particularly, Figure 2a shows that cells with high NMDS scores
(light yellow cells) are located mostly in the Northern Mediterranean
region, while cells with low NMDS scores (black cells) are mostly in
the Southern Mediterranean and in islands. In Figure 2b, featuring
NMDS axis 2, high-value NMDS scores (yellow cells) are mostly in
the Western Mediterranean region while low-value NMDS scores
(black cells) are mostly in the Eastern Mediterranean.

The scores of the two NMDS axes that characterize phylogenetic
turnover could be explained with a moderately good fit (stress value
of 0.2749) by different environmental variables. The NMDS plot
(Appendix S5) and the table of environment vectors (Appendix Sé)

show the relationship between the beta turnover phylogenetic di-
versity and the environmental variables.

Areas of either high- or low-NMDS values indicate regions
with high genus turnover, whereas NMDS values close to zero in-
dicate regions with the lowest genus turnover. The largest posi-
tive values of the NMDS axis 1 (light yellow squares in Figure 2a)
were associated with Last Glacial Maximum precipitation (P_LGM),
texture class (Texture_0.30), derived available soil water capac-
ity (DASWC_30) and depth to bedrock (DBR_200), which cor-
responded to cells from the northern parts of the two Iberian
biogeographic provinces, from the northern Cevenno-Pyrenean
and Alpine provinces and the Apennino-Balkan province (Figures 1
and 2a; Appendix S5). The largest negative values of the NMDS axis

1 (black squares in Figure 2a) were associated with Mid-Holocene
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FIGURE 3 Map of the relative phylogenetic diversity (RPD) significance in Mediterranean Europe. Areas in blue have a concentration
of significantly longer branches than expected; whereas, areas in red have a concentration of significantly shorter branches than expected

minimum temperature and precipitations (Tmin_mid_H and P_
mid_H), current average, minimum and maximum temperature
(Tavg, Tmin and Tmax) and clay content (ClayCMFD_0.30), which
corresponded to cells from the Betican and Murcian-Almerian
provinces, the southern Graeco-Aegean province and most of the
large islands (Figures 1 and 2a; Appendix S5).

The largest positive values of the NMDS axis 2 (bright yel-
low squares in Figure 2b) were associated with sand content
(SandCMF_0.30) and texture class (Texture_0.30), which corre-
sponded to cells from most of the provinces of the Iberian Peninsula.
The largest negative values of the NMDS axis 2 (dark purple squares
in Figure 2b) were associated with Last Inter-Glacial minimum and
maximum temperature (Tmin_LIG and Tmax_LIG), Last Inter-Glacial
precipitation (P_LIG), water vapour pressure (WVP), cation exchange
capacity of soil (CECSoil_0.30) and wind speed (WS), which corre-
sponded to cells from most of the Central and Eastern Mediterranean
provinces (Central Italy, Balkans and Cyprus) (Figures 1 and 2b;
Appendix S5).

3.2 | Phylogenetic diversity and
environmental drivers

The Spearman's Rank correlation coefficient (Appendix S7) and fac-
torial design of the PCA (Appendix S8) showed a positive relationship
between PD, TR, and Rao phylogenetic diversity and the following
variables (Appendix S3): annual precipitation (P), soil organic car-
bon (SoilOCST_0.15-30), coarse fragments volume at depth 0.30 m
(CFV_0.30), silt content at depth 0.30 m (SiltMF_0.30) and Last
Glacial Maximum precipitation (mm/Years) (P_LGM). The extreme
scattered points associated with these vectors are situated in the
north and centre of Greece. On the other hand, the relationship be-
tween PD, TR and Rao phylogenetic diversity was negative with the
solar radiation variables (kJ m2 day'l; SRAD), Last Glacial Maximum

temperature variables (Tmin_LGM and Tmax_LGM), Mid-Holocene

temperature variables (Tmin_mid_H and Tmax_mid_H) and current
maximum temperature (T__ ).

The contribution of PE to the fist axes of the PCA is relatively
low (Appendix S8). Relationships between PE and environmental
variables appear on the 1-4 PCA plane (Appendix S8). PE correlates
positively with the Mid-Holocene precipitation (P_mid_H), and nega-
tively with silt content at depth 0.30 m (SiltMF_0.30).

All  biodiversity indices were significantly correlated
(Appendix S7). However, while TR was highly significantly related to
PD (r = .97; Appendix S9a) without scatter (as in our beta diversity
analysis), PE was less significantly related to PD (r = .45; Appendix
S9b), and with high scatter, indicating that PE adds information to an
analysis only focusing on TR (also see the maps of TR, PD, PE, PWE

and Rao in Appendix S10).

3.3 | Categorical analysis of neo- and paleo-
endemism (CANAPE)

Relative phylogenetic diversity divided the study area into three
broad parts (Figure 3). In its western part, significantly high RPD in-
dicating a concentration of long phylogenetic branches was found
in the south of Iberian Peninsula while significantly low RPD, indi-
cating a concentration of short phylogenetic branches, was found
in the north of Iberian Peninsula (north-eastern Portugal). In its
central part, significantly high RPD was in the north-eastern Italian
Peninsula while significantly low RPD was in the islands (Sicily,
Sardinia and Corsica) and the edges of the Italian Peninsula. In its
eastern part, significantly high RPD was scattered in the north of the
Balkan Peninsula and the islands of Crete and Cyprus.

The CANAPE analysis identified 76 cells of high phylogenetic
endemism (22 paleo-endemism, 10 neo-endemism, 40 mixed-
endemism and 4 super-endemism cells) in Mediterranean Europe.
Areas dominated by paleo-endemism were in south-eastern Spain

as well as in the islands of Psara and Rhodes in Greece and in
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Cyprus (Figure 4). The areas dominated by neo-endemism were
mostly located in eastern Sicily while the areas dominated by
super-endemism were scattered within few cells at the margins
of the study area, in southern Portugal, in south-eastern lItaly, in
south-western Croatia and in the Greek Islands of Samothraki and
the Cyclades (Naxos, Keros, Amorgos, Santorini and Anafi). The
areas dominated by mixed-endemism were located at the eastern
and western edges of our study area, in the southern and west-
ern regions of the Iberian Peninsula, in the Belasica Mountains
of Bulgaria and Greece, and in Crete (more details in Appendix
510). Contributions from genera such as Juniperus, Chamaerops
and Tetraclinis in the Iberian Peninsula, Liquidambar, Cupressus,
Phoenix, Pyrus and Ceratonia in Greece, Acer, Cedrus, Cupressus,
Quercus and Sorbus in Cyprus and Zelkova, Genista, Cytisus and
Chamaerops in Sicily may explain at least in part the phylogenetic
endemism structures observed.

Several environmental variables could explain the distribution of
the CANAPE categories of endemism (Figure 5; Appendices S11 and
$12). Latitude (Coords_Y) and longitude (Coords_X) were correlated
to paleo and mixed phylogenetic endemism, with many cells in ei-
ther category located in southern islands and in either the Iberian
or the Balkan Peninsula. Paleo-endemism was more frequent in cells
with relatively high LGM and mid-Holocene maximum temperature
(Tmax_LGM and Tmax_Mid_H), while mixed and neo-endemism cells
were grouped in the areas of low Tmax_LGM. Current minimum
temperature (T ) positively affected the distribution of Paleo and
neo-endemism. Paleo-endemism was also more frequent in cells
with relatively high Late Inter-Glacial precipitation (P_LIG). Paleo-

endemism cells were in the areas of the highest solar radiation

(SRAD), in contrast to mixed and neo-endemism cells which were
grouped in the areas of low SRAD.

The range-weighed phylogenetic turnover analysis showed that
the greatest dissimilarity was observed between the coast of the
southern and western lberian Peninsula, north-eastern Sicily and
Crete, and the rest of the Euro-Mediterranean region which formed
a discrete cluster (Figure 6).

