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Abstract

Assessing biodiversity loss and species extinction is necessary to warn society

and raise awareness of the impacts of ongoing climate change. Prioritizing

protected areas is the pragmatic and applicable management measure under

the pressure of ongoing climate change and limited resources to conserve spe-

cies at risk of extinction. We developed a novel conservation index (CI) to pri-

oritize areas and populations of an endangered mountain tree species that

need protection in the face of ongoing climate change, as conservation of all

populations may not be realistic. This CI integrates (1) mountain topography

to identify potential refugial areas with suitable microclimates, (2) genetic

diversity to assess the adaptive capacity of local populations, and (3) hypotheti-

cal climate change in the species' range. We applied this CI to Atlas cedar, an

endemic and threatened species whose populations are scattered throughout

the Moroccan mountains. This index provided a scale for 33 populations stud-

ied and suggests that genetically diverse populations located in rugged areas

where future local climate may overlap with their current climatic niche

should receive a higher conservation priority. This index may also be applica-

ble to other mountain species with scattered populations and is likely to be

more accurate if more precise climate data are used at the microrefugia scale.
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INTRODUCTION

Human-induced warming, which is proceeding faster in

the highlands than in the lowlands, threatens mountain

forests regardless of latitude (Albrich et al., 2020; Pepin

et al., 2015). As a result, local extinction risk, especially

of tree species, is expected to increase in the coming

decades (Thomas et al., 2004), necessitating effective con-

servation measures. The identification of future suitable

habitats and niches for mountain tree species is mostly

based on model simulations (Burrows et al., 2014;

Guisan & Thuiller, 2005). However, the complex topogra-

phy of mountains introduces uncertainties in the climate

data underlying all models (Thakur et al., 2021), making

the de facto conservation of forest species in mountain

regions a challenge (Albrich et al., 2020).

Given the continuing threats to forest ecosystems in

mountain regions and the need for effective conservation

measures, extensive knowledge from field observations

including fossil records, quantitative ecology, geoscience, and

population genetics appears necessary (Sutherland et al.,

2009). Furthermore, these conservation efforts should be

planned for the long term, taking into account species resil-

ience, migration rates, and the ability to recolonize new habi-

tats over time (Gillson &Marchant, 2014). Fossil records have

shown that during the last ice age, mountain species survived

in very limited areas known as “refugia” when the climate

was unfavorable. Refugia can be defined as mountainous

habitats that can support small or reduced populations of

several species during a period when the global climate

is unfavorable for a larger geographic area (Bennett &

Provan, 2008). Based on the concept of glacial refugia,

ecoevolutionary studies suggest that isolated populations may

survive in so-called “future microrefugia” where local climate

may diverge from global climate, as it did in the past (Keppel

et al., 2018). For many tree species in mountainous regions,

microrefugia may be the only alternative to extinction, espe-

cially if their migration rate is lower than the rate of climate

change (Ashcroft, 2010; Hannah et al., 2014). Microrefugia

are particularly promising in mountainous regions because

they may have precipitation/humidity and temperature con-

ditions that are more suitable for plant species than the preva-

iling regional climate (Dobrowski, 2011; Keppel et al., 2012;

Rull, 2009). An effective conservation plan should incorporate

a network of microrefugia that can support seed dispersal and

species migration and thus gene flow between populations

(Hannah et al., 2014).

In North Africa, the Atlas Mountains provided a par-

ticularly rich diversity of microclimates for plant species,

enabling them to compensate for unfavorable global cli-

mate variability over geological time (Hughes et al., 2011).

In addition, tree species of Mediterranean forests are resil-

ient to disturbance (Lavorel, 1999) and resistant to drought,

which has allowed them to persist locally over geological

time. However, the continued and rapid decline in annual

rainfall (Schröter et al., 2005; Walther et al., 2002) with

recurrent extreme droughts in recent decades in North

Africa (Esper et al., 2007; Ladjal et al., 2005; Linares

et al., 2011) will shorten the recovery time of the species

and put them at risk (Gazol et al., 2018). Among the threat-

ened species in North Africa today is the endemic Atlas

cedar (Cedrus atlantica [Endl.] Manetti ex Carrière)

(Thomas, 2013), whose range shrank dramatically and

whose lower elevation shifted upwards by more than

100 m (Cheddadi et al., 2017; Rhanem, 2011). In 2016, the

Atlas cedar was included in the World Network of Bio-

sphere Reserves (en.unesco.org/biosphere/arab-states/atlas-

cedar) and the mountains in Morocco are now considered

critical habitat for conservation by the United Nations Edu-

cational, Scientific and Cultural Organization. In this con-

text, the Moroccan Ministry of Forestry has designated

several national parks and biosphere reserves to protect

biodiversity and species including the Atlas cedar (www.

eauxetforets.gov.ma/Biodiversite/GestionBiodiversite).

