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Climate change, which is expected to continue in the future, is increasingly becoming a major concern affecting many compo-
nents of the biodiversity and human society. Understanding its impacts on forest ecosystems is essential for undertaking long-term 
management and conservation strategies. This study was focused on modeling the potential distribution of Quercus suber in the 
Maamora Forest, the world’s largest lowland cork oak forest, under actual and future climate conditions and identifying the envi-
ronmental factors associated with this distribution. Maximum Entropy approach was used to train a Species Distribution Model and 
future predictions were based on different greenhouse gas emission scenarios (Representative Concentration Pathway RCPs). The 
results showed that the trained model was highly reliable and reflected the actual and future distributions of Maamora’s cork oak. It 
showed that the precipitation of the coldest and wettest quarter and the annual temperature range are the environmental factors that 
provide the most useful information for Q. suber distribution in the study area. The computed results of cork oak’s habitat suitabili-
ty showed that predicted suitable areas are site-specific and seem to be highly dependent on climate change. The predicted changes 
are significant and expected to vary (decline of habitat suitability) in the future under the different emissions pathways. It indicates 
that climate change may reduce the suitable area for Q. suber under all the climate scenarios and the severity of projected impacts is 
closely linked to the magnitude of the climate change. The percent variation in habitat suitability indicates negative values for all the 
scenarios, ranging –23% to –100%. These regressions are projected to be more important under pessimist scenario RCP8.5. Given 
these results, we recommend including the future climate scenarios in the existing management strategies and highlight the useful-
ness of the produced predictive suitability maps under actual and future climate for the protection of this sensitive forest and its key 
species – cork oak, as well as for other forest species.  

Keywords: Cork oak; habitat suitability; MaxEnt; modelling species distribution; Morocco.  

Introduction  
 

Human activity reflected in the emission of greenhouse gas will have 
a significant impact on the future climate (Stocker et al., 2013). Climate 
change is expected to continue in the future(Pielke Jr et al., 2022) and is 
increasingly becoming a major concern affecting many components of the 
biodiversity on a global scale (Hughes, 2000; McCarty, 2001; Nolan et al., 
2018) and the aspects of human society. Climate change is even involved 
in the most of shocks that keep or push households into poverty (Halle-
gatte et al., 2015) and is increasingly and disproportionately affecting all 
species and the integrity of the world’s ecosystems (Allan et al., 2021). 
Evidence shows that in various regions, climate change is contributing to 
increased water erosion, storm damage, frequency of forest fires, inunda-
tion and flood damage, pests, disease outbreaks, dieback of trees, 
landslides and avalanches. Those effects are already visible in the physiol-
ogy, phenology and ecological organization of species, are leading to 
changes in their composition and distribution (Avtaeva et al., 2021a, 
2021b; Di Nuzzo et al., 2021; Li et al., 2020) and can jeopardize the con-
tribution of forests to the provision of ecosystem services (Allan et al., 
2021).  

For Morocco, which is a North-African country, the climate projec-
tions were reported to have trends towards rising temperature, more 
brutal extreme weather events, and reduction in the rainfall volume 
(Driouech et al., 2010). These variations are likely to lead to alterations 

(reductions or expansions) of the distribution areas of certain forest 
species (Moukrim et al., 2020; Moukrim et al., 2019a). Long-term 
conservation of valuable forest species and their habitat under climate 
change rely on developing consistent and reliable information about the 
spatial distribution and identifying locations in which suitable habitat 
conditions exist and would remain suitable in the future for those spe-
cies (Franklin, 2009; Guisan et al., 2017). Such information remains 
scarce in the context of developing countries, which is a fundamental 
challenge that complicates the task of different stakeholders to better 
study and sustainably manage these forest ecosystems. The cork oak 
(Quercus suber L.), which is a remarkable forest ecosystem in the Me-
diterranean Basin (Fennane & Ibn Tattou, 2012), is a good example of 
those challenges and the impact of climate change on this species distri-
bution should be assessed to better prioritize short and long-term man-
agement efforts.  

To address this issue and to guide the development of relevant mana-
gement strategies in the context of the climate change, the objectives of 
this research were modeling Q. suber distribution in the Maamora forest 
under actual and future climate conditions, identifying the environmental 
factors associated with this distribution to improve the knowledge about 
the ecology of this species and predict how cork oak distribution could 
shift in the future under climate change projections. For this purpose, we 
used the Maximum Entropy approach (Phillips et al., 2006; Merow et al., 
2013), to train the Species Distribution Model, which represents a relevant 
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approach in conservation ecology and is an effective tool for ecologists 
and biosystems managers (Franklin, 2009; Guisan et al., 2017).  
 
Material and methods  
 

Ecology of the cork oak and study area. The cork oak (Q. suber) is an 
endemic Western Mediterranean sclerophyllous oak, which belongs to the 
Fagaceae family (Fennane & Ibn Tattou, 2012). It is widely spread on the 
Atlantic coasts of Portugal, Spain and Morocco and is also present in 
North Africa, southern France, the Italian coast and some Mediterranean 
islands (Corsica, Sardinia and Sicily) (Vessella & Schirone, 2013). Late 
Quaternary pollen sequences suggest that cork oak in North Africa has 
survived the Last Glacial period and important developments of this spe-
cies have been occurring from the Late Glacial to the Middle Holocene 
(Carrión et al., 2000). The species grows in warm-humid areas, from the 
sea-level to 2,000 m above sea level and prefer siliceous- or carbonate-free 
soils and can colonize extremely acid soils. The cork oak forests sustain a 
great variety of floral and faunal diversity and are of the highest social, 
economic, cultural and ecological value (Orgeas et al., 2003; Benabou 
et al., 2022).  

