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ABSTRACT ARTICLE HISTORY

We produced the first time-calibrated phylogeny of all 64 native tree genera occurring on the Received 4 July 2019
European side of the Mediterranean Basin. This phylogeny is based on 3 plastid DNA sequences ~ Accepted 21 October 2019
(rbcL matK and trnH-psbA), 4 recognized fossil dates and 10 secondary calibrations. Based on KEYWORDS

the inferred topology, we then tested whether the investigated tree flora exhibits phylogenetic Woody plants; molecular
clustering in both life-history traits known to influence reproduction and species’ vulnerability  eyolution; plastid DNA;

to extinction. Our topology and the estimated dates mostly conform to published partial conservation; mating system;
phylogenies and are highly congruent with the Angiosperm Phylogeny Group classification Bayesian; Maximum
except for some minor incongruences including the still debated phylogenetic position of likelihood

Magnoliids. The four strictly endemic genera of the Mediterranean Basin (Chamaerops, Phillyrea,
Spartium and Tetraclinis) all showed emergence dates (11-72 Ma) long before the onset of the
Mediterranean climate. We did not find any imprints of phylogenetic sorting processes on the
life-history traits we studied, except for the mode of seed dispersal, which showed a clustered
distribution across our topology. The presence of species at risk of potential extinction within
a given genus was randomly distributed along the phylogenetic tree. Species with deficient
data were significantly nested within a few of the most recently evolved angiosperm genera.
Our analysis closes knowledge gaps and provides a valuable basis for studying the biogeo-
graphical and ecological processes that have generated the Mediterranean tree flora. It can also
inform conservation planning strategies that aim at broadening traditional taxonomy-focused
perspectives with components of evolutionary history and phylogenetic singularity.

Introduction temperate Europe (Quézel and Médail 2003; Montoya
et al. 2007). Mediterranean Europe shelters no less than
45 endemic tree species (Médail et al. 2019), for which
scarcely any phylogenetic information is available. Trees
are likely to be excellent witnesses of deep history events
and the tree flora is known to be a good proxy of
biodiversity in general and in the Mediterranean region
(Kati et al. 2004; Thompson 2005; Petit and Hampe 2006;
Conord et al. 2012).

Phylogenetic information could thus directly inform
conservation strategies for regional plant diversity and
endemism (Simon-Porcar et al. 2018), an urgent task in
this biodiversity hotspot that has faced intense anthro-
pogenic pressures over an extended period of time
(Médail and Quézel 1997). The potential of such
approaches has recently been illustrated by the publica-
tion of the phyloflora of California (Thornhill et al.
2017) that has allowed to propose the inclusion of
evolutionary diversification, divergence and survival as

The Mediterranean climate biome comprises several
major hotspots of plant biodiversity that jointly harbor
20% of the world’s floristic richness on only 2% of its
terrestrial surface (Médail and Quézel 1997).
Comprehensive biome-wide phylogenetic surveys are
already available for four of the five Mediterranean cli-
mate regions of the world: South Africa (Forest et al.
2007), California (Thornhill et al. 2017; Kling et al.
2018), Chile and Australia (Morlon et al. 2011).
Surprisingly, such a comprehensive phylogeny is still
lacking for the Mediterranean Basin, by far the largest
Mediterranean climate region of the world that accounts
for ca. 80% of the global distribution of this biome. Its
estimated plant richness is 25,000 species, among which
13,000 are endemics (Suc 1984; Quézel 1985).

The tree flora of the Mediterranean Basin is particu-
larly remarkable and far more species-rich than that of
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conservation targets (Kling et al. 2018). Finally,
although extinction risk is not an evolving trait
(Grandcolas et al. 2011), ecosystem sustainability and
services are at greater risk when functional traits of
keystone species show a phylogenetic signal (Diaz
et al. 2013). Thus, assessing the distribution of species’
extinction risk along a phylogenetic tree provides
increased-value information for conservation com-
pared to taxonomically independent assessments
(Forest et al. 2007; Fritz and Purvis 2010; Yessoufou
et al. 2012)

Hence, a proper knowledge of the phylogenetic rela-
tionships among Mediterranean tree taxa can represent
a powerful tool to better understand current patterns of
forest diversity (taxonomic, phylogenetic and functional)
and how they were shaped by the region’s landmark
Tertiary events such as the desiccation of the
Mediterranean Sea during the Messinian Salinity Crisis
(6-5.3 Million years ago (Ma)), the onset of the
Mediterranean climate in the late Pliocene (3.2-2.8 Ma;
Suc 1984). Lineage age was actually shown to account for
much of the diversity of life-history traits observed in the
woody flora of Andalusia in Spain (Herrera 1992). Vice
versa, life-history traits related to tree reproduction and
dispersal have driven differential diversification rates of
tree taxa (Herrera 1992; Lavergne et al. 2013).

