
Vol.:(0123456789)1 3

https://doi.org/10.1007/s40725-022-00169-8

TREE GENETICS (M MENCUCCINI, SECTION EDITOR)

Forest Genetics Research in the Mediterranean Basin: Bibliometric 
Analysis, Knowledge Gaps, and Perspectives

Bruno Fady1  · Edoardo Esposito2 · Khaled Abulaila3 · Jelena M. Aleksic4  · Ricardo Alia5 · 
Paraskevi Alizoti6  · Ecaterina‑Nicoleta Apostol7  · Phil Aravanopoulos6  · Dalibor Ballian8,9  · 
Magda Bou Dagher Kharrat10  · Isabel Carrasquinho11,12  · Marwan Cheikh Albassatneh13,14 · 
Alexandru‑Lucian Curtu15  · Rakefet David‑Schwartz16  · Giovanbattista de Dato17  · Bouchra Douaihy18  · 
Nicolas‑George Homer Eliades19  · Louis Fresta20  · Semir Bechir Suheil Gaouar21  · Malika Hachi Illoul22 · 
Vladan Ivetic23  · Mladen Ivankovic24  · Gaye Kandemir25  · Abdelhamid Khaldi26  · Mohamed Larbi Khouja27 · 
Hojka Kraigher9  · François Lefèvre1  · Ilène Mahfoud28  · Maurizio Marchi29  · Felipe Pérez Martín30 · 
Nicolas Picard31  · Maurizio Sabatti32  · Hassan Sbay33  · Caroline Scotti‑Saintagne1  · Darrin T Stevens34 · 
Giovanni Giuseppe Vendramin32  · Barbara Vinceti35  · Marjana Westergren9 

Accepted: 5 July 2022 
© The Author(s) 2022, corrected publication 2022

Abstract
Purpose of Review Recognizing that in the context of global change, tree genetic diversity represents a crucial resource 
for future forest adaptation, we review and highlight the major forest genetics research achievements of the past decades 
in biodiversity-rich countries of the Mediterranean region. For this, we conducted a bibliometric analysis of the scientific 
literature spanning the past thirty years (1991–2020). Putting together the representative regionwide expertise of our 
co-authorship, we propose research perspectives for the next decade.
Recent Findings Forest genetics research in Mediterranean countries is organized into three different scientific domains of 
unequal importance. The domain “Population diversity and Differentiation” related to over 62% of all publications of the 
period, the domain “Environmental conditions, growth and stress response” to almost 23%, and the domain “Phylogeography” 
to almost 15%. Citation rate was trending the opposite way, indicating a strong and sustained interest in phylogeography 
and a rising interest for genetics research related to climate change and drought resistance. The share of publications from 
Asia and Africa to the total within the Mediterranean increased significantly during the 30-year period analyzed, reaching 
just below 30% during the last decade.
Summary Describing poorly known species and populations, including marginal populations, using the full potential of 
genomic methods, testing adaptation in common gardens, and modeling adaptive capacity to build reliable scenarios for forest 
management remain strategic research priorities. Delineating areas of high and low genetic diversity, for conservation and 
restoration, respectively, is needed. Joining forces between forest management and forest research, sharing data, experience, 
and knowledge within and among countries will have to progress significantly, e.g., to assess the potential of Mediterranean 
genetic resources as assisted migration material worldwide.
Introductory quote: Let us collect with care the facts we can observe, let us consult experience wherever we can, and when 
this experience is inaccessible to us, let us assemble all the inductions which observation of facts analogous to those which 
escape us can furnish and let us assert nothing categorically; in this way, we shall be able little by little to discover the 
causes of a multitude of natural phenomena, and, perhaps, even of phenomena which seem the most incomprehensible... 
J.B. de Lamarck (Philosophie zoologique, 1809), cited by O. Langlet (1971).

Keywords Conservation · Forest genetic resources · Genetic diversity · Global change · Mediterranean · Sustainable 
management
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Abbreviations
AFLP  Amplified fragment length 

polymorphism
CBD  Convention on Biological Diversity 

(https:// www. cbd. int/)
IUCN  International Union for the Conser-

vation of Nature (https:// www. iucn. 
org/)

EUFORGEN  European Forest Genetic Resources 
Programme (http:// www. eufor gen. 
org/)

EFI  European Forest Institute (https:// 
efi. int/)

EFIMED  EFI’s Mediterranean Facility 
(https:// efi. int/ efimed)

FAO  Food and Agriculture Organization 
of the United Nations (https:// www. 
fao. org/)

FOREST EUROPE  The Ministerial Conference on the 
Protection of Forests in Europe 
(https:// fores teuro pe. org/)

FSC  Forest Stewardship Council (https:// 
fsc. org/ en)

FRM  Forest reproductive material
FGR  Forest genetic resources
GCU   Gene conservation unit
GR  Genetic resources
MFRA  Mediterranean Forest Research 

Agenda of EFI-Med
NGO  Non-governmental organization
PEFC  Programme for the Endorsement of 

Forest Certification (https:// www. 
pefc. org/)

PRIMA Foundation  Partnership for Research and Inno-
vation in the Mediterranean Area 
(https:// prima- med. org/)

RAPD  Random amplified polymorphic 
DNA

SSR  Simple sequence repeat

Introduction

The Convention on Biological Diversity (CBD) recognizes 
that biological diversity, at all levels of organization, from 
genes to ecosystems, has an intrinsic value and sustains the 
life systems of the biosphere. As such, biological diversity 
needs to be protected and its components to be sustainably 
used (article 1 of the CBD). Its protection and restoration 
also strongly interact with climate change mitigation and 
adaptation: “limiting global warming to ensure a habitable 
climate and protecting biodiversity are mutually supporting 

goals, and their achievement is essential for sustainably and 
equitably providing benefits to people” [1••].

However, the decade 2011–2020 failed in halting biodi-
versity loss worldwide [2••]. Despite significant efforts, most 
national commitments have fallen short of reaching agreed 
international targets and only six of the twenty Aichi targets 
have been partially achieved [3]. In addition to long-term 
effects, such as land use change for agriculture and urbaniza-
tion, pollution, and invasive species, climate change is now 
increasingly recognized as a major driver of biodiversity loss 
[4, 5]. Therefore, scientists now call for integrated policies 
and actions to counter climate change and biodiversity loss, 
particularly in biodiversity rich regions [6, 7].

The Mediterranean basin, a crossroads for the European, 
Saharan, and Irano-Turanian floristic regions, is one of the 36 
global biodiversity hotspots [8, 9]. Its plant diversity is one of the 
richest in the world. While occupying 1.6% of the Earth’s terres-
trial surface, it hosts approximately 7% of the World’s plant taxa 
[10, 11]. Moreover, almost 25,000 species are native to the Medi-
terranean basin, more than half being regional endemics [12]. 
The European Union recognizes the value of this diversity. Out 
of the 233 habitats of community importance listed in Annex 1 
of Habitat Directive 92/43 of the European Union, 117 are occur-
ring in Mediterranean Europe, among which 93 are exclusively 
found there. This high rate of endemism and habitat diversity is 
a striking feature of the Mediterranean flora [13, 14], making the 
Mediterranean basin a key area for the long-term conservation of 
genetic and taxonomic diversity [15].