This study was conducted in the territory of Morocco, which is lo-
cated at the northwest corner of the African continent, between the Medi-
terranean Sea in the north, the Atlantic Ocean in the west and the Sahara 
Desert in the south. Special research was conducted in the Maamora Fo-
rest, which represents the largest lowland cork forest in the world (Nativi-
dade, 1956; Benabid, 2000; Aafi et al., 2005). It covers an area of 
132,000 hectares, including 60,000 hectares of pure cork oak populations 
and approximately 10,000 ha mixed with other species (Benabou et al., 
2022). The study area is dominated by the Mediterranean climate with dry 
season generally beginning in late April or early May and extending 
through October (Aafi et al., 2005). The localization of the study area and 
the current spatial distribution of Q. suber are presented in Figure 1. It 
shows that almost 46–53% of the study area is composed of natural stands 
of cork oak (Q. suber). The rest of the territory is occupied by some re-
stricted urban areas and other stands based on exotic species belonging to 
the genus: Eucalyptus, Acacia and Pinus (Aafi et al., 2005; Benabou et al., 
2022).  

  
Fig. 1. Maamora Forest localization and current occurrence  

of Q. suber in the study area  

The Maamora Forest represents valuable natural capital and consti-
tutes a space of primary importance for the local population including 
urban citizens (Boudy, 1950; Benabou et al., 2022). In the recent decades, 
the Maamora Forest has faced severe anthropogenic pressures (overgraz-
ing, excessive clearance of woodlands, overexploitation, fires and impro-
per tapping) (Bugalho et al., 2011) provoking a large dedensification, as 
well as the reduction in its area (decreased by 45% compared with the 
beginning of the last century (Emberger, 1939)) which negatively affects 
the ecosystem’s functions and services.  

Modeling approach, datasets and processing. Species Distribution 
Modeling (SDM) represents one of the most important tools in ecological 
forecasting, biogeography, species management, risk assessment, and 

conservation planning (Guisan & Zimmermann, 2000; Elith et al., 2006; 
Austin, 2007). It provides modeled information when there are gaps in the 
data and an overall lack of species distribution data. The principle of SDM 
is to link species locations with the environmental characteristics those 
species require in order to predict likelihood of species occurrence and to 
assess the contribution of each environmental variable to that prediction. 
The diversity of modeling techniques, ranging from expert opinion to 
mechanistic or correlative models based on classical statistics or artificial 
intelligence, is available and has been proposed for modeling species 
distribution (Franklin, 2009; Guisan et al., 2017), depending on the availa-
bility of the type of response variables and predictors. In this study, the 
maximum entropy approach was adopted by using the MaxEnt 3.3.3k 
algorithm (Phillips et al., 2006), since it is qualified as one of the best 
performing model (Elith & Graham, 2009; Merow et al., 2013). It used 
presence data only (Phillips et al., 2006), is relatively insensitive to spatial 
errors associated with location data (Elith et al., 2006) and helps users by 
providing parameters to assess model performance and contribution of 
each predictors to the model (Merow et al., 2013). Also, Quantum-GIS 
and R software were used to prepare the data, handle the spatial data, 
analyze the results and summarize the zonal statistics.  

The majority of the SDM including MaxEnt use biological and envi-
ronmental data. As biological data, a global dataset of one thousand two 
hundred seventy occurrence points (with precise geographic coordinates 
of latitude and longitude) of Q. suber was assembled. It comes specifically 
from the national forest inventory database (National Forest Inventory, 
2005). As environmental variables, we selected nineteen bioclimatic va-
riables, downloaded from Worldclim dataset (Hijmans et al., 2005; Fick 
& Hijmans, 2017), which are biologically more meaningful to define eco-
physiological tolerances of a vegetal species. The dataset provides interpo-
lated current and future climate layers, for each bioclimatic variable based on 
historical data in a 30 arc-second spatial resolution (equivalent to 1 km).  

For future (2070s) potential distribution, the four greenhouse gas 
emission scenarios (RCP2.6, RCP4.5, RCP6.0 and RCP8.5 known as 
optimistic to pessimistic scenarios) and the average of an ensemble of 
eighteen General Circulation Models approved by the IPCC were used 
(Kriegler et al., 2012; Stocker et al., 2013; Fick & Hijmans, 2017). The 
average maps of many GCMs for each scenarios are useful (Knutti et al., 
2010; Weigel et al., 2010).  

As recommended by Phillips & Dudik (2008), default settings for 
MaxEnt were used and a random subsample of 75% of the data were used 
to train the model and 25% were withheld for testing the predictive ability 
of the model by cross-validation. MaxEnt generates an estimate of habitat 
suitability (S) for the studied species, under current and future climate 
conditions, that generally varies 0 to 1 (lowest to highest suitability). 
To produce the suitability maps, under current and future climate predic-
tions, we imported the MaxEnt output data after we have applied the 
‘Equate entropy of thresholded and original distributions’ as threshold 
criteria (T) for binary classification (presence/absence) maps. A series of 
reclassified maps were produced under current and future climate condi-
tions, which were used to calculate the predicted change (stable, loss and 
new areas) in habitat suitability for each climate projection independently 
and to evaluate the impact of climate change on cork oak ecosystem.  