In this study, we provide the first time-calibrated
phylogeny of all tree genera native to Mediterranean
Europe based on three chloroplast DNA regions (rbcL,
matK and trnH-psbA) that are widely used for phyloge-
netic studies (Kress and Erickson 2007). We discuss the
topology of our comprehensive genus-level phylogeny
with a particular focus on incongruences with the
Angiosperm Phylogeny Group classification (APG IV,
Chase et al. 2016). We have used both fossil and second-
ary calibrations to make sure our times estimates were
congruent with previous publications (e.g. Magallon
et al. 2015). We then test whether life-history traits
related to mating and seed dispersal, which are usually
conserved within genera, show a phylogenetic signal. As
an assessment towards the conservation of this remark-
able flora, we also test whether the proportion of threa-
tened or conservation data deficient taxa per genus
shows a phylogenetic signal. Our study thus integrates
perspectives from plant phylogeny, evolutionary ecology
and biodiversity conservation within a common analyti-
cal framework.

Material & methods
Selection of tree taxa

The 64 study genera (Appendix S1) are reported in the
most recent checklist of tree taxa native to Mediterranean
Europe (Médail et al. 2019). This checklist reports 210
tree species in the north of the Mediterranean area span-
ning the zone comprised between Portugal and

Greece. Médail et al. (2019) define trees as plants with
four main features: “(i) secondary growth; (ii) perennials
(they live many years, mostly for decades or centuries);
(iii) typically (at least in some environmental conditions
or locations) having a single stem or trunk, growing
orthotropic with monopodial or more often sympodial
branching systems, and bearing lateral branches at some
distance from the ground; and (iv) the height of the
mature individual is at least three meters”. Four of
these genera (Chamaerops, Phillyrea, Spartium and
Tetraclinis) are strict Mediterranean Basin endemics,
while three others (Myrtus, Nerium and Ceratonia) are
Tethys endemics that are also found in the Irano-
Turanjan and Saharan biogeographic regions (Zohary
and Feinbrun-Dothan 1966). Our study included all 64
genera.

Acquisition of DNA sequence data

We used sequence data from three chloroplast DNA
regions commonly used for phylogenetic and taxonomic
barcoding purposes (Kress and Erickson 2007) to infer
phylogenetic relationships: the protein coding rbcL and
matK genes, and the non-coding spacer truH-psbA. In
a first step, we retrieved all available sequence data for our
study taxa from NCBI (https://www.ncbi.nlm.nih.gov/
nucleotide/; accessed June 2018). We obtained a total of
1778 sequences informative for 53 genera out of 64. We
obtained plant material for the remaining species either
from herbarium collections or by collecting fresh tissue in
the field. We also used available herbarium material when
we considered that the number of individual samples per
species was too low. We gathered 873 samples that were
sequenced either at INRA-URFM, Avignon (France) or
at the National Research Council (IBBR-CNR), Florence
(Italy). We generated new data for, respectively, 20 (for
matK), 79 (for rbcL) and 67 (for trnH-psbA) species.
Methods used for DNA isolation and Sanger sequencing
are described in detail in Appendix S2.

When we could not find any sequence data or when
there was no sample available corresponding to the
Mediterranean species belonging to the genera of interest
for our study, we searched the NCBI database again
(accessed November 2018). We then selected sequence
data from the closest relative to the lacking
Mediterranean species to generate a genus-level
sequence, using the same strategy as mentioned above.
Overall, including previously published and newly cre-
ated sequences, our dataset was made of a total of 2651
sequences from, respectively, 153 (for matK), 217 (for
rbcL) and 179 (for trnH-psbA) species covering all 64
study genera.

Sequence alignment and genus-level consensus

For each species, sequences were quality checked and
edited using CodonCode Aligner (CodonCode Co.,
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MA, USA) to trim and remove low-quality regions.
Consensus sequences were built using the [UPAC-IUB
ambiguity (Tipton 1994) code when several sequences
were available for a given species. A reference
sequence was obtained for each genus by using the
same procedure as for individuals and species (see
fasta file for all consensus sequences in Appendix S3
and at http://doi.org/10.5281/zenodo.3466621 and see
details of individual sequences in Appendix S4). The
number of individual (mean of 13.8) and species-level
(mean of 2.21) sequences used to build the genus-level
consensus sequence was quite variable owing to the
varied availability of sequence data (Appendix S4).