The tree flora of the Mediterranean basin is also remark-
able for its diversity and its ecology. It is composed of 
74 genera. A significant subset of 64 occur in Mediter-
ranean Europe, with 210 tree species, 30 of which being 
endemics, often narrowly restricted [16••]. The geologic 
and climatic events of the Tertiary, Pleistocene, and Holo-
cene are responsible for this wealth of diversity in modern 
Mediterranean forests, despite (and sometimes because of) 
significant human impact [15, 17, 18••, 19, 20, 21]. The 
resulting geomorphologic, topographic, and geographic 
complexity of the region also led to significantly diverse 
genetic lineages [22, 23, 24].

Mediterranean forests and the biodiversity they shelter 
have adapted to unique climatic factors, such as pronounced 
bi-seasonality characterized by drought episodes unfavorable 
to growth during the warm summer season and large year to 
year variation in total rainfall [25]. They have also endured 
millennia-long human impact, mainly fragmentation and 
overexploitation for multiple goods and services, including 
land use change for agriculture and grazing [13, 26].

There were an estimated 88 million hectares (ha) of for-
est area in Mediterranean countries in 2015, representing 2.2% 
of the world’s total forest area of 4.06 billion ha [2••]. For-
ests of Southern Europe represent 73% of the Mediterranean 
total, while 18% are in west Asia and 9% in North Africa [27]. 
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Adopting a more restricted bioclimatic point of view, Mediter-
ranean type forests span circa 25.5 million ha, with an addi-
tional circa 50 million ha of scrubland and open forests that are 
common vegetation types in the Mediterranean [28]. These for-
mations have expanded at a net rate of 0.85% per year between 
1990 and 2010, mostly as a result of natural expansion (0.67% 
per year), with reforestation contributing 0.23% per year to this 
expansion. Deforestation remains at the low level of 0.05% per 
year, although it is trending upwards [28].

Despite an overall expansion, over 5 million hectares 
of forests were lost during the 2000–2020 period, of 
which the vast majority occurred during the second 
decade of the period. Almost two-thirds of forest cover 
loss occurred in southwestern Europe, and was mainly 
due to windstorms and wildfires, possibly aggravated 
by climate change, but also due to forestry activities. 
Land clearing for agriculture and urbanization was 
a major driver of forest loss in southern and eastern 
Mediterranean countries (Global Forest Watch, https:// 
www. globa lfore stwat ch. org/, accessed June 2021). Forest 
degradation where forest is overexploited as cattle range 
or for fuelwood, and increasing risks where forests are 
abandoned, are important sources of concern in the region 
[28]. Climate change is now the most recent of human 
impacts of significance for Mediterranean forests [29]. 
In an era of emerging “mega-disturbances” [30] when 
several main drivers of change are acting simultaneously 
and disturbance is increased by climate change, the hyper-
diverse Mediterranean Basin is particularly vulnerable and 
at risk of biodiversity loss [29, 31, 32, 33], especially its 
forests, in spite of their current expansion [26, 28].

Genetic diversity, the heritable diversity within and between 
individuals and populations, was not a strategic research pri-
ority for Mediterranean forests during the decade 2011–2020 
[34]. Keywords linked to forest genetics research remained 
rather inconspicuous in the bibliometric analysis of Nardi 
et al. [35] and were embedded within the research domain of 
biodiversity and conservation. However, genetic diversity is 
now widely recognized not only as underpinning ecosystem 
functioning, but also as strategic for biodiversity conservation 
and sustainable management [36, 37, 38, 39, 40••], including 
in the Mediterranean [25, 41]. Despite its foundational role in 
adaptation and resilience of ecosystems, genetic diversity has 
not received full attention in biodiversity research, as well as 
in natural resource management and policy-making worldwide 
[42, 43]. The indicators developed to facilitate biodiversity 
conservation and management based on genetic diversity are 
rarely adopted and genetic diversity is too rarely considered as 
a valid criterion for planning and designating protected areas 
[44, 45, 46].

Yet, forest tree genetic research worldwide has made very 
significant progress during the decade 2011–2020. Among 
others, new computational and genotyping/sequencing methods 

have emerged, species identification and population profiling 
have increased many folds, focus on the role of small-scale 
genetic diversity patterns in species adaptation and demography 
has risen sharply, and the importance of demography and 
selection in local to global patterns has been better understood 
[47, 48, 49, 50••].

Recognizing that in the context of global change, tree 
genetic diversity in the Mediterranean region represents a 
crucial resource for future forest adaptation; we review and 
highlight the major forest genetics research achievements of 
the past decades in Mediterranean countries. For this, we 
conducted a bibliometric analysis of the scientific literature 
covering the 30-year period (1991–2020) which follows 
the landmark Strasbourg conference on the protection of 
forests in Europe. The 1990 Strasbourg conference marked 
the beginning of an ongoing pan-European political process 
aiming at forest sustainable management. Through its 
resolution 2 (Conservation of Forest Genetic Resources), 
it led to the creation of EUFORGEN, the European Forest 
Genetic Resources Programme which has since then 
considerably helped promote forest gene conservation actions 
in Europe. Using this bibliometric analysis and putting 
together the representative regionwide expertise of our 
co-authorship, we address specifically the following: (i) what 
were the main forest genetics research trends in countries 
of the Mediterranean basin, in comparison with global 
trends, during the past thirty years; (ii) what are the research 
perspectives in the Mediterranean basin for the decade 
2021–2030 to support the conservation and sustainable use of 
forest genetic resources; and (iii) what can the contribution of 
Mediterranean forest genetics research be to the global forest 
genetics research effort in the decade 2021–2030.

Forest Genetics Research for Conservation 
and Sustainable Use in the Countries 
of the Mediterranean Basin During 
the Period 1991–2020

Methods Used for the Bibliometric Analysis

To quantitatively and qualitatively assess what were the 
main forest genetics research topics of the past decades in 
Mediterranean countries, and to identify trends, we per-
formed a bibliometric analysis that was complemented by 
a qualitative analysis, based on our own expert knowledge, 
considering that bibliometric analyses do not capture a sig-
nificant amount of knowledge produced in non-referenced 
scientific journals in national languages. Here, we define 
as Mediterranean countries those with at least part of their 
territory with a Mediterranean bioclimate [16••, 51] or 
those that belong to the FAO Committee on Mediterranean 
Forestry Questions – Silva Mediterranea (Fig. 1).
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Relevant scientific publications (not including grey 
literature) on forest tree genetics published during the 
period 1991–2020 were retrieved from the online Scopus 
database (https:// www. scopus. com), October 11, 2021 
[52].

The scientific literature was queried using the Scopus’ 
advanced search tool to find specific terms in an article’s 
title, abstract, and authors’ keywords [53]. The terms we 
used in the search queries were selected from a subset 
of 100 scientific publications, individually selected 
for their relevance to the field of forest genetics in the 
Southern European, west Asian, and north African part 
of the Mediterranean biome (i.e., the Mediterranean 
region [51]). We verified our selected keywords by 
running a preliminary query. We then enriched our 
list of keywords based on the additional terms that 
emerged from the preliminary query. We then further 
refined the list by excluding terms associated to other 
disciplines (medicine, zoology, etc.). The criteria 
followed for the selection of terms and the details of 
each query can be viewed in Supplementary File S1. We 
expect no significant bias from our search methodology 
(Supplementary File S1).

After obtaining a definitive list of search terms, we first 
carried out a general search of articles in order to run a 
comparative analysis between Mediterranean (QUERY1-
1) and global (QUERY1-2) forest genetics research trends. 
We then performed a more refined search (QUERY2) of the 
publications of Mediterranean countries by incorporating 
into the query, country names (those of Fig. 1), and the 
tree genera of the Mediterranean region. Finally, we built 
QUERY3 to compare publication outputs in the field of 
forest genetics (QUERY2) with that of the field of forest 
ecology in Mediterranean countries. The details of the que-
ries can be found in Supplementary File S1. The details of 
the filtering and validation processes can be found in Sup-
plementary File S2. The details of the bibliometric analysis 
methods are in Supplementary File S3 while the thesaurus 
we created to curate our authors’ keyword database is in 
Supplementary File S4.