These initiatives are necessary and have helped to preserve

biodiversity in Morocco. However, preserving all popul-

ations of a species may not be realistic. In addition, protec-

ted areas that are suitable today may prove unsuitable in

the future (Lawler et al., 2020). An approach based on an

assessment of the suitability of the areas to be protected

and the adaptive capacity of local populations will be much

more effective in the long term. Previous studies based on

species mapping (Belote et al., 2017), botanical surveys

(Bou Dagher-Kharrat et al., 2018), protected area networks

(Lawler et al., 2020), and genetic diversity (Mattera

et al., 2020) have shown that prioritizing protected areas

for species conservation should maximize the efficiency of

conservation efforts.

In the present study, we developed a novel conserva-

tion index (CI) based on mountain topography, climate,

and population's genetics to identify potential future suit-

able conservation areas and ad hoc populations to effi-

ciently conserve the Atlas cedar in the long term. Such

an index will provide conservation planners with
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integrated scientific data on which populations of an

endangered species should receive higher conservation

priority because they may have the greatest potential to

cope with ongoing climate change.

MATERIAL AND METHODS

Our approach to identifying and prioritizing protected

areas for Altas cedar is based on a strategy that considers

the ability of a suite of populations to survive locally and

the effective cost of their protection over the long term. To

develop such a strategy, we assess both the suitability of

the habitat and the adaptive capacity of the populations

that make up the species' range in the face of ongoing cli-

mate change. Because not all populations that make up

the species' range are located in suitable future habitat or

may lack the capacity to adapt locally, we developed a CI

that considers (1) a climate that may differ from the cur-

rent one, (2) the suitability of the area where the species

occurs as future habitat for local populations, and (3) the

potential genetic capacity of populations to adapt locally to

climate change in the long term.

Past and present Atlas cedar range

Changes in the range of a species in the past provide

information about its ability to survive in isolation and to

colonize new areas under different past climatic condi-

tions. The biogeographic changes of Atlas cedar in the past

can be reconstructed from fossil pollen. We compiled a

dataset of 13 fossil pollen records from the Rif, Middle

Atlas, and High Atlas Mountains from published and new

data (Table 1). The fossil records are distributed over a

wide altitudinal range from sea level to over 2600 m asl.

Seven records are located within the modern Atlas cedar

range (Ifrah, Hachlaf, Ras El Ma, Tifounassine, Sidi Ali,

Tigalmamine Ait Ichou), two at the upper and lower edges

of the mountains (Tislit and Aanasser, respectively) and

four outside the modern range (Mhad; Bab El Karn;

Oudadane and Inouzane). In terms of time span, each fos-

sil pollen record covers a different period within the last

25,000 years (Table 1). The records in the Rif Mountains

cover part of the Holocene (11.7 ka to present), while the

records in the Middle and High Atlas cover the postglacial

period or go back to the last glacial maximum (21 ka). The

pollen records from Hachlaf and Tifounassine in the Mid-

dle Atlas are new and previously unpublished.

The current range of Atlas cedar was determined

based on coarse maps (M'Hirit, 1999), corrected and sup-

plemented with georeferenced populations by the first

author during several field trips between 1996 and 2018.

Atlas cedar forests occur in the Rif, Middle Atlas

and High Atlas between about 1400 and 2300 m asl with

an area of 17,200, 86,000, and 26,800 ha, respectively

(official range estimate of the “Service des Etudes et de

l'Inventaire Forestier National”). Using this modern

TABLE 1 Table showing the geographical location of 13 fossil pollen records from the Rif (light green), Middle (green), and High Atlas

(dark green)

Label Site name Longitude

Latitude

(�N)

Altitude

(m. asl)

Time

span (ka) Authors

Rif MH Mhad �5.438668 35.128395 754 0–6 Cheddadi et al. (2017)

BK Bab El Karn �5.206978 35.022524 1178 0–9 Cheddadi et al. (2017)

AA Aanasser �4.992503 35.017629 1342 0–3.5 Cheddadi et al. (2017)

OU Oudadane �3.254175 35.215023 10 6–11 Zapata et al. (2013)

Middle

Atlas

IF Ifrah �4.934143 33.556393 1620 8–25 Cheddadi et al. (2009)

HA Hachlaf �4.999410 33.550543 1700 0–16 Tabel (2015)

RM Ras El Ma �5.223611 33.58306 1633 0–18 Nour El Bait et al.

