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Abstract 
Following the assumption that some soils are less suitable for the development of cork oak, a 
substitution of cork oak by exotic species has been carried out on a large part of Maamora forest. 
However, soil is not the only factor to consider in assessing the suitability. Therefore, some areas 
might just suit to cork oak but to what extent? To answer this question, major factors known to in-
fluence the regeneration of cork oak have been identified and mapped using multicriteria evalua-
tion. Therefore, factors were incorporated by weighted linear combination to determine suitabili-
ty indices for the regeneration of cork oak. The weight of each factor was estimated by expert 
judgment using the AHP (Analytic Hierarchy Process) approach. The main factors influencing the 
cork oak regeneration suitability in Maamora forest are climate expressed by “continentality”, 
terrainslope, thickness of the sand, slope of the clay floor layer, and plant communities and soil 
types. These factors were mapped by incorporating fuzzy logic in order to avoid crisp classes and 
ensure a smooth transition between the preference and indifference. This allowed then to inte-
grate uncertainty in the knowledge of the exact class limits. Finally, four classes of regeneration 
suitability were obtained. These classes are good, medium, low and very low suitability and which 
represent 17.40%, 40.18%, 34.84% and 4.28% of the forest area respectively. 
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1. Introduction 
Maamora is considered the largest cork oak forest in the world that is in one piece with an area of 131,738 ha. It 
consists of about 60,000 ha of cork oak, the rest of the surface is occupied by the introduced species [1]. Due to 
its diversity and its proximity to major cities, Maamora’s forest plays a very important economic, environmental 
and social function [2]. Regeneration is a key factor in forest conservation and mitigation of deficit in wood 
products. This activity is based among other things for its success on a perfect knowledge of the fitness stations. 
Ignorance of this factor would probably lead to the failure of reforestation and regeneration and loss of funds 
and efforts for their realization. Despite the efforts of forest manager, cork oak regeneration remains capricious 
and planning studies that have followed show a down ward trend estimated at about 30% of the surface of the 
cork oak [3]. The station identification is a fundamental step in the choice of regeneration schemes. 

Moreover, evaluating land suitability for plantation purposes aims to predict lands which fit well for a species 
according to specified requirements, preferences, or predictors values [4]. It requires paying attention to four 
aspects: 1) biophysical attributes which will dictate growth ability and productivity level (mainly climate, soil 
and terrain), 2) economic aspects which impact plantation profitability (markets, infrastructure, operations scale, 
etc…), 3) social impact on local inhabitant and 4) environmental assessment [5]. In addition, forest site quality 
could be defined “as the physical and biological factors that characterize a site’s ability to support tree growth” 
[6]. At large scale, methods known as “climate envelope models” [7] [8] may be very useful. Such models are 
based on the assumption that a species may grow adequately anywhere that the climate is similar to that of the 
region where the species occurs naturally [9]. Forest site is influenced by a complex array of factors and could 
be defined both qualitatively and quantitatively [10]. By nature, land suitability and site quality are a multiple 
criteria problem. 

Even though many studies on land suitability are conducted in agriculture [11]-[13], there are few in forestry. 
The land suitability methods are diverse and range from random forest [14], GIS techniques [15] [16], fuzzy 
logic [17] and AHP [12] but few authors used the integrated approach combining GIS (multicriteria analysis), 
fuzzy logic and AHP in the same study even though according to Zang et al. [11], the integrated approach has a 
great potential to increase the effectiveness and accuracy of land suitability assessment.  

The use of AHP coupled with fuzzy logic and multi-criteria assessment of the suitability of cork oak stands 
regeneration Maamora would locate with high potential for the development of young stands of cork oak leading 
to a greater chance of success of the work of regeneration proposed in this forest. Then this paper work aims to 
assess the extent of suitable areas to cork oak regeneration and serves as decision support tool for forest manag-
ers. 

2. Materials and Methods 
2.1. Study Area 
Maamora forest is located in north-west of Morocco, bordering the Atlantic Ocean, between the meridians 6˚ 
and 6˚45' West and parallel 34˚ and 34˚20' north. The bioclimate is sub humid in the western part and semi-arid 
in the central and eastern part of the forest. Maamora offers a multitude of goods and services (60,000 cubic 
meters of cork per year, 100,000 cubic meters of firewood/year, 21 million feed units/year, revenues in excess of 
70 million dirhams, recreation space for the population of nearby towns, the role of protection of soil and 
groundwater supply, etc.) (Figure 1).  