To assess the evolution of the research field over time 
in Mediterranean countries, the dataset of QUERY2 was 
split into the three sub-periods: 1991–2000; 2001–2010; 
2011–2020, the latter one corresponding to the decade that 
the Mediterranean Forest Research Agenda (MFRA) of the 
European Forest Institute (EFI) addresses [34].

Fig. 1  Countries investigated for their scientific production in the 
field of forest genetics during the period 1991–2020. The total num-
ber of scientific publications per country appears as a color scale 

using the specific Mediterranean query (QUERY2, see methods in 
Supplementary File S1)
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Trends in Publication Outputs

We first compared the total publication output on forest 
genetics of Mediterranean countries (QUERY1-1, 353 doc-
uments) with that of all countries combined (QUERY1-2, 
12756 documents). Overall, the Mediterranean forest genet-
ics research represents only 2.8% of the global output of pub-
lications on forest genetics. Figure 2 shows that during the 
first decade, Mediterranean countries accounted for 1.1% of 
the worldwide publication production in forest genetics (16 
out of 1430). This fraction became 3.4% (119 out of 3507) 
in the second decade and decreased slightly to 2.8% in the 
last decade (218 out of 7819). Trends in publication rates 
increased at the same pace overall between 1991 and 2020 
worldwide and in Mediterranean countries (Fig. 2). Medi-
terranean publications associated with the second decade, 
more specifically from 2003 to 2011 (Fig. 2), experienced 
an increased pace. It could be due to the discovery of new 
molecular biology technologies worldwide during the first 
decade of our analysis and implemented into Mediterranean 
research with a slight delay during the second decade, such 
as the very popular and efficient microsatellite markers (e.g., 
simple sequence repeat (SSR) [54]).

The specific query for forest genetics research in Medi-
terranean countries (QUERY2) retrieved 1548 validated 
publications (2109 before filtering and validation). This 
scientific production is very modest compared to the other 
non-genetic domains (QUERY3, 40399 publications), rep-
resenting only 3.8 to 5.2% of the total forest research out-
put of Mediterranean countries.

The share of publications from Asia and Africa to the 
Mediterranean total increased during the 30-year period 
analyzed (Fig. 3). The increasing trend for west Asia and 
north Africa compared to Europe over the three decades 
could be due to an increase in the description of genetic 
resources of regional or local importance for forestry, food 
security, and health (e.g., [55, 56, 57]). During the last 
decade of 2011–2020, the number of publications for Med-
iterranean Asia, Africa, and Europe represented respec-
tively the 21.6%, 7.9%, and 70.4% of the total amount of 
published articles (boxed graph in Fig. 3).

Major Scientific Topics of Interest in the Field 
of Mediterranean Forest Genetics

To assess the temporal trajectory of selected topics within the 
broader categories of scientific literature on forest genetics 
in Mediterranean countries, we first built a network map of 
keyword co-occurrences over the entire 30-year period (Fig. 4, 
see methods in Supplementary File S1) using QUERY2 
(1548 publications). The minimum threshold defined for any 
given keyword to be included was its occurrence in at least 
40 publications. Thus, 30 out of the 2945 keywords in the 
thesaurus were used to build a co-occurrence network (Fig. 4). 
These terms represent the most important topics addressed by 
the forest tree genetics community in Mediterranean countries. 
A similar number of keywords are often used in bibliometric 
analyses as it improves map visualization without losing 
significant information [58, 59]. Supplementary Table S1 
reports the statistics associated to each keyword and cluster.

Fig. 2  Trends in counts of published articles from 1991 to 2020 
showing the increasing interest of the scientific community in forest 
genetics and comparing outputs from Mediterranean countries (in 
blue) and the World (in orange). Values on the Y axis represent, in 
percentage, the contribution of each year to the total publication out-

put. Light colored lines are annual values while bold lines are moving 
average values calculated over the preceding 5 years. The box at the 
top left corner of the figure compares the absolute publication output 
in forest genetics per decade of Mediterranean countries with that of 
all countries in the world
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Figure 4 indicates that forest genetics research in Mediter-
ranean countries is organized into three different scientific 
domains of unequal total publication outputs: the red cluster 

1 “Population diversity and Differentiation” with over 62% 
of the total number of publications, the green cluster 2 
“Environmental conditions, growth and stress response” 

Fig. 3  Trend of annual pub-
lications during the period 
1991–2020 for each of the three 
continents of the Mediterranean 
region (Asia in blue, Africa in 
orange, and Europe in gray). 
Each annual value is calculated 
as a moving average over the 
past 5 years. Values on the Y 
axis represent, in percentage, 
the contribution of each year to 
the total publication output in 
each region. The smaller boxed 
graph shows the proportion of 
contribution per continent to 
the total of the Mediterranean 
publications in the three dec-
ades: 1991–2000; 2001–2010; 
2011–2020

Fig. 4  Co-occurrence network of the 30 most frequent authors’ key-
words for the 30-year period (1991–2020). The distance between 
items demonstrates relative strength and topic similarity. Keywords 
belonging to the same cluster appear with the same color. The font 
and circle size of each keyword is proportional to the number of 

documents in which a keyword occurs; lines indicate co-occurrence 
links between terms, while line width is indicative of the link strength 
between two terms (number of publications in which two keywords 
occur together). The pie-chart at the bottom right of the figure shows 
the percentage contribution of each field to the total publications
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with almost 23%, and the blue cluster 3 “Phylogeography” 
with almost 15%.

Genetic diversity within population and differentiation 
among populations represent thus the major field of forest 
genetics research for the Mediterranean countries. Within 
this red cluster 1, the most frequent keywords were “Within-
pop diversity,” “Differentiation,” “SSR,” and “Conservation” 
(Supplementary Table S1). Specifically, “Within-pop diver-
sity” occupies a central position in the network (Fig. 4) sug-
gesting that it frequently co-occurs with terms that belong 
to the other two clusters (highest total link strength of 852, 
Supplementary Table S1). On the contrary, the blue cluster 
3, which refers to studies on biogeography and phylogeny, 
counts only 4 specific keywords out of the 30 selected. How-
ever, they score the highest citation rate with an average 
value of 55.13, suggesting that highly appreciated articles 
were published within this field and that they are founda-
tional for the research community.

The green cluster 2 addresses topics associated with 
environmental conditions and adaptation; recurring terms 
are “Drought stress,” “Climate change,” “Growth,” and 
“Biodiversity.” Its lowest value of link strength (96.08) 
suggests that it is not as well connected as the other two 
clusters, representing a somewhat isolated topic of forest 
genetics research. This could be due to the fact that is the 
most recently investigated field of research (average of pub-
lication year is mid-2011, as opposed to early 2010 for the 
other two clusters, Supplementary Table S1). The keywords 
belonging to the green cluster 2, such as “climate change” 
and “drought stress,” have the most recent average year of 
publication (respectively, “2013.54” and “2013.07,” Sup-
plementary Table S1).

In the following sub-sections, we analyze how topics 
deemed of high importance by our co-authorship are taken-
up in publications and link to the main clusters and trends 
of the bibliometric analysis.