(2014)

TF Tifounassine �5.095831 33.152704 1921 0–15 Tabel (2015)

SA Sidi Ali �5.010007 33.063093 2080 0–8 Lamb et al. (1999)

TG Tigalmamine �5.343285 32.905075 1626 0–12 Lamb et al. (1995)

Al Ait Ichou �5.565 32.6875 1661 0–17 Tabel et al. (2016)

High Atlas TS Tislit �5.634758 32.197266 2260 0–19 Cheddadi et al. (2021)

IN Inouzane �5.455367 32.208381 264 0–6 Reille (1976)

Abbreviations: AA, Aanasser; AI, Ait Ichou; BK, Bab El Karn; HA, Hachlaf; IF, Ifrah; IN, Inouzane; MH, Mhad; OU, Oudadane; RM, Ras El Ma; SA, Sidi Ali;

TF, Tifounassine; TG, Tigalmamine; TS, Tislit.
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georeferenced range of Atlas cedar, we assessed its cli-

matic niche. The niche of a species can be defined by in

situ variables or resources or ex situ variables or condi-

tions, which are environmental variables such as temper-

ature and precipitation (Sober�on, 2007). The greatest

threat to modern populations of Atlas cedar is ongoing

climate change, which is dramatically affecting the spe-

cies' climatic niche and threatening it with extinction

(Thomas, 2013). Therefore, we focused on the species'

current climatic niche and its future evolution. To esti-

mate the modern niche, we used monthly precipitation

and temperature values from the CHELSA climate

dataset (Karger et al., 2017, https://chelsa-climate.org),

which we interpolated to georeferenced Atlas cedar

populations. Atlas cedar is a Mediterranean species

whose climatic niche is characterized by contrasting sea-

sonal precipitation and temperature (Figure 2).

The species inhabits areas with seasonal average precip-

itation ranging from 25 mm in summer to up to 275 mm

in winter and an average temperature of 5�C in winter and

20�C in summer (Figure 2). However, Atlas cedar tolerates

snowy winters with minimum temperatures in the coldest

month down to �8�C (Ducrey, 1981), suggesting that the

species may occupy a broader range than its current one.

Atlas cedar is relatively tolerant of different soil types

(M'Hirit, 1999) and a climate with marked seasonal varia-

tions in precipitation and temperature.

Terrain analysis

Mountain topography is an important variable in providing

local suitable habitat for terrestrial species (Steinbauer

et al., 2018; Whittaker et al., 1973). A quantitative measure

of topography change using a ruggedness index or topo-

graphic position index may be important in predicting suit-

able habitat for species (Kübler et al., 2015). In this study,

we use the Terrain Ruggedness Index (TRI) derived from

digital elevation models. TRI is the difference in elevation

between a grid cell and its eight neighboring cells (Riley

et al., 1999). We used GIS (QGIS Development Team, 2019)

to calculate the TRI (Figure 3) using a GTOPO30 digital

elevation model (USGS EROS Archive, n.d) with a spatial

resolution of 30 arcseconds (�1 km). Riley et al. (1999) clas-

sified the TRI with values and thresholds ranging from

0 (flat) to over 1000 (extremely rugged).

FIGURE 1 Location of fossil records (red circles) and populations sampled for the genetic study (blue circles) over the Atlas cedar range

(green)
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Estimation of the genetic diversity

In general, trees often have high genetic diversity, high out-

crossing rates, and high plasticity (Petit & Hampe, 2006),

which gives them great adaptability to climate (Christmas

et al., 2016; Davis & Shaw, 2001). Various measures of

genetic diversity (allelic richness, expected heterozygosity)

have been considered for conservation plans. In this study,

as suggested by Petit et al. (1998) for the argan tree in

Morocco, we considered allelic richness as an appropriate

measure of genetic diversity for Atlas cedar.

We sampled 33 populations of Atlas cedar in October

2017, including seven populations in the Rif, 20 in Middle

Atlas and six in the High Atlas (Figure 1). We collected

samples from five individuals per population targeting old

trees, with at least 100 m between two sampled trees.

Needles were preserved dried in silica gel before DNA

extraction using the DNeasy 96 plant kit (QIAGEN GmbH).

Allelic richness (Figure 3) was estimated by microsat-

ellite polymorphism analysis. Microsatellite data were

generated according to De Barba et al. (2017). This

allowed the design of 15 new highly polymorphic micro-

satellites that can be amplified in a single PCR multiplex

(Table 2). Two replicate multiplex PCRs were performed

for each sample to reduce potential genotyping errors.