Multiple sequence alignments were built using the
program MAFFT (Katoh et al. 2002) and parsed using
the program Gblocks (Castresana 2000) to exclude the
segments characterized by several variable positions or
gaps from the final alignment. The DNA sequences of
the three gene regions were concatenated into
a supermatrix (McMahon and Sanderson 2006; Soltis
et al. 2013) using Seaview (Gouy et al. 2010).

Phylogenetic analyses

We inferred the genus-level phylogenetic tree of our taxa
adopting both a Bayesian and a Maximum Likelihood
approach. First, the combined DNA sequence matrix was
analyzed using the program MrBayes (Huelsenbeck and
Ronquist 2001). The selection of an appropriate substitu-
tion model of sequence evolution was conducted for each
of the three chloroplast DNA regions using the Bayesian
information criterion (BIC) as implemented in the pro-
gram JModeltest 2 (Darriba et al. 2012). The optimal
models identified for MrBayes were: GTR+I+G for
matK, HKY+I+G for rbcL and GTR+G for
trnH-psbA. The posterior distribution of trees was
explored using a Markov chain Monte Carlo (MCMC)
procedure. Four chains for 10 million generations each
were sampled every 100 generations with the default
priors and a burn-in of 25%. The analysis was repeated
twice to determine whether convergence was reached.
Convergence of independent runs was gauged with the
average standard deviations of the split frequencies, after
visual inspection of the traces and the posterior distribu-
tions for the marginal log-likelihood scores of each inde-
pendent run. The root of the phylogenetic tree was
located at the divergence between angiosperms and
gymnosperms.

Our Maximum Likelihood analysis followed the
method of Felsenstein (1973) and we used the program
RAxXML V8 (Stamatakis 2014). The DNA sequence
matrix was analyzed using the GTR + Gamma substitu-
tion model. Node support was estimated using boot-
strap with 1000 replicates.

Molecular dating

The BEAST?2 software platform (Bouckaert et al. 2014)
was used for the molecular dating. The input files with
three partitions (one for each DNA region) were created
using BEAUti2 (Barido-Sottani et al. 2017). An uncor-
related relaxed clock model assuming an exponential
distribution of rates was used (Drummond et al. 2006).
The selection of an appropriate substitution model of
sequence evolution was conducted for each of the three
organelle DNA regions using the Bayesian information
criterion (BIC) as implemented in the program
JModeltest 2 (Darriba et al. 2012). The optimal models
identified for MrBayes were: GTR+I+G for matK, HKY
+1+G for rbcL and GTR+G for trnH-psbA. The poster-
ior distribution of trees was explored using a Markov
chain Monte Carlo (MCMC) procedure. Concerning
the clock model, we used for three chloroplast DNA
regions a relaxed clock exponential. A randomly gener-
ated starting tree was used to set the tree prior. To
assume a constant lineage birth rate for each branch
in the tree, we used a one parameter Yule model (pure
birth) (Yule 1925).

A total of 14 fossil and secondary calibration points
were selected to cover the maximum time span of the
phylogenetic tree (Table 1). All points were assigned an
exponential prior distribution and the most recent com-
mon ancestor (MRCA) was used for offset (Ho et al.
2005).

Hierarchical clustering of life-history traits and
IUCN Red List categories

For each genus, we collected information on three life-
history traits that have been shown to influence patterns
of gene flow and rates of diversification in plants
(Duminil et al. 2007; Lavergne et al. 2013). These traits
are (i) breeding system (three classes: hermaphroditic,
unisexual-monoecious and unisexual-dioecious), (ii) pol-
lination mode (two classes: abiotic, biotic) and (iii) seed/
fruit dispersal mode (two classes: abiotic, animal). All
three life-history traits are known to be phylogenetically
conserved, with a large fraction of their overall variation
occurring at genus and higher levels (Herrera 1992).
Accordingly, most genera were homogeneous concern-
ing the traits we surveyed. Exceptionally (e.g., most Pinus
species are dispersed by wind but some by animals),
a given genus was assigned to both classes (see
Appendix S5). A functional tree was then inferred using
a hierarchical clustering calculated with Euclidian dis-
tance and UPGMA on the three life-history traits
(Legendre and Legendre 2012).

We determined the vulnerability to extinction for
every woody plant species included in the checklist
of Médail et al. (2019), assigning it to one of four
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Table 1. Calibration points and age constraints used in divergence time estimations (MRCA = most recent common ancestor).
Placement of the fossil or secondary calibration was assigned to the MRCA of the listed taxa.

