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Modeling of the current and future potential distribution
of Atlas cedar (Cedrus atlantica) forests revealed shifts
in the latitudinal, longitudinal and altitudinal range towards
more humid conditions
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Abstract. Environmental forcing affects biodiversity in some parts of the biosphere where many sensitive species, including endemic
and rare species, respond through changes in their geographical distribution. Modelling of spatial dynamics of species is crucial to
advance our understanding of species’ adaptive behaviour and sensitivity to environmental changes and forcings.

The present study aimed at assessing suitable habitats of the Atlas cedar (Cedrus atlantica) in North Algeria for the current period
(1990-2000) and predicting its future range in 2050 and 2070, following climate warming scenarios. The Maximum Entropy (Max-
Ent) model was used to model the present and future potential distribution of Atlas cedar forests. A total of 1328 occurrence records
obtained from field surveys and 50 environmental variables were used. These variables included 19 climatic variables (WorldClim
database), 21 edaphic proprieties (SoilGrids database), and 10 topographic traits (retrieved from a 30 m digital elevation model).
MaxEnt showed high predictive power with a significant value of Area Under Curve (AUC=0.988). Potential distribution of Cedrus
atlantica forests for the present period was confined to mountain areas (predicted potential range size = 2089 km?). Environmental
factors with the highest percentage of contribution included: soil total nitrogen (22.2%), elevation (20.5%), mean temperature of the
most humid quarter ‘Bio8’ (18.8%), slope (12.9%), soil total carbon (10.3%), and precipitation of the driest month ‘Bio14’ (3.4%).
The species range is expected to reduce significantly under future climate change scenarios (decline of about 70.4-80.6% of its current
potential distribution), with a shift towards more humid conditions, in this case to the north and east towards more humid climates
and mesic habitats. The predicted shifts in the altitude gradient follow in the direction of higher elevations, with the disappearance
of cedar forests at low altitudes. This indicates that the identified Atlas cedar refugia resulting from climate change are determined
by humidity. Our findings provide information on the magnitude of environmental forcings that seriously threaten Cedrus atlantica
forests in drought-prone areas in North Africa. It is therefore necessary to implement effective strategies to preserve and protect more
sensitive forests.
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1. Introduction

Habitat suitability models or ecological niche models,
called Species Distribution Models (SDMs), are robust
tools used in macroecology, ecology and biogeography
(Booth et al., 2014; Graham & Kimble, 2019). SDMs
are methods used to evaluat areas that provide appropri-
ate abiotic environments (often the climatic niche) for
a given species or taxa, using the relationship between
the observed species/taxa presence points and the associ-
ated environmental conditions. The ultimate aim of SDMs
is provide spatial predictions of areas in which environ-
mental conditions are favorable for species survival and
development (Elith et al., 2011; Booth et al., 2014). Cur-
rently, SDMs are multi-purpose; they can be used in reha-
bilitation, management or reintroduction of endemic spe-
cies threatened by extinction (Fois et al., 2016). SDMs
are powerful decision-making tools for predicting land-
use change and assessing the impact of global warming
on species. They also assist in planning of nature con-
servation programs and reintroduction of endangered spe-
cies (Amici et al., 2017; Safaei et al., 2018). The role of
ecological niches is pivotal in explaining the persistence
of species competitive ability and geographical distribu-
tion (Silvertown, 2004). Climate, edaphic characteristics,
topography and biological interactions are the main fac-
tors that define species distribution and ecological niche
(Chenchouni, 2017; Wan et al., 2019).

Since is expected that the temperature will increase
globally by 4.8°C in 2100 (IPCC, 2014), the quantifica-
tion of global warming impacts on ecosystems is one of the
biggest scientific challenges today (Walther et al., 2002;
McDowell & Allen, 2015; Zhang et al., 2019). Climate
change can lead to modify the geographic range distribu-
tion of many species (Gonzalez et al., 2010). Particularly,
endemic and endangered species, which distribution range
is limited and are adapted to particular environmental con-
ditions, could extinct under the effects of climate change
(Fois et al., 2016; Abel-Schaad et al., 2018). Because of
their extremely restricted habitats, many endemic species
are threatened by extinction, and are listed on the [UCN
Red List, as is the case of the Atlas Cedar (Cedrus atlan-
tica (Endl.) Manetti ex Carri¢re) (Thomas, 2013). Hence,
the identification of the current geographical distribution
and the threats that expose endemic taxa to the risk of ex-
tinction constitute the first step to launch a conservation
strategy (Booth et al., 2014; Cheddadi et al., 2017; Safaei
et al., 2018). The widespread decline of forests in vari-
ous ecosystems and biomes is mainly linked to climate
change (Allen et al., 2010; Choat et al., 2012; McDowell
& Allen, 2015). In NW Africa, where drought is expected
to intensify (Knippertz et al., 2003; Zeroual et al., 2019),
forest ecosystems are vulnerable to biome change under