Reactions were performed in a volume of 25 μl and con-

tained 1x concentrated Platinum Multiplex PCR Master

Mix (Applied Biosystems™), 0.1 μM of each of the

30 primers and 2 μl of DNA extract. The thermocycling

profile had an initial denaturation step of 2 min at 95�C,

followed by 40 cycles of 30 s at 95�C, 90 s at 50�C, 60 s at

72�C, and a final elongation step of 10 min at 72�C. PCR

products were purified using the MinElute PCR Purifica-

tion Kit (QIAGEN GmbH). PCR products were then

sequenced on a HiSeq 2500 (Illumina) using a paired-end

strategy (2 � 125 bp). Genotypes were generated for each

sample and for each microsatellite. Genotypes were only

included if the results of the two PCR replicates were

identical. If the two replicates were not identical due to

allelic dropout or the presence of a false allele (Taberlet

et al., 1996), the corresponding genotypes were recorded

as missing data. Missing data were rare (1.17% of the total

data set). Mean allelic richness across all loci was calcu-

lated in genetix (Belkhir, 2004).

Conservation index

The CI integrates species genetic diversity, mountain rugged-

ness and hypothetical change in temperature and precipita-

tion (Figure 2 and Table 3). The CI is constructed as follows:

CI¼Gd�Tr=max Dið Þ,

where Gd is a measure of genetic diversity, Tr is the

highest terrain ruggedness where populations occur

today, and Di is the Euclidean distance between the

future temperature and precipitation at the population

FIGURE 2 (a) Modern seasonal climate of the Atlas Cedar in Morocco (green area) with a hypothetical climate scenario with a 2�C

increase in average temperature and 20% less precipitation (blue area). Red arrows illustrate these seasonal shifts. Dashed lines delineate

present (green) and an expected future (blue) seasonal climate. (b) Seasonal climate at the sites of the 33 populations studied (colored dots).

Colors correspond to the quantiles of the conservation index (see Table 3). The yellow areas represent the overlap between modern and

future climate (as in [a])
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FIGURE 3 Terrain Ruggedness Index map of northern Morocco showing the range of Atlas cedar (dark blue) and the allelic richness of

populations sampled for the genetic study (blue graded diamonds with population numbers). The upscaled maps for the western Rif

Mountains, the NE and SW Middle Atlas, and the central High Atlas show allelic richness in a more detailed landscape

TABLE 2 Primer sequences of 15 microsatellites of Cedrus atlantica used to estimate allele richness

Code Forward primer (50-30) Reverse primer (50-30) Length (bp) Nb alleles

ced02 ATGGATAGATAAATAGATGGAT CTTGTGCCACACCATAG 48–80 11

ced03 CATAAATAATGATGATGTGTTG ATGTATTGTTTCCTATTTTAGG 26–62 11

ced04 TTTTGGTGTTTGAATAGCTC GGGAAAGGGTAGGTATG 30–54 13

ced09 CAACCCTAGATCTCCCA TGGTTGGCTACAGCTGA 30–54 7

ced14 AAGAATAAGTTAAATAAGAGTGT GGCTCTTCATTTAGTGTGA 29–61 13

ced17 CGATTAAATATATAAATAACACAC ACTTTATTTATTTTCCTTAGTGA 46–94 34

ced18 AGTACATACATCCATGCATA TTGAGGTGCCCAAGCAA 38–81 9

ced23 GTAGATGGATTAGATAGGTA CTATCTACCTAGCTATATAC 33–97 12

ced24 TGAGCTAAAAGTTTGGGCT TCTATGTAGCCATCTTGGA 34–62 7

ced28 AGTATTTTAATCCTATCTTTCG CCTGTACTAATAGGTATAAG 35–91 21

ced36 ATTGGGTTGACAACTTTACT TTGATTTCATTAATTGTTAAGTG 21–69 17

ced43 GCTTCATGGTCATAAACTC GTGTCCTCAATACTCTCAT 20–76 12

ced49 TTTCCTGCTCCAACAACAT CTTATGAGAAAATGTTTTCTTG 49–85 24

ced51 GAAGAAATCAGATTATAGATAG GTTTGTGATTTTGATGCATG 30–66 10

ced56 GTTTGTTAGAATTTTGAAACCA TTAGTAGTTTGTATTGTCATAC 31–79 16

Note: The number of alleles found in the 183 individuals analyzed and the length variation (without primers) are indicated. Since genotyping was based on

sequence data, multiple alleles show sequence variation at the same length.
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location and the mean of the species' modern tempera-

ture and precipitation for each season (i = winter, spring,

summer, and fall). In the case of this study, we assumed

a hypothetical future climate where temperature and pre-

cipitation are 2�C warmer and 20% lower than today,

respectively (Figure 2). This future climate scenario is a

simple and hypothetical climatic shift of the modern cli-

mate over the Moroccan Atlas Mountains, but it is consis-

tent with model simulations (Gao et al., 2006).

