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Abstract
Purpose of Review  While 38% of tree species are at risk of extinction worldwide, their inventory and occurrence at eco-
logically and biogeographically meaningful scales is lacking in many parts of the world, including the biodiversity-rich 
Mediterranean region. Here, we provide presence/absence, extinction risk, biogeography and genetic diversity data of trees 
in 39 climatically and ecologically Mediterranean territories (so-called “botanical territories”) in North Africa, Western 
Asia and Southern Europe.
Recent Findings  The inventory includes 496 species and 147 subspecies from 50 families and 111 genera, including 48 
species and 8 subspecies previously not considered as trees. We show that native tree species distribution is highly skewed 
across the tree of life with a few species-rich families such as the Rosaceae and the majority with less than 1% of all species. 
Endemism was not evenly distributed among botanical territories and neither was extinction risk, an assessment of which was 
lacking in almost half of the species. While no geographic trends were detectable, species richness was found to be positively 
correlated with botanical territory area and, when standardized by area, with habitat heterogeneity. Information on genetic 
diversity was lacking in two thirds of the species inventoried and mostly focused on species with economic importance.
Summary  Our data are open access and can be used by researchers and stakeholders for a wide range of purposes, including 
conservation and restoration. Our findings identified major native tree richness hotspots as well as key knowledge gaps and 
biases related to extinction risk and genetic diversity. Our findings also emphasize the importance of increased collaboration 
to support the conservation of Mediterranean forest trees.

Keywords  Occurrence · Species richness · Endemism · Genetic diversity · Risk of extinction · Adaptation

Introduction

In an era of escalating threats to biodiversity globally [1, 
2], inventorying species worldwide at ecologically and bio-
geographically meaningful scales is a first, imperative step 
for their conservation. This is particularly true of the large 
and long-lived trees which form the foundation of the bio-
diversity-rich forest ecosystems [3] and most of its biomass 
[4]. The documentation of their presence and distribution 
is crucial for understanding their ecological properties and 

their adaptive potential, and, ultimately, for framing and 
prioritizing conservation efforts. In 2021, Botanic Gardens 
Conservation International (BGCI) estimated that 30% of 
the world’s trees were at risk of extinction [5]. In 2025, the 
International Union for the Conservation of Nature’s (IUCN) 
Red List summary statistics estimated this number to be 
between 35 and 43% (mean of 38%, [6]).

An increasing number of worldwide, regional and 
national species inventory lists exist for plants in general 
(e.g. [7–9]) and for trees in particular (e.g. [10–13]), but 
large compilations at ecologically and biogeographically 
meaningful scales are still surprisingly rare [14]. Yet, species 
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inventory lists at homogeneous biogeographic scales, even if 
at rough geographic scale, would provide much needed rich-
ness, endemism, extinction risks and diversity knowledge, 
interpretable under a common set of ecological drivers. 
Compiling such data in biodiversity-rich ecological regions 
with distinctive adaptations and where climate is changing 
faster than elsewhere in the world is particularly needed.

The Mediterranean basin falls under this category of 
combined diversity and threat [15–17]. Situated at the junc-
tion of Africa, Asia and Europe, surrounding an almost 
entirely closed sea, the Mediterranean land masses host a 
rich and distinctive flora resulting from the complex interac-
tion between past geomorphologic and climate changes and 
sharp geographic contrasts [14, 18, 19]. Mediterranean tree 
species demonstrate morphological and ecophysiological 
adaptations to the typically dry and hot summer periods of 
the region ([20–22] and database therein) that emerged dur-
ing the late Pliocene from a previously tropical climate [23]. 
Within species, increased summer drought also influences 
population level morphological and ecophysiological adap-
tation, including in species that occur in transition zones 
between temperate and Mediterranean climates [24–27].

This Mediterranean-type climate is predicted to spread 
across large parts of the temperate world while the climate 
of the Mediterranean itself will become hotter and dryer, 
particularly during the summer season [28–31]. Increased 
drought-induced mortality has already been observed in 
the Mediterranean regions over the last decades and is pre-
dicted to increase during the twenty-first century [16, 32, 
33]. Actions to conserve tree species, their habitats and their 
populations, are and will be increasingly needed, both in situ 
and ex situ within and across borders [34].

While a complete occurrence list of tree species and 
subspecies exists for Mediterranean Europe at wide [14] 
and fine [35] spatial scales, none is available at the scale of 
the entire Mediterranean region. Our study provides a spe-
cies inventory list of trees from the Mediterranean region, 
defined as the areas of North Africa, Western Asia and 
Southern Europe that are under a Mediterranean-type cli-
mate and share a common flora of mixed heritage [36, 37]. 
In addition to their occurrence within defined territories, our 
study identifies species widely distributed across borders at 
large geographic scales or, on the contrary, with a high level 
of endemism, and for each of them, their IUCN extinction 
risk category, their economic importance and what is known 
of their genetic diversity. With this detailed inventory, we 
highlight trends and knowledge gaps and provide researchers 
with a resource for further exploring patterns and processes 
shaping biodiversity in this recognized biodiversity hotspot 
[15, 17, 38]. And we provide countries, which have the legal 
responsibility of protecting their biodiversity and managing 
their forests sustainably, with a resource for jointly prioritiz-
ing their actions [39].

Material and Methods

Geographic Coverage

Several approaches have been used to delineate the extent 
of the Mediterranean region in North Africa, Western Asia 
and Southern Europe, from strictly climatic or geographic 
to purely ecological [38, 40–42]. Here, we used a combined 
ecological and bioclimatic approach and defined as our study 
area the following biome and three ecoregions of [43]: (1) 
the “Mediterranean forests, woodlands, and scrub or scle-
rophyll forests” biome, restricted to its location around the 
Mediterranean sea (here after: Mediterranean basin), (2) the 
“Dinaric Mountains mixed forests” ecoregion in the Bal-
kans, stretching from northeastern Italy to northern Albania 
across Slovenia, Croatia, Bosnia and Herzegovina, Monte-
negro, Serbia and northeastern Kosovo, (3) the “Crimean 
Submediterranean forest complex” ecoregion on the Black 
Sea coast covering parts of the Russian Federation in the 
North Caucasian and Southern Federal districts and parts 
of the Crimean peninsula in Ukraine, and (4) the “Zagros 
Mountains forest steppe” ecoregion, stretching from the east-
ern-most part of Türkiye to northern Iraq and southern Iran 
(Fig. 1). All four contain typical Mediterranean floristic ele-
ments [43, 44] and experience a Mediterranean-type climate 
with a marked alternance between hot and dry summers, and 
mild and humid winters [41, 43].

