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Abstract

:

The main goal of this work was to identify the areas that are most susceptible to desertification in a part of the Algerian steppe, and to quantitatively assess the key factors that contribute to this desertification. In total, 139 desertified zones were mapped using field surveys and photo-interpretation. We selected 16 spectral and geomorphic predictive factors, which a priori play a significant role in desertification. They were mainly derived from Landsat 8 imagery and Shuttle Radar Topographic Mission digital elevation model (SRTM DEM). Some factors, such as the topographic position index (TPI) and curvature, were used for the first time in this kind of study. For this purpose, we adapted the logistic regression algorithm for desertification susceptibility mapping, which has been widely used for landslide susceptibility mapping. The logistic model was evaluated using the area under the receiver operating characteristic (ROC) curve. The model accuracy was 87.8%. We estimated the model uncertainties using a bootstrap method. Our analysis suggests that the predictive model is robust and stable. Our results indicate that land cover factors, including normalized difference vegetation index (NDVI) and rangeland classes, play a major role in determining desertification occurrence, while geomorphological factors have a limited impact. The predictive map shows that 44.57% of the area is classified as highly to very highly susceptible to desertification. The developed approach can be used to assess desertification in areas with similar characteristics and to guide possible actions to combat desertification.
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1. Introduction


Desertification is a serious worldwide environmental problem, with consequences with respect to land capacity and biological productivity [1]. It continues to be a major environmental issue in the 21st century [2]. The Convention to Combat Desertification defined desertification as “land degradation in arid, semiarid, and dry sub-humid areas resulting from climatic variations and human activities” [1,3,4]. In this context, the desertification phenomenon was considered by taking into account the degree of vulnerability or the response of the ecosystem [5].



In Algeria, desertification mainly affects the arid steppe areas, which cover a total area of 20 million hectares. These areas are subject to droughts and anthropogenic pressure related to overgrazing and improper land use for agriculture. In recent decades, the widespread degradation of vegetation cover has been determined as one of the main factors causing desertification [6,7,8,9,10]. Today, these areas are in a critical situation. Studies show that about half of these rangelands are desertified or on the threshold of desertification [11,12,13,14,15]. This has led to serious consequences with respect to both the economic and social aspects of development, because these rangelands are used for extensive sheep farming and play a fundamental role in the agricultural economy of the country [10].



Varied and multiple actions have been taken to tackle desertification. To be effective, these actions must focus on the identification of areas that are vulnerable to desertification, the area where it initiated, and its diffusion. Over the last decades, many different mapping techniques have been used for the assessment of desertification, and a large number of studies have evaluated the phenomenon. These studies were mainly based on remote sensing approaches such as change detection using spectral mixture analysis [16,17], multi-criteria evaluation [18], bi-temporal change detection methods [19], a supervised classification approach [20,21,22], long-term study using NDVI, time-trends [23], image differentiation [24], and image rationing [25]. However, change detection techniques face many problems, the most important of which is that observed significant changes may be related to other factors and not to the subject under study [26].



Other approaches have evaluated desertification using key indicators at various geographical scales. The Mediterranean Desertification and Land Use model (MEDALUS), proposed for the first time in 1999 by Kosmas et al. [27], shows clear advantages in comparison with other similar approaches [3,4,5]. The effectiveness of this approach enabled its large-scale use in several Mediterranean countries, including Italy, Algeria, Spain, Portugal, and Egypt. The model identifies areas sensitive to desertification due to a combination of various weighted parameters (i.e., composite indices) such as land cover, geology, soil, climate, and management actions. However, the MEDALUS approach focuses mainly on the physical loss of soil by water erosion in European Mediterranean environments [27], while the phenomenon of desertification in semi-arid areas results from both the natural environment and socio-economic conditions [28].



In this context, we looked for methods that do not require a determined number of variables and provide more freedom to introduce new variables, in particular socio-economic factors. Additionally, it is more important to assess desertification and identify responsible factors than to only evaluate sensitivity.