Exploring Understudied Genetic Resources: Genetic 
Diversity, Differentiation, and Marginal Populations

Throughout the period examined in our literature search, 
studies aimed at describing genetic diversity were 
initiated, updated, and completed in many ecologically and 
economically important Mediterranean and climatically sub-
Mediterranean forest trees species, either widespread or of 
local interest, in some cases for the first time (e.g., [60, 61]). 
The three most studied species were also among the most 
economically important species in Southern Europe: Pinus 
pinaster, Quercus suber, and Pinus sylvestris (Fig. 5). They 
were targeted by 502 publications overall, corresponding 
to almost 33% of all Mediterranean research outputs 
found (1548). Studies were based on biochemical and 
modern molecular techniques, but also on more traditional 
morphometric research approaches mainly in common 
gardens. They included the study of growth and adaptation-
related traits, in relation to climate change (Supplementary 
Table S1, Fig. 4). For the 10 most studied tree species 
presented in Fig.  5, the genetics literature (QUERY2) 
represented less than 8% of the total (QUERY3) on average, 
with a low 3% for Quercus ilex and a high 20% for Populus 
nigra (data not shown).

Many marginal populations of widespread or endemic 
temperate species are found in the Mediterranean region. 
Marginal populations are characterized by habitats that are 

Fig. 5  Changes in cumulative 
annual publications for the most 
studied forest tree species. The 
total in 2020 is the number of 
publications retrieved for a spe-
cies during the period 1991–
2020. The method for construct-
ing the graph is explained in 
Supplementary File S4
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at the edges of species ranges, where conditions may be less 
suitable for survival and reproduction, and where specific 
adaptations presumably occur [62]. Thus, the conservation 
and sustainable use of these populations pose challenges 
that require the support of research. COST Action FP1202 
(2012–2016) brought together research groups from Europe 
and Mediterranean countries interested in characterizing and 
exploring the genetic composition of these populations. It 
concluded that conservation policies should take marginal 
and peripheral populations into account, for their conser-
vation and sustainable use. The adaptive potential of the 
genetic resources found in these populations was consid-
ered of relevance and importance for restoration projects 
and breeding programs [63].

Our bibliometric analysis shows that this topic has yet 
to gain importance. Although its average citation is within 
the range of citations of most keywords (Supplementary 
Table S1), the keyword “Marginal population” appears only 
in 13 articles with an average publication year centered on 

mid-2010 (Fig. 6). The keyword “Marginal population” is 
mostly connected with the red cluster 1 “Population diversity 
and differentiation” (box of Fig. 6, Fig. 4, Supplementary 
Table S1), but also to the blue cluster 3, “Phylogeography” 
(box of Fig. 6, Fig. 4). Seven out of the 13 publications 
connected to the “Marginal population” keyword concerned 
non-Mediterranean species, indicating an interest for popu-
lations located at the rear-edge (sensu [17]) of European 
distributions, as much as for marginality within the Mediter-
ranean region itself (e.g., [64, 65, 66]). Finally, and interest-
ingly, there was no marked connection with stress or climate 
related keywords (Fig. 6).

The exploration of FGR also benefited from technologi-
cal advances (see keywords in Fig. 4 and their date of aver-
age occurrence in Figs. 6 and 8). Moving from isozymes 
to highly polymorphic molecular markers such as SSR was 
widespread over the period examined, with research groups 
sharing the technical load of developing species-specific 
markers. Progress was also made in the field of genomics, 

Fig. 6  Co-occurrence network of the 30 most frequent authors’ key-
words for the 30-year time frame (1991–2020) connected to the key-
word “marginal populations,” with a time-trend perspective. Circle 
and link colors indicate the average publication year of the articles 
in which the relative keyword occurs. The font and circle size of 
each keyword is proportional to the number of documents in which 

a keyword occurs; lines indicate co-occurrence links between terms, 
while line width is indicative of the link strength between two terms 
(number of publications in which two keywords occur together). The 
table on the top-right of the figure reports statistics of the keywords to 
which the term “Marginal populations” is most related (see Supple-
mentary Table S1 for a description of the headers)
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benefiting from a worldwide technological trend. Yet, very 
few tree species genomes are fully described and sequenced, 
two of which are of Mediterranean species with agronomic 
importance: Prunus avium and Olea europaea [21, 67, 
68, 69]. However, new genotyping/sequencing methods 
(exome capture, SPET technology, RADseq, etc.) were used 
in many Mediterranean species to characterize within and 
among population diversity and attempt at disentangling the 
effects of selection and drift on species and population evo-
lution through time and space (e.g., [70, 71]).

Although not specific to the Mediterranean region, genetic 
monitoring has emerged as a key research subject, for example, 
to safeguard a declining biodiversity in EU countries (e.g., EU 
projects LifeGenMon and GenTree). Its conceptualization 
is based on a genecological framework and relies on the 
characterization of a minimum number of indicators and 
verifiers [72, 73]. Despite recent progress [74], many challenges 
remain, mainly in its implementation and acceptance by forest 
management and other stakeholders [75].

Genetic Improvement and Adaptation to Climate Change

The green cluster 2 (Fig. 4) is the most recently appeared 
cluster (mid-2011, Supplementary Table S1). It shows a 
clear connection between trait description, breeding, and 
adaptation (Supplementary Table S1). The keyword “Breed-
ing” occurs 58 times and it is linked with 26 other terms 
(see Table of Fig. 7 for keywords with the strongest rela-
tionships). This connection varies in time, with breeding 
being more connected to population genetic descriptors dur-
ing the decade 2011–2020, or disappearing entirely from 
the network during the decade 2001–2010 (average date for 
breeding is 2011.59). A main trend of change in genetic 
research has been from looking for promising genotypes 
for plantations to characterizing forest reproductive mate-
rial (FRM) for the adaptation of forests to climate change 
and the mitigation of risks (Fig. 7). Thus, the link between 
breeding and drought resistance appears relatively late in 
our analysis (Fig. 7), indicating an increasing recognition 

Fig. 7  Co-occurrence network of the 30 most frequent author key-
words for the 30-year time frame (1991–2020) connected to the 
keyword “breeding,” with a time-trend perspective. Circle and link 
colors indicate the average publication year of the articles in which 
the relative keyword occurs. The font and circle size of each key-
word is proportional to the number of documents in which a keyword 

occurs; lines indicate co-occurrence links between terms, while line 
width is indicative of the link strength between two terms (number of 
publications in which two keywords occur together). The table on the 
top-right of the figure reports statistics of the keywords to which the 
term “Breeding” is most related (see Supplementary Table S1 for a 
description of the headers)
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that drought resistance is a key trait for the production of 
new forest reproductive material adapted to climate change.

Common gardens, where the phenotypic traits of FRM of 
different genetic origins are compared in a common environ-
ment, have been a major tool for testing adaptation to vary-
ing and changing environments, enabling breeding [76•]. 
Research breakthroughs during the last decade of the period 
analyzed made possible the revision of recommendations 
for use of FRM in some countries, so as to include climate 
change considerations, i.e., mostly where to source FRM 
that might best adapt to a changed mid-twenty-first century 
climate (for France, see https:// agric ulture. gouv. fr/ grain es- 
et- plants- fores tiers- conse ils- dutil isati on- des- prove nances- 
et- varie tes- fores tieres).