Distribution prior (Exponential)

Groups Nodes MRCA (Ma) Offset M Estimation Source

Crown Abies/Cedrus 128.56 128.56 2.6 Estimated time Kumar et al. 2017
Crown Acer/Aesculus 48.6 48.6 1.5 Estimated time Kumar et al. 2017
Crown Chamaerops/Phoenix 44 44 1.5 Estimated time Kumar et al. 2017
Crown Core Eudicots 96.2 96.2 1.5 Fossil Pacltova 1966, 1981
Crown Cupressaceae 70 70 23 Estimated time Lu et al. 2014

Stem Ericales 91.2 91.2 1.5 Fossil Nixon and Crepet 1993
Crown Eudicot 121 121 1.5 Fossil Doyle and Hotton 1991
Stem Fabales 66 66 1.5 Estimated time Kumar et al. 2017
Crown Fagales 75 75 15 Estimated time Cook and Crisp 2005
Crown Lamiales 443 443 1.5 Fossil Call and Dilcher 1992
Stem Pinaceae 198.4 198.4 23 Estimated time Lu et al. 2014

Stem Populus/Salix 355 355 15 Estimated time Kumar et al. 2017
Crown Rosales 82 82 15 Estimated time Bell et al. 2010

Stem Sambucus/Lonicera 83 83 1.5 Estimated time Kumar et al. 2017

following IUCN Red List categories: Endangered (EN),
Vulnerable (VU), Near Threatened (NT) and Data
Deficient (DD) (Appendix S6). This was done by con-
sulting the JTUCN Red List of Threatened Species
(https://www.iucnredlist.org/) in February 2019. To
infer vulnerability at the genus level, we counted how
many species within a given genus belonged to each of
the four categories and used the resulting vector to
build a phylogenetic tree adopting the same strategy
as for the life-history traits (see above).

Statistical analysis

Several statistical methods were applied to test for the
clustering of the life-history trait data and the IUCN
categories across our topology. For the life-history traits,
we performed a Mantel test to compare distance
matrices, with pairwise co-phenetic distances for the
phylogenetic tree and Euclidian distances for the traits.
Then, trees were compared using the topological differ-
ence metric of Penny and Hendy (1985). The relative
topological difference (RTD) was calculated as the pro-
portion of the topological difference between trees,

such as: RTD = ‘pelegical difference

ranging from 0 (no difference) to 1 (completely
different) where n is the number of genera and 2n —6
the maximum number of topological differences.
Trees were also compared using the branch length
score (BLS) of Kuhner and Felsenstein (1994), which
takes branch length into account in addition to the
number of branches that differ between trees (Steel
and Penny 1993). The trees were always considered as
unrooted.

We then computed phylogenetic signals for the
life-history traits and the vulnerability categories.
Because our dependent variables were scored as
binary characters, we measured phylogenetic signals
using Fritz and Purvis’ D statistic (Fritz and Purvis
2010) as implemented in the function “phylo.d” in
the caper R package (Orme et al. 2013). The

D statistic is based on the sum of changes in node
values along the branches of a tree. It provides an
estimate of phylogenetic conservatism for binary
traits that can be compared either with a random
shuffle of trait values at the tips of a phylogeny, or
with a Brownian motion model of evolution that
allows to depict evolutionary diversification pro-
cesses along a topology. The D statistic does not
significantly differ from 1 if the observed binary
trait has a random distribution across the tips of
the phylogeny. Values greater than 1 indicate over
dispersion and values below 1 clumping of the traits
compared to the random expectation as inferred
from the random shuffle. If clumping against ran-
dom expectations is confirmed (i.e., D < 1), one can
further test whether it also persists under Brownian
evolution. D is 0 if the observed trait has a clumped
phylogenetic distribution as if it had evolved under
the Brownian motion model of evolution, and less
than 0 if the binary trait is more phylogenetically
conserved than the Brownian expectation. This is
confirmed when D < 0 according to the correspond-
ing statistical test. We assessed the significance of
the D estimates using permutation tests with
1000 permutations, once testing against a random
distribution of tip states and once against the
Brownian threshold model.

All comparative analysis were performed in R (R Core
Team 2015) using packages: ape (Paradis et al. 2004),
phytotools (Silsbe and Malkin 2015), picante (Kembel
et al. 2010), vegan (Oksanen et al. 2012), phylobase
(Hackathon et al. 2013), adephylo (Jombart et al. 2010),
dendextend (Galili 2015) and ade4 (Chessel et al. 2004).