the climate change scenarios projected by the IPCC (Tabet
et al., 2018).

The Atlas Cedar is an endemic species to mountains
from Algeria and Morocco, where represents a keystone
component of North African forests (Quézel, 1998; Ched-
dadi et al., 2009, 2017; Linares et al., 2011; Bouahmed
et al., 2019). In Algeria, the species occurs in mountains
of the Tellian and Saharan Atlas, where it has a scattered
distribution controlled mainly by climatic and orographic
traits (Quézel, 1998; Slimani, 2014). This species occurs
at elevations between c. 900 and 2200 m a.s.l., where the
minimum temperature of the coldest month ranges between
—1 and —8°C, the amount of annual rainfall ranges from
c. 500 to 2000 mm, and the species can resist to tempera-
tures ranging from —20°C to +39°C. Under water stress,
Atlas Cedar maintains its physiological activity up to very
pronounced drought levels (Khanfouci, 2005; Thomas,
2013). Given its resilience and indifference to lithologi-
cal substratum, the species occurs on diverse substrates
and soils. However, Cedar forests are subject to the threats
of global warming despite that this species has relatively
wide tolerances towards to climate and soil type. (Chen-
chouni et al., 2008; Cheddadi et al., 2017). The current
state of the Algerian Atlas Cedar forests reflects episodes
of dieback and mortality which are mainly related to un-
favorable climatic conditions (Chenchouni, 2010), marked
by severe episodes of droughts since the 1980s (Touchan et
al., 2011). As a result, the adaptive capacity of some Atlas
Cedar populations has reached a critical limit, which led
to their irreversible degradation (Slimani, 2014; Navarro-
Cerrillo et al., 2019). Future predictions have shown an
altitudinal refuge of Atlas Cedar forests to the mountain
peaks, with high risk of stand extinctions at lower altitudes
and drier conditions (Cheddadi et al., 2017; Abel-Schaad et
al., 2018; Arar et al., 2019; Bouahmed et al., 2019).

The current study aims at (i) predicting the current po-
tential distribution of the Atlas Cedar in Algeria using sev-
eral environmental variables related to climate, soil and
topography, (ii) identifying the key environmental factors
that shape its current suitable geographic range, and (iii)
estimating the possible impact of climate change on spe-
cies distribution range and quantifying habitat loss in or-
der to assist to decision makers to take appropriate plan-
ning measures for the conservation of Atlas Cedar forests.
In addition, we assume that Cedrus atlantica distributional
range decreases in the future due to further negative effects
of climate change that already induced species forest mor-
tality in many locations of its range (cf. references cited
above). Thus we hypothesize that this range shrinkage is
associated with spatial shifts towards habitats that offers
suitable conditions, which are expected to match habitats
in high altitudes with mesic conditions. Thus species range
shifts in Algeria are projected to occur along a latitudinal
gradient from south to north, from west to east (toward
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wetter climates), and with decreasing of aridity (drought
duration and intensity).

2. Materials and methods
2.1. Study area

The study area comprises the northern part of Algeria
that covers 488,457 km?, that located between the merid-
ians 2°13°4.8”West and 8°40°59.52” East and parallels
32°58°31.08” North and 37°5°31.2” North. It is limited
from the East and West by the Tunisian and Moroccan
borders, respectively, and from the south by the Sahara
Desert and from the North by the Mediterranean Sea (Fig.
1). The area includes two mountain ranges (Tellian Atlas
and Saharan Atlas) that stretch from the East to the West
of the country. This topographical organization divides the
study area into five large spatial units (Fig. 1) with dif-
ferent landscapes, geomorphology, climate and vegetation;
viz. (i) the Tellian system in the North, it plunges towards
the Mediterranean Sea and has a humid Mediterranean
climate characterized by dry summers and rainy winters
(annual precipitation = 300-1200mm), (ii) the Tell Atlas
Range, (iii) Steppe rangelands of the High Plains with
semi-arid climate, (iv) The Saharan Atlas Range, and (v)
a part of the Sahara Desert characterized by low precipita-
tion (<100mm) and large inter-annual variability. Within