Most Mediterranean countries rely on natural regenera-
tion and un-improved seed from identified seed stands for 
planting. However, breeding using multiple trait selection 
schemes and multiple environment testing is increasingly 
seen as a way to cope with climate change and to acceler-
ate/anticipate adaptation measures (Fig. 7). Pinus pinaster 
remains the only example of a species with a long-devel-
oped breeding program (France, and more recently Italy, 
Morocco, Portugal, and Spain) backed by a strong stake-
holder community [77]. Other breeding programs exist also 
for pines, such as, for example, for Pinus brutia (Turkey), 
Pinus halepensis (Greece, Morocco, Spain, and Turkey), 
Pinus pinea (Italy, Morocco, Portugal, Spain, Tunisia, and 
Turkey), P. nigra (France, Greece, Spain, and Turkey), and 
P. sylvestris (France, Greece, Spain, and Turkey). However, 
most of these breeding programs do not consider drought or 
pest resistance as their main target [78].

In low-input breeding programs, traditional and expen-
sive long-term recurrent mating among elite lines is replaced 
by rapid selection of wild material using provenance tests 
and short-term surveys and/or easily acquired genomic data 
for phenotypic prediction or fingerprinting [42, 47, 79, 80]. 
Interest for low-input breeding is growing for numerous 
disseminated broadleaves such as Castanea sativa, Prunus 
avium, and Juglans regia, or conifers such as Pinus pinea 
[78]. Low-input breeding can be taken up by NGOs and can 
bring value to clonal archives. In France for example, seed 
orchards based on high diversity for increased resilience, 
rather than improved traits for production, built directly 
from provenance, progeny, or clonal tests, are emerging (for 
species such as Cedrus atlantica, Abies cephalonica, Pinus 
nigra subsp. salzmanni).

Phylogeography, Phylogeny, and Pleistocene History

Research on the evolutionary and demographic history of 
tree species present in the Mediterranean Basin, their Holo-
cene colonization routes from refugia, and the identification 
of localized refugia in the Mediterranean refugial region 

(the “refugia-within-refugia” concept [81]), is the third 
major cluster of scientific interest for forest genetics in the 
Mediterranean (Fig. 4, blue cluster 3). This cluster devel-
oped as early as the red cluster 1 (early 2010, average date 
“2010.10,” Supplementary Table S1) and benefited strongly 
from the development of low effective population size and 
uniparentally inherited molecular markers [82], the formula-
tion of the coalescent theory [83], and the development of 
computational tools (e.g., ABC simulations [84]). It is the 
most highly cited cluster of the three, probably because pat-
terns described in Mediterranean tree species are applicable 
to other taxa and because the Mediterranean peninsulas were 
the glacial refugia of most European tree species [85].

Phylogeny also belongs to the blue cluster 3, probably 
because classical timed molecular phylogenies, based usu-
ally on low copy nuclear genes and/or mainly plastid DNA 
markers, have traditionally been used for reconstructing 
biogeographic patterns within geological time-frames [86, 
87, 88]. During the period, and although paleoecology does 
not appear as a major keyword in Fig. 4, fossil pollen and/or 
macrofossil data were often coupled with phylogeographic 
surveys to investigate spatial distribution of extant genealog-
ically linked lineages [89, 90, 91, 92, 93•] and ancient DNA 
was used to further reconstruct detailed evolutionary and 
demographic history of species [94, 95]. Also, phylogenetic 
approaches have been used in a spatial context to identify 
regions of high phylogenetic endemism [14•].

Interest in the investigation of phylogeographic patterns in 
Mediterranean tree species has slowed down over the 30-year 
period examined (Fig. 3). Yet, although refugial areas, often 
located in the Mediterranean [15, 96], and main Holocene 
colonization routes are known for European and sometimes 
for Mediterranean African and Asian species (e.g., [92, 97]), 
phylogeographic patterns are often not available at time scales 
long enough to identify significant events older than the Last 
Glacial Maximum [18••]. Neither are they available at spatial 
scales fine enough to help identify refugia and to assist with 
the design of conservation networks [89, 98]. They are also 
far from being available for all Mediterranean species [99].

Implications for Risk Mitigation, Conservation, 
and Sustainable Management

Forest fires constitute one of the main drivers of tree mortal-
ity and forest cover loss in Mediterranean countries [100]. 
The long-term impact of forest fires can explain speciation 
in Mediterranean trees [101] and the low genetic diversity 
found in thermophilic, obligatory seeding species, such as 
pines [23]. Also, a clear genetic signature of natural selec-
tion for serotiny, a major fire-response trait, has been demon-
strated [102]. Yet, research on this topic has been limited and 
fire does not appear as a major keyword of the forest genetics 
literature (Fig. 4, Supplementary Table S1).
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The keyword “Fire” is mostly connected with keywords 
of the green cluster 2. Its mean publication period is around 
late 2009 (Fig. 8), indicating a comparatively early, albeit 
restricted, interest in forest genetics. The keyword “Fire” 
occurred in only 10 articles and is linked to 29 other 
keywords; however, the strength of these connections is 
quite low. Figure 8 and its related table indicate a shift of 
research focus from selection and measurement of diversity 
to drought and climate change, potentially because of an 
increased interest in the correlation between drought and 
fire in a climate change context. Although weak, a link exists 
with the blue cluster 2 (see phylogeny in Fig. 8), indicating 
an interest for studying the role of fire and fire-response 
traits in evolutionary patterns of Mediterranean trees (e.g., 
[101]).

Under strong threats, ex situ conservation in the form of 
stands, conservation seed orchards, seed banks, or planted 
archives becomes a priority [103]. Yet, research on how to 

design core collections and manage long-term seed viabil-
ity does not appear as a major keyword (Supplementary 
Table S1). Most countries manage sizeable networks of com-
mon gardens, dating from the 1960s to 1980s that were origi-
nally designed for breeding rather than conservation but can 
be considered as ex situ resources. There is scarce research on 
seed orchards that both conserve genetic resources ex situ and 
produce seeds for restoration projects or commercial planta-
tions [104]. Finally, raised awareness of the importance of 
native genetic resources, possibly spurred by the adoption 
of the 2011 United Nations Nagoya protocol on Access and 
Benefit Sharing of genetic resources, has increased research 
on describing, mapping, conserving, and using native genetic 
resources [55, 56, 57, 60, 61, 63, 74], including for urban 
planning [105, 106, 107, 108].

Overall, “Within population diversity” and “Differentiation” 
(of the red cluster 1 “Population diversity and Differentiation,” 
Table 1) were the most frequently used keywords, keeping 

Fig. 8  Co-occurrence network of the 30 most frequent author key-
words for the 30-year time frame (1991–2020) connected to the key-
word “fire,” with a time-trend perspective. Circle and link colors indi-
cate the average publication year of the articles in which the relative 
keyword occurs. The font and circle size of each keyword is propor-
tional to the number of documents in which a keyword occurs; lines 

indicate co-occurrence links between terms, while line width is indic-
ative of the link strength between two terms (number of publications 
in which two keywords occur together). The table on the top-right of 
the figure reports statistics of the keywords to which the term “Fire” 
is most related (see Supplementary Table S1 for a description of the 
headers)
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their respective first and third place across all three decades 
(Table 1). They were the corner stone of forest tree genetics 
research in the Mediterranean area, demonstrating an interest 
for both population level and landscape or range-wide genetic 
patterns and processes. Other keywords increased in frequency 
with time. The advancement of modern technologies and 
analytical potential can explain the exponential increase of 
the “SSR” term from 3% during the 1990–2000 decade to 
over 19% during the 2011–2020 decade (from 21st to second 
position, Table 1). During the last decade, keywords such as 

“Climate Change” and “Drought stress” (of the green cluster 
2 “Environmental conditions, growth and stress response,” 
Table 1) also significantly increased their frequency (from 0.7% 
each during the 1990–2000 decade to 4.0% and 6.0% during 
the 2011–2020 decade, respectively), changing their ranking 
from 30th (both) to 10th and 6th, respectively (Table 1). 
Conversely, keywords related to biochemical techniques 
(isozymes), techniques proven unreliable (RAPD), or with 
limited genetic control (morphological traits) significantly 
decreased in frequency and ranking with time (Table 1).