Furthermore, the results from the MaxEnt model include the two 
model evaluations (i.e., AUC and Jackknife test), and provides the percent 
contribution and the permutation importance of each independent variable 
used to develop the model and generates response curves for each predic-
tor variable (Phillips et al., 2006). Relevance of the generated model was 
tested through Area Under receiver-operating characteristic Curve (AUC) 
(Hanley & McNeil, 1982; Fawcett, 2006). According to Araújo et al. 
(2005), the model is bad or invalid when AUC < 0.70, acceptable or good 
when 0.70 ≤ AUC ≤ 0.90: excellent when AUC > 0.90. The Jackknife test 
(Miller, 1974) was used to determine the prediction power of each varia-
ble by assessing the relative importance of single explanatory variables 
included in model development.  
 
Results  
 

Calculation of the receiver-operating characteristic curve showed that 
the AUC, which was 0.990 and 0.991 respectively for the training and the 
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test data, is consistently high (Fig. 2a). The calculated AUC showed a 
significantly non-random distribution, indicating that our prediction mo-
dels can be considered highly accurate and may accurately reflect the 
actual and future cork oak tree distribution.  

  
Fig. 2. Model quality and bioclimatic variables contributions:  
a – area under receiver-operating characteristic curve (AUC);  

b – Jackknife test of variable importance results; for each variable,  
red bar represents the gain obtained by introducing all the variables,  

blue bar shows the gain obtained if this variable was used alone and the 
remaining variables were excluded from the analysis, turquoise bar shows 
how much the total gain is reduced if that specific variable was excluded 
from the analysis; environmental variables used: Bio_1 – annual mean 

temperature; Bio_2 – mean diurnal range; Bio_3 – isothermality; Bio_4 – 
temperature seasonality; BIO_5 – max temperature of warmest month; 
Bio_6 – min temperature of coldest month; Bio_7 – temperature annual 
range; Bio_8 – mean temperature of wettest quarter; Bio_9 – mean tem-

perature of driest quarter; Bio_10 – mean temperature of warmest quarter; 
Bio_11 – mean temperature of coldest quarter; Bio_12 – annual precipita-
tion; Bio_13 – precipitation of wettest month; Bio_14 – precipitation of 

driest month; Bio_15 – precipitation seasonality (coefficient of variation); 
Bio_16 – precipitation of wettest quarter; Bio_17 – precipitation of driest 
quarter; Bio_18 – precipitation of warmest quarter; Bio_19 – precipitation 

of coldest quarter  

Analysis of the relative contributions and the permutation importance 
of each independent variable to the MaxEnt model prediction suggests 
that the precipitation of coldest (Bio_19) and wettest (Bio_16) quarters 
and temperature annual range (Bio_07) are, in this order, the most impor-
tant variables. In addition, the Jackknife test results confirm the importance 
of those variables in the cork oak distribution modeling (Fig. 2b). It shows 

that the environmental variable with the highest gain, when used in isola-
tion, is the precipitation of wettest quarter, which therefore appears to have 
the most useful information by itself. The environmental variable that 
decreases the gain mostly when it is omitted is the precipitation of coldest 
quarter, which therefore appears to have the most information that is not 
present in the other variables.  

Potential suitable areas of Q. suber. Results of the cork oak distribu-
tion model were continuous probability maps showing the current and 
future potential distribution areas of Q. suber in the Maamora Forest 
(Fig. 3). Under the current climatic conditions, the habitat suitability for 
Q. suber is primarily predicted to be highest and most concentrated in the 
central and western parts of the Maamora Forest (Fig. 3a). The trained 
model predicts a broad area as highly suitable (S ≥ T) for Q. suber occur-
rence under the current climate conditions (121,727 ha). This potential 
areas are mostly confined to the areas where the species is currently 
present but is significantly much larger than the actual occurrence of this 
species (~ 60,000 ha, Fig. 1). The overall effective occurrence of this spe-
cies was predicted to be highly suitable and some new areas in the eastern 
part were predicted as suitable under the current climate conditions.  

For 2070, MaxEnt model projections based on the average of diffe-
rent Global Circulation Models revealed that suitable areas for cork oak 
distribution are located in some specific sites in the Maamora forest and 
appear to be highly dependent on future climate conditions (Fig. 3b–e). 
The predicted future ranges of the habitat are likely to be negatively affec-
ted by future climate and under each of future scenarios (going from the 
optimistic to the pessimistic scenario) (Fig. 3b-e). Large parts of the cur-
rently highly suitable areas will be affected and only few or no initial areas 
(depending on climate scenario) will remain suitable in the future. Under 
RCP8.5 scenario (Fig. 4d), a total absence of suitable areas of cork oak 
was noted. Also, suitable areas under RCP6.0 (Fig. 3d) are projected less 
than those predicted in intermediate (Fig. 3c) and optimistic (Fig. 3b) 
scenarios. In addition, actual suitable areas located in the eastern part 
(Fig. 3a), where the species are actually present in some part (Fig. 1), will 
be unsuitable in the future.  

Habitat suitability changes of Q. suber. Overlaying the potential dis-
tribution maps under the current (Fig. 3a) and future climate (Fig. 3b–e) 
conditions allowed us to estimate changes in the distribution of Q. suber 
for each future climate scenarios (Fig. 4). The predicted changes in the 
potential suitable areas of this species in the Maamora Forest are signifi-
cant and expected to vary in the future under the different emission path-
ways (Fig. 4, Table1).  

The percent variation in habitat suitability indicates negative values 
for all the scenarios, ranging –23% to –100%. These regressions are pro-
jected to be more important under pessimist scenario RCP8.5 and less 
important under optimistic scenario RCP2.6 (Fig. 4, Table 1).  