the ranges of Tellian Atlas and Saharan Atlas, the Atlas
Cedar occurs naturally in the mountains of Aures, Belez-
ma, Hodna, Djebel Babor, Djurdjura, Blida and Ouarsenis
(Thomas, 2013; Slimani, 2014). Based on natural species
range distribution, we selected the whole part of northern
Algeria to model Atlas Cedar potential distribution.

2.2. Species occurrence data

Global positioning system (GPS) occurrence records of At-
las Cedars were collected in 2017 over its geographic range
distribution in Algeria. for inaccessible Atlas Cedar forests,
Google Earth was used for the identification and localiza-
tion of species occurrence points. Clustered samples were
removed from the geodatabase and only one record per
grid cell (pixel of 1 km?, ¢f. subsection: 2.3. Modeling pro-
cedure) was used in order to avoid overrepresentation of
environmental conditions in densely sampled areas (Zhang
etal., 2019). In total 854 occurrence records of Atlas Cedar
were used in modeling analysis in the study.

2.3. Environmental data

Considering the biological relevance and data availabil-
ity under current and future climate scenarios, a total of
32 environmental variables, including three groups of data
(climatic, edaphic, topographic), were used in modeling
present and future potential distribution of Atlas Cedar
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Figure 1. Geographic location of the study area in Algeria, North Africa
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forests. These 32 variables were selected from 19 climatic
variables, 21 edaphic proprieties, and 10 topographic traits,
after testing collinearity between variables using Pearson
correlation tests. Before any model execution, predictive
variables having a significant linear relationship with oth-
er environmental variables were excluded from the model
in order to ensure a high validity of the results. It is note-
worthy to mention that no prohibitive levels of redundancy
existed between layers of selected environmental variables,
i.e. all pairwise Pearson’s correlation coefficients were less
than |0.8|. The choice among correlated variables was done
based on their importance role in matching species eco-
physiological needs (Guisan & Zimmermann, 2000; Wil-
liams et al., 2012) .

Climate data were obtained from WorldClim (http://
worldclim.org/versionl: Hijmans et al., 2005) and com-
prise nine bioclimatic variables, named: mean diurnal
range (mean of monthly (max temp — min temp)) ‘Bio2’,
isothermality ‘Bio3’, temperature seasonality ‘Bio4’, min
temperature of coldest month ‘Bio6’, mean temperature of
wettest quarter ‘Bio8’, mean temperature of driest quarter
‘Bi09’, precipitation of driest month ‘Biol4’, precipita-
tion seasonality ‘Biol5’, precipitation of wettest quarter
‘Biol6’. It is noteworthy mentioning that climatic vari-
ables were selected for three periods: current (1950-2000)
and two future scenarios 2050 year and 2070 year (Hi-
jmans et al., 2005). Future data were determined based
on two representative concentration pathways (RCP) of
greenhouse gas concentration trajectory: RCP4.5 is an in-
termediate emission scenario with medium greenhouse gas
concentrations and RCP8.5 is a pessimistic scenario with
high concentrations (IPCC, 2014).

Edaphic data were obtained from global SoilGrids (htt-
ps://soilgrids.org) and included 17 variables viz. clay con-
tent [%], sand content [%], soil total carbon ‘CTO’ [g/kg],
soil total nitrogen ‘NTO’, carbon to nitrogen ratio ‘C/N’,
four exchangeable cations (Ca™, Mg™, Na" and K"), elec-
trical conductivity ‘EC’, cation exchange capacity ‘CEC’,
bulk density [kg/m?], pH, porosity [%], and base saturation
(total exchangeable bases/CEC) [%]. Furthermore, climatic
and edaphic data from WorldClim and soilgrids databases,
respectively, were used for computing soil available water
capacity of summer ‘AWC_Summ’ and spring ‘AWC_Spr’
for the period of 1950-2000 and the future projections 2050
and 2070 (Tabet et al., 2019).

