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Abstract: The objective of this study is to contribute to the conservation of upland tree species in the
face of climate change. We used a conservation index to prioritize the areas and populations of three
conifer species in the mountains of Lebanon. This conservation index integrates (1) mountain topography to identify areas that could provide a suitable microclimate, (2) genetic diversity to assess
the adaptive capacity of populations in these mountain areas, and (3) a hypothetical climate change
scenario that could affect this Mediterranean region. The idea of this index is to prioritize protected
areas based on a match between the relevance of the area to be protected and the populations that
need local and long-term protection. The stronger the match, the higher the priority of the area to
be protected. We applied this conservation index to 36 populations of 15 fir, 15 cedar, and 6 juniper.
These populations were genotyped by different authors whose published data we used. The results
show that 10 populations of the 3 species have a very high index and 9 others have a lower but still
high index, indicating a high conservation priority. These 19 populations occur in 5 different areas
that we delineated and that form a network along the Lebanon Mountains. We hypothesize that the
conservation of these 19 populations across the Lebanon Mountains could contribute to the longterm sustainability of the 3 species in the face of a 2 °C increase in mean seasonal temperature and
a 20% decrease in seasonal precipitation compared to the current climate.
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1. Introduction

Academic Editor: Jesús Julio

The forests of Lebanon have been exploited for the last 5000 years, since the time of
the Pharaohs [1,2] and later by Phoenicians, Assyrians, Babylonians, Kings of Israel, Romans, and more recently, by the Turkish Ottoman Empire until World War I [1]. At that
time, forests covered up to 70% of Lebanon, but today they are highly fragmented due to
urban expansion, sustainable timber use, grazing, and tourism [3,4] and have shrunk to
13.6% [5].
Since 2011, more than 1.2 million seedlings have been planted throughout Lebanon
under the Lebanon Reforestation Initiative (www.lri-lb.org, accessed on 1 January 2020),
including Lebanon cedar (Cedrus libani A. Rich.) and other native species. Many of Lebanon’s mountain forests are national parks or nature reserves, including the largest, the
Shouf Cedar Nature Reserve, established in 1996, which covers 550 km2, about 5% of the
country’s total area, and includes 620 hectares of cedar forest (www.shoufcedar.org, accessed on 30 November 2021). Livestock has been banned from the Shouf Reserve, contributing to the successful regeneration of the Lebanon cedar. Thus, despite the decline
and fragmentation of its forests, Lebanon’s mountains are still more heavily forested than
most surrounding countries in the region, with scattered stands of several endemic tree
species such as pine, oak, fir, beech, cypress, cedar, and juniper [6].
The national symbol of the country is the Lebanon cedar, which still grows naturally
in the mountains of the country. This tree has been heavily exploited, and only a limited
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number of mature trees remain in the wild, while thousands of Lebanon cedars have been
planted in many reserves (www.lri-lb.org). The Lebanon cedar is classified as an endangered species by the IUCN Red List, with declining populations [7]. In addition to this
emblematic tree, there is another long-lived and endemic tree species, the Cilician fir
(Abies cilicica (Antoine and Kotschy) Carrière), whose few remaining small forests in the
north of the country are not well protected. Cilician fir forests in Lebanon represent the
lowest rear edge of temperate European firs, and the species is near extinction according
to IUCN criteria [7].
The response of these long-lived mountain tree species to future climate change, particularly in a semi-arid Middle Eastern region, remains an open question. Several global
climate models predict a temperature increase of about 4 °C and a decrease in precipitation of about 20% by the end of the 21st century [8,9]. Under such a climate scenario, the
range of Lebanon cedar is expected to be severely affected [10], and Cilician fir will also
experience a significant reduction in its range [11]. Climate change in the northern part of
the country, a region prone to desertification, is causing a bioclimatic shift from subhumid
to semi-arid [11,12]. At the same altitude, local conditions related to the topographic ruggedness of the terrain and its orientation can create microclimatic conditions favorable to
the survival of tree species [13,14]. The microclimate of these upland areas may differ from