We excluded two types of regions from our study area. 
First, we left out steppe regions that meet the Mediterra-
nean climate definition of Daget (1977) [41] and Roum-
ieux et al. (2010) [45] but receive less than 300–400 mm 
of rain annually and lack many typical Mediterranean plant 
species [44]. These include areas in Saudi Arabia, Yemen, 
Tajikistan, Turkmenistan, Afghanistan, and Pakistan. 
Second, we excluded the Macaronesian Islands (Azores, 
Canary Islands, Madeira) (Fig. 1). Although Olson et al. 
(2001) [43] include them in the Mediterranean biome, 
their climate does not fit with the Mediterranean climate 
definition according to the Köppen-Geiger classification 
[42] or Daget (1977) [41]. While some Mediterranean flo-
ristic elements are present there, particularly in the Canary 
Islands, most of their flora is unique to Macaronesia [46].

This geographic ensemble in North Africa, Western 
Asia and Southern Europe forms an inclusive Mediter-
ranean ecological, floristic and climatic region which we 
call the Mediterranean region (Fig. 1).

Tree Definition and Taxonomic Considerations

We adopted the tree definition of Médail et al. (2019) [14]: 
a perennial plant, typically with a single stem or trunk 
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and lateral branches away from the ground, and capable 
of reaching an adult height of three meters outside of cul-
tivation systems. This architectural type corresponds to 
phanerophytes in the classification of Raunkiær (1934) 
[47]. We included all gymnosperms and angiosperms 
that form radial growth (thus with a cambium) as well 
as monocots that develop a trunk. This definition makes 
it possible to include taxa usually considered as shrubs 
that rarely develop single stems of at least three meters in 
height, often as a consequence of recurrent disturbances or 
of their occurrence in low fertility habitats [14]. While our 
definition fits with that used by BGCI [10] and by Plant 
of the World Online (POWO) [48], our list will include 
taxa considered as shrubs and not trees by either BGCI 
or POWO.

For taxonomy, we followed Médail et al. (2019) [14] and 
the GlobalTreeSearch database of BGCI [49]. Family level 
classification followed APG IV [50]. In general, we kept as 
accepted names the ones mostly used by the authors of the 
countries where the taxon is native. For example, following 
Majeský et al. (2017) [51], we kept all the Aria, Cormus and 
Hedlundia species within the genus Sorbus, for comparison 

with earlier publications [11, 14]. Names considered as syn-
onyms by either POWO [48] or Euro + Med [52] are listed 
in our inventory.

Our inventory includes taxa at species and subspecies 
levels. Variety-level names may be found as synonyms 
(when relevant and indicated as such in BGCI, POWO or 
EURO + Med) but were not included in the occurrence 
search. Also, we included hybrid species when their origin 
was clearly the result of natural hybridization and excluded 
them when their origin was clearly artificial or doubtful.

Occurrence Data

To build the backbone of our database, we searched the fol-
lowing references and online resources for occurrence data, 
in the following order: (1) species and subspecies consid-
ered as trees in the Northern Mediterranean by Médail et al. 
(2019) [14], and for all countries of our study area, (2) tree 
species in the GlobalTreeSearch database of BGCI [49], 
(3) species and subspecies indicated as tree or shrub in the 
POWO database [48], and (4) species and subspecies in the 
Euro + Med database [52]. After this initial step, all authors 

Fig. 1   Geographic coverage of the Mediterranean region with its dif-
ferent constitutive elements colored in shades of green. Parts of coun-
tries included in the Mediterranean region define botanical territories 

(see text and Table 1). Land masses outside the Mediterranean region 
are featured in grey
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reviewed the list and, using their expert knowledge and 
published sources, added species and subspecies that were 
missing and deleted species and subspecies that they knew 
were neither Mediterranean trees nor had their distribution 
in the Mediterranean ecoregion (see Supp. file “References” 
in [53]).

POWO (always) and Euro + Med (often) do not report 
occurrence data separately for the countries that belonged 
to the former Yugoslavia. Occurrence data there are also 
grouped as a single unit for Lebanon and Syria and for Israel, 
Jordan and the Palestinian authority. And while the Global-
TreeSearch database of BGCI [49] lists tree species occur-
rence data at country level (as recognized by the United 
Nations), Médail et al. (2019) [14], POWO and Euro + Med 
list taxa at species and subspecies levels, and indicate where 
they are located within spatial entities that form Mediter-
ranean “botanical territories”. They can be whole countries 
or parts of countries that are included in the Mediterranean 
region, as defined above (Fig. 1). For France, for example, 
occurrence data are given separately for two botanical ter-
ritories: the island of Corsica considered as Mediterranean 
in its entirety and the southern part of continental France 
that is within the limits of the Mediterranean region (Fig. 1).

Our occurrence data are thus at Mediterranean botanical 
territory level (Table 1, Supp. Table “Data_Trees” in [53]). 
We excluded Vatican City from our inventory as it is not 
listed in the GlobalTreeSearch of BGCI [49]) whereas we 
considered Gibraltar, Monaco and San Marino as separate 
botanical territories for occurrence data. The botanical ter-
ritory “Crimea” is the south east part of the Crimean Penin-
sula while “Southern Russia” is made of the southern parts 
of the North Caucasian and Southern Federal districts of the 
Russian Federation. Both are within the Crimean Submedi-
terranean forest complex [43].