Topography-related data were derived from the Global
Digital Elevation Model of ASTER GDEM version 2 (htt-
ps://asterweb.jpl.nasa.gov/gdem-wist.asp). A total of 6 var-
iables were employed in modeling, viz. elevation [m a.s.l.],
slope [%], aspect, global theoretical radiation of summer
[Wh/m?], global theoretical radiation of spring [Wh/m?],
and distance to the sea [km].

2.3. Modeling procedure

Among the most common problems in SDMs is the spatial
autocorrelation of environmental variables. Spatial auto-
correlation occurs when spatialized variables are depend-
ent on each other, all the more strongly as the locations
are closer (Legendre & Fortin, 1989). In the present study
we examined the spatial autocorrelation in the Atlas Cedar
occurrence map using Moran’s I correlogram (Legendre &
Legendre, 1998). Moran’s I correlogram showed a disap-
pearance of spatial autocorrelation at a distance of 1 km
among occurrence records, therefore all layers were resa-
mpled to a spatial resolution of 1 km.

To predict the potential distribution of Atlas Cedar, an
algorithm with automatic learning called the Maximum
Entropy method “MaxEnt” version 3.4.1 was used (Phil-
lips et al., 2006). Like any statistical model, assessing the
relevance and performance of the used model is unavoid-
able and necessary in order to check the validity of the
results and to confirm whether the predictions are correctly
calculated (Guisan et al., 2017). Accordingly, the predic-
tive performance of the model was evaluated by calculat-
ing the AUC through validation with 10 repetitions. In this
approach the dataset was randomly divided into 10 groups
with equivalent number of distribution records, of which
nine groups were used to train the model’ and one was kept
for comparison with the predictions ‘test data’. The result-
ing AUC value was then the average of the 10 tests (Guisan
et al., 2017). AUC values typically range from 0 to 1, with
1 representing maximum performance. The final mapping
of the potential species distribution was represented as spa-
tialization of occurrence probability values ranging from 0
to 1 (Phillips et al., 2006). The contribution of each vari-
able to the predicted model was also calculated as average
of 10 repetitions. The response curves of the species with
regards to each environmental variable have been plotted
and represented, these curves correspond to the variations
in the probabilities of occurrence of the species as a func-
tion of the gradient of each predictive variable.

2.4. Assessing species range shift

Primarily, the current and projected climatic conditions (i.e.
drought severity) of the Atlas Cedar range were determined
by computing De Martonne aridity index, using climate
data (mean annual temperature and total precipitation)
of the current period (1950-2000) and those of RCP4.5
and RCP8.5 for the years 2050 and 2070. The possible
shift in Atlas Cedar range under future climate scenarios
(i.e. RCP4.5 and RCP8.5 for the years 2050 and 2070)
was assessed selecting from the maps produced for each
scenario and from the current potential distribution; I the
pixels with high potential of occurrence (probability of
occurrence > 0.6). For each pixel, its longitude, latitude,
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altitude and aridity index values were extracted. The vari-
ations in longitude, latitude, altitude, and climatic condi-
tions between the selected pixels from each scenario-map
and those of the current potential distribution were tested
using non-parametric Kruskal-Wallis one-way ANOVA
test. In addition, Dwass-Steel-Crichtlow-Fligner test was
used for pairwise comparisons. The analyses were carried
out using the function ‘ggbetweenstats’ of the package
{ggstatsplot} in R (Patil & Powell, 2018).

3. Results

3.1. Model accuracy

Based on the 10 repetitions (90% of training data and 10%
for testing data), the constructed model converged after
5000 iterations and revealed that the area under the curve
(AUC) was 0.988. This value indicated high quality of the
model fit, thus the model was considered the most success-
ful with best fit (Fig. 2). The AUC value can be interpreted
as the ability of the model to discriminate between species
presence and absence, which was determined through the
Receiver Operating Characteristic (ROC) curve. The latter
relied on the estimation of the probability when the model
correctly classified a true presence (sensitivity) and a true
absence (specificity). The significance of this curve was
quantified using the AUC based on 10 repetitions for an
average omission rate. Values close to 0.5 indicated a ran-
dom fit (occurrence by chance), while a value of 1.0 indic-
ated a perfect fit, which was the case of the current study
(0.988). If values were less than 0.5, this indicates that the
model fit was worse than random.