Results

The number of concatenated nucleotide sites added up
to 1,759 base pairs, of which 1177 showed polymorph-
ism. Alignment length for matK was 777 bp, 635 bp for
rbcL and 338 bp for trnH-psbA (Cheikh Albassatneh
et al. 2019).
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Phylogenetic trees

The Bayesian phylogenetic tree is shown in Appendix S7
Figure 1. Within gymnosperms, the Pinales were clearly
separated (Posterior Probability (PP) = 1) from the
Cupressaceae and their relatives. Within angiosperms,
Laurales and Arecales (monocots) formed a statistically
non-significant clade (PP < 0.90) that was sister to all
eudicots (PP = 1). Within the eudicots, most nodes
received high statistical support. Proteales were sister to
Pentapetalae and Buxales (PP = 0.96). Buxales (mono-
phyly supported by PP < 0.90) were sister to Pentapetalae
(monophyly supported by PP = 1). Pentapetalae com-
prised several major clades: (i) the order Caryophyllales
represented by the genus Tamarix (PP = 1); (ii) the
superrosids (PP 0.94) containing the order

Saxifragales and the rosids; and (iii) the superasterids
(PP < 0.90). Caryophyllales, superasterids and superro-
sids were successive sister clades. The superrosids and
superasterids (represented here only by the asterids) were
also recovered in the trees (PP = 0.99). Within the super-
rosids, Crossomatales were placed as sister to all fabids
(although non-significantly supported, PP < 0.90).
Malvales and Myrtales formed a weakly supported clade
(0.90 < PP < 1) that appeared as sister to Sapindales with
high support (PP = 1).

The Bayesian phylogenetic tree shown in Appendix
S7 was very similar to the Maximum Likelihood tree
(Appendix S8). The differences were (i) using the
Bayesian method, the tree topology in the Pinaceae
was organized as (Pinus, (Abies, Cedrus)) (PP = 1),
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Figure 1. Maximum clade credibility chronogram of the 64 tree genera of Mediterranean Europe based on the three plastid DNA
sequences matK, rbcL and trnH-psbA using the software platform BEAST2 (Bouckaert et al. 2014). Divergence time is given
in million years before present. The 95% posterior density credibility intervals for node ages are indicated by blue bars. Detailed

values for the labeled nodes are given in Appendix S10.



(i.e. Pinus is paraphyletic, with the sister genera Abies
and Cedrus nested within it) whereas the Maximum
likelihood analysis approach inferred that it was orga-
nized as (Abies, (Pinus, Cedrus)) (Bootstrap support
(BS) = 100), (ii) both methods found a few differences
concerning support value in some clades (Appendix
S9), with a higher node support on the Bayseian tree
than in the Maximum Likelihood tree in several cases,
(iii) Laurales were sister to eudicots in the Bayesian
tree, while sister to monocots in the maximum like-
lihood analysis. Such clades, for which there is
a phylogenetic discrepancy with the APG IV classifica-
tion, are highlighted in Appendix S7 (and Appendix S8
for Maximum Likelihood approach).

Diversification times

The MrBayes and BEAST2 analyses provided highly
congruent phylogenetic trees, with one major difference
in composition: the BEAST2 tree (Figure 1) placed
Crossosomatales, Myrtales and Malvales as successive
sisters to Sapindales (PP = 1), whereas the MrBayes tree
placed Crossosomatales (represented by Staphylea) as
sister clade to fabids (Figure 1)(Appendix S7).

The 95% highest posterior density age-group esti-
mates for the divergence of major lineages were as
follows (Figure 1 and Appendix S10):

e Within gymnosperms: the Pinaceae diverged
198.40-206.45 million years ago (Ma), during
the early Jurassic while the Cupressaceae
diverged later, during the late Cretaceous
(70.00-76.37 Ma);

e Within angiosperms, the superrosids and superas-
terids diverged the earliest 102.90-114.03 Ma dur-
ing the Cretaceous. The split among the Fabales
occurred 66.00-69.99 Ma at the Mesozoic -
Cenozoic transition while the Arecales diverged
44.00-48.10 Ma and the Lamiales 44.40-49.51 Ma
during the mid-Paleogene. Within Lamiales, the
group consisting of Phillyrea, Olea and Fraxinus
diverged 4.41-39.60 Ma and within Fabales the
group consisting of Spartium, Genista and Cytisus
diverged 1.78-27.52 Ma, during the Neogene or the
Paleogene. The clade consisting of Spartium and
Genista diverged 0.66-15.10 Ma during the
Neogene.