Description of Taxonomic Data

For each taxon, we indicated native presence (N), introduced 
presence (I) and absence (A) in each Mediterranean botanical 
territory, and whether this information differed from that found 
in the resources used for our initial search. The inventory only 
contains taxa that are native in at least one botanical territory. 
For example, Morus nigra L. and Morus alba L. are both pre-
sent in many Mediterranean botanical territories. However, 
only M. nigra is native to the Mediterranean region (Iran), and 
thus M. nigra is found in the inventory while M. alba is not. 
We also indicated when presence or absence was uncertain. 
Further descriptions of introduced species and uncertainty 
can be found in Supp. file “Metadata_trees” in [53]. When a 
subspecies was found present in a botanical territory, we then 
considered that the species-level taxon was present as well. For 
example, Abies pinsapo subsp. marocana is native to Morocco 
and Abies pinsapo subsp. pinsapo is native to Spain, thus Abies 

pinsapo is native to both Morocco and Spain. Each of these 
three taxa are listed separately in our inventory.

We also indicated the extinction risk of each taxon using the 
categories of the IUCN Red List [54]. Querying the IUCN Red 
List sometimes provided additional information on occurrence 
that was missing or incomplete in POWO or BGCI [48, 49].

When possible, we indicated which major uses each 
taxon had in the area where it is present. These uses are: 
food (including for animals), human medicine, ornamental 
(including windbreak), or timber (including cork, pallets or 
for construction or carpentry). Information on major uses 
was gathered from POWO [48] and IUCN Red List data-
bases, as well as from our own expertise.

We highlighted species usually considered as shrubs that 
can develop into trees at least three meters high as adults, 
thus “cryptic trees”, adding to the list of Médail et al. (2019) 
[14]. Conversely, we identified species that are considered as 
trees in reference databases but that never develop as trees in 
the Mediterranean region (although they may in other parts 
of the world), i.e. “true Mediterranean shrubs”.

We considered as Mediterranean those species and sub-
species that have at least part of their natural distribution 
area within Mediterranean botanical territories, even if 
their main distribution area falls outside of them. We thus 
characterized species from a biogeographic and bioclimatic 
perspective as either preferentially Mediterranean (Medi-
terranean chorotype, [55, 56]), with a shared distribution 
or only marginally Mediterranean. Other distributions were 
characterized as tropical, desert or temperate, in Africa, Asia 
or Europe.

We report the number of scientific publications address-
ing genetic diversity for each species (and not subspecies) of 
our inventory. For this, we used the PubMed database (data 
from 01 January 1966 to December 10, 2024) and a custom-
made bibliometric query. See the description of the query in 
Supp. file “Metadata_genetics” in [53]. Analyzing the title 
and abstract, we characterized each retrieved publication as 
either studying adaptation, demography, both or neither.

Finally, we report ploidy level and DNA content when 
available. For this, we searched the Plant DNA C-values 
Database [57], at: https://​cvalu​es.​scien​ce.​kew.​org/. Addi-
tional genome size data were retrieved from [58]. We used 
the formula 1 pg = 978 Mbp [59] to transform data and 
homogenize across studies. When there were several values 
at species level for genome size, we selected the smallest one 
(as proposed in [60]).

Analyses of the Data

Taxonomic Distribution Across the Tree of Life

Using occurrence data, we tested the hypothesis that native 
and endemic species are not evenly distributed across the 

https://cvalues.science.kew.org/
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tree of life, with some families much more species-rich than 
others.

Biogeography, Abiotic Habitat Factors and Botanical 
Territories

We calculated the surface of each Mediterranean botani-
cal territory (Fig. 1), using two GIS resources in ArcGIS 
Pro 3.3.0 (Esri Inc.). For administrative divisions (as of 
December 2022), we used: https://​hub.​arcgis.​com/​datas​ets/​
esri::​world-​admin​istra​tive-​divis​ions/​explo​re?​locat​ion=​−0.​
380188%​2C0.​000000%​2C0.​99, and for ecoregions [43], 
we used: https://​www.​world​wildl​ife.​org/​publi​catio​ns/​terre​
strial-​ecore​gions-​of-​the-​world. The surface of continental 
France includes Monaco, that of continental Italy includes 
San Marino and that of continental Spain includes Gibraltar, 
as neither one of these three countries have native species 
of their own, different from the larger botanical territories 
that surround them.

We then tested the species—area richness relationship 
[61] at the spatial scale of the botanical territory. We also 
tested the effect of abiotic habitat variability using two 
proxies: elevation (range, mean and standard deviation) and 
topographic ruggedness (range, sum, mean and standard 
deviation) of each botanical territory [62, 63]. Elevation was 
calculated at the spatial scale of 3 arc-second cells and range, 
mean and standard deviation values were calculated using all 
cells of a given botanical territory. Ruggedness was also cal-
culated for each 3 arc-second cell as the difference between 
the highest and lowest elevation values within each 3 × 3 
cell window (thus for approx. 100 m × 100 m windows at 
the latitude of the Mediterranean region) with higher values 
meaning higher rugosity, and range, sum, mean and standard 
deviation values were calculated using all cell windows of a 
given botanical territory. Ruggedness was also calculated for 
9 × 9 cell windows (thus for approx. 1 km × 1 km windows) 
to test for larger-scale geomorphological and habitat effects.

Endemism, Introductions and Extinction Risks

Using occurrence data, we tested the hypothesis that autoch-
thony and endemism at family, genus, species and subspecies 
levels are not evenly distributed across botanical territories 
as their area under Mediterranean climate is different, and 
because deep past geological events and alternating Pleisto-
cene glacial and interglacial cycles have probably affected 
land masses, geographic ensembles and botanical territories 
differently [37, 64, 65].

We analyzed extinction risks at different taxonomic and 
biogeographic levels, testing the hypothesis that (1) some 
taxonomic groups are more endangered than others, (2) 
some botanical territories and biogeographic regions contain Ta
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higher numbers of taxa at risk of extinction and (3) endemic 
taxa are more at risk of extinction than widespread taxa.

Genetic Diversity and Ploidy

Using the results of the query described in Supp. file “Meta-
data_genetics” in [53], we tested the hypothesis that Medi-
terranean tree species are poorly known at the genetic level 
in general, and that information is preferentially present in 
tree species that have a large part of their range in temperate 
Europe, that are of economic importance (timber or food) 
or are mostly least concerned with extinction risk (thus that 
taxa at risk of extinction are poorly known genetically mak-
ing this lack of knowledge critical for some families and 
areas of occurrence). We also tested the hypothesis that stud-
ies are more interested in demography than in adaptation 
due to the nature of available molecular markers. Finally, 
we tested the hypothesis that genome size is positively cor-
related with extinction risk as found for herbaceous angio-
sperms [60].