3.2. Effects of environmental variables

The response curves obtained represented the effects of the
three categories of environmental variables tested on Ce-
drus atlantica distribution. The most important variables
explaining the presence of Cedrus atlantica were, sorted
by order of contribution: soil total nitrogen with the high-
est contribution (22.2%) among all the tested parameters,
followed by the altitude (20.5%), then mean temperature of
the wettest quarter ‘Bio8’ (18.8%), slope (12.9%), soil total
carbon (10.3%), and precipitation of driest month ‘Biol14’
(3.4%) (Fig. 3). The rest of the variables tested have minor
effects with negligible contributions in the model, where
the sum of contributions of all these 26 variables totaled
only 11.8% (Appendix Table S1). Soil total nitrogen, slope
(<40%), soil total carbon and Bio 14, have a positive effect
on the spatial distribution of Cedrus atlantica. This means
that species occurrence probability increased when values
of the former variables increased. However, altitude, slope
(>40%), Bio8 had a negative effect on species occurrence
probability (Fig. 3).

3.3. Species range prediction and change

The mapping of Cedrus atlantica potential distribution
based on occurrence probabilities showed that favorable
habitats were fragmented and scattered over the entire
study area in northern Algeria. Species range distribution
occupied an area of 2089 km? which is 0.43% of the total
study area. In the current period (1950-2000), high poten-
tial occurrence areas occurred mainly in eastern of Algeria,
occupying high altitudes of the montane regions (Fig. 4).
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Figure 3. Response curves of Cedrus atlantica to the six most contributing environmental variables in species distribution modeling

(sum of contributions = 88.2%). The value shown on the y-axis (i.e. logistic prediction) is predicted probability of suitable

conditions, as given by the logistic output format, with all other variables set to their average value over the set of presence
localities. The contribution of each variable (in %) to the predicted model is the average of 10 repetitions. Contributions of
all tested environmental variables are reported in Appendix Table S1.

The model provided the future potential distribution
of the species for both years 2050 and 2070 projections,
which allowed to perform comparison tests to assess
changes in areas of the favorable habitats over time. The
results obtained here were consistent with our assumptions
about the distributional area undergoing significant shrink-

age for both future climate change scenarios. The degrada-
tion of Atlas Cedar range size is expected to be catastroph-
ic in the future. For the pessimistic scenario ‘RCP 8.5,
species range is predicted to decreased in 2050 by 76.3%
of the present suitable area, to reach by 2070 an area of
406 km? of suitable habitats, which represented 80.6% of



Modeling of the current and future potential distribution of Atlas cedar (Cedrus atlantica) forests revealed shifts 55

ALGERIA
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Figure 4. Predictive maps of Cedrus atlantica potential occur-
rence probabilities for the current period (1990-2000),
2050 and 2070 under RCP4.5 and RCP8.5 scenarios

decline in Atlas Cedar forests of Algeria. Species regres-
sions under the moderately optimistic scenario ‘RCP 4.5’
were not less bad than the previous projections for RCP8.5.
The area of Atlas Cedar forests is estimated to decline by

70.4% in 2050 and 71.6% in 2070 to reach 619 km? and
594 km?, respectively (Table 1).

Table 1. Projected changes in range size of Cedrus atlantica un-
der future climate scenarios in 2050 and 2070 based on
two representative concentration pathways (RCP4.5 and
RCP8.5) of the IPCC (2014)

Period scIelzlgr(i:os Raﬁiflzs]ize C[klzllrll%e C}[l‘;il]ge

Current — 2089 — —
2050 RCP 4.5 619 —-1470 -70.4
2050 RCP 8.5 518 —1571 -76.3
2070 RCP 4.5 594 —1495 -71.6
2070 RCP 8.5 406 -1683 -80.6

Future forecasts predicted for all RCP 4.5 and 8.5 sce-
narios for the years 2050 and 2070, showed significant
decreases in Cedrus atlantica ranges, particularly in the
western part of the study area. The comparisons of eleva-
tion, latitude, longitude and aridity index values between
occurrence probability maps indicated a change in species
range distribution that results in a refuge for the species at
high altitudes associated with latitudinal and longitudinal
shifts to the North and East of the area study, respectively

(Fig. 5).