The four Mediterranean Basin endemics diverged
from their closest relatives between 72.3 and 11.35
Ma. Tetraclinis emerged during the late Cretaceous
(node 4 in Figure 1, dated 72.3 Ma). This divergence
time is almost twice as old as that of Chamaerops (node
5 in Figure 1) dated 45.43 Ma, during the mid-
Paleogene. Spartium and Phillyrea (nodes 8 and 32 in
Figure 1, respectively) diverged around 11 to 12 Ma
during the Neogene. The three Tethys endemics

(Ceratonia, Myrtus and Nerium) emerged at the same
time or earlier than Tetraclinis, the oldest strict
Mediterranean endemic genus (Figure 1).

Phylogenetic signal in functional traits

The Mantel test revealed a rather weak and marginally
significant relationship between the distance matrices of
phylogeny and life-history traits (r = —0.056, P = 0.09).
The tree topologies based on the distance matrices for
the phylogenetic and the life-history trait data showed
moderate differences (RTD = 0.472; BLS = 1.639,
Figure 2).

The measure of phylogenetic signal, D, and the asso-
ciated statistical tests showed that our three life-history
traits all showed clumped distributions with respect to
fully random expectations (Table 2, Figure 3). Breeding
system and pollination mode did not differ from ran-
dom expectations under a Brownian model of evolu-
tion, whereas seed/fruit dispersal mode showed
a significantly clumped pattern compared to the
Brownian model (a trend that was more pronounced
for animal dispersal than for abiotic dispersal), thus
a phylogenetic signal different from that of the genera
alone.

IUCN Red List categories

Endangered species occurred in 14.1% of the 64 genera
(N =9), Vulnerable species in 14.1% (N = 9), Near
Threatened species in 12.5% (N = 8) and Data
Deficient species in 23.4% (N = 15). Almost two-
thirds of the genera (N = 41 out of 64) did not contain
any species from one of the first three categories (i.e.,
for which an extinction risk can be assessed based on
the available data). The presence of Endangered,
Vulnerable and Near Threatened species within gen-
era was distributed at random across the phylogeny,
whereas Data Deficient species showed a more clus-
tered distribution than expected under a Brownian
model of evolution (Table 3, Figure 4; see also
Appendix S11).

Discussion

The phylogeny of the European Mediterranean
tree flora

Our phylogeny is mostly congruent with the
Angiosperm Phylogeny Group classification (APG
IV, Chase et al. 2016) as we found only three relatively
minor topological discrepancies. First, APG IV sug-
gests that Magnoliids and Chloranthales form a clade
that is sister to a clade formed by monocots,
Ceratophyllales and eudicots, whereas our tree (taking
into account that we did not include Chloranthales
and Ceratophyllales) suggests that monocots are sister
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Figure 2. Tanglegram computing the phylogenetic tree (right) and the tree for life-history traits (left) of the 64 tree genera of

Mediterranean Europe.

Table 2. Phylogenetic signal for functional reproductive traits
in the 64 tree genera measured with the D statistic (Fritz and
Purvis 2010). While PE(D)Random tests for departure from
a random distribution, PE(D)Brownian tests for a departure
from a Brownian motion model of evolution. Statistical testing
is based on 1000 permutations.

Counts
of
states
Estimated PE(D) PE(D)
Binary variable 0 1 D Random*  Brownian**
Pollination: abiotic 33 31 -0.137 0 0.725
Pollination: biotic 22 42 -0210 0 0.781
Flower: 30 34 -0.196 0 0.797
hermaphroditic
Flower: unisexual, 40 24 0.173 0 0.258
monoecious
Flower: unisexual, 54 10 0.093 0 0.434
dioecious
Dispersal: abiotic 39 25 0.414 0.003 0.052
Dispersal: animal 20 44 0.461 0.004 0.036

*Probability that E(D) is significantly <1 and results from a random shuffle.
**Probability that E(D) is significantly # 0 and results from a Brownian
phylogenetic structure.

to the magnoliids and eudicots clades, and that mag-
noliids are sister to eudicots. Early diversification time
discrepancies and the relationships of magnoliids with
other angiosperms are currently under debate (see for
example Chen et al. 2019; Coiro et al. 2019; Li et al.
2019). Our topology is supported by a recent phylo-
geny based on single nuclear copy genes (Zeng et al.
2014), as well as by a species-level phylogeny of the
woody flora of the Spanish Sierra Nevada that used
largely the same set of markers (Simon-Porcar et al.
2018).