Table 1  
Predicted change in habitat suitability (ha)  
for Maamora Q. suber distribution under future climate conditions  

Characteristic Current climate 
prediction, ha 

Future climate prediction 2070 
RCP2.6 RCP4.5 RCP6.0 RCP8.5 

Stable suitable area  121 727 94 015 
(77.2%) 

33 794 
(27.8%) 

20 817 
(17.1%) 

0 
(0.0%) 

Lost of suitable area – 27 712 
(–22.8%) 

87 933 
(–72.2%) 

100 910 
(–82.9%) 

121 727 
(–100.0%) 

New suitable area – 0 0 0 0 
Unsuitable area 10 273 37 985 98 206 111183 132 000 
Note: % for future habitat suitability, the percent changes from current climate predic-
tions are provided in parenthesis.  

 
Discussion  
 

This research represents the first attempt to understand impacts of the 
future climate change on the distribution of Q. suber and the developed 
model was highly reliable and reflected the actual and future Maamora 
Forest’s cork oak distributions (Merow et al., 2013). The trained model 
showed that the precipitation of coldest and wettest quarters and the an-
nual temperature range are the environmental factors that provide the most 
useful information for Q. suber distribution in the study area, which con-
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firmed the affinity of this species to warm-humid Mediterranean biocli-
matic environment (Achhal et al., 1979; Benabid, 1982; Aafi et al., 2005). 
The other environmental variables contributed very little to the prediction. 
These results highlight the importance of understanding seasonal weather 
patterns and considering extreme values of variables. Annual mean values 

of temperature and precipitation have little significance and limited pe-
riods (monthly) are too short as bioclimatic indicators. Such kind of results 
contributes to a better understanding of the range of environmental condi-
tions that suit Q. suber in the Maamora forest and improves our know-
ledge about the ecology of this species.  

 

  
Fig. 3. Q. suber habitat suitability (predicted habitat suitability of this species in the Maamora Forest using):  

a – actual and future climate scenarios for 2070: b– RCP2.6, c – RCP4.5, d – RCP6.0, e – RCP8.5  

  

Fig. 4. Q. suber habitat suitability changes by 2070 for future climate scenarios: a – RCP2.6, b – RCP4.5, c – RCP6.0, d – RCP8.5  

The current potential suitable areas confirmed the affinity of this spe-
cies to large areas in the Maamora Forest, especially for the western region 
of the Maamora, which spreads significantly from the Atlantic Ocean. It 
correlated strongly with the actual occurrences of this species (Fig. 1) and 
with the existing literature (Achhal et al., 1979; Benabid, 1982, 2000). 
Current potential suitable areas (Fig. 3a) suggested that other parts of the 
Maamora Forest are bioclimatically suitable for this species. This is cohe-
rent with the results related to the potential distribution of other species in 
Morocco (Moukrim et al., 2018, 2020; Rifai et al., 2020). However, de-
spite favourable bioclimatic conditions, this species has not colonized all 

potential areas and is still absent in some parts, mainly from the eastern 
parts of the current distribution areas. This absence can be probably due to: 
excessive pressure and silvicultural choices made in the past for the estab-
lishment of exotic forest species (Pinus and Eucalyptus) in order to meet 
the needs of industry (pulpwood production) and needs of local popula-
tions in terms of firewood (Benabou et al., 2022); and difficulties of rege-
neration of this species (Lahssini et al., 2015). Those difficulties will be 
greater in the context of the future climate.  

For the future conditions, changes in potential suitable areas for cork 
oak in the Maamora Forest have been recorded for different climate sce-
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narios (Fig. 4). The analysis of changes in the suitability indicates that 
climate change may reduce the suitable area for Q. suber and the severity 
of projected impacts is closely linked to the magnitude of the climate 
change. The computed results showed a gradual regression under all the 
climate scenarios (Table 1). This evidence is coherent with the results of 
other work related to other species, which globally confirm that negative 
impacts are found more commonly than positive ones (Hughes, 2000; 
McCarty, 2001; Moukrim et al., 2019a; Moukrim et al., 2020; Di Nuzzo 
et al., 2021). Those results present a clear picture of the potential impacts 
of the climate change on forest resources. The severity of this impact, in 
turn, depends crucially on human-caused emissions of greenhouse gases 
over the next few decades and the involvement of the parties in the im-
plementation of international commitments in relation to the climate 
change. Therefore, in order to protect this ecosystem, we recommend 
including the future climate scenarios in the existing management strate-
gies (Millar et al., 2007).  

Faced with the impacts of climate change and the uncertainties gener-
ated by this phenomenon, the classic tools for the choice of conservation 
and development of actions for the Maamora Forest appear ill-suited to 
guide managers and scientists in terms of choice of sites and also in terms 
of techniques, intensity and time frame of action. Such inadequacy was 
noticed in the current management plan of this forest, which does not 
consider that the natural spatial distribution of cork oak may vary in the 
context of the climate change. Maps produced under the current and future 
climatic conditions (Fig. 3) improve our knowledge of the ecology of the 
studied species and provide additional information compared to the occur-
rence data only. They constitute a reflection tool available to the scientist 
and manager to clarify decision-making and apprehension of the beha-
viour of this species in the context of the climate change. Those maps will 
make it possible to identify and clarify the choice of priority action sites for 
the conservation and development of the Q. suber in the Maamora Forest. 
They will also make it possible to better reason the intensity of the inter-
ventions and to remodel the efforts according to the suitability and the 
probability of the presence recorded in different environments. Highly 
suitable areas under the current climatic conditions (Fig. 3a), mainly those 
currently characterized by the occurrence of cork oak (Fig. 1), and which 
will remain favorable for this species in the future (Fig. 3b-e), must be 
managed by urgent conservation actions (Moukrim et al., 2019b).  
 