4 | DISCUSSION
4.1 | Taxonomic diversity, phylogenetic diversity
and environmental factors

Our results demonstrate a strong overall congruence between phy-
logenetic diversity (sensu Faith, 1992) and taxonomic richness of the
genera of European Mediterranean trees. Although there is an ex-
pected congruence between phylogenetic and taxonomic diversity
overall, strong spatial congruence is often rare because the shape of
phylogenetic trees results from evolutionary processes that are not
accounted for at taxonomic levels and because locally, taxonomic
assemblages result from non-random ecological processes acting on
regional pools (Cadotte & Tucker, 2018).

Our analysis also highlighted areas of high beta turnover tax-
onomic diversity (and thus of high beta turnover phylogenetic
diversity) within biogeographic provinces and pointed out the en-
vironmental factors that could explain their spatial structure. While
the high diversity of the southernmost and northernmost cells of our

study area were correlated with many relatively recent (Holocene

750 1000 km
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FIGURE 4 Map of the major centres of phylogenetic endemism in Mediterranean Europe. Green grid cells do not show any signal of
phylogenetic endemism. Red grid cells contain significantly lower Relative Phylogenetic Endemism (RPE) than expected given random

sampling of the same number of taxa from a null tree, termed “centers of neo-endemism.” Blue grid cells contain significantly higher RPE
than expected, termed “centers of paleo-endemism.” Purple grid cells are a mixture of neo-endemism and paleo-endemism, the most highly
significant of which (darker purple) are termed “centers of super-endemism.” Note that due to the scale of the map, not all significantly high
phylogenetic endemism cells are visible
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FIGURE 5 Boxplot of the distribution of the environmental variables depending on CANAPE category of each of the 643 cells analysed.
The six environmental variables displayed (Coords_X, Coords_Y, Tavg, Tmin, LIG_prec and SRAD) are significantly different (Kruskal-Wallis
test, p < .05) among CANAPE categories (see Table S3: p < .05; pairwise comparison using Wilcoxon test with HB correction). For each
box, the bold horizontal line corresponds to the median; the lower and upper bounds of the box correspond to first and third quartiles,
respectively; the upper vertical line extends from the upper bound of the box to the highest value of the distribution, no further than 1.59
interquartile range (IQR, or the distance between the first and third quartiles); the lower vertical line extends from the lower bound of the
box to the lowest value of the distribution, no further than 1.59 IQR; black dots are values beyond IQR (“outlier” values)
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FIGURE 6 Range-weighted phylogenetic turnover among those cells found to be significant centres of endemism in CANAPE, showing
that the greatest dissimilarity was observed between the coast of the southern and western Iberian Peninsula, north-eastern Sicily, and
Crete and the rest of the Euro-Mediterranean region. These formed a grouped cluster whereas the rest of Mediterranean region formed a

discrete cluster

and Last Glacial Maximum) climate variables, the high diversity east-
and west-Mediterranean areas were correlated with soil and older
(Last Inter-Glacial) climate variables. Soil water capacity, soil organic
carbon stock, the coarse fragments and silt content proved import-
ant factors here although substrate type, soil nutrient content and
soil structure are more regularly associated with phylogenetic di-
versity under different biogeographic settings (Alvarez et al., 2009;
Haerdtle et al., 2003; Jiang et al.,, 2015; Laliberté et al., 2013).
Although rarely done, the Mediterranean, with its high diversity of
soil types, could be a good model to further test and understand the
importance of the comparatively lesser studied edaphic variables on
plant differentiation (Kruckeberg, 2004).

Such spatial patterns are known in the Mediterranean and both
north-south and west-east spatial biodiversity gradients have been
described before (Conord et al., 2012; Médail & Diadema, 2009;
Rodriguez-Sanchez & Arroyo, 2008). The fact that longer term and
older environmental variables explain the east-west spatial struc-
ture of diversity possibly indicates a longer-lasting biodiversity
structure than the one opposing southern and northern areas in
Mediterranean Europe (Duggen et al., 2003; Krijgsman et al., 1999).
Worldwide, latitudinal patterns in taxonomic turnover are ubiquitous
and have long been known to reflect a universal latitudinal climate
gradient (Darwin, 1859 - chapter 11). In this part of world, there
is a strong longitudinal variation in floristic regions (Macaronesian,
Mediterranean, Irano-Turanian) which is tightly related to the pa-
leogeographic and paleoclimatic history of the Tethyan Basin
(Takhtajan, 1986). Past geological events, ecological factors and
evolutionary history may all have contributed to the longitudinal bio-
diversity pattern found here. Disentangling their importance would
require a comparison with other regions where longitudinal patterns
also exist, such as in Eurasia (Takhtajan, 1986).

Phylogenetic endemism was the least significantly correlated

of all phylogenetic indices, thus adding a new dimension to the

taxonomic richness and phylogenetic diversity analysis of European
Mediterranean tree genera. Latitude has a crucial influence on all
components of alpha diversity (phylogenetic diversity, phyloge-
netic endemism and Rao phylogenetic diversity). Most diversity
rich areas are found in southern coastal Spain, south-eastern Italy,
southern Greece and southern Sardinia, which correlates well with
current climate variables. These areas of high topographic variability
are also areas of relative Pleistocene climate stability and low tem-
perature change velocity, which are known to harbour high levels
of species endemism (Jansson, 2003; Sandel et al., 2011; Tzedakis
et al., 2002). However, phylogenetic endemism behaves somewhat
differently and increases towards the east of the Mediterranean
Basin, emphasizing again the importance of this region of relatively
mild Mid-Holocene and LGM temperature and high Mid-Holocene
annual precipitation, as shown in previous Mediterranean-wide
studies (Conord et al., 2012; Médail & Diadema, 2009), helping the
persistence of taxa with longer branch lengths.

4.2 | ldentifying regions of high phylogenetic
neo- and paleo-endemism

Endemic plants can be relicts or newly formed, and these two cate-
gories of endemic taxa are commonly referred to as paleo-endemics
or neo-endemics, respectively (Favarger & Contandriopoulos, 1961;
Stebbins & Major, 1965; Thompson, 2020). Hence, paleo-endemic taxa
are ancient or relict elements of a given taxonomic group, often sys-
tematically isolated from other taxa, and neo-endemic taxa are more
recently evolved and have extant sister taxa. Extending the notion of
endemism to phylogenetic diversity in a spatial context, a high repre-
sentation of phylogenetic paleo-endemism can be indicative of an area
that has been a long-term refugium while phylogenetic neo-endemism,

with an over-representation of short branches that are rare on the
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FIGURE 7 Map inshaded relief (Becker et al., 2009) of the biogeographical limits of the Euro-Mediterranean region following the
scheme of Olson et al. (2001). (a) The location of the 52 putative refugia (green) identified by Médail and Diadema (2009) and of the 10
regional hotspots of plant biodiversity (large broken line) identified by Médail and Quézel (1997) and Vela and Benhouhou (2007). 1, High
and Middle Atlas; 2, Baetic-Rifan complex; 3, Maritime and Ligurian Alps; 4, Tyrrhenian islands; 5, south and central Greece; 6, Crete; 7,
south Anatolia and Cyprus; 8, Syria-Lebanon-Israel; 9, Mediterranean Cyrenaic; 10, Kabylies-Numidie-Kroumirie. (b) The location of the 76
centres of phylogenetic endemism at genus level identified in this study. Red dots indicate centres of neo-endemism, blue dots centres of
paleo-endemism, purple dots centres of mixed-endemism (both neo and paleo-endemism) and dark purple dots centres of super-endemism.
Dashed black lines represent the contours of the six regional hotspots of plant biodiversity that occur in Mediterranean Europe
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landscape, can indicate a place of recent lineage divergence with close
relatives occurring in the same communities (Mishler et al., 2014),
possibly due to local conditions such as specific isolated substrates.
As we deal here with tree genera, thus rather deep time phylogenetic
events, areas of paleo and neo-endemism are likely to result from deep
time historical events, earlier than the Tertiary (see phylogenetic tree
of Cheikh Albassatneh et al., 2020). And, consequently, we may have
missed more recent neo-endemism patterns such as ones that could
have been detected if we had used species-level data, although tree
genera are not particularly speciose in the Euro-Mediterranean region.