2.2. Methodological Approach 
The first part is devoted to a literature review to identify factors known to influence the regeneration of cork oak. 
These factors once identified, were mapped. The multicriteria evaluation approach is the one that was used for 
the evaluation of the suitability of cork oak regeneration. Therefore, factors were combined using a weighted li-
near combination (WLC). The weight of each factor is determined from the AHP (Analytic Process hierarchy). 
In order to have representative weight, three experts working on three different aspects of Maamora forest man-
agement were consulted. 

AHP is a method developed by Saaty [18]. It is based on a comparison of factors in pairs by experts with 
knowledge on the functioning of the system studied. This method has the advantage of refining the deci-
sion-making process by examining the coherence and consistency of decision-makers [19]. The starting point of  
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Figure 1. Map of the location of the Maamora forest (with google earth basemap). 

 
the method is to define a hierarchical tree of criteria and sub-criteria. Representation of the tree is in the form of 
father-son pairs.  

To integrate the various factors identified, it is necessary to codify digitally qualitative data. Then factors 
were standardized (or normalized) on the same scale. The scale chosen for this study is a scale of values rang-
ing from 0 to 1. A value of 1 corresponds to the class best suited for the regeneration of cork oak vis-à-vis to 
the factor considered and the value 0 for class less favorable. Similarly, to incorporate the uncertainty of class 
boundaries and at the same time avoid having classes with sharp breaks, classes were defined based on fuzzy 
rules (“fuzzy logic”). These GIS analyzes were performed using Quantum GIS (Qgis). 

2.2.1. Factors and Constraints Considered in the Evaluation 
Criteria or factors taken into account are those considered affecting the regeneration of cork oak. According to 
Godard [20], the constraints are the Boolean criteria that limit the analysis to specific regions. Regardless of the 
method used eventually for aggregation of criteria, constraints are always Boolean images. In the case of this 
study, the constraints differentiate areas that are classified as suitable for the development of forest trees from 
those that are considered unfit, whatever the conditions. In contrast, the factors are criteria that define a degree of 
suitability for all regions. They define areas of fitness, or alternatives, which are expressed by continuous values. 

2.2.2. Determination of Score of Each Criterion 
It is a convenient way to map each of the factors identified as important in the suitability for the regeneration of 
the Cork oak in Maamora. In this study case, Heusch & Billaux [21] have developed map of soil types. The map 
of bare soil slopes is derived from a digital elevation model (DEM) ASTER, “continentality” is expressed by the 
hysohyet curves developed by Mandouri [22], and Bagaram [23] has given the sand’s thickness and clay floor 
slope maps.  

Then these factors were standardized to ensure all criteria are in the same range. Many authors advise to use a 
scale of values ranging from 0 to 1 with 0 corresponding to the area that are unsuitable for the purpose regarding 
to the factor and 1 for best areas [11]. For this purpose, it is important to decide on the membership function us-
ing fuzzy rules. The choice of the membership function depends on the criterion and the knowledge of its varia-
tion by the experts [24]. However, a sigmoid function (S-shaped) is the most used in the natural resources [25].  

In this work, the factors have been standardized on a scale of 0 to 1. The choice of the score for each class is 
based on the results of the literature review. A class for a given factor will receive a high score if this class con-
tributed effectively to the regeneration of the Cork oak. 

2.2.3. Allocation of Weight to Each of the Factors 
The AHP was the technique used for weighting factors. To achieve relevant weights, three experts in the forest 
of Maamora with different areas of strength were contacted. This method has the advantage to refine the deci-
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sion-making process by examining the coherence and logic of decision makers [19]. The starting point of the 
method is to define a hierarchical tree view of criteria and sub-criteria. The tree representation is in the form of 
father-son pairs. 

2.2.4. AHP Process Description 
This method developed by Saaty [18], is based on the comparison of pair of factors by experts with a knowledge 
on the functioning of the system (Figure 2). This method has the advantage to refine the decision-making 
process by examining the coherence and logic of decision makers [19]. The starting point of the method is to de-
fine a hierarchical tree view of criteria and sub-criteria. The tree representation is in the form of father-son pairs. 
Three ‘experts’ in the Maamora forest management compared all factors considered important in the regenera-
tion of cork oak two by two. The criteria are compared on a scale of 1 to 9 as recommended by Saaty & Vargas 
[26]; where 1 means there is no preference between the two criteria and 9 means a factor is extremely favored 
over another. This produces a squared matrix where the rows and columns are the criteria. 