We thus applied logistic regression, a multivariate statistical method which has been widely used to predict a categorical outcome, using many causality predictors [29]. Being simple to use, it has become a widely accepted method for a broad range of scientific disciplines. Logistic regression has been applied in the field of remote sensing for change detection in land cover [30] and for insect tree defoliation mapping [31]. Logistic regression techniques have also been used in ecology, particularly for conservation planning and wildlife management [32,33]. In earth sciences, logistic regression analysis has been implemented with different goals, for example in soil-landscape modelling [34] and prediction of post-fire soil erosion [35], and it has been extensively used for landslide susceptibility mapping with various techniques [36,37,38,39,40]. Our choice was based on the fact that both desertification and landslides are natural hazards controlled by numerous variables and are characterized by non-linearity.



The aims of this study were to apply the logistic model to identify the most susceptible areas to desertification in a central part of the Algerian steppe, and to evaluate and provide an explanatory model of key factors associated with desertification. To achieve these objectives, we used three main steps. The first step involved the identification and extraction of the predictive factors related to desertification based on the characteristics of desertified areas. The second step was to determine the best predictive model. The third step was to evaluate the contribution of each factor to the phenomenon and determine the most influential factors. Finally, the quality of prediction and the stability of the model were evaluated using two validation methods: the area under the receiver operating characteristic (ROC) curve and the uncertainty measure.



This work stresses that an accurate desertification susceptibility map, associated to an explanatory model of key factors, provides a reliable tool for desertification risk mitigation. Such tools are helpful in the planning phase of developmental activities and to take appropriate preventive measures. This can also be extended to guide possible actions to combat desertification in similar areas.




2. Study Area


The study area lies between latitudes 6°29′ and 5°36′N, and longitudes 35°15′ and 34°41′E, covering an area of about 4097 km2 in the central part of Algeria, in a transition area between the Hautes Plaines region and Saharan Atlas Mountain (Figure 1).



The climate is semi-arid and is strongly marked by a continental influence, with cold, wet winters and hot, dry summers. Rainfall is scarce and irregular, with an average annual rainfall that ranges between 200 and 400 mm. Precipitation usually occurs in the form of thunderstorms and torrential rain, sometimes mixed with hail. The number of rainy days varies between 37 and 80 per year. The average evaporation exceeds 2450 mm/year. The average annual temperature is generally greater than 20 °C. The minimum temperature in the coldest month is 1.9 °C, while the maximum temperature in the warmest months can exceed 37 °C [41,42]. The number of days of frost can reach 40 per year. The prevailing winds are mainly from the west and northwest in winter and the southwest in summer. The mean wind speed is 2.7 m/s [43]; winds are sometimes violent due to the amount of open space without any physical obstacles.



Soils are characterized by the presence of limestone accumulation and low organic matter content [10]. These soils are generally shallow, however some soils located in depressions are relatively deep and rich.



The vegetation consists mainly of patches of grasses that do not fully cover the ground, such as Alfa (Stipa tenacissima), and white Wormwood (Artemisia herba alba) [41]. These perennial grasses occupy a large part of the territory, especially in the South. The forests which occupy the mountain ranges are bright and airy. The main tree species are the Aleppo Pine, Holm oak, and the Phoenician Juniper. Rangeland also covers an important part of the area of study [44].




3. Methodology


3.1. Methods


The selection of an appropriate model is subject to the nature of the dependent and independent variables. In a linear regression model, the dependent variable must be continuous. However, the phenomenon of desertification is dichotomous and is best described by multivariate statistical models, such as logistic regression or discriminant analysis [45]. In this study, we applied logistic regression, which describes the relationship between a dependent variable (the response factor) that is usually the occurrence or not of an event, and several independent variables (the predictive factors) that influence the occurrence of this event [46]. Logistic regression has been frequently used in many fields such as social, health, and earth sciences as well as ecology.



In our case, logistic regression was simpler to use compared to discriminant analysis because of the mixture of numerical and categorical variables. The logistic regression model can automatically generate necessary dummy variables [37]. Also, discriminant analysis requires a normal distribution of independent variables, which is not always available for natural data originating from, for example, land use and land cover [45].