As mentioned by Mishler et al. (2020), when a lineage is wide-
spread outside a study region, yet rare within it, CANAPE treats it as
arange-restricted lineage in the region, increasing its contribution to
the endemism analyses. This is possibly the case here at the south-
ern and eastern edges of our study area were phylogenetic paleo-
and neo-endemism is high, as they mark the transition with other
floristic regions (Saharo-Arabian, Irano-Turanian) while still harbour-
ing an important part of Mediterranean flora. Sampling trees only
and using an ad hoc phylogeny may also result in biased phyloge-
netic endemism estimates (Park et al., 2018), although we consider
this risk limited here as the time-calibrated phylogeny used fits well
with the APGIV global plant phylogeny (Chase et al., 2016; Cheikh
Albassatneh et al., 2020). Any spatial phylogenetic study that is not
worldwide will display edge effects, no matter how well-done the
sampling is. Here, we consider that high PE cells located at the edge
of our study area have a high conservation value per se and should
not be considered as artefacts because our endemism study is rela-
tive to our study area. Mediterranean Europe habitat managers will
target these areas of local phylogenetic endemism as relevant high
priority conservation value.

Based on the phylogeographic structure of plant species, Médail
and Diadema (2009) identified 52 refugia within the Mediterranean
region, 33 situated in the western Mediterranean Basin and 19 in
the eastern part. Our study identified 76 grid cells of high phyloge-
netic endemism (22 paleo-endemism, 10 neo-endemism, 40 mixed-
endemism, 4 super-endemism), 38 situated in the western and 38
in the eastern Mediterranean Basin, which mostly match regions
considered as regional hotspots of plant biodiversity (Médail &
Quézel, 1997; Vela & Benhouhou, 2007) and are refugia-rich in the
study of Médail and Diadema (2009) (Figure 7).

In addition, eastern Sicily can also be identified as a hotspot of
phylogenetic neo-endemism. South-western Andalusia, the Greek
islands of Psara, Karpathos and Rhodos, and Cyprus also concen-
trate high phylogenetic paleo-endemism. The southern and eastern
regions of the Iberian Peninsula and Crete are also rich for phyloge-
netic mixed-endemism. While Portugal and the southern tip of Spain
are not a biodiversity hotspot, they are rich in refugia and phyloge-
netic mixed-endemism.

The high concentration of mixed phylogenetic endemism that we
identified in northern Greece and the Belasca mountains of Bulgaria,
and of super-endemism in a few Greek Aegean Islands (Samothraki,
Amorgos) were neither detected as regional hotspots of plant bio-
diversity by Médail and Quézel (1997) or as refugia by Médail and

Diadema (2009). They can be added to the list of important plant
biodiversity areas of the Mediterranean Basin. Overall, as indicated
by the phylogenetic turnover analysis, the hotspots of phyloge-
netic endemism of the coast of the southern and western Iberian
Peninsula, north-eastern Sicily and Crete, were more similar to each
other than to those the Balkans and Cyprus.

Centres of paleo-endemism are associated with wet and equa-
ble climatic conditions similar to those of ancient pre-Mediterranean
climates (Anacker & Harrison, 2012; Herrera, 1992; Jansson, 2003;
Médail & Diadema, 2009; Raven & Axelrod, 1978). These types of
humid refugia can be found at the mid-altitude (approximately 400
to 800 m altitude) and in sea level ravines such as for Phoenix theo-
phrasti in Crete. In northern Greece, mesic ravine forest community
types that are putative Pleistocene refugia, showed significantly
high phylogenetic diversity compared with other forest commu-
nity types (Mastrogianni et al., 2019). Such areas, less arid than the
surrounding dry plains and less cold than higher elevation or lati-
tude sites may have allowed rapid altitudinal shifts in response to
climate change, in situ persistence of species and the emergence
of endemism (Beug, 1975; Jansson, 2003; Sandel et al., 2011,
Tzedakis et al., 2002). This is the case in many regions such as in
the mountains of southern Spain (Arroyo & Maranon, 1990; Canadas
et al., 2014), Balearic Islands (Contandriopoulos & Cardona, 1984)
and the loannina catchment in the Pindus Mountains of Greece. Our
study confirms south-eastern Spain as an area of both paleo- and
neo-endemism (such as the Natural Park Sierras de Cazorla, Segura
and the Villas, Cabo Tifloso and Roldan Sierra in the north-west of
Murcia) and provides evidence of paleo-endemism in the islands of
Cyprus, and of the Dodecanese and Cyclades in Greece, where such
phylogenetically original genera as Phoenix and Liquidambar can be
found.

Studies of the California flora concluded that neo-endemic cen-
tres were in regions with relatively young Mediterranean climate
and high relative geomorphological heterogeneity (Lancaster &
Kay, 2013; Raven & Axelrod, 1978; Stebbins & Major, 1965). From
a phylogenetic point of view, neo-endemics result from recent
in situ differentiation. Worldwide, closely related neo-endemics
are usually found in the same area or in adjacent regions, often
constituting groups of vicarious taxa (Cowling & Holmes, 1992;
Kruckeberg, 2004). Thus, centres of neo-endemism are more related
to harsher environmental conditions (Cacho & Strauss, 2014; Verdu
& Pausas, 2013) and to high topographical relief encouraging spatial
divergence (Crisp et al., 2001; Molina-Venegas et al., 2015, 2016;
Vetaas & Grytnes, 2002). We identified only a few areas of phylo-
genetic neo-endemism in the Euro-Mediterranean region, located in
the high topographical relief and high geological activity zones of

eastern Sicily and southern Corsica.

5 | CONCLUSION

Low climate change velocity areas, with continuous warm-wet

climates, contain high phylogenetic diversity and endemism in
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the Mediterranean. Using phylogenetic endemism as an indica-
tor, we confirm the high conservation value of: (a) the Aegean is-
lands where several types of phylogenetic endemism were found,
demonstrating long-lasting evolutionary processes, (b) eastern
Sicily as a cradle of neo-endemism, (c) Cyprus as a museum of
paleo-endemism, and (d) coastal southwest Portugal, the south-
ern and eastern regions of the Iberian Peninsula, and Crete for
mixed-endemism.

We demonstrate that trees of the Euro-Mediterranean region
show clear patterns in the spatial distribution of their evolutionary
heritage. We confirm that the southern large peninsulas and the
islands of this region are regional hotspots of taxonomic richness,
phylogenetic diversity and phylogenetic endemism. We identify sev-
eral islands of the Dodecane and Cyclades, the Belasca mountains in
Bulgaria and northern Greece as areas of yet undetected high con-
servation value for their phylogenetic endemism. Future research
should test whether protected areas actually fully encompass these

phylogenetically rich areas.

ACKNOWLEDGEMENT

This study was funded by the French Foundation for Research on
Biodiversity (FRB) through its Centre for Synthesis and Analysis
of Biodiversity data (CESAB) program, as part of the WOODIV
research project, and by the OT-Med Laboratory of Excellence
at Aix-Marseille University (n° ANR-11-LABX-0061). M.C.A. was
also supported by Sorbonne Université (Paris, France) and the
“Programme national d'aide a I'Accueil en Urgence des Scientifiques
en Exil (PAUSE)” of Collége de France. The study complies to the
Nagoya Protocol on Access to Genetic Resources and the Fair and
Equitable Sharing of Benefits Arising from Their Utilization of the
Convention on Biological Diversity.