For Gd, we used allelic richness as a measure of

genetic diversity, which is considered an important

genetic marker for conservation purposes (Petit et al.,

1998), but other genetic markers can also be considered.

Regarding climate change, we used mean seasonal tem-

perature and precipitation. However, if other climate var-

iables are more important for the threatened species or

other climate scenarios are available, these can also be

considered.

TABLE 3 Conservation index (CI) based on genetic diversity (Gd), terrain ruggedness (Tr), and distance (Di) between present climate

and a future expected climate in which temperature will increase by +2�C and precipitation will decrease by 20%

Pop Area Site name Longitude Latitude Gd Tr Di CI

1 Rif Jbel Kelti �5.29711 35.357585 4.2667 522 31 71.85

2 Rif Talassemtane �5.137349 35.132118 4 480 29 66.21

19 SW MA Ouiouane �5.33959 33.11428 4.1333 372 26 59.14

3 Rif Tiziren �4.99113 35.031065 4.4 360 32 49.50

18 SW MA Timahdit �5.036378 33.219811 3.9333 401 32 49.29

16 SW MA Ain kahla �5.20134 33.40802 3.6 319 25 45.94

6 Rif Oursane �4.337971 34.871228 4.8 313 37 40.61

4 Rif Bab al arz �4.663953 34.960423 4.3333 362 40 39.22

8 NE MA Tazzeka �4.178251 34.082275 4.0667 520 54 39.16

5 Rif Issaguen �4.583744 34.892497 3.9333 362 37 38.48

31 HA Assaka �5.387568 32.38148 3.8 610 61 38.00

24 SW MA Tigalmamine �5.33833 32.90126 4.2 322 38 35.59

7 Rif Sidi Boutmim �4.264684 34.844568 4.0667 312 38 33.39

22 SW MA Col du zad �5.17686 32.97816 3.7333 270 35 28.80

9 NE MA Maghraoua �4.065139 33.807234 3.6 587 77 27.44

28 HA Tikajouine �5.457128 32.47518 3.9333 391 58 26.52

30 HA Bouadil �5.447436 32.416967 3.6667 410 60 25.06

21 SW MA Sidi ali �5.04891 33.00329 4.0667 245 40 24.91

23 SW MA Azigza �5.43617 32.97037 4 224 36 24.89

33 HA Taouraoute �4.991155 32.529588 3.8 388 63 23.40

17 SW MA Afenourir �5.23176 33.30239 3.3333 146 21 23.17

25 SW MA Tanwourdi �5.1805 32.85409 4.0667 237 42 22.95

27 SW MA Ait Ichou �5.4775 32.67166 3.6667 297 51 21.35

32 HA Tounfite �5.315822 32.465321 3.9333 292 56 20.51

26 SW MA Tizi nghachou �5.252179 32.795194 3.5333 233 42 19.60

10 NE MA Taffert �4.156541 33.65593 4.4 378 85 19.57

20 SW MA Bakrit �5.16006 33.04051 3.8667 159 32 19.21

12 SW MA Tichoukt �4.680126 33.371152 3.6667 325 63 18.92

15 SW MA Ifrane NP �5.10916 33.50719 3.6667 175 36 17.82

29 HA Sidi yahia �5.433238 32.464374 3.7333 276 58 17.77

11 NE MA Timghilt �4.256628 33.563334 4.2 343 85 16.95

13 SW MA Hachlaf �5.00636 33.51648 3.8 150 45 12.67

14 SW MA Ifrane NP �5.019888 33.475924 3.4 146 43 11.54

Note: The colors correspond to the quantiles of the conservation index.
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Locations of genotyped populations of Atlas cedar

(Figure 1) differ from raster-based terrain data (USGS

EROS Archive, Figure 3) and climate data (Karger

et al., 2017). Therefore, we considered the highest terrain

ruggedness and mean climate data for the areas where

the studied populations occur for the CI.

This ecoevolutionary CI has no equivalent in known

conservation approaches (Gavin et al., 2015; Lindenmayer

et al., 2006; Schemske et al., 1994). It represents a novel

tool that can be adapted and applied to other fragmented

and threatened species under different climate scenarios.