Statistical Tests

We tested our hypotheses of independence using chi-square 
tests when comparisons where made between categorical 
variables, such as richness, endemism, biogeographic and 
IUCN categories. For linear correlations between all other 
variables involving abiotic habitat variability, we used Pear-
son Product Moment Correlation and, for comparison, the 
non-parametric Spearman’s test for rank correlations. As the 
two methods yielded very similar results (both coefficient 
and significant values, Supp. Table “Data_correl”, [53]), we 
only report Pearson’s coefficients and p-values in the text 
below. We also used Pearson’s coefficients to test for spatial 
autocorrelation of taxa in the different botanical territories, 
using as input for a Mantel statistic, taxon presence/absence 
and botanical territory distances.

We checked correlations among all abiotic habitat 
descriptors and discarded those that were highly correlated. 
For example, 3 × 3 and 9 × 9 ruggedness sum, mean, stand-
ard deviations and range were strongly correlated (Pearson’s 
r > 0.94), and 3 × 3 ruggedness values only were used for 
correlations with richness data. Also, botanical territory area 
and 3 × 3 ruggedness sum were highly correlated (Pearson’s 
r > 0.91) and 3 × 3 ruggedness sum was dropped out of the 
analysis. Correlations between taxonomic richness and 
habitat factors were thus calculated between family, genus, 
species and subspecies native and endemic richness on the 
one hand, and botanical territory geographic coordinates, 
area, elevation (range, mean and standard deviation) and 
3 × 3 ruggedness (range, mean and standard deviation), on 
the other hand.

Data Accessibility

All data and metadata are available open access at https://​
doi.​org/​10.​57745/​PEWSZG [53].

Results and Discussion

Taxonomic Distribution Across the Tree of Life

Our taxonomic inventory of Mediterranean trees contains 
species and subspecies occurrences at botanical territory 
level, and information on their use, extinction risk, genetic 
diversity and genome size (Supp. Table “Data_trees” in 
[53]). We also indicate the main synonym for each taxon, 
when more than one name is commonly used. The inventory 
contains a total of 25077 data points, with 4987 native pres-
ences and 620 introductions spanning 39 botanical territories 
(Fig. 1). The inventory contains 643 taxa (496 species and 
147 subspecies) from 50 families and 111 genera (Table 1). 
It also indicates occurrence data that are new compared to 
at least one of the online resources we used to construct the 
backbone of our inventory. In total, 1557 occurrence data 
(807 “absence”, 505 “native presence” and 245 “introduced 
presence”) represent new information. Finally, 184 occur-
rence data were considered uncertain: 10 “absence”, 163 
“native presence” and 11 “introduced presence”.

Our taxonomic inventory also includes a list of taxa 
that we considered as either not trees or not Mediterranean 
although presented as such in POWO and BGCI [48, 49]. 
Forty-two species and 2 subspecies cannot be considered as 
trees in the Mediterranean region, and are true Mediterra-
nean shrubs, and 51 species and 1 subspecies were trees but 
not Mediterranean (Supp. Table “Data_excluded” in [53]).

Conversely, we identified 48 species and 8 subspecies 
of cryptic trees, i.e. that should be considered as trees in 
the Mediterranean region although they are described as 
shrubs only in the references we consulted. They are noted 
as “POWO shrub” in Supp. Table “Data_trees” in [53]. 
They are mostly widespread taxa (36 taxa) or endemic to 
Southern Europe (9 taxa), and families Rosaceae (11 taxa), 
Fabaceae (9 taxa) and Rhamnaceae (8 taxa) account for half 
of them. We also identified 22 species and 8 subspecies with 
a potential tree growth habit for which no indication of habit 
was available in the references we consulted. They are noted 
as “Not in POWO” or “No data in POWO” in Supp. Table 
“Data_trees” [53]. They are mostly endemic to the Zagros 
(13 taxa) or Western Asia outside Zagros (5 taxa), and from 
family Rosaceae (23 taxa).

Taxonomic distribution across the tree of life was highly 
skewed (Fig. 2). The most species-rich family by far was 
the Rosaceae (147 species and 19 subspecies) followed by 
the Fagaceae (42 species and 24 subspecies), Salicaceae (42 

https://doi.org/10.57745/PEWSZG
https://doi.org/10.57745/PEWSZG
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species and 10 subspecies) and Tamaricaceae (35 species), 
while 19 families contained just one species. The first 10 
most diverse families accounted for more than 3/4 of total 
taxonomic diversity (Fig. 2). The genera with the highest 
number of species and subspecies were Quercus (54), Cra-
taegus (49), Prunus (43), Acer (40) and Salix (38). Shrubs 
that can be considered as trees were present in 23 families. 
Family Rosaceae included most of them (34 species and 
subspecies out of 56) followed by the Fabaceae and Rham-
naceae (8 each).

However, native family, genus, species and subspecies 
richness values were highly correlated (r between 0.73 and 
0.99). Endemic species richness was moderately but signifi-
cantly correlated with native taxonomic richness (r between 
0.31 and 0.62) (Table 1 and Supp. Table “Data_correl” in 
[53]).

Biogeography, Abiotic Habitat Factors and Botanical 
Territories

Half of the species in the inventory were biogeographically 
Mediterranean while 11.5% were equally distributed in the 
Mediterranean and under a different bioclimate. The remain-
ing species, while having part of their distribution area under 
a Mediterranean climate, were preferentially desert (3.5%), 

temperate (30%) or tropical (5%) tree species (Supp. Table 
“Data_trees”, [53]).

While there were more species per family in Southern 
Europe than in Western Asia or North Africa (Fig. 2), mean 
richness averaged over botanical territories ranked higher 
in Western Asia than Southern Europe and North Africa 
(Table 1): 29.5 families versus 27.4 and 23.8; 51.1 genera 
versus 47.6 and 41.6; and 122.4 species versus 108.8 and 
75.2, respectively in Western Asia, Southern Europe and 
North Africa. While family and genus richness differences 
among continents were not significant, species richness 
differences were (p-value = 0.003, chi-square test). Fam-
ily, genus and species mean richness were also higher in 
botanical territories on the mainland than on large islands 
(Table 1): 27.6 families versus 26.5; 48.9 genera versus 40.8; 
and 114.5 species versus 70.7, respectively on the mainland 
and islands. While family and genus richness differences 
between mainland and island were not significant, again, 
species richness differences were (p-value = 0.001, chi-
square test).