CONFLICT OF INTEREST

The authors have no competing interests to declare.

PEER REVIEW
The peer review history for this article is available at https://publo
ns.com/publon/10.1111/ddi.13241.

DATA AVAILABILITY STATEMENT

All data are available open access, as indicated in the manuscript.

ORCID
Bruno Fady https://orcid.org/0000-0003-2379-7617
REFERENCES

Alvarez, N., Thiel-Egenter, C., Tribsch, A., Holderegger, R., Manel, S.,
Schénswetter, P., Taberlet, P., Brodbeck, S., Gaudeul, M., Gielly, L.,
Kipfer, P., Mansion, G., Negrini, R., Paun, O., Pellecchia, M., Rioux, D.,
Schuipfer, F., Van Loo, M., Winkler, M., ... Kiipfer, P. (2009). History or
ecology? Substrate type as a major driver of spatial genetic structure
in Alpine plants. Ecology Letters, 12, 632-640.

Anacker, B. L., & Harrison, S. P. (2012). Historical and ecolog-
ical controls on phylogenetic diversity in Californian plant

Covrsiy s isrbrions EUVITRVES

communities. The American Naturalist, 180, 257-269. https://doi.
org/10.1086/666650

Arroyo, J., & Maranon, T. (1990). Community ecology and distribu-
tional spectra of Mediterranean Shrublands and Heathlands in
Southern Spain. Journal of Biogeography, 17, 163-176. https://doi.
org/10.2307/2845324

Bacchetta, G., Farris, E., & Pontecorvo, C. (2012). A new method to set
conservation priorities in biodiversity hotspots. Plant Biosystems,
146, 638-648. https://doi.org/10.1080/11263504.2011.642417

Baselga, A. (2012). The relationship between species replace-
ment, dissimilarity derived from nestedness, and nestedness.
Global Ecology and Biogeography, 21, 1223-1232. https://doi.
org/10.1111/j.1466-8238.2011.00756.x

Becker, J. J., Sandwell, D. T., Smith, W. H. F,, Braud, J., Binder, B., Depner,
J., Fabre, D., Factor, J., Ingalls, S., Kim, S.-H., Ladner, R., Marks, K,
Nelson, S., Pharaoh, A., Trimmer, R., Von Rosenberg, J., Wallace, G., &
Weatherall, P. (2009). Global bathymetry and elevation data at 30 arc
seconds resolution: SRTM30_PLUS. Marine Geodesy, 32, 355-371.
https://doi.org/10.1080/01490410903297766

Beug, H. J. (1975). Changes of climate and vegetation belts in the
mountains of Mediterranean Europe during the Holocene. Biuletyn
Geologiczny Polska, 19, 101-110.

Brockerhoff, E. G., Jactel, H., Parrotta, J. A,, & de Ferraz, S. F. B. (2013).
Role of eucalypt and other planted forests in biodiversity conser-
vation and the provision of biodiversity-related ecosystem ser-
vices. Forest Ecology and Management, 301, 43-50. https://doi.
org/10.1016/j.foreco.2012.09.018

Buckley, L. B., & Jetz, W. (2008). Linking global turnover of species and
environments. Proceedings of the National Academy of Sciences of
the United States of America, 105, 17836. https://doi.org/10.1073/
pnas.0803524105

Cacho, N. I., & Strauss, S. Y. (2014). Occupation of bare habitats, an evo-
lutionary precursor to soil specialization in plants. Proceedings of the
National Academy of Sciences of the United States of America, 111,
15132-15137. https://doi.org/10.1073/pnas.1409242111

Cadotte, M. W., & Tucker, C. M. (2018). Difficult decisions: Strategies for
conservation prioritization when taxonomic, phylogenetic and func-
tional diversity are not spatially congruent. Biological Conservation,
225, 128-133. https://doi.org/10.1016/j.biocon.2018.06.014

Canadas, E. M., Fenu, G., Pefas, J., Lorite, J., Mattana, E., & Bacchetta,
G. (2014). Hotspots within hotspots: Endemic plant rich-
ness, environmental drivers, and implications for conservation.
Biological Conservation, 170, 282-291. https://doi.org/10.1016/j.
biocon.2013.12.007

Chase, M. W., Christenhusz, M. J. M., Fay, M. F., Byng, J. W,, Judd, W.
S., Soltis, D. E., Mabberley, D. J., Sennikov, A. N., Soltis, P. S., &
Stevens, P. F. (2016). An update of the Angiosperm Phylogeny Group
classification for the orders and families of flowering plants: APG
IV. Biological Journal of the Linnean Society, 181, 1-20. https://doi.
org/10.1111/b0j.12385

Cheikh Albassatneh, M., Escudero, M., Ponger, L., Monnet, A.-C., Arroyo,
J., Nikolic, T., Bacchetta, G., Bagnoli, F., Dimopoulos, P., Leriche, A,
Médail, F., Roig, A., Spanu, ., Vendramin, B., Hampe, A., & Fady, B.
(2020). A comprehensive, genus-level time-calibrated phylogeny of
the tree flora of Mediterranean Europe and an assessment of its vul-
nerability. Botany Letters, 167(2), 276-289.

Conord, C., Gurevitch, J., & Fady, B. (2012). Large-scale longitudinal gra-
dients of genetic diversity: A meta-analysis across six phyla in the
Mediterranean Basin. Ecology and Evolution, 2(10), 2600-2614.

Contandriopoulos, J., & Cardona, M. A. (1984). Caractére original de la
flore endémique des Baléares. Botanica Helvativa, 94, 101-132.

Cowling, R. M., & Holmes, P. M. (1992). Endemism and speciation in a
lowland flora from the Cape Floristic Region. Biological Journal
of the Linnean Society, 47, 367-383. https://doi.org/10.1111/
j.1095-8312.1992.tb00675.x


https://publons.com/publon/10.1111/ddi.13241
https://publons.com/publon/10.1111/ddi.13241
https://orcid.org/0000-0003-2379-7617
https://orcid.org/0000-0003-2379-7617
https://doi.org/10.1086/666650
https://doi.org/10.1086/666650
https://doi.org/10.2307/2845324
https://doi.org/10.2307/2845324
https://doi.org/10.1080/11263504.2011.642417
https://doi.org/10.1111/j.1466-8238.2011.00756.x
https://doi.org/10.1111/j.1466-8238.2011.00756.x
https://doi.org/10.1080/01490410903297766
https://doi.org/10.1016/j.foreco.2012.09.018
https://doi.org/10.1016/j.foreco.2012.09.018
https://doi.org/10.1073/pnas.0803524105
https://doi.org/10.1073/pnas.0803524105
https://doi.org/10.1073/pnas.1409242111
https://doi.org/10.1016/j.biocon.2018.06.014
https://doi.org/10.1016/j.biocon.2013.12.007
https://doi.org/10.1016/j.biocon.2013.12.007
https://doi.org/10.1111/boj.12385
https://doi.org/10.1111/boj.12385
https://doi.org/10.1111/j.1095-8312.1992.tb00675.x
https://doi.org/10.1111/j.1095-8312.1992.tb00675.x

CHEIKH ALBASSATNEH ET AL.

“LowiLey-

Crisp, M. D,, Laffan, S., Linder, H. P., & Monro, A. (2001). Endemism in the
Australian flora. Journal of Biogeography, 28, 183-198. https://doi.
org/10.1046/j.1365-2699.2001.00524.x

Darwin, C. (1859). On the origin of species by means of natural selection.
Avenel Books (1979 edition).