a regional or global climate that is unfavorable to the species, allowing their local survival
[13,15]. This was the case in the past when mountain regions served as a refuge for species
during the last ice age [16], which lasted several millennia, and served as source areas for
recolonization of climatically wider areas during global warming in the Holocene.
During the last ice age, the mountains of Lebanon provided a refuge for Lebanon
cedar [17] and certainly for other endemic tree species. Threatened tree species living under an unfavorable regional climate may well be saved from extinction in future microrefugia with suitable microhabitat conditions [18]. The challenge is to map these microrefugia with suitable populations in the wild. Local conservation of populations in suitable
microrefugia may be a viable option [19–22] that should be considered for the long-term
conservation of Lebanese tree species, especially when resources allocated for conservation are limited.
In the context of the ongoing climate change, the local adaptive capacity of the Lebanese conifer species will also be affected by ongoing human activities [23] and the progressive reduction in the effective size of their populations [24,25]. The genetic diversity,
high interbreeding rates, and great plasticity of trees in general [26] give them a great
capacity to adapt to climatic variation [27,28]. It is therefore important to consider the genetic capacity of the focal species to adapt for their long-term conservation.
Several approaches have been proposed to anticipate the potential extinction of
threatened species and conserve them in the face of ongoing climate change. Among these
approaches, a greater number of protected areas than those already established by local
governments, and especially their effective management [29], would increase the chances
of conserving threatened species. Climate-change refugia as areas for species conservation
have been identified through simulation models that integrate topographic and ecological
complexities at different spatial and temporal scales [30,31] or based on species-specific
information [32].
In northern America, authors have created a hierarchy of these protected areas based
on different environmental diversity metrics and concluded that managers should consider different theoretical and field data to optimize their conservation efforts [33]. In Lebanon, scientists have used a database of species richness across the country to prioritize
plant conservation to optimize the management of threatened species [34]. However,
there remains great uncertainty about whether or not designated protected areas will be
adequate in the long term [35,36]. Furthermore, protecting all potentially suitable areas
could be a difficult task if local resources are limited.
Today, there is an urgent need to identify both potential refugial areas and populations with high adaptive capacity and to prioritize these areas for effective protection in
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the long term. In this study, we developed a new conservation index combining mountain
topography, genetic diversity of three mountain tree species, and a climate scenario for
the Mediterranean region. The objective of this conservation index is to (1) identify potentially suitable microrefugial areas in the mountains, (2) assess the adaptive capacity of
populations within or near these areas, and (3) consider the effects of climate change on
the populations studied in the areas where they occur. The overall goal of this index is to
prioritize areas for a cost-effective, long-term conservation plan.
2. Species and Methods
2.1. Studied species
In the present study, we focused on three mountain conifer species in Lebanon: A.
cilicica (Cicilian fir), C. libani (Lebanon cedar), and Juniperus excelsa (Greek juniper) (Figure
1). Abies cilicica, Cerus libani, and Juniperus excelsa are slow-growing species that can live
an average of 100 to 300 years [37]. They are very tolerant of summer drought and receive
winter precipitation mainly as snow [38]. They reproduce in spring, with the male and
female cones growing on separate branches of the same tree. By late fall or early winter of
the following year, the seeds have matured, are shed, and are dispersed by wind up to 60
m from the parent tree or occasionally by squirrels over greater distances [39]. Cedar pollen grains fall within approximately 800 m, with less than 1% up to 1 km from the source
tree [17,40], and fir pollen grains also decline sharply with increasing distance, with most
deposited within 50 m to 100 m of the source population [41].

Figure 1. Maps showing current distribution of Abies cilicica, Cedrus libani, and Juniperus excelsa in
the mountains of Lebanon with isohyets of current annual precipitation.