The other two discrepancies probably arise from
our relatively limited sampling: We retrieved
Caryophyllales as sister to superrosids and superaster-
ids (which is the same clade as asterids in our phylo-
geny), whereas APG IV suggests that Caryophyllales
are included within superasterids and sister to asterids.
In our phylogeny, Caryophyllales are represented by
a single genus, Tamarix. Second, the Crossosomatales
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Figure 3. Standardized values (bubble size and shade) of the life-history traits along the Maximum likelihood phylogeny of the 64
tree genera of Mediterranean Europe. Codes on the X-axis are as follow: Poll_abiotic and Poll_biotic are for pollination traits (either
abiotic or biotic), Mating_Herm, Mating_Unisex_Mono and Mating_Unisex_Dio are for flower types (hermaphroditic and
unisexual, either monoecious or dioecious) and Disp_Abiotic and Disp_Animal are for dispersal traits (either abiotic or via an

animal).

are not included within malvids but sister to fabids,
albeit without clear statistical support. In our phylo-
geny, the Crossosomatales are represented by a single
genus (Staphylea) for which one sequence out of three
derives from a non-Mediterranean species.

Overall, the high congruence of our phylogeny with
APG 1V despite the fact that we used only three plastid
DNA regions suggests that even limited numbers of
markers can produce reliable results, especially when
consensus sequences are carefully constructed from
a certain number of input sequences (ie., congeneric
species in our case) (Forest et al. 2007; Morlon et al.
2011; Thornhill et al. 2017).

Phylogeny and divergence times

Identifying the timing of clade divergence in a reliable
way is crucial for studies of evolution (Hedges and
Kumar 2009; Hedges et al. 2015), and numerous phy-
logenetic studies have inferred divergence times of the
main Spermatophyta clades during the past years, with
estimates based on molecular phylogenies usually
being earlier than those suggested by the fossil record
(Magallon 2010). The divergence times that we
inferred based on the relatively high number of cali-
bration points (14) are generally quite congruent with
previous estimates for the different Spermatophyta



Table 3. Phylogenetic signal in different categories of conser-
vation concern for the 64 tree genera measured with the
D statistic (Fritz and Purvis 2010). The counts of state column
indicates the number of species that are either under one state
of another of the binary variable. While PE(D)Random tests for
departure from a random distribution, PE(D)Brownian tests for
a departure from a Brownian evolutionary motion, i.e.
a clumped phylogenetic distribution. Statistical testing is
based on 1000 permutations.

Counts
of
states
Estimated  PE(D) PE(D)

IUCN Red List category 0 1 D random*  Brownian**
Data Deficient 49 15 0.643 0.042 0.019
Near Threatened 56 8 0.865 0.224 -
Vulnerable 5 9 1.056 0.592 -
Endangered 55 9 0.764 0.115 -

*Probability that E(D) is significantly <1 and results from a random shuffle.

**Probability that E(D) is significantly # 0 and results from a Brownian
phylogenetic structure.

-: the values of PE(D)Brownian that follow a non-significant value of PE(D)
random were not calculated as they would have no statistical support.

groups covered by our study (Smith et al. 2010; Clarke
et al. 2011; Crisp and Cook 2011; Fiz-Palacios et al.
2011; Mao et al. 2012; Magallén et al. 2013).

More specifically, we were able to confirm that the
divergence of the four strict Mediterranean Basin ende-
mics Chamaerops, Phillyrea, Spartium and Tetraclinis
considerably pre-dates both the Messinian salinity crisis
and the onset of the Mediterranean climate in the Late
Pliocene (Suc 1984). Our estimate for the split between
Chamaerops and Phoenix is in line with that proposed
by Kumar et al. (2017) and that of the split between
Spartium and Genista is congruent with Boatwright
et al. (2008). On the contrary, our date for the split
between Tetraclinis and the other Cupressaceae is
slightly older than reported in a recent study focused
on the Cupressaceae (Leslie et al. 2018), whereas that for
Phillyrea is much younger than that reported by a study
on the genus Fraxinus (Hinsinger et al. 2013). Further
studies based on other sets of species and markers will
be required to resolve these incongruences.

Phylogenetic clustering of life-history traits linked
to mating and dispersal

All three life-history traits showed very clear signs of
phylogenetic conservatism as their patterns diverged
strongly from full random expectations. This conserva-
tism is a well-known phenomenon that has repeatedly
been reported in numerous studies (West-Eberhard
1989; Weller and Sakai 1999; Eriksson et al. 2000;
Webb et al. 2002; Dall et al. 2012). Breeding system and
mode of pollination both corresponded to a model of
Brownian evolution, indicating that the phylogenetic
position of taxa alone can explain the patterns of varia-
tion in these two life-history traits in the Mediterranean
tree flora. In other words, we did not find any imprint of