Decocq, G., Andrieu, E., Brunet, J., Chabrerie, O., De Frenne, P., De
Smedt, P., Deconchat, M., Diekmann, M., Ehrmann, S., Giffard,
B., Mifsud, E. G., Hansen, K., Hermy, M., Kolb, A., Lenoir, J,,
Liira, J., Moldan, F., Prokofieva, I., Rosenqvist, L., ... Wulf, M.
(2016). Ecosystem services from small forest patches in agricul-
tural landscapes. Current Forestry Reports, 2, 30-44. https://doi.
org/10.1007/s40725-016-0028-x

Doxa, A., Devictor, V., Baumel, A., Pavon, D., Medail, F., & Leriche, A.
(2020). Beyond taxonomic diversity: Revealing spatial mismatches in
phylogenetic and functional diversity facets in Mediterranean tree
communities in southern France. Forest Ecology and Management,
474,118318.

Duggen, S., Hoernle, K., Van den Bogaard, P., Riipke, L., & Morgan, J. P.
(2003). Deep roots of the Messinian salinity crisis. Nature, 422(6932),
602-606.

Faith, D. P. (1992). Conservation evaluation and phyloge-
netic diversity. Biological Conservation, 61, 1-10. https://doi.
org/10.1016/0006-3207(92)91201-3

Favarger, C., & Contandriopoulos, J. (1961). Essai sur I'endémisme.
Bulletin de la Société Botanique Suisse, 71, 384-408.

Forest, F., Grenyer, R., Rouget, M., Davies, J.,, Cowling, R., Faith,
D., Balmford, A., Manning, J., Proches, S., Bank, M., Reeves, G,
Hedderson, T., & Savolainen, V. (2007). Preserving the evolutionary
potential of floras in biodiversity hotspots. Nature, 445, 757-760.
https://doi.org/10.1038/nature05587

Gaston, K. J. (2000). Global patterns in biodiversity. Nature, 405, 220-
227. https://doi.org/10.1038/35012228

Gaugquelin, T., Michon, G., Joffre, R., Duponnois, R., Génin, D., Fady, B.,
Bou Dagher-Kharrat, M., Derridj, A., Slimani, S., Badri, W., Alifriqui,
M., Auclair, L., Simenel, R., Aderghal, M., Baudoin, E., Galiana, A.,
Prin, Y., Sanguin, H., Fernandez, C., & Baldy, V. (2018). Mediterranean
forests, land use and climate change: A social-ecological perspec-
tive. Regional Environmental Change, 18, 623-636. https://doi.
org/10.1007/s10113-016-0994-3

Gibson, L., Lee, T. M., Koh, L. P., Brook, B. W., Gardner, T. A., Barlow,
J., Peres, C. A., Bradshaw, C. J. A., Laurance, W. F., Lovejoy, T. E,,
& Sodhi, N. S. (2011). Primary forests are irreplaceable for sustain-
ing tropical biodiversity. Nature, 478, 378. https://doi.org/10.1038/
nature10425

Gonzalez-Orozco, C. E., Pollock, L. J., Thornhill, A. H., Mishler, B. D.,
Knerr, N., Laffan, S. W., Miller, J. T., Rosauer, D. F,, Faith, D. P,
Nipperess, D. A., Kujala, H., Linke, S., Butt, N., Kiilheim, C., Crisp,
M. D., & Gruber, B. (2016). Phylogenetic approaches reveal biodiver-
sity threats under climate change. Nature Climate Change, 6, 1110.
https://doi.org/10.1038/nclimate3126

Graham, C. H., & Fine, P. V. A. (2008). Phylogenetic beta diver-
sity: Linking ecological and evolutionary processes across
space in time. Ecology Letters, 11, 1265-1277. https://doi.
org/10.1111/j.1461-0248.2008.01256.x

Haerdtle, W., Oheimb, G., & Westphal, C. (2003). The effect of light and
soil conditions on the species richness of the ground vegetation of
deciduous forests in northern Germany (Schleswig-Holstein). Forest
Ecology and Management, 182, 327-338. https://doi.org/10.1016/
S0378-1127(03)00091-4

Harrell, F. E. Jr, & Harrell Jr, M. F. E. (2019). Package ‘Hmisc’. CRAN2018
2019, 235-6.

Herrera, C. M. (1992). Historical effects and storing processes as explana-
tions for contemporary ecological patterns: Character syndromes in
Mediterranean woody plants. The American Naturalist, 140(3), 421-446.

Hijmans, R. J., Van Etten, J., Sumner, M., Cheng, J., Baston, D., Bevan,
A., Bivand, R., Busetto, L., Canty, M., Fasoli, B., Forrest, D., Ghosh,
A., Golicher, D., Gray, J., Greenberg, J. A., Hiemstra, P., Hingee, K., &
(2015). Institute for Mathematics Applied Geosciences. C. Karney,
M. Mattiuzzi, S. Mosher, J. Nowosad, E. Pebesma, O. P. Lamigueiro,
E. B. Racine, B. Rowlingson, A. Shortridge, B. Venables & R. Wueest.
Package ‘raster’. R package, 734.

Hillebrand, H., Blasius, B., Borer, E. T., Chase, J. M., Downing, J. A,,
Eriksson, B. K., Filstrup, C. T., Harpole, W. S., Hodapp, D., Larsen,
S., Lewandowska, A. M., Seabloom, E. W., Van de Waal, D. B,,
& Ryabov, A. B. (2018). Biodiversity change is uncoupled from
species richness trends: Consequences for conservation and
monitoring. Journal of Applied Ecology, 55, 169-184. https://doi.
org/10.1111/1365-2664.12959

Hoffmann, M., Hilton-Taylor, C., Angulo, A., Bohm, M., Brooks, T. M.,
Butchart, S. H. M., Carpenter, K. E., Chanson, J., Collen, B., Cox, N.
A., Darwall, W.R.T., Dulvy, N. K., Harrison, L. R., Katariya, V., Pollock,
C. M., Quader, S., Richman, N. I, Rodrigues, A. S. L., Tognelli, M. F.,
... Stuart, S. N. (2010). The impact of conservation on the status of
the world’s vertebrates. Science, 330(6010), 1503-1509. https://doi.
org/10.1126/science.1194442

Hollingsworth, P. M., Forrest, L. L., Spouge, J. L., Hajibabaei, M.,
Ratnasingham, S., van der Bank, M., Chase, M. W,, Cowan, R. S,,
Erickson, D. L., Fazekas, A. J., Graham, S. W.,, James, K. E., Kim, K.-
J., Kress, W. J., Schneider, H., van AlphenStahl, J., Barrett, S. C. H.,
van den Berg, C., Bogarin, D., ... Little, D. P. (2009). A DNA barcode
for land plants. Proceedings of the National Academy of Sciences of
the United States of America, 106, 12794. https://doi.org/10.1073/
pnas.0905845106

Jansson, R. (2003). Global patterns in endemism explained by past cli-
matic change. Proceedings of the Royal Society of London. Series B:
Biological Sciences, 270(1515), 583-590.

Jiang, Y., Zang, R., Letcher, S., Ding, Y., Huang, Y., Lu, X., Huang, J., Liu,
W., & Zhang, Z. (2015). Associations between plant composition/di-
versity and the abiotic environment across six vegetation types in a
biodiversity hotspot of Hainan Island, China. Plant and Soil, 403(1-2),
21-35. https://doi.org/10.1007/s11104-015-2723-y

Johnson, C. N., Balmford, A., Brook, B. W.,, Buettel, J. C., Galetti, M.,
Guangchun, L., & Wilmshurst, J. M. (2017). Biodiversity losses and
conservation responses in the Anthropocene. Science, 356(6335),
270-275.

Kassambara, A. (2017). ggpubr:“ggplot2” based publication ready plots. R
package version 0.1. 6.

Kier, G., Kreft, H., Lee, T., Jetz, W., Ibisch, P., Nowicki, C., Mutke, J., &
Barthlott, W. (2009). A global assessment of endemism and spe-
cies richness across island and mainland regions. Proceedings of the
National Academy of Sciences of the United States of America, 106,
9322-9327. https://doi.org/10.1073/pnas.0810306106

Kling, M. M., Mishler, B. D., Thornhill, A. H., Baldwin, B. G., & Ackerly,
D. D. (2019). Facets of phylodiversity: Evolutionary diversifica-
tion, divergence and survival as conservation targets. Philosophical
Transactions of the Royal Society B, 374(1763), 20170397.