Additionally, many researchers have preferred to use logistic regression due to its similarity to linear regression as it relies on simple tests [37,45], while adding a function that allows prediction of the probability of the event and describes complex nonlinear relations that often characterise natural phenomena. Logistic regression also allows for estimation of the odds ratio, which provides information on the strength and direction of the association between the dependent variable and the independent variables [47].



In our situation, the independent binary variable was used to present the presence or the absence of desertification. The logistic model can be expressed in its simplest form with the following equation:


   p =  1  1 +  e  − z       



(1)




where   p   is the probability of desertification occurrence that varies from 0 to 1 on an s-shaped curve, and   z   is the linear logistic model, which varies from    − ∞    to    + ∞   , and can be defined as:


   z = α +  ∑   β i   X i    



(2)




where α is the intercept of the model,     β i     (i = 1, 2, 3, …, n) are the estimated slope coefficients of the logistic multiples regression model, and     X i     (i = 1, 2, 3, …, n) represents the independent variable.



The logistic model for desertification can be represented as:


   p =  1  1 +  e  − α +  ∑   β i   X i        



(3)







Logistic regression looks for the “best fit” equation as in linear regression, but with a different method. Instead of using the least-square method for best fit, it uses the maximum likelihood method [37]. The unknown values of α and   β   are estimated using the data of the independent variables. The observed data in each pixel either have a value of 0, meaning the absence of desertification, or 1, meaning the presence of desertification. With these estimates, we calculated the probability of the desertification for the remaining pixels, using the observed values of the independent variables [45].




3.2. Causal Factors and Desertification


Predictive factors used to assess desertification may vary from one region to another. For this reason, we tested a set of key factors that provide information about desertification commonly used in the literature [3,5,27,28] and we then selected those that seemed to be most adequate for our study area. We also faced constraints related to the lack of data in countries subject to desertification [48], and attempting to compensate for this deficit by using remote sensing data is a useful tool for mapping many factors.



Sixteen predictive factors were selected as potential determinants of desertification and prepared as thematic layers. These factors belong to one of the following four categories: soil, geomorphological, environmental, and socioeconomic factors.



All maps of the factors were converted to the same pixel size equalling 30 m, similar to the resolution of maps derived from Landsat 8 imagery and SRTM DEM.



The logistic model used in this study can process continuous or categorical data, or both. The categorical form factors include land cover, slope aspect, and lithology. The others factors, such as slope and elevation, have a continuous form.



Categorical variables should be encoded in order to create a new set of dummy binary variables for each class of the categorical variable [37,38,49]. A value of 1 is assigned to the target class, and the value 0 is assigned to the other classes. Each categorical factor generates a number of binary maps equal to the number of classes contained in this factor. For example, 15 binary maps were produced for the land cover map, which contains 15 classes.



3.2.1. Soil Factors


Soil is an important factor in semi-arid zones. Desertification will proceed when the soil depth is not capable of sustaining a certain minimum of vegetation cover [27]. Due to the absence of data regarding soil characteristics, such as texture, soil depth, and organic matter, we used a lithological map to obtain properties of the rocks and their susceptibility to desertification. The lithological map study involved eight lithological units provided by the National Agency for Regional Planning—Algeria [50].



Land surface temperature (LST) is also an important parameter in the physics of Earth surface processes [51], and can be used to explain the dynamic of desertification [52,53]. LST is estimated using thermal bands 10 and 11 of the Landsat-8 Thermal Infrared Sensor (TIRS). We applied a method widely used to calculate the LST [54], based on the estimation of land surface emissivity extracted using the NDVI. We used an image acquired in May 2015, the same image that was used for the extraction of the NDVI.



The following equation was used to calculate the LST:


   L S T =    T B    1 +  (  λ ×  T B  / ρ  )  l n  ( ε )      



(4)




where     T B     is the at-satellite brightness temperature, calculated from the radiance which was derived from the digital number according to United States Geological Survey USGS methodology [55].    λ    is the wavelength of the emitted radiance (11.5 um). For   ρ   = h × c/  σ   (1.438 × 10−2 m K), h is the Planck constant (h = 6.6261 × 10−34 Js),   σ   is the Boltzmann constant (  σ   = 1.3806 × 10−23 J/K), c is the speed of light (c = 2.9979 × 108 m/s), and (ε) is the land surface emissivity, calculated using the NDVI image [56,57].