Subsequently, the factors are classified by considering their weight. These weights are obtained using the Ei-
gen vector called priority vector. The Eigen vector is determined by calculating the average of the values in the 
rows of the matrix. For Standardization, the value of each cell was divided by the total of each column. 

Although the comparison of matrix pairs is not assigned randomly, there may still be an inconsistency due to 
the opinions and preferences of experts. This inconsistency may cause a disturbance in the calculation of the 
weight (of the eigen values of the matrix). These inconsistencies can be of the form that a factor is preferred to the 
detriment of another one, which in turn is preferred over a third, but there is no transitivity between the factors. 

To compensate for this, the Consistency Ratio (CR) proposed by Saaty [18] was calculated. This is the ratio 
of the Consistency Index (CI) over the Random consistency index (RI). 

CR CI
RI

=                                        (1) 

The abacus of Saaty& Vargas [26] gives the Random consistency index (RI). This index is given for a 
squared matrix up to an order of 15 (i.e. 15 factors) (Table 1). 

The consistency index (CI) was directly calculated from the preferences matrix as Saaty [18] recommended in 
formula (2): 

maxC
1

I
n

n
λ −

−
=                                      (2) 

with 
λmax: principale eigen value of the preference matrix. 
n: number of factors. 
Saaty & Vargas [26] require that the matrix of preferences must be rechecked if Consistency Ratio (CR) is 

greater than 0.1. 

2.2.5. Aggregation or Combination of Weight and Notes for a Synthetic Result 
It comes here to combine the factors by assigning their weight and then summing them to get the suitability map. 
This is done under the following expression: 

 

 
Figure 2. Scale of Saaty [18] for the ponderation of factors by pair. 

 
Table 1. RI Values de avec n = number of factors. 

n 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

R.l 0.00 0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49 1.51 1.54 1.56 1.57 1.59 

According to Saaty & Vargas [26]. 
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i i j
i j

S W X C= ∑ ∏                                     (3) 

with 
S: suitability composite score. 
Wi: weight assigned to the factor i. 
Xi: score of the factor i. 
Cj: contraint jscore (0 ou 1). 
The final result (as a map) was classified into four classes of suitability and then the majority of pixels be-

longing to any class within a parcel is taken as the suitability of that parcel. 

3. Results and Discussions 
Factors influencing the regeneration of cork oak in the forest of Maamora climate are expressed by the term 
“continentality” which translates to reduced rainfall and increased temperatures in the west to the east of the 
forest, topo-édaphie (depth of clay floor and the slope of the clay floor), the slope of the natural terrain namely 
gentle slopes (<10%) and steep slopes (>15%), plant communities and soil types.  

The cork oak regeneration suitability regard to the depth of the clay floor (sand’s thickness) was evaluated by 
splitting depth data into homogeneous areas. These areas are the Western Maamora (Canton A and B), the Cen-
tral Maamora (Canton C) and the Eastern Maamora (Canton D and E). The depth considered suitable for cork 
oak was assessed using the fuzzy rules in establishing a membership function. This allowed then to incorporate 
uncertainty about the exact depth of the clay floor suitable for cork oak regeneration. The membership functions 
defined are in Figure 3. 

For example, in “Mamoraoccidentale” (Figure 3), depth of 50 cm is considered too shallow while a sand 
thickness of 80 cm is considered deep enough for cork oak development. Thus, areas with a sand’s thickness si-
tuated between the two limits have a range of suitability ranging from 0 to 1. The optimal sand’s thickness is 
between 80 cm and less than 190 cm corresponding to the highest suitability. Beyond a depth of 250 cm, the 
sand is considered too thick and therefore areas with that sand’s thickness have a suitability of 0. 

As for the depth of the clay floor, slopes favorable to the regeneration of the Cork oak can be defined. To in-
corporate also the uncertainty associated with the limit of the classes, the following membership functions have 
been defined (Figure 4). In “Maamoracentrale” and “Maamoraorientale”, average clay floor slopes are those 
that suit for cork oak development [27]. For instance, clay floor slopes ranging from 3% to 12% are the one 
suitable for cork oak optimal development in Maamora central while clay floor slopes greater than 15% are con-
sidered too steep and then received a suitability of 0 (Figure 4). Because clay floor slope’s is not considered as a 
main factor influencing cork oak regeneration in “Mamoraoccidentale” [27], there is no membership function 
defined for that part of the forest. 