4. Discussion

Using species distribution modelling approach, the current
study presented the potential spatial distribution of Atlas
Cedar forests in Algeria inferring the main environmen-
tal variables that influence its potential distribution. The
study also predicted current and future species distribu-
tional niche based on future climatic warming conditions
projected by the IPCC (2014). SDM results provided valu-
able information on the vulnerability of the Atlas Cedar to
future changes in environmental conditions of its actual
habitats. Our findings stress that Atlas Cedar populations
located in areas with drier conditions or that in the future
potentially will be exposed to droughts are the most sen-
sitive and prone to local extinction. The species range is
predicted to shrink with shifts towards wetter conditions,
in our case northward to mesic coastal areas and altitu-
dinally toward high elevations. SDM, such as MaxEnt,
is therefore a powerful tool that significantly help to the
understanding of ecological requirements of living organ-
isms and for the prediction of spatial distribution of suit-
able habitats at various spatial and temporal scales (Booth
et al., 2014; Guisan et al., 2017; Graham & Kimble, 2019).
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Characterized by intense and long periods of drought
and high temperature in summer that can reach damag-
ing thresholds, the climate of the Mediterranean basin be-
come increasingly severe, which can affect physiological
processes of trees and therefore lead to species loss and
large regression in forest areas (Allen et al., 2010; Choat
et al., 2012). Results of our survey revealed through spe-
cies response curve to the temperatures of the wettest sea-
son, that Atlas Cedar persists up to +6°C, from which the
probability of species occurrence begins to decline sharply
until it disappears. In addition, the response curve to the
precipitation of the driest month shows a positive response
of cedars to water availability. Previous studies revealed
that water absorption during summer in the Atlas Cedar
can reach up to 20 mm per month (Quézel, 1976; Aou-
bouazza, 2018).

Atlas Cedar prefers humid areas with cold winter and
it is highly vulnerable to high temperatures during this
season (Quézel, 1976). Frost play important role in ce-
dar regeneration because it triggers cone disarticulation
and influences seed dispersal success. Thus, the increase
in winter temperatures affects directly and negatively the
regeneration and sustainability of Atlas Cedar stands (Ez-
zahiri & Belghazi, 2000; Hansen et al., 2018). Temperature
and precipitations are considered as determining factors of
species spatial distribution, each species has its threshold
of tolerance with respect to these climatic factors. Several
studies highlighted that climate warming and depletion of
soil water reserve are the main causes of tree loss and for-
est dieback (Allen et al., 2010; Choat et al., 2012; Navarro-
Cerrillo et al., 2019). Physiologically, the availability of
water directly affects seedling emergence and plant growth
(Khanfouci, 2005; Aoubouazza, 2018).

Climate change forecasts in North Africa stress rising of
temperature and decreases in rainfall (Zeroual et al., 2019),
which might lead in the future to shrinkage of species range
and/or northward shift to more suitable favorable condi-
tions (Malcolm et al., 2006; Gonzalez et al., 2010; Garcia
et al., 2012; Tabet et al., 2018). Likewise, the long and in-
tense periods of drought associated with warm stress could
greatly alter the structure, composition and geographical
distribution of forests resulting in significant mortality, es-
pecial in forests located in drought prone areas (Gonzalez et
al., 2010; Linares et al., 2011). Recent studies suggest that
these severe environmental changes, if keep worsening with
same pace and trend, could lead to the extinction of the At-
las Cedar in the future (Arar et al., 2019; Bouahmed et al.,
2019). Already, the situation of Atlas Cedar forests in al-
most all North African populations is alarming and requires
urgent actions (Chenchouni, 2010; Thomas, 2013; Ched-
dadi et al., 2009, 2017; Linares et al., 2011; Abel-Schaad
et al., 2018; Navarro-Cerrillo et al., 2019).

In montane landscapes, topographic features such as
altitude, slope and aspect make forests more sensitive to

environmental changes along the ecological gradients cre-
ated along narrow altitudinal zones (Rhanem, 2010). Atlas
Cedar stands occurring in low elevations are the most vul-
nerable to dieback, which affecting both young seedlings
as well as old trees. In these areas, seed dispersal, seeding
and regeneration of cedars is easier than in high altitudes,
however the delay in the vegetative period caused by pro-
longed and/or severe water stress can lead to the mortal-
ity of young cedars because their root system is not suffi-
ciently developed (Ezzahiri & Belghazi, 2000; Khanfouci,
2005; Navarro-Cerrillo et al., 2019).