Conclusion  
 

The computed results of cork oak’s habitat suitability showed that 
predicted suitable areas are site-specific and seem to be highly dependent 
on climate change. The comparison of potential distribution maps under 
the current and future climate conditions reveals that the habitat suitability 
may decline with the global warming. Based on those results, we recom-
mend including the climate change scenarios in the existing restoration 
and conservation strategies for the protection of this sensitive forest and its 
key species – cork oak. In this context, predictive suitability maps will be 
valuable tools for developing adaptive strategies to deal with the future 
climate change in the largest lowland cork forest in the world and in all 
forest ecosystems.  
 

Author contributions: conceptualization, S.M., A.B. and S.L.; methodology, S.M., 
A.B. and S.L.; software, S.M., A.B. and S.L.;validation, S.M., A.B. and S.L.; formal 
analysis, S.M., A.B., S.L. and L. R.; investigation, S.M., A.E. K.M., M.E. and 
M.E.M.; resources, B.A., A.E., K.M., M.E. and M.E.M.; data curation, S.M., A.B. 
and L.R.; writing – original draft preparation, S.M., A.B. and S.L.; writing – review 
and editing, S.M., A.B., S.L., L.R., A.E., K.M., M.E. and M.E.M.; visualization, S.M. 
and A.B.; supervision, S.M.; project administration, S.M. and A.B.  

 
References  
 
Aafi, A., El Kadmiri, A. A., Benabid, A., & Rochdi, M. (2005). Richesse et diversité 

floristique de la suberaie de la Mamora (Maroc) [Richness and floristic diversity 
of the cork oak forest of Mamora (Morocco)]. Acta Botanica Malacitana, 30, 
127–138.  

Achhal, A., Akabli, O., Barbero, M., Benabid, A., M’hirit, A., Peyre, C., Quezel, P., 
& Rivas-Martinez, S. (1979). A propos de la valeur bioclimatique et dynamique 

de quelques essences forestières au Maroc [About the bioclimatic and dynamic 
value of some forest species in Morocco]. Ecologia Mediterranea, 5, 211–249.  

Allan, R. P., Cassou, C., Chen, D., Cherchi, A., Connors, L., Doblas-Reyes, F. J., 
Douville, H., Driouech, F., Edwards, T. L., Fischer, E., Flato, G. M., Forster, P., 
AchutaRao, K. M., Adhikary, B., Aldrian, E., & Armour, K. (2021). Summary 
for Policymakers. In : Climate Change 2021: The Physical Science Basis. Con-
tribution of Working Group I to the Sixth Assessment Report of the Intergo-
vernmental Panel on Climate Change. Cambridge University Press.  

Araújo, M. B., Pearson, R. G., Thuiller, W., & Erhard, M. (2005). Validation of spe-
cies-climate impact models under climate change. Global Change Biology, 
11(9), 1504–1513.  

Austin, M. (2007). Species distribution models and ecological theory: A critical as-
sessment and some possible new approaches. Ecological Modelling, 200, 1–19.  

Avtaeva, T. A., Sukhodolskaya, R. A., & Brygadyrenko, V. V. (2021a). Modeling 
the bioclimating range of Pterostichus melanarius (Coleoptera, Carabidae) in 
conditions of global climate change. Biosystems Diversity, 29(2), 140–150.  

Avtaeva, T., Petrovičová, K., Langraf, V., & Brygadyrenko, V. (2021b). Potential 
bioclimatic ranges of crop pests Zabrus tenebrioides and Harpalus rufipes du-
ring climate change conditions. Diversity, 13, 559.  

Benabid, A. (1982). Bref aperçu sur la zonation altitudinale de la végétation climaci-
que du Maroc. Ecologia Mediterranea, 8(1), 301–315.  

Benabid, A. (2000). Flore et écosystèmes du Maroc : Evaluation et préservation de la 
biodiversité [Flora and ecosystems of Morocco: Assessment and preservation of 
biodiversity]. Ibis Press & Kalila Wa Dimna, Paris, Rabat.  

Benabou, A., Moukrim, S., Laaribya, S., Aafi, A., Chkhichekh, A., Maadidi, T. E., & 
El Aboudi, A. (2022). Mapping ecosystem services of forest stands: Case study of 
Maamora, Morocco. Geography, Environment, Sustainability, 15(1), 141–149.  

Boudy, P. (1950). Economie forestière Nord-africaine-Tome 2 : Monographies et 
traitements des essences forestières [North African forestry economy – Volume 
2: Monographs and treatments of forest species]. Edition Larose, Paris.  

Bugalho, M. N., Caldeira, M. C., Pereira, J. S., Aronson, J., & Pausas, J. G. (2011). 
Mediterranean cork oak savannas require human use to sustain biodiversity and 
ecosystem services. Frontiers in Ecology and the Environment, 9(5), 278–286.  

Carrión, J. S., Parra, I., Navarro, C., & Munuera, M. (2000). Past distribution and 
ecology of the cork oak (Quercus suber) in the Iberian Peninsula: A pollen-
analytical approach. Diversity and Distributions, 6(1), 29–44.  

Di Nuzzo, L., Vallese, C., Benesperi, R., Giordani, P., Chiarucci, A., Di Cecco, V., Di 
Martino, L., Di Musciano, M., Gheza, G., Lelli, C., Spitale, D., & Nascimbene, 
J. (2021). Contrasting multitaxon responses to climate change in Mediterranean 
mountains. Scientific Reports, 11(1), 4438.  

Driouech, F., Déqué, M., & Sánchez-Gómez, E. (2010). Weather regimes – Moroc-
can precipitation link in a regional climate change simulation. Global and Plane-
tary Change, 72(1), 1–10.  

Elith, J., & Graham, C. H. (2009). Do they? How do they? Why do they differ? On 
finding reasons for differing performances of species distribution models. Eco-
graphy, 32(1), 66–77.  