RESULTS

Past and present biogeography of the Atlas
cedar

In the Middle Atlas, there are small amounts of pollen

grains of Atlas cedar in several sites over the time span

between 20 and 10 ka (Figures 4 and 5). In the High

Atlas, there is only one pollen record from Lake Tislit,

where no pollen grains of Atlas cedar are found during

this time period. Lake Tislit is located at high altitude

(2200 m asl) where an ice sheet was present during the

last glacial period until the beginning of the Holocene

(Cheddadi et al., 2021; Hughes et al., 2018). In the Rif

Mountains, pollen records cover only the Holocene

period, but they are at lower elevations than those in the

Middle and High Atlas, allowing us to extend our obser-

vation of past dynamics of Atlas cedar populations to a

wider spatial range.

During the Holocene, we observed pollen occurrences

of Atlas cedar in all mountains from sea level in the

northern part of the Rif to about 2600 in the High Atlas

(Figures 4 and 5). However, there are differences in pol-

len proportions at different altitudes, reflecting changes

in population density around the sites. The pollen record

from Oudadane is from an archeological site located at

sea level (Figure 1). It shows that the proportion of pollen

FIGURE 4 Map showing the percentage of Atlas cedar pollen in 13 fossil records from the Rif Mountains (light green; Mhad [MH], Bab

El Karn [BK], Aanasser [AA] and Oudadane [OU]), the Middle Atlas (green; Ifrah [IF], Hachlaf [HA], Ras El Ma [RM], Tifounassine [TF],

Sidi Ali [SA], Tigalmamine [TG] and Ait Ichou [AI]), and the High Atlas (dark green; Tislit [TS] and Inouzane [IN]) over its modern range

(blue area). The Y axis shows the age of pollen records in calendar years BP
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grains of Atlas cedar was greater than 2% between about

11 and 6 ka (Figure 4). Atlas cedar pollen grains are less

than 1 km from their trees of origin (Wright, 1952), and

their continuous occurrence in the Oudadane record

indicates the proximity of the species to sea level during

the early Holocene. After 6 ka, we observe a marked

FIGURE 5 Three time span diagrams showing the potential altitudinal distribution (green shaded area) of Atlas cedar in Morocco and

its potential migration between 20 ka and today (0 ka) based on the 13 fossil pollen records from the Rif (Mhad [MH], Bab El Karn [BK],

Aanasser [AA] and Oudadane [OU]), the Middle Atlas (Ifrah [IF], Hachlaf [HA], Ras El Ma [RM], Tifounassine [TF], Sidi Ali [SA],

Tigalmamine [TG] and Ait Ichou [AI]), and the High Atlas (Tislit [TS] and Inouzane [IN]). The horizontal red lines indicate the present-day

upper and lower limits of atlas cedar in Morocco

FIGURE 6 Conservation index map showing recommended priorities for Atlas cedar populations from low (green) to high (red) priority
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decline in the Rif pollen records with extinction at alti-

tudes below 1200 m asl. In the Middle Atlas, the species

occurs at all sites higher than 1600 m asl (Figure 5). After

4 ka we observe a steady decline in pollen occurrence,

but unlike in the Rif Mountains, the Atlas cedar is not

yet extinct after 2 ka. In the High Atlas, the species is

absent during the last ice age and does not spread during

the Holocene, but some populations may have reached

elevations higher than the present upper limit (Figure 4).

The present small and isolated populations of Atlas

cedar are located in the Rif, NE of the Middle Atlas and

in the central part of the High Atlas, where the mountain

topography is more rugged than in the SW of the Middle

Atlas, where the more extensive populations are located

today (Figure 3).

Index for decision making in conservation

We classified the 33 populations of Atlas cedar studied into

five equal groups using CI quantiles to rank their conser-

vation priority between high and low (Table 3 and

Figure 6). The populations that should be given the

highest conservation priority are the most genetically

diverse, are located in rugged areas, and the hypothetical

future climate still overlaps with or comes very close to

their current locations (Figure 2), bearing in mind that the

current climatic niche is clearly constrained by human

activities (Cheddadi et al., 2015). Populations with the

highest conservation priority are located in the Rif, at NE

in the Middle Atlas and the central part of the Middle

Atlas, and one population in the High Atlas (Figure 6).

These populations constitute a network in the Moroccan

mountains that should be protected for the conservation

of genetic resources. Populations in the NE of the Middle

Atlas with lower CI have high genetic diversity (in Taffert

and Timghilt), but they are located in areas that are not

highly rugged (Table 3) and therefore may not provide

future suitable climatic refugia. Several populations in the

SW of the Middle Atlas have low genetic diversity and are

located in less rugged landscapes that may expose them

more to the ongoing climate change.