Since the slope and the depth of the clay floor are related factors, and therefore the scores of one depends on 
the other, these two factors have been combined by an ‘AND’ condition. This resulted in a new factor referred to 
as the topo-edaphic factor uniting both the thickness of sand and the slope of the clay floor conditions. 

Analysis of mapped soil types leaves see that there are different types of soils whose contribution to the rege-
neration of cork oak differs. Thus, the lowest scores are given unfavorable to the Cork oak floors (hydromorphic 
soils and little advanced soil) while high scores are reserved for best-judged soil (Figure 5). 

To discriminate against very strong deemed slopes that are not suitable for the regeneration of the Cork oak, a 
membership function has been defined. A slope is considered high when it is greater than 15% and low when it 
is less than 10%. Figure 6 represents the membership function. 

Because in Maamora is the variation of precipitation which is recognized have a significant effect on the re-
generation of cork oak, it is only this setting is taken into account to assess the effect of continentality on rege-
neration. Continentality scores are evaluated using the interpolated curves of isohyets anywhere in the forest with 
the minimum of precipitation with a score of 0 and a maximum score of 1; These scores are given a linear function.  

Comparison of factors by the experts allowed to generate the coefficients of weighting for each factor (Table 
2). Experts believe that the overriding factor in the regeneration of the Cork oak in Maamora is the climatic fac-
tor (42%) including precipitation of the fact that the forest is located in the lower limit of the range of the Cork 
oak. The least important factor is the slope of the ground with a weight of 12% and this because Maamora is not 
a mountainous forest. Indeed, Maamora is located in a plaine where slopes are gentle and shorts. 
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Figure 3. Membership functions for score attribution to the sand’s thickness factor. On the Y axis, is the suitability with 1 
referring to maximum suitability for cork oak regeneration and the x axis represent the sand’s thickness in centimeters. 

 

 
Figure 4. Membership functions for score attribution to the clay floor slope’s factor. On the Y axis, is the suitability with 1 
referring to maximum suitability for cork oak regeneration and the x axis represent the clay floor slope in percentage. 

 

 
Figure 5. Suitability regard to cork oak regeneration of different soil types in Maamora forest. 

 

 
Figure 6. Membership functions for score attribution to the bare soil slope’s factor. On the Y axis, is the suitability with 1 
referring to maximum suitability for cork oak regeneration and the x axis represent the bare soil slope in percentage. 

 
Table 2. Summary of the weight given by experts. 

Experts 
Criteria 

CI CR (%) 
Topo-edaphic Continentality Bare soil slope Types of soil 

1 0.29 0.41 0.05 0.25 0.07 7 

2 0.24 0.61 0.06 0.09 0.05 5 

3 0.25 0.25 0.25 0.25 0 0 

Average 0.26 0.42 0.12 0.20 0.04 4 

RI = Random consistancy index, CR = Consitancy ratio. 
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After aggregation of factors, indices of suitability are grouped into four equal intervals. The highest indices 
correspond to the best ability and vice versa (Figure 7). Around 23,400 ha or 17.4% of the forest are areas with 
good suitability for regeneration of cork oak while 34.84% forest representing an area of 46,881.81 ha is poorly 
suited to regeneration of cork oak (Figure 8).  

There is a gradient even though nonlinear in the success rate of plantation from west to east. The highest suc-
cess rates are in the west part of the forest (canton A and B). These results confirms those obtained by other au-
thors [28] [29]; showing a decrease in the success rates of plantation from forest’s west to its east. In this study, 
the results are mainly influenced by soil and climate factors due to the importance the experts gave to those fac-
tors. This might be the main weakness of the AHP where the is a subjective attribution of the weight of factors. 

4. Conclusion 
This study provided to forest managers a tool for selection of priority areas in which regeneration could be con-
sidered. The result aggregated on the scale of forest parcel is very useful since it is the forest management unit. 
It shows as well that not all the adjacent areas have the same suitability. Multi-criteria assessment is a simple but 
yet very effective technique that can be used in the assessment of suitability for the reforestation of many spe-
cies in the Maamora forest. The method is more robust when associated with fuzzy logic and AHP. However, 
this map does not guaranty systematically the success of the regeneration as this depends itself on the availabili-
ty of seeds, precipitations, and nonetheless, human factors like grazing, acorn collection and a good silvicultural 
practice. 

 

 
Figure 7. Map of the average regeneration suitability of cork oak by parcel in the Maamora forest. 

 

 
Figure 8. Area in hectares for different suitability levels. 
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