2.2. Conservation index
To contribute to the conservation of these three species in the wild, we considered (1)
the topography of the area in which they occur based on mountain ruggedness (Figure 2),
(2) their potential adaptability to ongoing climate change based on their genetic diversity
(Figure 2), and (3) the question whether the populations that comprise them will remain
within a suitable local climate, analyzed by the calculated distance between their current
climatic niche and an expected hypothetical future climate (Figure 3 and Table 1). These
variables were integrated into a conservation index (CI) as follows:
𝐶𝐼

𝐺𝑑 ∗ 𝑇𝑟⁄𝑚𝑎𝑥 𝐷𝑖

Gd is a genetic diversity variable. In this study, it was taken from the literature [42–
46] (Figure 2). We integrated different measures of genetic diversity for Gd because the
three species were genotyped using different techniques (AFLP, RFLP, RAPD) and with
different primers (nuclear and chloroplast microsatellites) to obtain different measures of
genetic diversity (allelic richness, expected heterozygosity). To make the CI comparable
between the 3 species and among populations of the same species that have been studied
by different authors, we scaled the different measures of genetic diversity between 0.1 and
1 (Figure 2, Table 1). The goal of scaling the different measures of genetic diversity is to
obtain comparable measures of genetic diversity between species and populations of the
same species. In the latter case, different populations of Cedrus libani in Lebanon were
genotyped by two different groups of authors; Fady [45] used Nei’s index, and [46] used
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a Bayesian approach to estimate heterozygosity to assess the genetic diversity of Cedrus
libani. These two approaches provided different values that can be compared after rescaling to a similar range.
Tr is the terrain ruggedness (Figure 2). Mountains with highly heterogeneous topography may host local microclimates that differ from regional climates [13,14,47]. Mountain
topography, quantitatively measured using various indices, helps predict suitable habitats for species [48]. Other local factors such as soil temperature [49] and water [50] may
contribute to the maintenance of a local microclimate. In this study, we used the Terrain
Ruggedness Index (TRI) to identify areas likely to provide suitable long-term habitat. The
TRI is derived from a GTOPO30 digital elevation model [51] with a spatial resolution of
30 arc seconds (approximately 1 km) and is based on the elevation difference between a
grid cell and its 8 neighboring cells [52]. We used a geographic information system [53] to
calculate TRI. The TRI varies from 0 (flat) to over 1000 (extremely rugged) [52].
Table 1. Location with latitude and longitude of populations (Pop) of Abies cilicica (Species A),
Cedrus libani (Species C), and Juniperus excelsa (Species J) with their site name, genetic diversity (Gd),
terrain ruggedness (Tr) in the area where they occur and the distance (Di) between the mean of their
current climate range and a hypothetical expected warmer (+2 °C) and drier (−20% precipitation)
climate. Colors correspond to quantiles of the conservation index (Ci) for each species, which represents a gradation of conservation priority from very high (red) to low (green, see Figure 4).
Pop
1
2
3
6
5
4
7
8
9
10
15
13
11
12
14
16
17
24
30
21
23
25
19
18
20
29
22
27
26
28
31
32
33
34
35
36

Spot
3
3
3
2
3
4
4
3
4
4
2
2
4
4
3
1
5
5
5
1
1
4
1
5
2
2
2
3
4
4
2
3
6
4
6
1

Species
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
J
J
J
J
J
J

Site Name
Jaïroun
Kfarbnine
Kfarbnine
Ehden
Kfarbnine
Kobayat
Qammouaa
Wadi Jhanam
Hermel
Qammouaa
Bqaa_Safrine
Karm El Mohr
Qammouaa
Qammouaa
Qarsita
Bcharre/Hadeth el Jebbe
Barouk
Chouf
Ain Zhalta
Jaj
Bcharre
Akkar/Quammoua
Tannourine
Arz El Chouf
Jord Njas
Ehden
Karm El Mohr
Jabal Illy
Kharm Chbat
Hermel
Wadi El Njass
Donniyeh
Barqa
Qammouaa
Aarsal
Afqa

Longitude
36.12559
36.10355
36.10797
35.99223
36.09566
36.26463
36.24337
36.13486
36.27785
36.22776
36.03345
36.03026
36.22445
36.21097
36.11414
35.83333
35.68333
35.68333
35.71667
35.82884
35.83333
36.21667
35.88660
35.69391
36.03081
35.99223
36.03026
36.16951
36.31379
36.27785
36.05444
36.10000
36.13750
36.25389
36.47611
35.90550