Table 1  The 20 most frequently used keywords per decade. The table 
aggregates 34 keywords across the three decades studied. Keywords 
are ordered based on their overall number of occurrences (period 
1990–2020). The table shows keyword cluster ID (based on Fig.  4) 

their number of occurrences, their percentage of contribution to the 
total number of occurrences overall and per decade (total is higher 
than 100% due to co-occurrences), and their ranking (R)

Keyword Cluster ID Overall % 1991–2000 (R) % 2001–2010 (R) % 2011–2020 (R) %

Within population diversity 1 482 31.1 43 (1) 31.9 173 (1) 31.6 266 (1) 30.7
SSR 1 281 18.2 4 (21) 3.0 110 (2) 20.1 167 (2) 19.3
Differentiation 1 245 15.8 22 (3) 16.4 88 (3) 16.1 135 (3) 15.6
Biogeography 3 143 9.2 11 (4) 8.2 60 (4) 11.0 72 (5) 8.3
Conservation 1 126 8.1 6 (9) 4.5 44 (7) 8.0 76 (4) 8.8
Organelle DNA 3 109 7.0 10 (6) 7.5 58 (5) 10.6 41 (8) 4.7
Hybridization 1 88 5.7 11 (4) 8.2 39 (8) 7.1 38 (9) 4.4
Isozyme 1 85 5.5 35 (2) 26.1 32 (9) 5.9 18 (28) 2.0
RAPD 1 85 5.5 6 (9) 4.5 48 (6) 8.8 31 (12) 3.6
Phylogeny 3 81 5.2 10 (6) 7.5 25 (11) 4.6 46 (7) 5.3
Drought stress 2 76 4.9 1 (30) 0.7 23 (15) 4.2 52 (6) 6.0
Gene flow 1 59 3.9 3 (23) 2.2 25 (11) 4.6 31 (12) 3.6
Breeding 2 58 3.8 3 (23) 2.2 24 (14) 4.4 31 (12) 3.6
Refugium 3 57 3.7 2 (27) 1.5 26 (10) 4.8 29 (19) 3.3
Marker 2 55 3.6 4 (21) 3.0 17 (18) 3.1 34 (11) 3.9
Biodiversity 2 53 3.4 0 (34) 0.0 23 (15) 4.2 30 (17) 3.5
Genetic resource 1 50 3.3 3 (23) 2.2 19 (17) 3.5 28 ((22) 3.2
Growth 2 49 3.2 6 (9) 4.5 13 (24) 2.4 30 (17) 3.5
AFLP 1 48 3.1 2 (27) 1.5 25 (11) 4.6 21 (27) 2.4
Morphological trait 1 48 3.1 6 (9) 4.5 17 (18) 3.1 25 (25) 2.9
Climate change 2 46 3.0 1 (30) 0.7 10 (28) 1.8 35 (10) 4.0
Taxonomy 1 46 3.0 5 (14) 3.7 12 (26) 2.2 29 (19) 3.3
Phenotypic Plasticity 2 45 2.9 1 (30) 0.7 16 (21) 2.9 28 (22) 3.2
Provenance 2 42 2.8 5 (15) 3.7 10 (28) 1.8 27 (24) 3.1
Genetic parameter 2 41 2.7 6 (9) 4.5 17 (18) 3.1 18 (28) 2.0
Genotype 2 40 2.6 3 ((23) 2.2 6 (32) 1.1 31 (12) 3.6
Mating system 1 40 2.6 5 (15) 3.7 13 (24) 2.4 22 (26) 2.5
Adaptation 2 37 2.4 2 (27) 1.5 5 (33) 0.9 31 (12) 3.6
Climate conditions 2 37 2.4 1 (30) 0.7 7 (31) 1.3 29 (19) 3.3
Evolution 3 34 2.2 6 (9) 4.5 12 (26) 2.2 16 (31) 1.8
Seed 2 32 2.1 5 (15) 3.7 10 (28) 1.8 18 (28) 2.0
Postglacial colonization 3 28 1.8 5 (15) 3.7 14 (23) 2.6 9 (32) 1.0
RFLP 3 26 1.7 8 (8) 5.9 16 (21) 2.9 2 (34) 0.2
Gymnosperm 3 13 0.8 5 (15) 3.7 2 (34) 0.4 6 (33) 0.7
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Research Perspectives for the Decade 2021–2030 
to Support the Conservation and Sustainable Use 
of Forest Genetic Resources

There are multiple threats affecting Mediterranean for-
est genetic resources. These threats are likely to continue 
increasing and intensifying. They include the following: 
climate change, leading to increased recurrent drought epi-
sodes, water vapor deficit, and heat waves; urban develop-
ment, agriculture, and other land use changes associated 
with human demographic increase and resource mining, 
increased frequency and severity of disturbances, such as 
forest fragmentation, forest fires, and outbreak of pests 
and diseases [28]. During the past decades, forest genet-
ics research has closely reflected these growing societal and 
environmental challenges (Supplementary Table S1). We 
now use the dynamics of past research interests evidenced 
by our bibliometric analysis as well as our own expectations 
and expertise as a basis for proposing research perspectives 
in the field of forest genetics for the upcoming decade.

Continue Exploring, Describing, and Characterizing Genetic 
Diversity of Poorly Known Species and Populations

Efforts at exploring, describing, and characterizing genetic 
diversity have certainly been carried out during the last dec-
ades, assessing genetic diversity within, and differentiation 
among populations, mostly for biogeographic and conserva-
tion purposes (Table 1, Fig. 4). Efforts have intensified in 
the Eastern and Southern Mediterranean during the most 
recent decade (Fig. 3). Yet, the hyper diverse tree flora of 
the Mediterranean basin [16••], which includes non-timber 
tree species of known or unknown economic value, is far 
from being fully explored, particularly in the Eastern and 
Southern Mediterranean. Thus, research should continue 
investigating fine scale species distribution and focus on 
their mapping (including threatened populations), taxo-
nomic delineation (including genome-wide DNA barcode 
approaches), community composition, environmental vari-
ability, and genomic make-up [109]. The genetic diversity of 
under-used species and ecologically marginal and geograph-
ically peripheral populations, particularly, deserve further 
description of their genetic diversity, adaptive capacity, and 
phenotypic plasticity, thus bridging research interests from 
all three clusters (Fig. 4). Although proof is accumulating 
that they may contain rare, unique, and original adaptive 
genetic diversity [62] and that they may act as warning sig-
nals for emerging threats, their contribution to the overall 
diversity and resilience of species is still unclear.

Several benefits can be derived from the adoption of FGR 
management practices based on thorough genetic diversity 
descriptions. Better descriptions will improve science-based 
decision-making, for example, for determining areas where 

protection efforts (i.e., diversity hotspots) and restoration 
efforts (i.e., diversity cold spots) should increase [14•, 110]. 
Descriptions of multi-proxy patterns of diversity (taxo-
nomic, functional, phylogenetic, genetic, e.g., [111]) will 
improve and optimize gene conservation networks [112••] 
and help selection of new material for breeding (“climate-
smart” material), for example, in areas of high proxy congru-
ence, in addition to guiding the sampling protocols for ex 
situ conservation in national gene banks. Better descriptions 
will also enable forest nurseries to diversify the FRM avail-
able for afforestation and restoration. Increasing the mapping 
of taxonomic and genetic diversity will also improve DNA 
tracking systems for testing the geographic origin and com-
position of FRM in nurseries and plantations, in the wood 
trading industry, for certification, and for detecting undesired 
exotic material in protected habitats. It will thus contribute 
to bridging the still wide knowledge transfer gap between 
forest genetics research, policymaking, and management 
[113].