Several landscape-related factors aggravate the risk of
deterioration of montane cedar forests, which most often
occur on steep slopes and rugged terrains. According to
Atlas Cedar response curve to slope (Fig. 3), the suitable
habitats have slope <40%. Steeper slopes increase the risk
of water erosion that transports both all kinds of breeding
materials (i.e. seeds and cones) thus decreasing the chance
of regeneration, and soil particles, which expose surficial
roots, mainly of young seedlings, to air and dryness which
trigger their mortality (Khanfouci, 2005). Water erosion
in steep slopes with shallow soil reduces the level of litter
deposited and hinders carbon and organic matter turnover,
which affect plant nutrition as soil fertility deteriorates. In-
deed, sufficient level of organic matter in the soil is con-
sidered the key indicator of forest soil quality (Sequeira
& Alley, 2011). Likewise soil carbon content and nutrient
dynamics have a significant relationship with forest deg-
radation (Wan et al., 2019). The response curves obtained
show high contributions of total carbon and total nitrogen
to spatial distribution of Atlas Cedar, which expressed an
exponential increase of the occurrence probability with
the increase of C and N concentrations. The growth and
ramification of the root system is highly associated with
the availability of nitrogen in soil. Indeed, the relationship
between nitrogen uptake and plant carbon distribution di-
rectly affect shoots and roots. Increasing nitrogen supply
stimulates biomass production on shoots and roots of ce-
dar trees. Under natural conditions, nitrogen is one of the
environmental factors that regulates the establishment of
woody species (Boukcim et al., 2006; Wan et al., 2019).

Our findings expect a large decrease in the area occu-
pied by the Atlas Cedar forests for the year 2070 (about
71.6-80.6% of the current range size). This is consist-
ent with changes observed over the past inventories
(Bouahmed et al., 2019). According to Boudy (1950), the
area covered by Atlas Cedar forests in Algeria was about
300 km?, whereas Quézel (1998) mentioned a surface arca
of 200 km?. Modeling species suitable habitats may over-
estimate the range size compared to the field data, that
involve more accurate measurement methods. Our results
actually represent the number of pixels with suitable condi-
tions for the occurrence of the Atlas Cedar, although each
of these 1-km-resolution pixels contains variable number
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of cedar trees (at least one) thus with variable vegetation
cover. Nevertheless, comparing the same type of data over
time provide reliable information about vegetation dynam-
ics; thus our geostatistics are consistent in terms of the
decrease of Atlas Cedar forests area over time. The com-
parison of maps of aridity conditions and the probability of
Atlas Cedar occurrences for the present period and future
scenarios shows the concordance of future pessimistic cli-
mate predictions with the regression in Atlas cedar distri-
bution in northern Algeria.

The future dry and warm climatic conditions, marked
large decrease of precipitation and an increase of the
temperature, drought duration and intensity (Allen et al.,
2010), seem to be the main causes of Atlas Cedar die-
back at the lower limit of its range. High-altitude migra-
tion associated with latitudinal range shift northward the
humid climates are more pronounced in species habitats
with arid and semiarid conditions (Quézel, 1998; Rhanem,
2010; Bouahmed et al., 2019). Drought triggers species
shift towards high altitudes to look for favorable habitats.
However, those species with low dispersion capacity are
threatened by gradual range shrinkage that may results
in a species extinction (Rhanem 2010; Abel-Schaad et al.,
2018; Malcolm et al., 2006; Gonzalez et al., 2010). For
North African forests, a latitudinal shift towards the North
is expected as a direct consequence of the rapid advance
of aridity within the narrow band between the Mediterra-
nean Sea in the North and the Sahara Desert in the South
(Arar et al., 2009; Tabet et al., 2018; Zeroual et al., 2019).
Furthermore, our results expect a clear longitudinal shift of
Atlas cedar range from West to East. Eastern Algeria has
a greater potential of cedar presence compared to the West,
which could be mainly attributed to the favorable climatic
conditions for the growth and regeneration of the species,
in other words the aridity to the west of the country is more
severe compared to the eastern part where Atlas cedars can
persist in the face of various perils as well as to succeed
in reproduction and thus ensure the sustainability of stands.