Latitude
34.42586
34.40200
34.39806
34.30729
34.40533
34.49820
34.49640
34.41423
34.49399
34.48551
34.34325
34.33841
34.47012
34.45737
34.42744
34.20000
33.60000
33.56667
33.65000
34.14986
34.20000
34.53333
34.20318
33.68814
34.34111
34.30729
34.33841
34.39775
34.55227
34.49399
34.33028
34.38806
34.19667
34.49278
34.08250
34.07361

Gd
0.71
0.75
0.74
0.34
0.56
1.00
0.80
0.68
0.72
0.80
0.10
0.22
0.67
0.52
0.11
1.00
0.99
0.67
0.57
0.11
0.11
0.98
0.11
0.14
0.14
0.10
0.13
0.11
0.15
0.11
0.68
0.34
0.83
0.80
1.00
0.10

Tr
431
347
320
364
347
288
303
232
288
176
584
232
148
154
382
388
360
292
318
245
307
303
353
302
350
387
350
584
265
288
350
584
282
302
202
361

Di
103
95
96
55
94
151
147
106
153
142
69
68
141
137
102
13
23
23
26
10
13
138
21
23
68
55
68
120
162
153
79
93
114
149
212
45

Ci
2.97
2.75
2.47
2.24
2.05
1.91
1.66
1.49
1.35
1.00
0.85
0.76
0.71
0.58
0.41
29.85
15.47
8.52
6.91
2.62
2.53
2.14
1.90
1.88
0.73
0.70
0.69
0.56
0.24
0.22
3.00
2.15
2.06
1.63
0.95
0.80
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Di is the Euclidean distance between a hypothetical future temperature and precipitation at the population location and the current climate. Climate variables and their values were obtained from the CHELSA climate dataset [54] and then interpolated to the
species’ georeferenced locations. The geographic range of A. cilicica and C. libani was first
georeferenced in [10,42], and that of J. excelsa was derived from [6] (Figure 1). The current
climatic niche (temperature versus precipitation) of each species is represented by its seasonal average temperature and seasonal precipitation sum (Figure 3A). The hypothetical
future climate scenario corresponds to a 2 °C increase in the current mean seasonal temperature and a 20% seasonal decrease in precipitation (Figure 3B). We used this uniform
climate change scenario for the entire study area and for each season because of the
coarser spatial resolution (between 9 and 50 km) of the available model simulations for
the Mediterranean [55] than the size of the studied populations, which is often less than 1
km2, and the fact that there are some discrepancies between climate models. However,
our hypothetical climate scenario is consistent with the overall predicted climate change
in the Mediterranean region [9]. Di is calculated for each season and species between their
mean current seasonal temperature and precipitation values of each species and the future
temperature and precipitation values at the population location. We used the mean values
of each seasonal climate variable because the most frequent populations occur in a narrow
climatic range around the mean value of their climatic envelope and these central populations are able to withstand a wider temperature range than they currently experience
[56].
The objective of this CI is to prioritize areas where the 3 species can potentially survive as separate species (sector 5) or where they coexist (sector 2 and 4) for long-term
conservation. The CI was originally developed and applied to Atlas cedar (Cedrus atlantica) in Morocco [57].

Figure 2. Terrain Ruggedness Index (TRI) of Lebanon showing the location of the studied populations of Abies cilicica, Cedrus libani, and Juniperus excelsa (A) and their genetic diversity from Awad
[42] (B), Fady [45], Bou Dagher-Kharrat [43] and Semaan & Dodd [46] (C), and Douaihy [44,58]
(D). [42]. For comparison purposes, we scaled the different genetic diversity markers used by the
authors between 0.1 and 1.
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Figure 3. (A) Climate range of Abies cilicica (green dots), Cedrus libani (blue dots), and Juniperus excelsa (red dots) based on mean seasonal temperature and sum of seasonal precipitation. (B) The
shifted climatic range overlaps with current values (yellow area) for a 2 °C increase in mean seasonal temperature and a 20% loss in seasonal precipitation sum. Populations studied (1 to 36, see
Table 1) are plotted for each season (blue = winter, red = spring, green = fall, and maroon = summer).
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Figure 4. Conservation priority from very high to low (red to green) for 15 populations of Abies
cilicica (squares), 15 populations of Cedrus libani (diamonds), and 6 populations of Juniperus excelsa
(circles), based on the conservation index developed in Table 1. National protected areas (blue
areas) and Key Biodiversity Areas (green areas) were digitized from [34] and https://www.keybiodiversityareas.org/ (accessed on 1 April 2022), respectively.