Elith, J., Graham, C. H., Anderson, R. P., Dudík, M., Ferrier, S., Guisan, A., Hijmans, 
R. J., Huettmann, F., Leathwick, J. R., Lehmann, A., Li, J., Lohmann, L. G., A. 
Loiselle, B., Manion, G., Moritz, C., Nakamura, M., Nakazawa, Y., Overton, J. 
McC. M., Peterson, A. T., Phillips, S. J., Richardson, K., Scachetti-Pereira, R., 
Soberon, J., Williams, S., Wisz, M. S., Zimmermann, N. E. (2006). Novel me-
thods improve prediction of species’ distributions from occurrence data. Eco-
graphy, 29(2), 129–151.  

Fennane, M., & Ibn Tattou, M. (2012). Statistiques et commentaires sur l’inventaire 
actuel de la flore vasculaire du Maroc [Statistics and comments on the current 
inventory of the vascular flora of Morocco]. Bulletin de l’Institut Scientifique, 
Rabat, section Sciences de la Vie, 34(1), 1–9.  

Fick, S. E., & Hijmans, R. J. (2017). WorldClim 2: New 1-km spatial resolution 
climate surfaces for global land areas. International Journal of Climatology, 
37(12), 4302–4315.  

Franklin, J. (2009). Mapping species distributions: Spatial inference and prediction. 
Cambridge University Press, Cambridge.  

Guisan, A., Thuiller, W., & Zimmermann, N. E. (2017). Habitat suitability and distri-
bution models with applications in R. Cambridge University Press, Cambridge.  

Guisan, A., & Zimmermann, N. E. (2000). Predictive habitat distribution models in 
ecology. Ecological Modelling, 135(2), 147–186.  

Hallegatte, S., Fay, M., Bangalore, M., Kane, T., & Bonzanigo, L. (2015). Shock 
waves: Managing the impacts of climate change on poverty. World Bank Pub-
lications, Washington.  

Hanley, J. A., & McNeil, B. J. (1982). The meaning and use of the area under a 
receiver operating characteristic (ROC) curve. Radiology, 143(1), 29–36.  

Hijmans, R. J., Cameron, S. E., Parra, J. L., Jones, P. G., & Jarvis, A. (2005). Very 
high resolution interpolated climate surfaces for global land areas. International 
Journal of Climatology, 25(15), 1965–1978.  

Hughes, L. (2000). Biological consequences of global warming: Is the signal already 
apparent? Trends in Ecology and Evolution, 15(2), 56–61.  

Knutti, R., Abramowitz, G., Eyring, V., Gleckler, P. J., Hewitson, B., & Mearns, L. 
(2010). Good practice guidance paper on assessing and combining multi model 

293 

http://doi.org/10.24310/abm.v30i0.7187
http://doi.org/10.24310/abm.v30i0.7187
http://doi.org/10.24310/abm.v30i0.7187
http://doi.org/10.24310/abm.v30i0.7187
http://doi.org/10.1017/9781009157896.001
http://doi.org/10.1017/9781009157896.001
http://doi.org/10.1017/9781009157896.001
http://doi.org/10.1017/9781009157896.001
http://doi.org/10.1017/9781009157896.001
http://doi.org/10.1017/9781009157896.001
http://doi.org/10.1111/j.1365-2486.2005.001000.x
http://doi.org/10.1111/j.1365-2486.2005.001000.x
http://doi.org/10.1111/j.1365-2486.2005.001000.x
http://doi.org/10.1016/j.ecolmodel.2006.07.005
http://doi.org/10.1016/j.ecolmodel.2006.07.005
http://doi.org/10.15421/012119
http://doi.org/10.15421/012119
http://doi.org/10.15421/012119
http://doi.org/10.3390/d13110559
http://doi.org/10.3390/d13110559
http://doi.org/10.3390/d13110559
http://doi.org/10.3406/ecmed.1982.1956
http://doi.org/10.3406/ecmed.1982.1956
http://doi.org/10.24057/2071-9388-2021%E2%80%93047
http://doi.org/10.24057/2071-9388-2021%E2%80%93047
http://doi.org/10.24057/2071-9388-2021%E2%80%93047
http://doi.org/10.1890/100084
http://doi.org/10.1890/100084
http://doi.org/10.1890/100084
http://doi.org/10.1046/j.1472-4642.2000.00070.x
http://doi.org/10.1046/j.1472-4642.2000.00070.x
http://doi.org/10.1046/j.1472-4642.2000.00070.x
http://doi.org/10.1038/s41598-021-83866-x
http://doi.org/10.1038/s41598-021-83866-x
http://doi.org/10.1038/s41598-021-83866-x
http://doi.org/10.1038/s41598-021-83866-x
http://doi.org/10.1016/j.gloplacha.2010.03.004
http://doi.org/10.1016/j.gloplacha.2010.03.004
http://doi.org/10.1016/j.gloplacha.2010.03.004
http://doi.org/10.1111/j.1600-0587.2008.05505.x
http://doi.org/10.1111/j.1600-0587.2008.05505.x
http://doi.org/10.1111/j.1600-0587.2008.05505.x
http://doi.org/10.1111/j.2006.0906-7590.04596.x
http://doi.org/10.1111/j.2006.0906-7590.04596.x
http://doi.org/10.1111/j.2006.0906-7590.04596.x
http://doi.org/10.1111/j.2006.0906-7590.04596.x
http://doi.org/10.1111/j.2006.0906-7590.04596.x
http://doi.org/10.1111/j.2006.0906-7590.04596.x
http://doi.org/10.1111/j.2006.0906-7590.04596.x
http://doi.org/10.1002/joc.5086
http://doi.org/10.1002/joc.5086
http://doi.org/10.1002/joc.5086
http://doi.org/10.1017/CBO9780511810602
http://doi.org/10.1017/CBO9780511810602
http://doi.org/10.1017/9781139028271
http://doi.org/10.1017/9781139028271
http://doi.org/10.1016/s0304-3800(00)00354-9
http://doi.org/10.1016/s0304-3800(00)00354-9
http://doi.org/10.1596/978-1-4648-0673-5
http://doi.org/10.1596/978-1-4648-0673-5
http://doi.org/10.1596/978-1-4648-0673-5
http://doi.org/10.1148/radiology.143.1.7063747
http://doi.org/10.1148/radiology.143.1.7063747
http://doi.org/10.1002/joc.1276
http://doi.org/10.1002/joc.1276
http://doi.org/10.1002/joc.1276
http://doi.org/10.1016/S0169-5347(99)01764-4
http://doi.org/10.1016/S0169-5347(99)01764-4