3.2.2. Geomorphological Factors


In order to assess desertification, previous studies have identified a wide range of factors related to landform characteristics [3,4,58,59,60,61,62]. Among those, geomorphological characteristics play an important role in desertification processes [63,64] and identifying desertification through wind and water erosion in dry areas is relatively easy [63,65]. In this category, six predictive factors which describe the morphology of the landscape were used.



Elevation is an influential factor in the erosion of the landscape [27]. In this study, elevation was derived from the new digital elevation model from the Shuttle Radar Topography Mission, known as “SRTM Plus V3”, with a resolution of 1 arc-second (~30 m) [66]. Elevation was used to create the other geomorphological factors.



The TPI compares the elevation of each pixel to the average elevation of the surrounding pixels [67]. A positive TPI value means that the area is located higher than its average surroundings, as with ridges for example. However, negative values mean that the area is lower than the average, for example in the case of a valley floor [68]. The TPI is calculated with the following equation [68,69]:


   TPI =  E C  −  E A    



(5)




with     E C     being the elevation of the central pixel, and     E A     the average elevation around it. We executed an algorithm in the QGIS processing toolbox in order to compute the TPI for the study area, and we used a moving window of 10 pixels.



The hypsometric integral (HI) helps to estimate the erosional status of a watershed [70,71], and is inversely correlated with the amount of material removed by erosion [72]. The lowest values of HI (HI < 0.35) are commonly found in long-lived landforms, where the average topography is low and a few relict highs, such as inselbergs or mesas, are preserved. In contrast, the highest HI values (HI > 0.6) are found in young or rejuvenated landscapes, where the average topography is high and incised by an entrenched drainage system. Average HI values (0.35 < HI < 0.6) are found in mature landforms associated to a set of concave or V-shaped valleys [73]. The hypsometric integral is calculated using the following equation [74]:


   HI =    h  m e a n   −  h  m i n      h  m a x   −  h  m i n       



(6)




with hmean, hmin, and hmax being the mean, minimum, and maximum elevations of the analysed area, respectively.



Slope gradient and slope aspect are key factors that control soil erosion [75] as well as the types of cultivation, and determine the grazing areas [76]. The slope aspect notably influences the local environment [77] and is considered an important factor for land degradation processes, which affect several elements such as temperature, evaporation, and vegetation [78].



Curvature illustrates a line formed by the intersection of a plane with the land surface [79]. Its importance lies in the fact that the susceptibility of the terrain to erosion varies depending on the curvature [80]. A negative value means that the surface is locally convex, a positive value means the surface is locally concave, and a value of 0 means that the surface is flat [39,68].




3.2.3. Environmental Factors


Environmental factors play an important role in the desertification process [64]. Past studies showed that land cover, drainage, and climatic conditions are indicators that allow the characterization of soil conditions during erosion and processes associated to desertification [28,59,81].



Six parameters were used as environmental predictive factors of desertification: precipitation, NDVI, land cover, drainage density, distance to drainage, and evapotranspiration.



In the absence of reliable and accurate precipitation data from climatological stations, we chose to work on two types of data. The first is the decadal rainfall isohyets map provided by the National Agency of Water Resources—Algeria, published in 2002 [82]. The second precipitation data was derived from the Tropical Rainfall Measuring Mission (TRMM). These data have been widely used with good performance [83,84]. We used an average monthly pixel-based precipitation rate with a spatial resolution of 0.25 degrees (3B43 v7) which spans a period of 17 years (1998–2014).



The NDVI has been widely used as an indicator to assess and monitor land cover change and desertification [23,60,85]. NDVI was obtained from the reflectance (ρ) of the Landsat 8 image acquired in May 2015 (level 1A) which was completed after atmospheric correction using the Fast Line-of-Sight Atmospheric Analysis of Spectral Hypercubes (FLAASH) model.