3. Results
Based on the conservation index, we identified 5 main forest sectors in Lebanon (Figure 4). The ecosystems of 3 of them (sectors 2, 3, and 4), the northernmost, contain the
three species of this study. A fourth (sector 1) is predominantly cedar with some sparse
juniper populations, and the last (sector 5), the southernmost, is a cedar forest.
Using quantiles of the CI, we classified each species into four groups to rank their
conservation priority from very high to low (Table 1 and Figure 4). The populations with
the highest CI are those that should be given the highest priority. These populations are
located in or close to rugged areas, and their genetic diversity is higher than average. In
terms of climate, the hypothetical future climate shows an overlap with their climatic envelope (Figure 3). Among the 36 populations studied, there are 10 populations, including
4 cedar forests in sectors 1 and 5 (populations 16, 17, 24, and 30, Figure 4), 4 fir forests in
sectors 3 and 4 (populations 1, 2, 3, and 5), and 1 juniper population in sector 2 (31) that
have a very high CI. There is 1 isolated juniper population (32) that also has a very high
CI. If we were to evaluate the conservation status of the populations of the 3 conifers studied based on our conservation index, these 10 populations could be considered the best
positioned climatically and genetically to survive locally.
We found that 4 fir populations (4, 5, 7, 8), 4 cedar populations (19, 21, 23, 25), and 1
juniper population (33) also have high CI (Figure 4). These populations are located in sectors 1, 3, and 4. Populations in these 5 sectors constitute a network of areas along Mount
Lebanon that should be given a higher priority for protection from human inferences. The
remaining 16 populations in the 5 sectors have lower CI. However, their lower CI should
not be interpreted as suggesting that they should not receive protection measures but rather that they may be more vulnerable to the expected climate change than the populations with higher CI.
4. Discussion
Palynological studies have shown that Cilician fir, Lebanon cedar, and Greek juniper
have been continuously present in Lebanon during the last 15 millennia [10,17,56,59]. The
mountains of Lebanon are the lowest latitude forests where these coniferous species occur
today, but the number and size of their populations are decreasing dramatically in some
areas and are less than 20 individuals, such as some Cilician fir (field observations). Although protected areas have proven to be very useful in Lebanon, the low dispersal capacity of these species and the small size of the protected areas (Figure 4) will limit their ability to track ongoing climate changes [60]. Moreover, management plans adopted to date
may prove inadequate in the longer term, given the current rapid climate change [4,61].
Protection of all forests or all populations in Lebanon would be extremely difficult to implement, especially in the context of limited resources. These problems force planners to
select areas for protection in a cost-effective manner. The approach we propose in this
study is complementary to other conservation approaches that aim to either create new
protected areas [62], make existing ones more effective [29], or prioritize new or existing
protected areas [34] based on different and more or less complex ecological, botanical,
geographic, or model-based criteria. Now we need to communicate our academic findings
to local conservation planners in a comprehensive and efficient way.
Our approach in this study aims to optimize the conservation process of species by
prioritizing populations for local conservation based on their genetic adaptability (Figure
2), the adequacy of the uplands where they currently occur, and expected climate change
relative to their current range (Figure 3B). This approach is not intended to discard lower-
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priority populations but rather to optimize conservation efforts in the face of limited resources. In addition to our prioritization approach, planting new populations at higher
elevations in areas that might be suitable under future climatic conditions could be an
additional conservation measure to be explored in future studies. For example, this measure should be taken for the Greek juniper populations, which are considered a genetic
resource for reforestation projects on Mount Lebanon above 2000 m elevation.
Scientists have prioritized plant biodiversity conservation in Lebanon based on species richness and have provided valuable guidance to conservation managers to avoid the
threat of extinction [34]. Our conservation index is a contribution to such conservation
efforts in Lebanon with other environmental, genetic, and climatic data to assess the potential persistence of three conifer species in their current natural habitat.