 

Biosyst. Divers., 2022, 30(3) 

climate projections. In: Stocker, T. F., Qin, D., Plattner, G.-K., Tignor, M., & 
Midgley, P. M. (Éds.). Meeting Report of the IPCC Expert meeting on assess-
ing and combining multi model climate projections. IPCC Working Group I 
Technical Support Unit, University of Bern. Bern. Pp. 1–11.  

Kriegler, E., O’Neill, B. C., Hallegatte, S., Kram, T., Lempert, R. J., Moss, R. H., & 
Wilbanks, T. (2012). The need for and use of socio-economic scenarios for cli-
mate change analysis: A new approach based on shared socio-economic path-
ways. Global Environmental Change, 22(4), 807–822.  

Lahssini, S., Lahlaoi, H., Alaoui, H. M., Bagaram, M., & Ponette, Q. (2015). Predic-
ting cork oak suitability in Maamora forest using random forest algorithm. Jour-
nal of Geographic Information System, 7(2), 202.  

Li, G., Huang, J., Guo, H., & Du, S. (2020). Projecting species loss and turnover 
under climate change for 111 Chinese tree species. Forest Ecology and Man-
agement, 477, 118488.  

McCarty, J. P. (2001). Ecological consequences of recent climate change. Conserva-
tion Biology, 15(2), 320–331.  

Merow, C., Smith, M. J., & Silander, J. A. (2013). A practical guide to MaxEnt for 
modeling species’ distributions: What it does, and why inputs and settings mat-
ter. Ecography, 36(10), 1058–1069.  

Millar, C. I., Stephenson, N. L., & Stephens, S. L. (2007). Climate change and forests 
of the future: Managing in the face of uncertainty. Ecological Applications, 
17(8), 2145–2151.  

Miller, R. G. (1974). The jackknife – a review. Biometrika, 61(1), 1–15.  
Moukrim, S., Lahssini, S., Mharzi-Alaoui, H., Rifai, N., Arahou, M., & Rhazi, L. 

(2018). Modélisation de la distribution spatiale des espèces endémiques pour 
leur conservation : Cas de l’Argania spinosa (L.) Skeels [Modeling the spatial 
distribution of endemic species for their conservation: the case of Argania spi-
nosa (L.) Skeels]. Revue d’Ecologie (Terre et Vie), 73(2), 153–166.  

Moukrim, S., Lahssini, S., Rhazi, M., Alaoui, H. M., Benabou, A., Wahby, I., El 
Madihi, M., Arahou, M., & Rhazi, L. (2019a). Climate change impacts on po-
tential distribution of multipurpose agro-forestry species: Argania spinosa (L.) 
Skeels as case study. Agroforestry Systems, 93(4), 1209–1219.  

Moukrim, S., Lahssini, S., Naggar, M., Lahlaoi, H., Rifai, N., Arahou, M., & Rhazi, 
L. (2019b). Local community involvement in forest rangeland management: 
Case study of compensation on forest area closed to grazing in Morocco. The 
Rangeland Journal, 41(1), 43–53.  

Moukrim, S., Lahssini, S., Rifai, N., Menzou, K., Mharzi-Alaoui, H., Labbaci, A., 
Rhazi, M., Wahby, I. W., El Madihi, M., & Rhazi, L. (2020). Modélisation de la 
distribution potentielle de Cedrus atlantica Manetti au Maroc et impacts du 
changement climatique [Modelling the potential distribution of Cedrus atlantica 

Manetti in Morocco and impacts of climate change]. Bois & Forêts des Tropi-
ques, 344, 3–16.  

Natividade, J. V. (1956). Subériculture, édition française de l’ouvrage portugais 
“Subericultura” [Subericulture, French edition of the Portuguese book “Suberi-
cultura”]. Ecole Nationale des Eaux et Forêts, Nancy France.  

Nolan, C., Overpeck, J. T., Allen, J. R. M., Anderson, P. M., Betancourt, J. L., Bin-
ney, H. A., Brewer, S., Bush, M. B., Chase, B. M., Cheddadi, R., Djamali, M., 
Dodson, J., Edwards, M. E., Gosling, W. D., Haberle, S., Hotchkiss, S. C., 
Huntley, B., Ivory, S. J., Kershaw, A. P., Djamali, M., Dodson, J., Edwards, 
M. E., Gosling, W. D., Haberle, S., Hotchkiss, S. C., Huntley, B., Ivory, S. J., 
Kershaw, A. P., Kim, S. H., Latorre, C., Leydet, M., Lézine, A. M., Liu, K. B., 
Liu, Y., Lozhkin, A. V., McGlone, M. S., Marchant, R. A., Momohara, A., Mo-
reno, P. I., Müller, S., Otto-Bliesner, B. L., Shen, C., Stevenson, J., Takahara, H., 
Tarasov, P. E., Tipton, J., Vincens, A., Weng, C., Xu, Q., Zheng, Z., & Jackson, 
S. T. (2018). Past and future global transformation of terrestrial ecosystems un-
der climate change. Science, 361(6405), 920–923.  