DISCUSSION

Himalayan Cedrus deodara is the common ancestor of

the three Mediterranean species, C. atlantica, C. libani

and C. brevifolia (Panetsos et al., 1992). The genetic split

of C. atlantica from the two Eastern Mediterranean spe-

cies and its immigration to North Africa occurred in the

Tertiary at about 25 Ma (Qiao et al., 2007). The oldest

observed occurrences of Cedrus in northern Morocco are

from a fossil pollen record dating to the Messinian

(ca. 7.2 to ca. 5.3 Ma) (Feddi et al., 2011). Recent fossil

pollen data suggest that Cedrus was present in northern

Morocco during the last two climatic cycles (ca. 250,000-

years) (Ramos et al., 2008). Our fossil pollen dataset

(Figure 4) shows that the range of Atlas cedar has varied

widely since the last ice age and throughout the Holo-

cene, with extensive populations from sea level in the

Mediterranean borderlands to mountainous areas above

2000 m in the High Atlas during the late Holocene

(Figure 5). Today, Atlas cedar does not occur in any of

the Moroccan mountains below about 1300 m asl and

several populations are extinct in the Rif (Abel-Schaad

et al., 2018; Cheddadi et al., 2017) and the Middle and

High Atlas (Figures 3 and 4). The most extensive

populations of Atlas cedar are now found at elevations

above 1400 m in the central and southern parts of Middle

Atlas, where they cover more than 125,000 hectares.

Smaller and scattered populations are found in the Rif

Mountains (16 k ha), on NE of the Middle Atlas (6 k ha)

and in the High Atlas (25 k ha) in or near highly rugged

areas (Figure 3). These areas should be considered as

potential modern microrefugia, as they still provide suit-

able habitats for fragmented relict populations.

Atlas cedar adapted its range to the last ice age and to

Holocene warming by moving up and down in elevation

(Figure 5). These past elevational movements and the pos-

sible persistence of isolated populations in scattered

refugia left an imprint on the overall genetic diversity of

the species. The genetic survey we conducted over the

range of Atlas cedar (Figure 3) shows that Atlas cedar has

a limited spatial genetic structure (as previously observed

(Cheddadi et al., 2009; Renau-Morata et al., 2005; Terrab

et al., 2008). If anything, the fossil and genetic data suggest

that Atlas cedar had the ability to cope with advert past cli-

mates over the last climatic cycles by locally adapting its

range and surviving in micro-refugia.

Records from before the instrumental era (Jouzel

et al., 2007) show a similar amplitude of climatic oscilla-

tions as the current climate and the expected climate in

the next decades. However, the main difference between

the past millennia and the next century is the timescale

over which climate change will occur and impact ecosys-

tems and species (Nolan et al., 2018). Will today's frag-

mented populations of Atlas cedar have the capacity to

survive under ongoing climate change? The critical issues

are that the velocity of ongoing climate warming (Loarie

et al., 2009) is higher than past natural global warming

and the impacts on mountain landscapes are more pro-

nounced (Bertrand et al., 2011; Lenoir et al., 2008), which

will likely prevent the Atlas cedar from migrating natu-

rally to seek suitable habitat. A hypothetical climate

change with a seasonal increase of temperature with 2�C
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and a decrease of 20% in precipitation will make local cli-

mate unsuitable for about 70% of the current forests of

Atlas cedar (Figure 2). If the species were to face the

latter hypothetical scenario, one way to save it from

extinction is to maintain the most suitable populations

locally in microrefugia. As other scientists have also

noted local protected areas are likely to play an inc-

reasingly important role for species conservation and

need greater protection (Barrows et al., 2020; Elsen

et al., 2020; Hannah et al., 2007; Lawler et al., 2020;

Morelli et al., 2020). However, a local climate may not

be suitable. Mountains may contain a wide range of

microhabitats and microclimates for long-term survival

of upland tree species (Morelli et al., 2020). The

approach of maintaining populations of a plant species

locally would be more successful if we assess its genetic

diversity with modern molecular markers (Barrows

et al., 2020; Pautasso, 2009), analyze the ability of the

mountain to provide a microrefugium (El Hasnaoui

et al., 2020; Valencia et al., 2016), use historical informa-

tion to understand long-term dynamics and potential

resilience (Birks, 2012), and consider the most influen-

tial climate factors such as expected increasing aridity in

the Mediterranean (Gao et al., 2006).