Genomics of climate change traits should be the new 
direction, focusing on genes underlying traits such as 
drought, fire, insect and pest resistance and tolerance, 
increased phenotypic plasticity, and diversified microbi-
ota—to improve our understanding of the genotype-pheno-
type-climate relationships and species adaptive space under 
changing environmental conditions (thus connecting more 
strongly the three research domains of Fig. 4). It is thus 
likely that, with the advent of the genome wide association 
studies (GWAS), interest in morphological traits will re-gain 
momentum (Table 1). What are the thresholds of collapse 
and extirpation remains a question of critical importance. 
Thus, better and faster phenotyping of traits meaningful 
for fitness and adaptation under rapidly changing condi-
tions is the technological challenge to resolve, including 
the improvement of genomic predictions for breeding and 
conservation. In addition, the current genomic structure 
of natural populations holds precious information on the 
influence of past drivers of change. To learn from the past, 
probable demographic scenarios and signatures of selection 
should be tested in as many species as possible, regionally 
or range wide.

An enabling condition for the subsequent steps of test-
ing (§ 3-2) and modeling (§ 3-3) is data availability. Yet, 
sharing data while protecting the intellectual property rights 
and sharing of benefits of data to resource owners is chal-
lenging. Sharing of archived data, broad collaboration, 
co-analysis of archived or neglected data, and open access 
databases are needed to draw new, solid, and generalizable 
conclusions, and so are research infrastructures connecting 
genetic diversity sites (GCUs, common gardens) with cli-
mate and environment monitoring devices. Transnational 
networking is needed more than ever (species habitats exist 
and move as climate changes across borders) at the scale 
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of the Mediterranean basin, a non-politically integrated 
space where the support from regional institutions such as 
FAO Silva Mediterranea, EFIMED, and others is required. 
Conversely, data from management are strongly needed to 
upscale and broaden research findings [114]. Currently, such 
shared databases do not exist, and despite worthwhile efforts 
to archive data in open access repositories, forestry research 
and management are lagging behind. Data papers and crea-
tive commons licensing for old and new description data are 
a real opportunity for Mediterranean research and research-
ers that deserve recognition for their invaluable descriptive 
work (see for example the data papers published by the EU 
Horizon 2020 GenTree project [115, 116, 117]). Finally, 
there is a need for very precise metadata and to constantly 
improve data quality with clearly defined metadata standards 
with protocol descriptions and clearly defined data standards 
following minimum requirements (e.g., minimum sampling 
size, access to raw data for re-use).

Test and Experiment New Resources in New Environments 
Jointly Across Country Borders

Results from exploration, description, and characterization 
of genetic diversity are needed on their own. They are also 
needed for testing and experimenting new and little explored 
dimensions of forest tree species adaptation. Are today’s 
keystone species resilient? What is the pace and the spatial 
scale of local adaptation? How do demography and selec-
tion interact? To what extent do gene flow and hybridization 
which increase intraspecific genetic variation, facilitate, or 
prevent local adaptation? What role does the microbiota play 
in adaptation and to what extent is this microbiota affected 
by pollution (especially soil)? Such key questions require 
answers, not only because of their relevance for science, but 
also to improve species distribution models together with 
our understanding of resilience and its modification via sil-
viculture [48, 49, 50, 118].

One of the methodological solutions for this is the plan-
ning and establishment of a new generation of common 
gardens with extended coverage of genetic diversity, habi-
tats, and traits. High-resolution data such as those provided 
by satellite imagery are promising for accessing environ-
mental information. Common gardens, although an old 
tool [119], remain particularly relevant as “space-for-time” 
experiments. While data from existing common gardens will 
continue to be of interest, particularly in the most challeng-
ing climates of Mediterranean Asia and Africa, we should 
acknowledge that they were designed and built at times of 
stable (or considered so) climate, mostly focusing on then 
promising genotypes for plantation forestry [42, 76•]. Thus, 
new common gardens are needed, testing new species, new 
lineages, and genotypes, in new and potentially harsher habi-
tats, for new usage and traits of interest for the bioeconomy, 

not just for the Mediterranean region, but also in a broader 
temperate perspective as the Mediterranean climate is pro-
gressing to higher altitudes and latitudes under a climate-
changed future [29, 120].

Testing risks in common gardens, including at early 
life stages in both nursery and natural conditions, is of 
key importance. Among recurring risks, and one that will 
likely increase, is drought stress, which went from being 
considered a topic of low concern to one of the top 10 top-
ics of interest in the most recent decade (Table 1). Genom-
ics of drought has moved from detecting single genes via 
random screening approaches [121] to not only identify-
ing populations and lineages with potential adaptations, 
but also characterizing genes and gene networks involved 
in drought tolerance and resistance [76•, 122•]. Similarly, 
biotic interactions are likely to shift, increasing risks of 
insect and disease outbreaks. For example, bark beetles are 
generally considered as secondary pests that target stressed 
and weakened trees facing climate, soil, water, or pathogen 
stresses, but some species (primary pests) or some outbreak-
ing populations of secondary pests can also attack and kill 
healthy trees [123]. This might lead to changing disturbance 
cycles, altered competition, and facilitation processes and 
possibly, to entirely new succession cycles and community 
composition.

New species and genotypes to test should be those 
likely to be “climate change winners” (including small and 
marginal populations as well as isolated trees, potentially 
adapted to extreme site condition, obtained from identi-
fied sources) and those likely to spread northward and to 
higher altitude. Also of importance are species for which 
the main interest may be other than wood production, such 
as those producing edible crops and health or green-chemis-
try-related compounds, or those with high ornamental value 
or high resistance to fire, erosion, or other biotic or abiotic 
risks. New genotypes for commercially important species 
should be selected from trees growing at ecological mar-
gins, both risking extirpation and being at the forefront of 
colonization. Habitats tested should also include ecological 
margins, while genetic material should be tested in repli-
cated ways, including under controlled conditions in growth 
chambers and nurseries, to identify the factors driving early-
stage genetic diversity patterns (demography and/or selec-
tion). The impact of nursery practices (culling, etc.) on the 
genetic variation of the produced FRM is also of concern 
and needs to be addressed.

Climate change “losers” should not be forgotten either. 
Whereas their habitat may shrink dramatically according to 
niche modeling, new areas will become favorable and geno-
types and lineages that are likely to disappear under climate 
change in some areas may be the winners in other areas [124, 
125•]. While genomic prediction and offset can be of help 
for such predictions [126], common garden experiments are 
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needed as well for ground-proofing, both in habitats that 
are likely to disappear (for example in Mediterranean Asia 
and Africa), as well as in those that are likely to become 
favorable, so as to correctly and thoroughly test for general 
and local adaptations.

Finally, medium- to large-scale planting and restoration 
operations by the public and private sectors (forest compa-
nies), either conducted using local material or in the form 
of assisted migration plantations, using exotic or alterna-
tive provenance(s) in habitats of potential future suitability, 
can de facto be considered as valuable tests and demonstra-
tors, to support upscaling common garden results, provid-
ing information on reproductive material selection (which 
origins succeed and which fail) and raising awareness of the 
importance of genetic diversity for adaptation. This exciting 
and original perspective of using everyday forestry prac-
tice as an experiment of adaptive potentials demands that 
passport (precise geographic origin of the material mostly) 
and performance data are safeguarded and shared. This is 
probably the most challenging element of this perspective.