Kress, W. J., & Erickson, D. L. (2007). A two-locus global DNA Barcode
for Land Plants: The Coding rbcL Gene Complements the Non-
Coding trnH-psbA Spacer Region. PLoS One, 2, e508. https://doi.
org/10.1371/journal.pone.0000508

Krijgsman, W., Hilgen, F. J., Raffi, I., Sierro, F. J., & Wilson, D. S. (1999).
Chronology, causes and progression of the Messinian salinity crisis.
Nature, 400(6745), 652-655.

Kruckeberg, A. R. (2004). Geology and plant life: The effects of landforms
and rock types on plants. University of Washington Press.

Laffan, S. W., & Crisp, M. D. (2003). Assessing endemism at multiple
spatial scales, with an example from the Australian Vascular Flora.
Journal of Biogeography, 30, 511-520.


https://doi.org/10.1046/j.1365-2699.2001.00524.x
https://doi.org/10.1046/j.1365-2699.2001.00524.x
https://doi.org/10.1007/s40725-016-0028-x
https://doi.org/10.1007/s40725-016-0028-x
https://doi.org/10.1016/0006-3207(92)91201-3
https://doi.org/10.1016/0006-3207(92)91201-3
https://doi.org/10.1038/nature05587
https://doi.org/10.1038/35012228
https://doi.org/10.1007/s10113-016-0994-3
https://doi.org/10.1007/s10113-016-0994-3
https://doi.org/10.1038/nature10425
https://doi.org/10.1038/nature10425
https://doi.org/10.1038/nclimate3126
https://doi.org/10.1111/j.1461-0248.2008.01256.x
https://doi.org/10.1111/j.1461-0248.2008.01256.x
https://doi.org/10.1016/S0378-1127(03)00091-4
https://doi.org/10.1016/S0378-1127(03)00091-4
https://doi.org/10.1111/1365-2664.12959
https://doi.org/10.1111/1365-2664.12959
https://doi.org/10.1126/science.1194442
https://doi.org/10.1126/science.1194442
https://doi.org/10.1073/pnas.0905845106
https://doi.org/10.1073/pnas.0905845106
https://doi.org/10.1007/s11104-015-2723-y
https://doi.org/10.1073/pnas.0810306106
https://doi.org/10.1371/journal.pone.0000508
https://doi.org/10.1371/journal.pone.0000508

CHEIKH ALBASSATNEH ET AL.

Laffan, S. W., Lubarsky, E., & Rosauer, D. F. (2010). Biodiverse, a tool for
the spatial analysis of biological and related diversity. Ecography, 33,
643-647. https://doi.org/10.1111/j.1600-0587.2010.06237.x

Laffan, S., Ramp, D., & Roger, E. (2013). Using endemism to assess repre-
sentation of protected areas - the family Myrtaceae in the Greater
Blue Mountains World Heritage Area. Journal of Biogeography, 40,
570-578. https://doi.org/10.1111/jbi.12001

Laffan, S. W., Rosauer, D. F., Di Virgilio, G., Miller, J. T., Gonzalez-Orozco,
C. E., Knerr, N., Thornhill, A. H., & Mishler, B. D. (2016). Range-
weighted metrics of species and phylogenetic turnover can bet-
ter resolve biogeographic transition zones. Methods in Ecology and
Evolution, 7, 580-588. https://doi.org/10.1111/2041-210X.12513

Laliberté, E., Grace, J. B., Huston, M. A., Lambers, H., Teste, F. P, Turner,
B. L., & Wardle, D. A. (2013). How does pedogenesis drive plant di-
versity? Trends in Ecology and Evolution, 28, 331-340.

Lancaster, L. T., & Kay, K. M. (2013). Origin and diversification of the
California flora: Re-examining classic hypotheses with molecular
phylogenies. Evolution, 67, 1041-1054. https://doi.org/10.1111/
evo.12016

Le Roux, J., Hui, C., Castillo, M., Iriondo, J. M., Keet, J.-H., Khapugin,
A., Médail, F., Rejmanek, M., Theron, G., Yannelli, F., & Hirsch, H.
(2019). Recent anthropogenic plant extinctions differ in biodiversity
hotspots and coldspots. Current Biology, 29, 2912-2918. https://doi.
org/10.1016/j.cub.2019.07.063

Lé,S., Josse, J., & Husson, F. (2008). FactoMineR: An R package for multi-
variate analysis. Journal of Statistical Software, 25(1), 1-18.

Liang, J., Crowther, T. W,, Picard, N., Wiser, S., Zhou, M., Alberti, G.,
Schulze, E.-D., McGuire, A. D., Bozzato, F., Pretzsch, H., de Miguel, S.,
Paquette, A., Hérault, B., Scherer-Lorenzen, M., Barrett, C. B, Glick,
H. B., Hengeveld, G. M., Nabuurs, G.-J., Pfautsch, S., ... Reich, P. B.
(2016). Positive biodiversity-productivity relationship predominant
in global forests. Science, 354, aaf8957. https://doi.org/10.1126/
science.aaf8957

Lindenmayer, D. B. (2009). Forest wildlife management and conserva-
tion. Annals of the New York Academy of Sciences, 1162, 284-310.
https://doi.org/10.1111/j.1749-6632.2009.04148.x

Linder, H. P. (2001). On areas of endemism, with an example from the
African Restionaceae. Systematic Biology, 50, 892-912. https://doi.
org/10.1080/106351501753462867

Link-Pérez, M. A., & Laffan, S. W. (2018). Fern and lycophyte diversity in
the Pacific Northwest: Patterns and predictors. Journal of Systematics
and Evolution, 56, 498-522.

Mace, G., Masundire, H., & Baillie, J. (2005). Biodiversity. In R. Hassan,
R. Scholes, & N. Ash (Eds.), Ecosystems and human well-being: Current
state and trends: Findings of the condition and trends Working Group
(Chapter 4); Millennium Ecosystem Assessment.

Mantel, N. (1967). The detection of disease clustering and a generalized
regression approach. Cancer Research, 27, 209-220.

Margules, C. R., & Pressey, R. L. (2000). Systematic conservation plan-
ning. Nature, 405, 243-253. https://doi.org/10.1038/35012251
Mastrogianni, A., Kallimanis, A. S., Chytry, M., & Tsiripidis, I. (2019).

Phylogenetic diversity patterns in forests of a putative refu-
gial area in Greece: A community level analysis. Forest Ecology
and Management, 446, 226-237. https://doi.org/10.1016/j.

foreco.2019.05.044

McKerrow, A. J., Tarr, N. M., Rubino, M. J., & Williams, S. G. (2018).
Patterns of species richness hotspots and estimates of their pro-
tection are sensitive to spatial resolution. Diversity and Distributions,
24(10), 1464-1477. https://doi.org/10.1111/ddi.12779

Médail, F., & Diadema, K. (2009). Glacial refugia influence plant diversity
patterns in the Mediterranean Basin. Journal of Biogeography, 36(7),
1333-1345. https://doi.org/10.1111/j.1365-2699.2008.02051.x

Médail, F., Monnet, A.-C., Pavon, D., Nikolic, T., Dimopoulos, P,
Bacchetta, G., Arroyo, J., Barina, Z., Albassatneh, M. C., Domina,
G., Fady, B., Matevski, V., Mifsud, S., & Leriche, A. (2019). What is a

Covrsiy s isrbrions VTRV

tree in the Mediterranean Basin hotspot? A critical analysis. Forest
Ecosystems, 6, 17. https://doi.org/10.1186/s40663-019-0170-6

Médail, F., & Quézel, P. (1997). Hot-spots analysis for conservation of
plant biodiversity in the Mediterranean Basin. Annals of the Missouri
Botanical Garden, 84, 112-127. https://doi.org/10.2307/2399957

Mishler, B. D. (2009). Species are not uniquely real biological entities.
In Contemporary debates in philosophy of biology (pp. 110-122). John
Wiley & Sons Ltd.