The Atlas cedar is a threatened species (Thomas, 2013),

but conservation of all populations that make up its range

would likely be an unrealistic effort, and all populations are

clearly not equivalent for a global conservation plan. Conser-

vation management of the species would be more efficient in

the long term if it is focused on both the most suitable areas

and the potentially best adapted populations. Based on its

environmental history and modern observations, including

its genetic diversity, we constructed an index (CI) (Figure 6

and Table 3) to determine which populations should receive

a more sustained conservation effort because they may repre-

sent a better option or more viable opportunity for the persis-

tence of the Atlas cedar in North Africa. This CI allows the

establishment of a priority scale for conservation efforts, as

conservation of all populations in Morocco is not possible

due to limited resources, even though the species is consid-

ered to be in danger of extinction.

All populations located in the Rif Mountains have

higher allelic richness than those in the Middle and High

Atlas. Moreover, they are also located within or near

areas of high terrain ruggedness (Figure 3). The western

side of the Rif Mountains, where these populations occur,

is also one of the wettest areas in Morocco, with annual

rainfall exceeding 700 mm. Two small populations in the

NE of the Middle Atlas and two populations in the SW of

the Middle Atlas also have a high CI (Figure 6) and are

located in rugged areas (Figure 3).

The CI suggests the highest conservation priority for

the northern populations in the Rif (Jbel Kelti, Tiziren,

National Park of Talassemtane, Issaguen, Bab El Arz,

Oursane, and Sidi Boutmim) and in the NE of the Middle

Atlas (National Park of Tazzeka) (Figure 6 and Table 3).

Other areas in the Middle Atlas (Ouiouane, Timahdit,

Ain Kahla, Tigalmamine, and Col du Zad) and in the High

Atlas (Assaka) should also be protected. However, our con-

servation priority analysis did not take into account the

genetic and ecological distinctiveness of the populations

(May et al., 2011; Moritz, 2002). Further analysis is needed

to assess whether populations inhabiting different parts of

the range are evolutionarily unique and should be treated

as significant conservation units (Crandall et al., 2000;

Moritz, 2002). Some populations have high allelic richness,

but their overall CI is limited, either because they are

located in less rugged areas or because present climate is

critical in the context of increasing drought and warming.

Forest managers can use populations with high allelic rich-

ness such as those in Taffert and Timghilt to improve the

genetic diversity of other, less diverse populations through

hybridization. However, these translocations should be

done after determining that the populations do not repre-

sent separate evolutionary units (Crandall et al., 2000;

Moritz, 2002).

Some of the areas with high CI are located within the

national parks defined by the Moroccan Ministry of Agri-

culture, which has also delineated three biosphere

reserves to balance the conservation of biodiversity and

its sustainable use, and plans to add a fourth reserve for

Atlas cedar in Middle Atlas (www.eauxetforets.gov.ma/

Biodiversite/GestionBiodiversite). Expanding the number

of protected areas may be a strategy for conserving biodi-

versity and endangered species under ongoing global cli-

mate change, although some identified modern suitable

areas may prove unsuitable in the future (Hannah

et al., 2007; Lawler et al., 2020). Identifying potential

refugial areas for climate change using model simulations

(Albrich et al., 2020; Barrows et al., 2020), ecological

complexity at different spatial and temporal scales

(Morelli et al., 2020), or integrating climate, topographic

diversity, and species-based information (Michalak

et al., 2020) or ranking conservation priorities hierarchi-

cally across a geographic grid based on other concepts

(Carroll et al., 2017; Moilanen et al., 2005) may provide

conservation managers with valuable plans to address

anticipated threats to plant species. However, our CI is

unique in that it combines climate, terrain, and popula-

tion genetics, which to our knowledge has not been used

before, and it can be applied to other regions and species

because topographic and climatic data are available

worldwide and genetic studies are affordable. This CI can

also be used to identify and prioritize conservation areas

for populations of multiple species in threatened ecosys-

tems (Cheddadi and Khater, accepted).
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CONCLUSIONS

Although all populations that make up the current range

of a species are at risk of extinction and therefore all are

worthy of conservation, limited resources may force plan-

ners to prioritize their efforts in the long term. In this

study, we propose a CI to prioritize refugial areas with

populations that are genetically adapted to conserve the

species and its genetic resources over the long term.

Unlike other approaches to species conservation, our CI

aims to prioritize areas for conservation based on envi-

ronmental and genetic data and a climate scenario,

which should be a more effective conservation measure

in the long term. This CI should be tested and improved

with other mountain species using a finer current climate

dataset at the microrefuge level and a simulated future

climate with higher geographic resolution.
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