Land cover information was extracted with 15 classes from the map produced by the High Commissariat for Steppe Development [86]. Drainage conditions were largely used as influential parameters to evaluate desertification [28,60].The drainage density was calculated from the drainage network with a 100-pixel radius circle, using a 30-m resolution SRTM DEM [68]. Buffer zones around the drainage network were used to derive the distance to drainage. The extraction of these drainage parameters was performed using the TecDEM toolbox.



The increase in evapotranspiration rates leads to a reduction in soil moisture, and a worsening of the desertification process [87,88,89]. In this study, we used the evapotranspiration isohyets map provided by the National Agency of Water Resources—Algeria [90].




3.2.4. Socioeconomic Factors


Desertification is associated with the natural environment as well as socio-economic conditions [28]. Several attempts have been made to integrate the socio-economic aspect to assess desertification [91,92,93,94]. According to a new desertification paradigm which must take into account the socio-economic dimension [48], we tried to include two socio-economic indicators that are related to the phenomenon of desertification.



Overgrazing is a clear cause of desertification [92] and is one of the factors responsible for degradation in our study area [7] due to the importance and number of livestock. In the absence of a livestock distribution map, we calculated the livestock density by dividing the number of livestock by the surface of the rangeland for each municipality in the study area. We used the numbers of livestock declared by the agricultural services directorate of the Djelfa province in 2014.



The increase in rural population density also leads to land degradation [95], putting more pressure on pastures, and cropland expansion. In the absence of recent statistics for the rural population, we estimated numbers for 2015 with the geometric method [96], by using the growth rate observed between the last two population censuses of 1998 and 2008. Afterward, we calculated the density by dividing the rural population number by the area of rangeland for each municipality in the study area.




3.2.5. The Desertification Inventory Response Factor


The dependent variable used to evaluate the logistic model is the susceptibility to desertification. We focused mainly on areas that are characterized by an advanced degradation of vegetal cover because it is the most important aspect of desertification in the region [6,7,8,9,10]. In the absence of updated maps that indicate the distribution of desertified areas, we exploited the detection change map between 1984 and 2014 produced by Djeddaoui et al. [97] as a guide to selecting large areas where change existed. Both desertified and non-desertified zones were mapped during fieldwork carried out between April and May 2015. The criteria adopted in our study to discriminate desertified and non desertified areas was the degree of land degradation. The scale extends from the advanced vegetal cover degradation to the appearance of sand. This task was supplemented by the interpretation of Google Earth images. In total, 139 desertified zones were mapped in the study area, with measurements varying between 0.10 and 55.91 hectares. We followed a north–south gradient in order to take into account all types of geomorphological sets and climate change. The raster data of desertified zones consist of 8439 pixels measuring 30 m in size.





3.3. Input Database for Logistic Regression Analysis


To estimate the coefficients of the logistic model, we created datasets containing the values of the independent variables and the status of the dependent variable for the same pixels.



To generate the desertification susceptibility map, the logistic regression model needed pixels with or without the presence of desertification [49]. Several methods of sampling are used for susceptibility. Many studies confirm that the best sampling method is when the ratio of pixels with desertification to pixels without desertification is equal to 1 [38,98,99]. Thus, we used the same number of samples for both the presence and absence of desertification.



Pixels with desertification were randomly subdivided into two sets. The training data set for the regression analysis included 69.45% of the pixels (5861 pixels), and the validation data set for accuracy assessment included the remaining 30.55% (2578 pixels). We then selected a number of pixels without desertification that was equal to the number of pixels with desertification, reaching a total of 8439 pixels. These pixels were also subdivided into training and validation datasets (69.45% and 30.55%, respectively). Thus, the final database consisted of 16,878 pixels.



We prepared a table containing an equal number of desertified and non-desertified pixels. The first column contained the status of the dependent variable to desertification for the 11,722 analysed pixels. A value of 1 was assigned if the pixel was desertified and 0 otherwise. The other columns, one per independent variable, contained the values of the independent variables for the 11,722 pixels.



The logistic regression analysis was performed using the R package “stats” [100]. Output α and β values were used to calculate the linear logistic model z.



Finally, we introduced the input file for logistic analysis as a data table, which was analysed with R software to extract the value α and β of the model, and could then be used to calculate the value of z.