Mishler, B. D., Guralnick, R, Soltis, P. S., Smith, S. A., Soltis, D. E., Barve,
N., Allen, J. M., & Laffan, S. W. (2020). Spatial phylogenetics of the
North American flora. Journal of Systematics and Evolution, 58, 393-
405. https://doi.org/10.1111/jse.12590

Mishler, B. D., Knerr, N., Gonzalez-Orozco, C. E., Thornhill, A. H.,
Laffan, S. W., & Miller, J. T. (2014). Phylogenetic measures of biodi-
versity and neo- and paleo-endemism in Australian Acacia. Nature
Communications, 5, 4473. https://doi.org/10.1038/ncomms5473

Molina-Venegas, R., Aparicio, A., Lavergne, S., & Arroyo, J. (2016).
Climatic and topographical correlates of plant palaeo- and neoende-
mism in a Mediterranean biodiversity hotspot. Annals of Botany, 119,
229-238. https://doi.org/10.1093/aob/mcw093

Molina-Venegas, R., Aparicio, A,, Slingsby, J. A., Lavergne, S., & Arroyo, J.
(2015). Investigating the evolutionary assembly of a Mediterranean
biodiversity hotspot: Deep phylogenetic signal in the distribution of
eudicots across elevational belts. Journal of Biogeography, 42, 507-
518. https://doi.org/10.1111/jbi.12398

Monnet, A.-C., Cilleros, K., Médail, F., Cheikh Albassatneh, M., Arroyo,
J., Bacchetta, G., Bagnoli, F., Barina, Z., Cartereau, M., Casajus,
N., Dimopoulos, P., Domina, G., Doxa, A., Escudero, M., Fady, B.,
Hampe, A., Matevski, V., Misfud, S., Nikolic, T,, ... Leriche, A. (2020).
The WOODIV database: Occurrences, functional traits, and phyloge-
netic data for all Euro-Mediterranean trees. Under revision in Nature
Scientific Data.

Mori, A. S., Lertzman, K. P., & Gustafsson, L. (2017). Biodiversity and
ecosystem services in forest ecosystems: A research agenda for ap-
plied forest ecology. Journal of Applied Ecology, 54, 12-27. https://doi.
org/10.1111/1365-2664.12669

Morlon, H., Schwilk, D. W., Bryant, J. A., Marquet, P. A, Rebelo, A. G,
Tauss, C., Bohannan, B. J. M., & Green, J. L. (2011). Spatial patterns
of phylogenetic diversity. Ecology Letters, 14, 141-149. https://doi.
org/10.1111/j.1461-0248.2010.01563.x

Myers, N., Mittermeier, R. A., Mittermeier, C. G., da Fonseca, G. A. B,,
& Kent, J. (2000). Biodiversity hotspots for conservation priorities.
Nature, 403, 853-858. https://doi.org/10.1038/35002501

Nipperess, D., Beattie, J. A., Faith, D., Ginn, G. S., Kitching, R., Reid, C.,
Russell, T., & Hughes, L. (2012). Plant phylogeny as a surrogate for
turnover in beetle assemblages. Biodiversity and Conservation, 21,
323-342. https://doi.org/10.1007/s10531-011-0185-y

Norman, M. (2003). Biodiversity hotspots revisited. BioScience, 53, 916-
917. https://doi.org/10.1641/0006-3568(2003)053[0916:BHR]2.0
.CO;2

Ojeda, F., Pausas, J. G., & Verdu, M. (2010). Soil shapes community struc-
ture through fire. Oecologia, 163, 729-735.

Oksanen, J., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P., O’'Hara,
R., Simpson, G., Solymos, P., Stevens, M., & Wagner, H. (2012).
Package ‘vegan’'—Community Ecology Package, version 2.0-4.

Olson, D. M., Dinerstein, E., Wikramanayake, E. D., Burgess, N. D.,
Powell, G. V. N., Underwood, E. C., Damico, J. A, Itoua, ., Strand, H.
E., Morrison, J. C,, Loucks, C. J., Allnutt, T. F., Ricketts, T. H., Kura, Y.,
Lamoreux, J. F., Wettengel, W. W., Hedao, P., & Kassem, K. R. (2001).
Terrestrial Ecoregions of the World: A New Map of Life on Earth:
A new global map of terrestrial ecoregions provides an innovative
tool for conserving biodiversity. BioScience, 51, 933-938. https://doi.
org/10.1641/0006-3568

Park, D. S., Worthington, S., & Xi, Z. (2018). Taxon sampling effects
on the quantification and comparison of community phylogenetic


https://doi.org/10.1111/j.1600-0587.2010.06237.x
https://doi.org/10.1111/jbi.12001
https://doi.org/10.1111/2041-210X.12513
https://doi.org/10.1111/evo.12016
https://doi.org/10.1111/evo.12016
https://doi.org/10.1016/j.cub.2019.07.063
https://doi.org/10.1016/j.cub.2019.07.063
https://doi.org/10.1126/science.aaf8957
https://doi.org/10.1126/science.aaf8957
https://doi.org/10.1111/j.1749-6632.2009.04148.x
https://doi.org/10.1080/106351501753462867
https://doi.org/10.1080/106351501753462867
https://doi.org/10.1038/35012251
https://doi.org/10.1016/j.foreco.2019.05.044
https://doi.org/10.1016/j.foreco.2019.05.044
https://doi.org/10.1111/ddi.12779
https://doi.org/10.1111/j.1365-2699.2008.02051.x
https://doi.org/10.1186/s40663-019-0170-6
https://doi.org/10.2307/2399957
https://doi.org/10.1111/jse.12590
https://doi.org/10.1038/ncomms5473
https://doi.org/10.1093/aob/mcw093
https://doi.org/10.1111/jbi.12398
https://doi.org/10.1111/1365-2664.12669
https://doi.org/10.1111/1365-2664.12669
https://doi.org/10.1111/j.1461-0248.2010.01563.x
https://doi.org/10.1111/j.1461-0248.2010.01563.x
https://doi.org/10.1038/35002501
https://doi.org/10.1007/s10531-011-0185-y
https://doi.org/10.1641/0006-3568(2003)053#;0916:BHR#;2.0.CO;2
https://doi.org/10.1641/0006-3568(2003)053#;0916:BHR#;2.0.CO;2
https://doi.org/10.1641/0006-3568
https://doi.org/10.1641/0006-3568

CHEIKH ALBASSATNEH ET AL.

“ LwiLey-

diversity. Molecular Ecology, 27,1296-1308. https://doi.org/10.1111/
mec.14520

QGIS Development Team (2014). QGIS Geographic Information System.
Open Source Geospatial Foundation.

Qian, H., Ricklefs, R. E., & White, P. S. (2005). Beta diversity of
angiosperms in temperate floras of eastern Asia and east-
ern North America. Ecology Letters, 8, 15-22. https://doi.
org/10.1111/j.1461-0248.2004.00682.x

R Core Team (2018). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing.

Raven, P. H., & Axelrod, D. |. (1978). Origin and relationships of the
California flora. University of California Press.

Rivas-Martinez, S., Penas, A., & Diaz, T. (2004). Biogeographic Map of
Europe. Sociedad Espaiiola de Geobotanica.

Rodriguez-Sanchez, F., & Arroyo, J. (2008). Reconstructing the demise of
Tethyan plants: Climate-driven range dynamics of Laurus since the
Pliocene. Global Ecology and Biogeography, 17(6), 685-695.