The distribution of native tree taxonomic richness varied 
greatly at botanical territory level (Fig. 3), although there 
was no clear longitudinal gradient of decreasing or increas-
ing taxonomic richness at either family, genus or species 
level (Pearson’s r values from −0.12 to 0.07, Supp. Table 

Fig. 2   Circular barplot of ranked families according to the number of 
species they contain and their distribution in the three continents of 
the Mediterranean region. Species occurring in more than one conti-

nent are counted in each. The proportion indicated for each family is 
the number of species per family as a percentage of the total number 
of species
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“Data_correl” in [53]). Correlations were slightly stronger 
for latitude, particularly for species richness which increased 
northwards (Pearson’s r = 0.59).

In contrast, there was a strong and similar positive cor-
relation, between tree richness at all three taxonomic levels 
and the area of each botanical territory (Pearson’s r values 
from 0.57 to 0.64, Supp. Table “Data_correl” in [53]). This 
richness – area relationship was stronger on islands than on 
continents: for species-level richness for example, Pearson’s 
r was 0.89 on islands and 0.54 on continents. There was also 
a strong overall positive correlation between family, genus 
and species richness on the one hand, and landscape het-
erogeneity on the other hand. Pearson’s r was between 0.70 

and 0.79 for elevation range and r between 0.75 and 0.82 
for ruggedness range, for example, similarly on islands and 
continents. The correlation was weaker for endemic species 
(r between 0.45 and 0.52).

Standardizing native species richness by botanical terri-
tory area provides an estimate of richness density per unit 
area per botanical territory. Native species richness den-
sity was significantly higher in Bulgaria than in any other 
botanical territory, with over 600 species per 1000 km2. Also 
appearing as high native species richness botanical territo-
ries with over 100 native species per 1000 km2 were Kosovo 
and Malta (Fig. 3, bottom panel). Large botanical territories 
with high overall native species richness (Fig. 3, top panel) 

Fig. 3   Taxonomic richness (number of native tree species, top panel) 
and standardized taxonomic richness (log10 number of native tree 
species per unit area of 1000 km2, bottom panel) in each of the 39 

botanical territories of the Mediterranean region of North Africa, 
Western Asia and Southern Europe, from highest in purple to lowest 
in yellow
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such as Iran and Türkiye and most North African botani-
cal territories were among the ones with the lowest native 
richness density index (1 native species per 1000 km2 or 
less), indicating that area alone does not generate increased 
density of native species richness.

Most correlations between native species richness density 
and abiotic factors became non-significant except for rug-
gedness mean and standard deviation (Pearson’s r between 
0.35 and 0.47, Supp. Table “Data_correl” in [53]), indicating 
that ruggedness is a driver of taxonomic richness indepen-
dently of area.

Endemic and Shared Taxa

Results of the Mantel tests indicated a significant taxo-
nomic spatial autocorrelation. Species composition was 
more similar among nearby botanical territories (r = 0.509, 
p-value = 0.001). This pattern was also seen for gen-
era (r = 0.345, p-value = 0.001) and families (r = 0.253, 
p-value = 0.002), although the effect was weaker. Thus, 
neighboring botanical territories tend to be more taxonomi-
cally similar than more distant ones, especially at the species 
level.

A total of 105 taxa (87 species and 18 subspecies, 36 
of them newly considered as trees instead of shrubs) from 
29 families were shared among the three continents (Supp. 
Table “Data_shared”, [53]) and 35 of them also occurred 
jointly in the Crimean, Dinaric and Zagros ecoregions. Their 
main biogeographic origin was Mediterranean (71 of them) 
or Temperate (29 of them), while the remaining five were 
desert trees. Shared species were in highest numbers in the 
families Rosaceae (13 shared species), Salicaceae (9 shared 
species) and Rhamnaceae (9 shared species).

Endemic species and subspecies to a single continent 
accounted for 41% of all taxa (262). While 105 endemic 
species and subspecies were restricted to Southern Europe 
(including Crimea), 24 were restricted to North Africa and 
133 to Western Asia (including the Zagros). See Supp. 
Table “Data_trees” in [53]. Endemic species at botanical 
territory level (132) were in significantly higher numbers 
in Iran (61) and Türkiye (30) (Table 1). Both contributed 
strongly to the medium effect positive correlation which was 
found between the number of endemic species and longitude 
(Pearson’s r = 0.35). Of the remaining botanical territories, 
only Algeria, Crimea and Sicily had over four endemic spe-
cies (Table 1). Endemic subspecies at botanical territory 
level were rarer (37) but also in higher frequency in Iran (7) 
and Türkiye (12) than elsewhere. Standardized by unit area, 
endemic species density was highest in small and isolated 
botanical territories such as Crimea, Crete and Sicily (Supp 
Table “Data_Summary” in [53]).

Endemism at genus level mostly concerned single spe-
cies genera: 5 single species genera occurred only in Africa 

(Balanites, Bauhinia, Dracaena, Sideroxylon and Warionia), 
8 in the Zagros part of Asia (Ammodendron, Cydonia, Ehre-
tia, Morus, Nannorrhops, Parrotia, Salvadora, Xylosalsola), 
1 in Asia outside of the Zagros ecoregion (Gonocytisus), 
and 2 in Southern Europe including the Crimean ecoregion 
(Aesculus and Laburnum with 2 species).

Extinction Risks

All non-extinct categories of the IUCN Red List [6] were 
represented in our Mediterranean trees. The taxa considered 
to be at risk of extinction, belonging to categories Vulner-
able (VU), Endangered (EN) and Critically Endangered 
(CR), i.e. collectively identified as Threatened, accounted 
for 8.3% of all occurrences (45 species and 9 subspecies) and 
where spread across the tree of life irrespective of taxonomic 
richness within families (Chi-square test p-value < 0.001). 
Near-Threatened (NT, including the Conservation Depend-
ent (CD) category) were only 4.2% of the total (24 species 
and 3 subspecies). Just over 40% of the occurrences were 
characterized as Least Concern (LC, 240 species and 20 
subspecies) while the Data Deficient (DD) or Not evaluated 
(NE) (i.e., the taxon name could not be found in the IUCN 
Red List database) categories included 46.9% of the occur-
rences, thus the largest share, with 187 species (55 for DD 
and 132 – including 21 hybrid species—for NE) and 115 
subspecies (4 for DD and 111 for NE). (Table 2).