3.4. Variables Selection and Model Development


Using statistical tests, we checked if the independent variables would affect the predictive variable or not, so that only significant variables would be retained in the logistic regression analysis. We performed a bivariate analysis to verify the relationship between the dependent variable and each independent variable; all non-significant associations with p > 0.05 were excluded from the model. This analysis allowed us to exclude variables that presented a singularity, which is a type of redundancy that appears after the creation of the dummy variables. We used Pearson’s chi-squared (χ2) test to evaluate the relation for the qualitative variables, and the Student’s t-test for the qualitative variables [101].



Prior to obtaining the final model with significant variables, building a number of models with the largest possible number of independent variables is preferable in order to check which variables are significant in the model with the presence of all other variables [102].



In this study, backwards selection was used. The input variables were performed manually, based on introducing the variables one by one. We did not use the automatic method because it selects the predictors only on the basis of statistical criteria. This type of selection is preferable when the search field is less explored and the knowledge of the effect of each independent variable is limited. Moreover, it is highly sensitive to the multicollinearity [102,103]. After entering each variable, the Wald statistics were computed to check the contribution of individual predictors in the model. We generally kept all variables with a p-value < 0.05 [38,40,47]. In other words, we accepted these independent variables as influential predictors.



In order to ensure that we considered the least number of all significant variables, the resulting model was tested again based on the significance of the likelihood ratio. During this step, we entered and removed variables. After each entry, we calculated the likelihood ratio for both models. If there was a significant change between the two likelihood ratios, (where the p-value was less than 0.05), the first model was kept without changes [40,104].



The goodness of fit of the model was also evaluated using Cox and Snell, and Nagelkerke pseudo R2 tests [105], which are similar to the coefficient of determination R2 in ordinary linear regression. The Cox and Snell pseudo R2 value did not exceed 1. Nagelkerke’s pseudo R2 is a better version of the Cox and Snell pseudo R2 and is often preferred because its value varies between 0 and 1 [40,105]. Usually a R2 value higher than 0.2 indicates a relatively good fit [106].



The adjustment of the logistic regression model is generally sensitive to collinearity between independent variables [46]. Multicollinearity poses a problem because it increases the variance of the regression logistics coefficients. The variance inflation factor (VIF) is usually used to check the multicollinearity diagnosis. In our study, we calculated the VIF for each variable. If the value was greater than 1.5, the variable was excluded from the model [38,107].




3.5. Model Prediction and Uncertainties


Model validation is a key step and helps to evaluate the reliability of the model before it can be used for practical applications.



In order to assess the accuracy of the model, we used a quantitative measurement method, called the area under the ROC curve, on a separate desertification validation set involving 30% of the total desertification pixels. The area under the ROC curve is commonly used as a metric to measure the goodness of a susceptible model [45,68,108,109]. A large area under the curve indicates good model performance. The curve is a two-dimensional plot where the y-axis represents the probability of a correctly predicted response to an event in terms of sensitivity or true positive rate, and the x-axis represents the probability of an incorrect predicted response to an event, in terms of specificity or false positive rate [40]. If all desertified areas are correctly predicted, the area under the curve will equal 1, but in general an area under the curve greater than 0.5 is acceptable [110,111,112,113].



To facilitate the interpretation of the results for users and to help the decision-maker to take the appropriate action to combat desertification, we classified the desertification susceptibility map based on the literature. In previous studies, the number of susceptibility classes varied commonly from two to five [68,107,114]. In order to align the results of our study with other prior studies on desertification, the probability map was divided into five susceptibility classes: very high, high, moderate, low, and safe. In this study, we used natural breaks classes based on the Jenks optimization procedure. This procedure determines the best arrangement of values into several classes that maximizes between-class variance and minimizes within-class variance [115,116].



Uncertainty is an important test that has been applied by different researchers to measure the quality of susceptibility mapping [68,117,118]. First, we tested the sensitivity of the model to the changes in the input training dataset using a bootstrapping technique. Fifty desertification susceptibility maps were generated using 50 different training datasets that were randomly selected, involving 70% of the pixels with desertification. For each map, we kept the same predictive factors of the resulting model. Then, we calculated the area under the ROC curve for each of these 50 maps, using the validation datasets involving 30% of pixels with desertification. The sensitivity of the model was represented by a box plot diagram, which expresses the variation of the area under the ROC curve.