Rosauer, D., Laffan, S. W., Crisp, M. D., Stearns, S. C., & Cook, L. G.
(2009). Phylogenetic endemism: A new approach for identifying geo-
graphical concentrations of evolutionary history. Molecular Ecology,
18,4061-4072. https://doi.org/10.1111/j.1365-294X.2009.04311.x

Rundel, P. W., Arroyo, M. T. K., Cowling, R. M., Keeley, J. E., Lamont, B.
B., & Vargas, P. (2016). Mediterranean biomes: Evolution of their veg-
etation, floras, and climate. Annual Review of Ecology, Evolution, and
Systematics, 47, 383-407. https://doi.org/10.1146/annurev-ecolsys-
121415-032330

Sandel, B., Arge, L., Dalsgaard, B., Davies, R. G., Gaston, K. J., Sutherland, W.
J., & Svenning, J. C. (2011). The influence of Late Quaternary climate-
change velocity on species endemism. Science, 334(6056), 660-664.

Scherson, R. A., Thornhill, A. H., Urbina-Casanova, R., Freyman, W. A.,
Pliscoff, P. A., & Mishler, B. D. (2017). Spatial phylogenetics of the vas-
cular flora of Chile. Molecular Phylogenetics and Evolution, 112, 88-95.

Simon-Porcar, V., Escudero, M., Navarro, L., de Castro, A., Lorite, J.,
Molina-Venegas, R., & Arroyo, J. (2018). Using floristics, modern sys-
tematics and phylogenetics for disentangling biodiversity hotspots
across scales: A Mediterranean case study. Plant Biosystems, 152,
1293-1310. https://doi.org/10.1080/11263504.2018.1445131

Stebbins, G. L., & Major, J. (1965). Endemism and Speciation in the
California Flora. Ecological Monographs, 35, 1-35. https://doi.
org/10.2307/1942216

Takhtajan, A. (1986). Floristic regions of the world. University of California
Press.

Thioulouse, J., Chessel, D., Dole, S., & Olivier, J. M. (1997). ADE-4: A
multivariate analysis and graphical display software. Statistics and
Computing, 7(1), 75-83.

Thompson, 1., Okabe, K., Tylianakis, J., Kumar, P., Brockerhoff, E.,
Schellhorn, N., Parrotta, J., & Nasi, R. (2011). Forest biodiversity and
the delivery of ecosystem goods and services: Translating science
into policy. BioScience, 61(12), 972-981. https://doi.org/10.1525/
bio.2011.61.12.7

Thompson, J. D. (2020). Plant evolution in the Mediterranean. Insights for
conservation (2nd ed.). Oxford Univ. Press.

Thornhill, A. H., Baldwin, B. G., Freyman, W. A., Nosratinia, S., Kling, M.
M., Morueta-Holme, N., Madsen, T. P., Ackerly, D. D., & Mishler, B.
D. (2017). Spatial phylogenetics of the native California flora. BMC
Biology, 15, 1-18. https://doi.org/10.1186/s12915-017-0435-x

Thornhill, A. H., Mishler, B. D., Knerr, N. J., Gonzalez-Orozco, C. E.,
Costion, C. M., Crayn, D. M., Laffan, S. W., & Miller, J. T. (2016).
Continental-scale spatial phylogenetics of Australian angiosperms
provides insights into ecology, evolution and conservation. Journal
of Biogeography, 43, 2085-2098. https://doi.org/10.1111/jbi.12797

Turvey, S.T., & Crees, J. J. (2019). Extinction in the Anthropocene. Current
Biology, 29(19), R982-R986.

Tzedakis, P. C., Lawson, I. T., Frogley, M. R., Hewitt, G. M., & Preece,
R. C. (2002). Buffered tree population changes in a quaternary

refugium: Evolutionary implications. Science, 297, 2044. https://doi.
org/10.1126/science.1073083

Valiente-Banuet, A., & Verdud, M. (2007). Facilitation can increase the
phylogenetic diversity of plant communities. Ecology Letters, 10,
1029-1036.

Van Jaarsveld, A. S., Freitag, S., Chown, S. L., Muller, C., Koch, S., Hull,
H., Bellamy, C., Kruger, M., Endrody-Younga, S., Mansell, M. W., &
Scholtz, C. H. (1998). Biodiversity assessment and conservation
strategies. Science, 279(5359), 2106-2108.

Vela, E., & Benhouhou, S. (2007). Assessment of a new hotspot for plant
biodiversity in the Mediterranean basin (north Africa). Comptes
Rendus Biologies, 330, 589-605.

Verdu, M., & Pausas, J. G. (2013). Syndrome-driven diversification in a
Mediterranean ecosystem. Evolution, 67, 1756-1766.

Vetaas, O. R., & Grytnes, J. (2002). Distribution of vascular plant species
richness and endemic richness along the Himalayan elevation gradi-
ent in Nepal. Global Ecology and Biogeography, 11, 291-301.

BIOSKETCHES

Marwan Cheikh Albassatneh is assistant professor in Syria,
specialized in forest ecology and management and forest tree
phylogenetics, currently with the Museum National d’Histoire
Naturelle in Paris (France).

Bruno Fady is a senior researcher at INRAE in Avignon (France)
with wide-ranging interests in the population genetics and
conservation of Mediterranean forest trees. All other authors,
brought together in the Woodiv working group (https://www.
fondationbiodiversite.fr/en/the-frb-in-action/programs-and-
projects/le-cesab/woodiv/), have interest in macroecology, com-
munity and population ecology, populations genetics, phylogeny

and biodiversity of Mediterranean plants.

Author contributions: M.C.A: methodology, data curation, data
analysis, original draft preparation, writing, M.E.: methodology,
data analysis, original draft preparation, writing, A.-C.M.: data
curation, original draft preparation, reviewing, J.A.: reviewing,
G.B.: reviewing, F.B.: reviewing, P.D.: reviewing, A.H.: review-
ing, editing, A.L.: reviewing, F.M.: reviewing, T.N.: reviewing, L.P.:
data analysis, G.G.V.: reviewing, B.F.: original draft preparation,
writing, reviewing, editing and supervision. All authors took part
in the conceptualization of the work and have read and approved

the final version of the manuscript.

SUPPORTING INFORMATION
Additional supporting information may be found online in the
Supporting Information section.

How to cite this article: Cheikh Albassatneh M, Escudero M,
Monnet A-C, et al. Spatial patterns of genus-level
phylogenetic endemism in the tree flora of Mediterranean
Europe. Divers Distrib. 2021;00:1-16. https://doi.
org/10.1111/ddi.13241



https://doi.org/10.1111/mec.14520
https://doi.org/10.1111/mec.14520
https://doi.org/10.1111/j.1461-0248.2004.00682.x
https://doi.org/10.1111/j.1461-0248.2004.00682.x
https://doi.org/10.1111/j.1365-294X.2009.04311.x
https://doi.org/10.1146/annurev-ecolsys-121415-032330
https://doi.org/10.1146/annurev-ecolsys-121415-032330
https://doi.org/10.1080/11263504.2018.1445131
https://doi.org/10.2307/1942216
https://doi.org/10.2307/1942216
https://doi.org/10.1525/bio.2011.61.12.7
https://doi.org/10.1525/bio.2011.61.12.7
https://doi.org/10.1186/s12915-017-0435-x
https://doi.org/10.1111/jbi.12797
https://doi.org/10.1126/science.1073083
https://doi.org/10.1126/science.1073083
https://www.fondationbiodiversite.fr/en/the-frb-in-action/programs-and-projects/le-cesab/woodiv/
https://www.fondationbiodiversite.fr/en/the-frb-in-action/programs-and-projects/le-cesab/woodiv/
https://www.fondationbiodiversite.fr/en/the-frb-in-action/programs-and-projects/le-cesab/woodiv/
https://doi.org/10.1111/ddi.13241
https://doi.org/10.1111/ddi.13241