Native species at risk of extinction were more frequent 
in Western Asia and North Africa than in Southern Europe 
while data deficient and no data species were present in high 
proportions in all three continents (Fig. 4 and Supp. Table 
“Data_summary” in [53]). Both the number of native species 
at risk of extinction and DD and NE species were propor-
tional to species richness in botanical territories (r = 0.72 
and 0.91, respectively, and Fig. 4). However, half (151) of 
the DD and NE species and subspecies were endemic to one 
continent or ecoregion, including 95 in Southern Europe 
(Supp. Table “Data_trees” in [53]).

The strictly Mediterranean species at risk of extinction 
were proportionally in higher frequency than those that have 
only some or a limited part of their distribution in the Medi-
terranean. Comparing with preferentially temperate species 
for example, out of the 45 threatened species in categories 
CR, EN and VU, 32 were strictly Mediterranean while only 
7 were temperate (Chi-square test p-value = 0.01). DD and 
NE species were proportionally equally high between pref-
erentially Mediterranean and temperate species (Table 2).

Genetic Diversity and Ploidy

The bibliometric search for genetic diversity publications 
yielded 1460 results. The distribution of publication effort 
among the 496 species queried was highly skewed, with 327 
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species (66% of the total) retrieving no publication and 55 
species (11%) retrieving more than 5 publications each. Just 
80 species (16% of all species) provided more than 90% of 
all publications.

Genetic diversity publications were lacking in one quar-
ter of the families (21 species in total) and more than half 
of the families (45 species in total) were described by less 
than 5 publications. At the other end of the spectrum, three 
families only totaled more than half of the genetic diversity 
publications: Pinaceae (263 publications), Rosaceae (254 
publications) and Fagaceae (230 publications). Publications 
for these three families were concentrated on a limited num-
ber of their 212 species, all with a known societal usage, 
either timber or food: 6 out of 42 Fagaceae species, 6 out 
of 23 Pinaceae species and 6 out of 147 Rosaceae species 
accounted for 605 publications (81% of the total).

The 954 genetic diversity studies (65% of the total) 
attributed to demography or adaptation were split evenly 
between the two topics, approximately 40% dealing with 
demographic inferences (including phylogeography, and 
effects of drift and past climates), 40% with adaptation 
(including local adaptation and phenotypic trait variation) 
and 20% with both.

Genetic Diversity Knowledge, Biogeography, 
Economic Importance and Iucn Extinction Risk

Botanical territories where at least one genetic diversity 
study per species was found (Supp. Table “Data_sum-
mary” in [53]) were also those with the highest native 
tree species richness (r = 0.94). Yet, species-rich botani-
cal territories in Western Asia were proportionally less 

genetically studied than North African or Southern Euro-
pean botanical territories (Fig. 5).

Most of the genetic diversity publications queried 
(Supp. Table “Data_Genetics” in [53]) addressed Lower 
Risk species (1031 LC and 39 NT, thus 73%) while the 
54 species at risk of extinction were the target of only 39 
publications (thus less than 3% of all publications). The 
55 species linked to more than 5 genetic diversity publica-
tions were LC for 45 of them (82%) and DD for all oth-
ers except one VU species (Sideroxylon spinosum L., the 
Argan tree of western North Africa). The species for which 
no genetic study was retrieved by the search were mostly 
DD species. While genetic diversity studies addressed 129 
(45%) of the LC species, they addressed only 10 (18%) of 
the species at risk of extinction and 30 (10%) of the DD 
and NE species. The eighty species regrouping more than 
90% of all publications were mostly species not consid-
ered at risk of extinction (62 LC and 3 NT, 81%) while 11 
lacked threat data (14%) and 4 were at risk of extinction 
(5%).

Genetic diversity publications were proportionally less 
numerous for species whose geographic distribution was 
mostly or partially Mediterranean (Supp. Table “Data_
Genetics” in [53]). A total of 342 genetic diversity pub-
lications addressed the 248 species with a predominantly 
Mediterranean distribution (1.4 publications per species 
average) while 804 addressed the 151 predominantly tem-
perate species in Western Asia, Southern Europe or both 
(5.3 publications per species average), and 188 the 45 spe-
cies found equally in temperate and Mediterranean biocli-
mates (4.2 publications per species average). The remain-
ing 126 publications addressed 52 species predominantly 

Table 2   Number of 
Mediterranean tree species 
per IUCN Red List category 
and biogeographic type. 
Species occur either under a 
dominant biogeographic type 
or are equally present under 
a Mediterranean bioclimate 
and another type (temperate, 
tropical or desert)

Threatened (at risk 
of extinction)

Lower risk Risk cannot 
be evaluated

Main biogeographic type/IUCN category CR EN VU NT (+ CD) LC DD NE Total

Desert 8 1 8 17
Mediterranean 9 15 8 15 97 25 79 248
Mediterranean, desert 1 1 1 3
Mediterranean, temperate Asia 5 1 6
Mediterranean, temperate Eurasia 1 4 5
Mediterranean, temperate Europe 1 2 18 6 7 34
Mediterranean, tropical Africa 2 2
Mediterranean, tropical Asia 1 4 1 6
Temperate Asia 2 3 4 19 10 17 55
Temperate Eurasia 17 1 18
Temperate Europe 1 1 2 49 13 12 78
Tropical Africa 7 2 9
Tropical Africa, Asia 6 6
Tropical Asia 1 2 3 3 9
Total 10 18 17 24 240 55 132 496
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or partially found in desert or tropical bioclimates (2.4 
publications per species average).

Out of the 169 species which had at least one study tar-
geting their genetic diversity (Supp. Table “Data_Genet-
ics” in [53]), 43% (73 species) were characterized by at 
least one main use (food, timber or other). For the 327 
species with no retrieved genetic study, this proportion 
was 5% (17 species).