Based on this conservation index, we defined five mountain sectors where Cilician
fir, Lebanon cedar, and Greek juniper occur and where populations of each species would
be worth protecting. Action is needed in all five areas (Figure 4), with a focus on the most
genetically diverse populations in the most likely suitable upland areas.
In Afqa and Jaj (Sector 1, Figure 4), the cedar populations (16, 19, 21, and 23) (Figure
4) have the highest conservation index because they are genetically diverse and the landscape in which they occur is rugged (up to 500 m). Thus, they have a good potential to
survive in this area. The forests of Afqa and Jaj are already considered areas of natural
and/or ecological importance worthy of protection and were declared Cedar Nature Reserves (lb.test.chm-cbd.net/biodiversity/protected-areas/Nature-Reserves, accessed on 1
April 2022) by Law 257 in 2014 and are Key Biodiversity Areas (KBA, keybiodiversityareas.org/kba-data, accessed on 1 April 2022) (Figure 4).
In the forests of Horsh Ehden (Sector 2, Figure 4), we observe populations of C. libani
and A. cilicica, as well as J. excelsa. Ehden is a biodiversity hotspot that was declared a
nature reserve and KBA by law 121 in 1992 (Figure 4). Ehden is the southernmost limit of
the range of A. cilicica and thus one of the two critical biogeographic sites for this species.
This sector also includes the Qadisha Valley in Bcharré, a natural area protected by the
Ministry of Environment, a UNESCO World Heritage Site, and a KBA (Figure 4).
Further north, the forests of Jairoune, Quemmamine, and Hrar (sector 3, Figure 4) are
located in the most rugged mountains of Lebanon (up to 600 m) with genetically very
diverse populations of fir, cedar, and juniper. Three populations of Cilician fir (1, 2, and
3) have very high CI, while 2 other populations of juniper (33) and fir (5 and 8) have high
CI. This area, which is not a protected area and does not have a management plan, should
be given a high conservation priority because it may provide suitable habitat for populations with potential adaptive capacity in the future.
The forests in the far north of Qobayat, Qammouaa, Mishmish, Akroum, Andqet, and
Akkar Al Atiqa in sector 4 are the most species-rich in Lebanon [34]. They host about 70%
of the plant species in Lebanon. These forests harbor both mixed tree species and pure
cedar or fir stands. The mixed forests are mainly composed of A. cilicica, C. libani, and J.
excelsa, but the dominant species is A. cilicica. Qammouaa is a protected area with cedar
and fir forests. In this sector, there are 2 fir populations (populations 4 and 7) and 1 cedar
population (25) that have a high CI. The overall low CI is due to the low ruggedness (less
than 300 m) of this area with a more hilly landscape. This could be a barrier to providing
suitable microclimates for in situ conservation.
The last sector is the southernmost Shouf cedar forest, which was declared a nature
reserve by Law 532 in 1996 and is the largest reserve in Lebanon, covering about 5% of the
country (Figure 4). Shouf hosts four cedar forests: Maaser el Shouf, Barouk, Ain Zhalta,
and Dalhoun. The latter was declared a protected natural area by Decision 22/2002 of the
Ministry of Environment. Maaser el Shouf is a protected forest by Decision 127/1991 of the
Minister of Agriculture. Mount Barouk is recognized as a KBA (Figure 4) and ranks third
in Lebanon with 20 endemic species. Shouf Cedar Nature Reserve is a biosphere reserve
(Biosphere Reserves UNESCO-MAB). It hosts the largest strand of C. libani in the region.
The predominant species is C. libani, but J. excelsa is also found on the southeastern slopes.
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However, these juniper populations have not been genetically studied. The biosphere reserve hosts 25 threatened species, 48 species endemic to Lebanon, 14 rare species, and 214
eastern Mediterranean species. In this sector, 3 populations studied (17, 24, and 30) have
a very high CI. These populations have a high genetic diversity and are located in a place
that could potentially be a climatic microrefugium in the future, as the area is very rugged
(up to 400 m). Moreover, under our scenario of a 2 °C warming and a 20% decrease in
seasonal precipitation, the location of the studied populations could well remain within
the species’ current climatic niche (Figure 3).
When we overlay these five sectors with the simulated future potential range of C.
libani under different climate scenarios ([10], Figure 5), we see that parts of sectors 1, 2, 3,
and 4 correspond to the appropriate simulated future ranges. The model simulations were
only run for Lebanon cedar, but the co-occurrence of this species with the other conifers
and the overlap of their climatic niches (Figure 3) suggests that these areas may also be
suitable for them.