Phillips, S. J., Anderson, R. P., & Schapire, R. E. (2006). Maximum entropy mode-
ling of species geographic distributions. Ecological Modelling, 190, 231–259.  

Phillips, S. J., & Dudík, M. (2008). Modeling of species distributions with Maxent: 
New extensions and a comprehensive evaluation. Ecography, 31(2), 161–175.  

Pielke Jr, R., Burgess, M. G., & Ritchie, J. (2022). Plausible 2005–2050 emissions 
scenarios project between 2 °C and 3 °C of warming by 2100. Environmental 
Research Letters, 17(2), 024027.  

Rifai, N., Moukrim, S., Khattabi, A., Lahssini, S., Alaoui, H. M., & Rhazi, L. (2020). 
Prédiction de l’aire potentielle de répartition du genévrier thurifère (Juniperus 
thurifera) au Maroc [Prediction of the potential distribution area of the Spanish 
juniper (Juniperus thurifera) in Morocco]. Revue Marocaine des Sciences 
Agronomiques et Vétérinaires, 8(2), 141–150.  

Stocker, T. F., Qin, D., Plattner, G.-K., Tignor, M., Allen, S. K., Boschung, J., Nauels, 
A., Xia, Y., Bex, B., & Midgley, M. B. (2013). Climate change 2013: The 
physical science basis. Contribution of working group I to the fifth assessment 
report of the intergovernmental panel on climate change. Cambridge University 
Press, Cambridge.  

Vessella, F., & Schirone, B. (2013). Predicting potential distribution of Quercus 
suber in Italy based on ecological niche models: Conservation insights and re-
forestation involvements. Forest Ecology and Management, 304, 150–161.  

Weigel, A. P., Knutti, R., Liniger, M. A., & Appenzeller, C. (2010). Risks of model 
weighting in multimodel climate projections. Journal of Climate, 23(15), 4175–
4191.  

 
 
 

294 

http://doi.org/10.1016/j.gloenvcha.2012.05.005
http://doi.org/10.1016/j.gloenvcha.2012.05.005
http://doi.org/10.1016/j.gloenvcha.2012.05.005
http://doi.org/10.1016/j.gloenvcha.2012.05.005
http://doi.org/10.4236/jgis.2015.72017
http://doi.org/10.4236/jgis.2015.72017
http://doi.org/10.4236/jgis.2015.72017
http://doi.org/10.1016/j.foreco.2020.118488
http://doi.org/10.1016/j.foreco.2020.118488
http://doi.org/10.1016/j.foreco.2020.118488
http://doi.org/10.1046/j.1523-1739.2001.015002320.x
http://doi.org/10.1046/j.1523-1739.2001.015002320.x
http://doi.org/10.1111/j.1600-0587.2013.07872.x
http://doi.org/10.1111/j.1600-0587.2013.07872.x
http://doi.org/10.1111/j.1600-0587.2013.07872.x
http://doi.org/10.1890/06-1715.1
http://doi.org/10.1890/06-1715.1
http://doi.org/10.1890/06-1715.1
http://doi.org/10.1093/biomet/61.1.1
http://doi.org/10.1007/s10457-018-0232-8
http://doi.org/10.1007/s10457-018-0232-8
http://doi.org/10.1007/s10457-018-0232-8
http://doi.org/10.1007/s10457-018-0232-8
http://doi.org/10.1071/RJ17119
http://doi.org/10.1071/RJ17119
http://doi.org/10.1071/RJ17119
http://doi.org/10.1071/RJ17119
http://doi.org/10.19182/bft2020.344.a31888
http://doi.org/10.19182/bft2020.344.a31888
http://doi.org/10.19182/bft2020.344.a31888
http://doi.org/10.19182/bft2020.344.a31888
http://doi.org/10.19182/bft2020.344.a31888
http://doi.org/10.19182/bft2020.344.a31888
http://doi.org/10.1126/science.aan5360
http://doi.org/10.1126/science.aan5360
http://doi.org/10.1126/science.aan5360
http://doi.org/10.1126/science.aan5360
http://doi.org/10.1126/science.aan5360
http://doi.org/10.1126/science.aan5360
http://doi.org/10.1126/science.aan5360
http://doi.org/10.1126/science.aan5360
http://doi.org/10.1126/science.aan5360
http://doi.org/10.1126/science.aan5360
http://doi.org/10.1126/science.aan5360
http://doi.org/10.1016/j.ecolmodel.2005.03.026
http://doi.org/10.1016/j.ecolmodel.2005.03.026
http://doi.org/10.1111/j.0906-7590.2008.5203.x
http://doi.org/10.1111/j.0906-7590.2008.5203.x
http://doi.org/10.1088/1748-9326/ac4ebf
http://doi.org/10.1088/1748-9326/ac4ebf
http://doi.org/10.1088/1748-9326/ac4ebf
http://doi.org/10.1016/j.foreco.2013.05.006
http://doi.org/10.1016/j.foreco.2013.05.006
http://doi.org/10.1016/j.foreco.2013.05.006
http://doi.org/10.1175/2010JCLI3594.1
http://doi.org/10.1175/2010JCLI3594.1
http://doi.org/10.1175/2010JCLI3594.1