Ploidy levels and  1 C DNA amounts were available for 
30% and 35% of the species, respectively (Supp. Table 
“Data_Genetics” in [53]). Genome size measured by  1 C 
DNA amount was significantly higher in gymnosperms 
(11.3 to 22.6 pg) than in angiosperms (0.36 to 4.5 pg) with 
the exception of the genus Sambucus in the Adoxaceae 
whose genome size was comparable to that of gymno-
sperms (12.3 pg). Except for some notable polyploidy cases 

Fig. 4   Number of threatened (categories CR, EN and VU) tree spe-
cies (top panel) and number of Data Deficient (DD) or Not Evalu-
ated (NE) tree species (bottom panel) in the Mediterranean region of 
North Africa, Western Asia and Southern Europe. The map indicates 

the number of tree species for each IUCN category occurring in each 
of the 39 botanical territories of the Mediterranean region, from high-
est in purple to lowest in yellow
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in the genus Juniperus of the Cupressaceae ([66]), ploidy 
level was a constant 2x in these large genome size families. 
While it was also most frequently 2x in angiosperms (74% 
of assessable species), it was 4x in the Ulmaceae and 22x in 
the Moraceae, and ranged from 2x to 10x in the Betulaceae 
and from 2x to 22x in the Rosaceae. There were no discern-
able differences between any of the IUCN categories, nei-
ther for ploidy levels nor for  1 C DNA amounts, in either 
gymnosperms (22 and 26 species assessed respectively) or 
angiosperms (127 and 150 species assessed, respectively).

The major hypotheses tested and the outcomes of the tests 
are listed in Table 3.

Conclusion

Despite long-standing efforts, the global number of tree 
species remains uncertain, but recent data estimate it to 
be around 73,000 species worldwide, 9,000 of which are 
still undiscovered [67]. The Mediterranean region of North 
Africa, Western Asia and Southern Europe has thus a mod-
est contribution to global tree species diversity: 496 species 
in total, of which 392 have their distribution predominantly 
in the Mediterranean region, i.e. less than 1% of the total 
tree diversity. Most of the world’s tree diversity is found 
in the inter-tropical biomes [68] and in the Mediterranean 
region, the late Pleistocene glacial cycles have resulted in 
the disappearance of a significant number of tree species 
[65]. However, as the size of the Mediterranean region is 

only 2.2% of the world’s total [69], this contribution is far 
from negligible.

In Europe (including Macaronesia), Rivers et al. (2019) 
[11] recognized 454 native tree species, of which 170 are in 
the genus Sorbus, making the Rosaceae the richest family 
(216 species in total) in Europe, similarly to the Mediter-
ranean (147 species in total, although Sorbus accounts for 
only 25 of those). However, and supposing that the classifi-
cation systems used are similar (APG IV), richness appears 
distributed slightly more widely across the tree of life in the 
Mediterranean than in Europe (50 versus 45 families, 111 
versus 104 genera). And while 265 (over 58%) species are 
endemic to continental Europe [11], 169 are restricted to a 
single botanical territory and 196 to a single continent in the 
Mediterranean region.

Excluding from this comparison the genus Sorbus and 
its numerous apomictic and hybrid species [70] which com-
plicate taxonomic richness comparisons [51], the Mediter-
ranean is rich with 471 species while Europe sensu [11] has 
284 species, of which 208 are also in the Mediterranean. 
Making the Mediterranean a comparatively taxonomic rich 
region for tree species.

Our inventory of 643 taxa (496 species and 147 subspe-
cies) for the entire Mediterranean region adds 80 species 
and 67 subspecies (excepting Crimea and Southern Russia) 
to the tree list of Médail et al. (2019) [14] for Mediterra-
nean Europe (which was defined with more restrictive limits 
than ours). It is also an upward update of previous, region-
wide estimates [71]. It confirms previous expert knowledge 

Fig. 5   Taxonomic richness and genetic diversity in the Mediterra-
nean region of North Africa, Western Asia and Southern Europe. The 
map shows the proportion of tree species occurring in each of the 39 

botanical territories of the Mediterranean region for which there is at 
least one genetic study (as retrieved from the bibliometric search per-
formed), from highest in purple to lowest in yellow
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on tree species presence in Mediterranean countries, but 
it also improves the occurrence data in POWO [48] and 
Euro + Med [52], providing previously unavailable botanical 
territory occurrences in the Balkan peninsula (former Yugo-
slavia) and in western Asia. Some of these trees have gained 
international recognition because of how threatened they are 
(Abies nebrodensis or Zelkova sicula), how emblematic they 
are (Cedrus libani), how valuable they are in human diets 
(Ficus carica, Pinus pinea or Sideroxylon spinosum) or how 
invasive they are in other biomes (Pinus halepensis).

In the Mediterranean region, family, genus and species 
level richness values are correlated and thus, good predic-
tors of one another. We also confirm some well-known bio-
diversity laws such as the richness—area correlation [14]. 
Landscape and habitat heterogeneity at botanical territory 
level (elevation or ruggedness variability) also correlates 
well with species richness. However, when standardizing 
for area, richness at different taxonomic levels remained 
significantly correlated with only a few landscape features 
such as ruggedness mean or variation, indicating that large 
botanical territories are not proportionally richer than small 
ones. Area alone does not explain diversity, rather a con-
trasted landscape with contrasted geomorphological features 
is needed for the area – diversity relationship to occur. This 
indicates the importance of niche processes for species rich-
ness and suggests that habitat diversity is a necessity for 
efficient biodiversity conservation [72].

Whereas species and genera tended to resemble one 
another in nearby botanical territories, neither latitude nor 
longitude (except for endemic species) correlated signifi-
cantly with taxonomic diversity at any level, from families 

down to subspecies, contrary to global biodiversity patterns 
[73] or to patterns of genetic diversity in Europe and the 
Mediterranean [74, 75]. Areas of high taxonomic richness 
form a mosaic across the Mediterranean region, possibly as a 
consequence of past climatic cycles leading to the existence 
of a mosaic of refugial areas [64]. The Zagros part of Iran 
and the Mediterranean part of Türkiye are high tree-richness 
botanical territories, but so are the Mediterranean parts of 
continental Spain, Italy, Morocco or the Balkans [38]. Native 
tree richness is comparatively lower in islands and in parts of 
North Africa. These patterns are generally similar to those 
found globally for all plants [3].