Figure 5. Five sectors (1 to 5) of priority populations for conservation with predicted potential
occurrence of Cedrus libani (in terms of predicted net primary productivity in grams of carbon per
meter square and per year (gCm−2year−1)) simulated under three different IPCC climate scenarios
of atmospheric CO2 concentration [10] (A) B1 with 500 ppmv, (B) A1B with 660 ppmv (B) and A2
with 750 ppmv (C).

In all five sectors, our conservation index suggests that there are populations of the
three species that should be prioritized for protection, either because they are located in
rugged mountainous regions that provide a favorable microclimate for their long-term
survival or because their genetic diversity is higher than that of other populations, indicating a better potential adaptive capacity to anticipated climate change, or because the
current climate in their geographic area may remain within their climatic niche.
These 5 sectors represent a network of endemic Abies cilicica, Cedrus libani, and Juniperus excelsa populations along the Mount Lebanon range, which extends across the entire
country for about 170 km to the highest peak in the Middle East (>3000 m a.s.l.). The longterm persistence of endemic mountain needle species in Lebanon ([10,17] may well be
related to the existence of a large number of microrefugia along the Mount Lebanon range,
which provided suitable microhabitats and were maintained due to their proximity to the
Mediterranean coast, which provides them with persistent and considerable rainfall (today up to 4000 mm/year) and snow with low winter temperatures. These mountain microrefugia are considered particularly important because they can provide a microclimate
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that is more suitable for local and long-term survival of plant species than the regional/global climate [13,19–21]. Hannah [19] suggested that effective conservation plans
should incorporate a network of these microrefugia because they can facilitate seed dispersal and species migration, which should allow gene flow between populations and
thus higher genetic diversity.
Today, this network of five sectors where populations of different species have a high
conservation index needs to be protected, and special efforts should be made to protect
the populations and areas with the highest conservation index. Our eco-evolutionary conservation index could be of great interest in prioritizing specific populations for long-term
and cost-effective conservation action. However, this does not preclude the protection of
other populations within the network of five identified sectors.
5. Conclusions
This study is a contribution to the current thinking on the conservation of biodiversity and, in particular, species threatened by global warming in the mountainous areas of
Lebanon. We developed a conservation index to prioritize areas for conservation, which
could be very useful when funds invested in conservation are limited. Ideally, if resources
are unlimited, the conservation of all species could be addressed. However, even in the
latter case of unlimited resources, conservation efforts may fail if the protected area is not
suitable for the future climate or if the population or species to be protected cannot survive
in the long term. There are other conservation approaches that rely on the use of predictive
models to predict suitable areas for threatened species. However, these predictions are
often based on statistical relationships rather than field data.
There are also initiatives, often at the government level, that call for the establishment
of protected areas and reserves where human disturbance is controlled to a greater or
lesser degree. In some cases, studies suggest that these areas, which are now very effective
in addressing biodiversity loss, may prove unsuitable in the near future, either because
the chosen area is no longer climatically suitable or because the local population(s) are no
longer adapted.
With this study, we aim to provide managers with an additional tool to consider both
the topography of mountain areas where threatened species currently occur and their genetic diversity in order to predict, as far as possible, their adaptive capacity in potential
microrefugia to emerging climate change.
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