Model, Simulate, and Build Scenarios to Inform 
Management and Policy for Mitigating and Adapting 
to Climate Change

Under the United Nations Framework Convention on Cli-
mate Change (UNFCCC) Paris Agreement of December 
2015, forests worldwide are expected to provide both mitiga-
tion and adaptation solutions to anthropogenic disturbances. 
Yet, climate change is increasingly disrupting forests, some-
times severely in the form of massive die back, along with 
the benefits they provide to humans [127, 128]. Science is 
expected to provide solutions for their adaptive capacity, 
including via genetic adaptation, and to evaluate controver-
sial management solutions that are starting to emerge such as 
assisted migration, species replacement and the use of non-
native species, enrichment of natural forests via small scale 
plantation of expected climate change winners, composite 
provenancing, and targeted provenancing (see definitions in 
[129, 130]). All of these strategies to mitigate the expected 
effects of climate change contain some level of risk for the 
delivery of services, which science is asked and expected 
to evaluate [129]. These risks include biological invasions, 
disruption of local adaptation, and changes of dependent 
microbiota, maladaptation, and outbreeding depression.

In this context, forest tree species of the Mediterranean 
basin and their different gene pools are considered valuable 
genetic resources not just locally, but also for non-Mediter-
ranean regions and countries, whose climate is predicted 
to evolve towards a Mediterranean-like climate by the end 
of the twenty-first century [131]. Thus, modeling the adap-
tive capacity of Mediterranean forest genetic resources has 
a far-reaching global interest. The modeling of current and 

expected species distribution ranges using ecological niche 
models that include processes (plasticity, phenology, dis-
persal, etc.) and increasingly complex and high-resolution 
environmental data [132, 133, 134] is one way of progress-
ing in this domain.

Process-based biophysical models that take genetic 
diversity into consideration are also still needed to 
understand how genetic diversity, demography, and 
ecophysiological processes interact to mitigate collapse 
by water stress, pests and diseases, heat, frost, etc., all of 
which can occur over relatively short spatial and temporal 
scales [135]. This effort in the Mediterranean countries 
can be fueled mainly from monitoring of common garden 
data. Another area of development from such models is 
breeding. New generations of (low-) breeding programs 
incorporating diversity, resilience, and resistance to risks 
as an added (or alternate) goal to traditional biomass and 
wood production can and should emerge from an increased 
understanding of the phenotype–genotype–environment 
relationships and interactions. Finally, these models 
would also be very appropriate to test how forest 
management influences genetic diversity and vice versa, 
how genetic diversity benefits management for resilience, 
as experimenting in this field can be quite complicated (but 
see [136]).

Conclusion and Perspectives: Contribution 
of the Mediterranean Countries to the Global Forest 
Genetics Research Effort in the Decade 2021–2030

Forests are a defining element of both the natural land-
scape and the economy of Mediterranean countries, with 
genetic diversity a pillar of their biodiversity. Yet, research 
on forest genetics has remained modest in comparison to 
overall forest research in Mediterranean countries. During 
the next 10 years, the Mediterranean forest research com-
munity should have a prominent role in describing, testing, 
and modeling genetic diversity, understanding how severe 
threats due to climate change and other human activities 
can be mitigated, benefiting from high local and landscape 
heterogeneity (Fig. 9). One avenue for this could be to bet-
ter cross-fertilize the currently compartmentalized three dis-
tinct research clusters that define the community of forest 
geneticists, based on our analysis, using common hypotheses 
and compatible methods, and linking results across clusters 
(Fig. 9). Its sharp local climate and ecological transitions 
make the Mediterranean region one of the most appropriate 
in the world to study microevolution (under different gene 
flow regimes), identify past and present drivers leading to 
the emergence of marginal populations, and evaluate the 
links between genotypes, phenotypes, and climatic drivers 
constraining tree growth, reproductive output and fitness, 
and, ultimately, adaptation [137, 138, 139, 140••].
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There is a clear gap that needs filling between north, 
south, and east Mediterranean forest genetics knowledge. 
European forest tree species tend to be more fully described, 
tested, and modeled despite the importance of southern and 
eastern Mediterranean species in a region of the world with 
rapidly changing climate and strong pressures on biodiver-
sity. The Mediterranean is not an integrated political arena 
and it does not benefit from a common framework that could 
shape agreements towards a common research goal. Integrat-
ing forest genetics research among EU and non-EU countries 
of the Mediterranean remains a challenge. Well-recognized 
institutions and programs, such as EUFORGEN (hosted by 
EFI), the PRIMA foundation, FAO Silva Mediterranea, the 
intergovernmental Union for the Mediterranean, and the 
European Union research framework programs, should take 
a leading role at fostering this research integration.

Mediterranean forest social-ecological systems have been 
shown to be particularly sensitive to forest policy manage-
ment scenarios in their response to climate change [141, 142, 
143, 144]. The lack of FGR-based management could be 
due both to missing knowledge and research, and to missing 
transfer of scientific knowledge to managers and policy mak-
ers [113]. The Mediterranean forest genetics research com-
munity thus has a leading role in meeting the needs of for-
est management based on the principles of multifunctional 
forest use, proposing sustainable management strategies 
for FGR in a highly heterogeneous landscape where forest 

ecosystems can be either resilient or declining. In doing so, 
the Mediterranean forest genetics research community will 
significantly contribute to many of the key commitments of 
EUFORGEN’s recently published European Forest Genetic 
Resources Strategy [145], including improving information 
on, conservation of, and sustainable use of forest genetic 
resources.

Finally, Mediterranean forests have been managed as 
multifunctional social-ecological systems for millennia, 
producing not just timber and fuel-wood but also many 
non-wood products and services, such as wild edible spe-
cies important for food security [146, 147, 148]. As a multi-
stakeholder social-ecosystem, forests are an ideal model for 
building participatory research approaches and study usage 
conflicts such as conservation with or without management 
and conservation vs exploitation [149], thus contributing to 
resolving the combined objectives of production, resilience, 
sustainability, and biodiversity protection. The Mediterra-
nean Forest research community should increase efforts 
towards conducting cutting-edge multidisciplinary research 
and innovation in the area of sustainable management of 
FGR for traditional and new bioeconomy usage, under the 
pressure of climate change [150]. Multidisciplinary and 
transdisciplinary prospective work is needed, using IPCC 
scenarios as baselines, but moving beyond solutions limited 
to market economy paradigms which have up to now led to a 
rather unsustainable use of natural resources [151, 152]. The 

Fig. 9  Proposed research pathways in forest genetics for the manage-
ment challenges of the 2021–2030 decade. The overarching goal of 
the research pathways is at the bottom of the figure while more spe-
cific research actions appear in higher levels of the figure. Blue boxes 
correspond to the “Continue exploring, describing and characterizing 
genetic diversity of poorly known species and populations” pathway 

(section 3-1), green boxes to the “Test and experiment new resources 
in new environments jointly across country borders” pathway (sec-
tion 3-2), and yellow-brown boxes to the “Model, simulate and build 
scenarios to inform management and policy for mitigating and adapt-
ing to climate change” pathway (section 3-3)
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Mediterranean Forest research community can provide solu-
tions to manage climate-induced risks and human pressure 
on Mediterranean forests. This needs to start with equitably 
sharing data, experience, and knowledge (Fig. 9).
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