phylogenetic sorting process. On the contrary, the mode
of seed/fruit dispersal showed a clustered distribution
across our topology that cannot be explained by
a Brownian model of evolution alone. The distribution
of this life-history trait should, hence, be influenced by
some ecological (such as habitat filtering or competitive
exclusion) or biogeographical mechanism beyond the
simple phylogenetic position of taxa (Webb et al. 2002).
Such mechanisms are often very difficult to identify
when the assemblage of taxa has occurred over very
long periods, such as in the case of the Mediterranean
Basin. However, the study of Herrera (1992) shows that
historical sorting may be responsible for the clustering of
traits along phylogenies, in accordance with our findings.
This author identified two distinct groups of
Mediterranean woody plant genera characterized by dif-
ferent syndromes. One group was made of relatively old
(“pre-Mediterranean”) genera characterized by mixed
animal- and abiotic-dispersed seeds. The second group
included younger (“Mediterranean”) genera with mostly
animal-dispersed seeds.

IUCN Red List categories of extinction risk

Contrary to life-history traits, the frequency of confirmed
vulnerable species (categories EN, VU and NT) within
genera was randomly distributed across the phylogeny.
This finding implies that the causes of species vulner-
ability in the European Mediterranean tree flora are
more related to global threats that concern entire forest
communities and their habitats (e.g. land use change,
fires, etc.) than by threats that could disproportionately
affect species with certain phylogenetically conserved
traits (Schachat et al. 2016). Such a trend was recently
reported by Mankga and Yessoufou (2017), who found
that phylogenetically closely related species of Cycads
were more threatened than expected by habitat loss,
over-collection, medicinal uses and reproduction failure.

Interestingly, we also found that species for which
there is inadequate information to make a reliable
assessment of their extinction risk (category Data
Deficient) were concentrated in relatively few clades.
For instance, the Fagaceae and the Rosaseae families
contained several such species whereas the conifers
counted very few data deficient species. One possible
explanation might be differences in the conspicuous-
ness of different species and ease of their taxonomic
identification. For instance, most conifers are easier to
detect and determine than some Rosaceae species that
are moreover susceptible of experiencing hybridiza-
tion. Such a phenomenon would be in line with obser-
vations of Arroyo (2002) who reviewed the features of
Mediterranean Narcissus species in relation to their
protection status and found that large-flowered spe-
cies were more likely to figure in lists of protected
species than small-flowered species.
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Figure 4. Standardized values (bubble size and shade) of the four IUCN Red List categories Endangered, Vulnerable, Near
Threatened and Data Deficient along with the Maximum likelihood phylogeny of the 64 tree genera.

Conclusions and perspectives

Traditional biodiversity assessment studies have
focused on the distribution of taxonomic richness
(Ricklefs and Schluter 1993). While species identities
are important for systematics and conservation, these
by themselves convey little information about how
species have reached their current distribution and
niche and, ultimately, the coexistence patterns and
phenotypes that determine the different types of
plant assemblages. Historical setting of biodiversity
has now expanded to include deep time evolutionary
change beyond current ecological scenarios where
most of diversity studies were set during the twentieth
century (Ricklefs and Schluter 1993). This approach is
now regularly used in community ecology and con-
servation science (Isaac et al. 2007; Mouquet et al.
2012; Srivastava et al. 2012; Cadotte et al. 2013;
Forest et al. 2015).

Our study fits well within this context. We provide the
first time-calibrated, genus-level phylogeny of the trees of
the European Mediterranean region. Our molecular dat-
ing confirms the evolutionary uniqueness and conserva-
tion value of old Mediterranean endemic genera such as
Tetraclinis and Chamaerops. As done by Kling et al.
(2018) for a large part of the California flora, we recom-
mend including evolutionary  uniqueness as
a conservation target for the tree taxa of the
Mediterranean. Projected in space, phylogenetic metrics
based on our phylogeny could inform where areas of
high evolutionary uniqueness are located. With DNA
sequencing still under way, we aim to refine the phylo-
geny at species level and provide metrics of evolutionary
uniqueness at this taxonomic level most used in conser-
vation planning.

Our phylogenetic tree is not fully congruent with
the distribution of some life-history traits relevant for



reproduction (and thus diversification), indicating
that the loss of particular taxa would significantly
impact some ecosystem functions. We suggest that
evolutionary uniqueness and functional diversity
should be taken together, and not one instead of the
other, for deriving conservation planning strategies.
Finally, we demonstrate that conservation threats
are distributed without significant phylogenetic cluster-
ing across the phylogeny of Mediterranean trees, indi-
cating that conservation efforts should be carried out
across this entire tree of life. Offsetting data deficiency,
though, clearly remains an important challenge.
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