When standardized by botanical territory area, native spe-
cies richness identified as hotspot botanical territories are 
rather small and often situated at the edge of the Mediter-
ranean region with Temperate Europe, notably in the Balkan 
peninsula. Tree populations in these peripheral botanical ter-
ritories may exhibit local adaptations not present in the main 
part of the range of the species [26, 76–78]. They deserve 
sustained protection and may represent useful resources for 
a much needed climate adapted silviculture [79].

Tree taxa usually characterized as shrubs may also be 
considered as such resources. In comparison to that of the 
northern Mediterranean, we almost doubled the number of 
species described as shrubs worldwide that should be recog-
nized as trees (39 added to the 44 already identified in [14]). 
Given a favorable environment, such as in protected areas or 
under cultivation, these species can reveal their cryptic tree 
habit, making them valuable genetic resources for a climate-
changed adapted silviculture (or agroforestry and agriculture 
as almost 40% of them are from family Rosaceae) [80].They 

Table 3   Summary of tested hypotheses and corresponding outcomes. 
The thirteen major hypotheses evaluated in the study each address 
patterns of biodiversity, endemism, extinction risk, and research 
biases in Mediterranean and global tree species. The table indicates 

whether the data support each hypothesis (Supported), does not 
(Not supported) or is not conclusive (Data insufficient), based on the 
results of phylogenetic, biogeographic, and conservation analyses

Hypothesis Outcome

1 Native and endemic Mediterranean tree species are unevenly distributed across the tree of life Supported
2 Area and landscape heterogeneity drive Mediterranean tree species richness upwards Supported
3 Mediterranean tree taxonomic richness decreases from east to west Not supported
4 There is a spatial autocorrelation of presence/absence data, making nearby botanical territories more similar in their 

Mediterranean tree flora then distant ones
Supported

5 Patterns of richness, autochthony and endemism vary across botanical territories and continents, at the family, 
genus, species, and subspecies levels

Supported

6 Some taxonomic groups are disproportionally more threatened with extinction than others across the tree of life Supported
7 Some botanical territories and biogeographic regions contain higher numbers of threatened taxa Supported
8 Strictly Mediterranean tree species are more at risk of extinction than temperate species Supported
9 Endemic taxa face a higher risk of extinction compared to widespread taxa Data insufficient
10 Genetic diversity and structure of Mediterranean tree species remain poorly characterized Supported
11 Genetic diversity information is preferentially available for tree species with economic value Supported
12 Genetic studies prioritize understanding demographic over adaptation processes Not supported
13 Large genome size is positively correlated with increased extinction risk Not supported
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need to be tested for their adaptability, and their genetic 
diversity and phenotypic plasticity in expressing a tree habit.

Worldwide, 38% of the species are threatened and at risk 
of extinction [6]. In Europe, this proportion is 37% [11], 
compared to just 9% for Mediterranean trees. The major 
difference between Europe and the Mediterranean lies first 
in the fact that ¾ of the Sorbus species (including hybrids 
and apomictic species) of Europe are at risk of extinction, 
driving the proportion of threatened species upwards in 
Europe. The second major difference is in the proportion 
of tree species lacking extinction risk data. This proportion 
is 12.5% in Europe against over 37% (over 33% excluding 
hybrid species) in the Mediterranean. As for subspecies, 
78% lack extinction risk data. Thus, trees of the Mediter-
ranean maybe just as or more at risk of extinction as the 
trees of Europe and the rest of the world depending on the 
status of the tree species lacking data for extinction risk. As 
half of these species are endemics and more likely to be at 
risk of extinction, this lack of risk assessment is extremely 
worrisome (and particularly for subspecies) and should be 
urgently remedied, an observation also made for all vascu-
lar plants of the Mediterranean region [81]. The excellent 
taxonomic and ecological expertise that exists across the 
Mediterranean region could certainly be mobilized to gener-
ate extinction risk assessments [82].

There is also a strong need to increase knowledge on 
genetic diversity for Mediterranean tree taxa which were 
found to be largely understudied compared to temperate 
species, but also to desert and tropical species. There are 
undeniable biases in our query and the queried database, 
with species known to the authors as the focus of published 
genetic studies not appearing in our retrieved list (such 
as Abies cephalonica Loud. or Cedrus libani A.Rich., for 
example). Biases may include: absence of non-English lan-
guage publications, non-exploration of abbreviated species 
names, possible but uncheckable biases in the search algo-
rithms. However, we believe the following trends in genetic 
knowledge to remain true despite these shortcomings: from 
better known in Southern Europe to lesser known in Western 
Asia and then North Africa, from better known commer-
cially important (timber and food) species to lesser known 
non-commercially important species, and from better known 
least threatened to lesser known species at risk of extinction. 
Also, we urge authors to correctly identify their studied spe-
cies with both genus and species Latin names in the title, 
key words or summary for easier and accurate bibliometric 
referencing.

This general lack and highly uneven availability of 
genetic diversity information is hardly a problem of Medi-
terranean trees alone [83], but Mediterranean tree species 
are particularly concerned. It hampers progress in the field 
of systematics and the delineation of taxonomic entities at 
species and subspecies levels. It complicates the reporting 

of progress for conservation [84] and undermines sustain-
able resource management and the prioritizing of species 
for genetic conservation management [85]. The few spe-
cies at risk of extinction that have been genetically evalu-
ated may be good priority candidates for genetic conserva-
tion measures, both in situ and ex situ [86].

Finally, we are convinced that our comprehensive inven-
tory can be used for further ecological and biogeographic 
analyses, beyond the hypotheses tested in this study. As 
it is, it provides a basis for a highly needed collaboration 
in forest research, conservation and sustainable manage-
ment in the Mediterranean [39, 85]. This resource can be 
used for prioritizing conservation action on shared taxa, 
by individual or groups of taxonomically similar botani-
cal territories, continent, or overall. Alternatively, efforts 
can be placed on species that are endemic to countries or 
regions. Considering the multiple risks faced by Medi-
terranean forests in the twenty-first century, developing 
Mediterranean-wide habitat, species and genetic diversity 
conservation networks is a priority to which this publica-
tion can contribute.
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