5. Conclusion

Ecological niches of the Atlas Cedar in Algeria were ex-
plored to determine the environmental variables that con-
trol current habitats of species potential distribution. SDM
using MaxEnt revealed that species range could be con-
fined to montane habitats as scattered populations in north
of Algeria. Cedrus atlantica rage size is estimated at 2089
km?. Our findings reveal that the impacts of future climate
change on Cedrus atlantica forests would be high as sig-
nificant decreases in the spatial distribution through spe-
cies favorable habitats was furcated for 2070. Significant
decrease in suitable habitats is expected in Cedrus atlan-
tica range, where the species is predicted to move towards

areas with wetter conditions i.e. high elevations, northward
the coastal areas with humid and mesic climate, and east-
ward that is more suitable that the west of Algeria. Results
of this study enrich the existing information on the state of
North African forests and constitute a mean for supporting
decision-making in the sector of nature conservation. The
ecological situation of Atlas Cedar forests urges for the ne-
cessity of an urgent intervention and planned management.
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Table S1. Contributions of the 32 explanatory environmental variables used in ecological niche modeling of potential distribution of
Atlas Cedar (Cedrus atlantica) forests in Algeria

ariable Variable . .. Contribution
Variable description Source
category code [%]
Edaphic NTO Total nitrogen soil [g/kg] SoilGrids 222
. . Derived from

Topographic Alt Altitude [m] DEM 20.5

Climatic Bio8 Mean temperature of wettest quarter [°C] WorldClim 18.8
. Derived from
0,

Topographic Slope Slope [%] DEM 12.9
Edaphic CTO Total soil carbone [g/kg] SoilGrids 10.3
Climatic Biol4 Precipitation of driest month [mm)] WorldClim 34
Climatic Bio4 Temperature seasonality (standard deviation x 100) WorldClim 2.6
Edaphic AWC spr Spring soil available water capacity [mm] Computed 1.6
Edaphic Bulk dens Bulk density (fine earth) [kg/m?] SoilGrids 1.3
Climatic Bio3 Isothermality (Bio2/Bio7) (x100) WorldClim 0.8

Topographic Distance sea | Distance to the sea [m] Den]\)/%ci/[from 0.7
Edaphic Clay Soil texture fraction: Clay [%] SoilGrids 0.5
Edaphic K Exchang Exchangeable K* [cmol+/kg] SoilGrids 0.5
Edaphic Mg Exchang |Exchangeable Mg™ [cmol+/kg] SoilGrids 0.4
Edaphic pH Potential hydrogen SoilGrids 0.4
Edaphic Sand Soil texture fraction: Sand [%] SoilGrids 0.4
Climatic Biol6 Precipitation of wettest quarter [mm] WorldClim 0.3
Edaphic AWC summ | Summer soil available water capacity [mm] Computed 0.3
Edaphic CEC Cation exchange capacity [cmolc/kg] SoilGrids 0.3
Edaphic Porosity Porosity [%] SoilGrids 0.3

Topographic Rad_summ Global radiation during summer [Wh/m?] Derllx)/;(u‘rom 0.3

. . _r . . Derived from
Topographic Rad_spring Global radiation during spring [Wh/m?] DEM 0.3
Climatic Bio2 Mean dlzlrnal range (mean of monthly (max temp — min WorldClim 0.2
temp)) [°C]
Climatic Bio6 Min temperature of coldest month [°C] WorldClim 0.2
Climatic Biol5 Precipitation seasonality (coefficient of variation) WorldClim 0.1
Climatic Bio9 Mean temperature of driest quarter [°C] WorldClim 0.1
Edaphic Ca_Echang Exchangeable Ca™" [cmol+/kg] SoilGrids 0.1
. Derived from

Topographic Aspect Aspect DEM 0.1
Edaphic C N Carbon/nitrogen Ratio (C/N ratio) SoilGrids <0.1
Edaphic CE Electrical conductivity [dS/m] SoilGrids <0.1
Edaphic Na_Echang Exchangeable Na* [cmol+/kg] SoilGrids <0.1

. Base saturation (%) = (total exchangeable bases [cmolc/ s
Edaphic BS ke] / CEC) SoilGrids <0.1

DEM: Digital elevation model retrieved from ASTER GDEM version 2 (https://asterweb.jpl.nasa.gov/gdem-wist.asp). Generation &
Distribution: METI/ERSDAC/NASA/USGS

SoilGrids: https://SoilGrids.org
WorldClim: http://worldclim.org/versionl (Hijmans et al., 2005)