The second measure of uncertainty included the estimation of the model’s error. For this purpose, we randomly selected 20,000 pixels. For each model, we obtained descriptive statistics, including the mean and standard deviation from the 50 estimated susceptibility maps using these selected pixels. For each model, we calculated the mean and standard deviation. The error plots show the mean value in the x-axis against their two standard deviations of susceptibility estimates in the y-axis. [68,117,118].





4. Results


4.1. Evaluation of Predictive Factors


In order to clarify the characteristics of the desertified areas, we evaluated the relationships between the desertified area, represented by the training and validation datasets, and desertification-predictive factors.



The NDVI was between −0.54 and 0.92 in the area study. Desertified areas had values between 0.08 and 0.29, and more than 96% of the desertified areas had an NDVI value below 0.22 (Figure 2B). The study area included 12 types of land-cover/use: agriculture, grazed cropland, sebkha, rangelands, forest, afforestation, esparto grass, dunes, uncultivated areas, urban areas, and cultivated rangelands. Over 64% of the desertified areas were found in rangelands, and 20% of desertified areas were found in agricultural zones (Figure 2E).



Over 43% of the desertified areas were found in areas with annual precipitation below 300 mm, and that percentage rose to more than 98% for areas with less than 400 mm of annual precipitation (Figure 2A). The study area contained eight types of lithostratigraphic units: alluvium, conglomeratic clay-sand formations, lacustrine and limestone, clay, schist-marl, a few limestone and gypsum intercalations, massive limestones in banks or platelets, alternating sandstone and clay, chotts, and sand (Figure 3E). Alluvium, clay, and alternating sandstone and clay constituted more than 79% of the total desertified areas.



The drainage density had a range from 0.64 to 3.03, and for the study area, desertification occurred in the range 1.25–2.85 (Figure 2G). Over 55% of the desertified area was characterized by low drainage density, and 44% with moderate drainage density.



We found that over 17% of the desertified areas were less than 100 m from drainage, but the highest density of desertified areas, with over 72%, were between 100 and 400 m from drainage. The rest of desertified areas, about 10%, were within a distance of more than 400 m from drainage (Figure 2F).



For the slope aspect, the percentages of desertified areas for the six faces—west, northwest, north, northeast, east, and southeast—ranged between 10.17% and 12.18%, and increased to more than 14% for the south or southwest faces. The flat face had the lowest percentage of desertified areas, at 2.90% (Figure 3H).



The TPI ranged between −79.25 and 52.37 m over the entire study area and between −9.56 and 8.78 m for the desertified areas (Figure 3G).



For the entire study area, the slope gradient ranged from 0 to 68.94; the maximum slope gradient for desertified areas was 20.8 degrees. Over 84% of the desertification area was characterized by a slope of less than five degrees (Figure 3F).



The elevation of the desertified areas ranged between 750 and 1370 m (Figure 3B), and the central part of the study area included the highest areas. There was no clear link between the distribution of desertified areas and elevation. However, about 60% of the desertified area was located at altitudes below 1000 m.



The HI ranged between 0.5–0.75 (Figure 3C), and 93.89% of the desertified area had a value ranging between 0.35 and 0.6 in an equilibrium situation.



The curvature ranged between −19.33 and 24.44 for the entire study area. However, for desertified areas, the value ranged between −2.77 and 2.0, with about 41.34% having a negative value, and more than 45 had a positive value (Figure 3D).



The LST map had a range between 20.92 and 44.64 °C for the entire study area (Figure 3A), while the desertified areas were characterized by a temperature between 32.56 and 42.50 °C.



While the annual evapotranspiration range was 1300–1700, about 33% of desertified areas were characterized by evapotranspiration of less than 1500 mm and this value increased to more than 98% if the evapotranspiration was less than 1600 mm (Figure 2H).



The livestock density in the total study area ranged between 0.48 and 32.88 units per hectare. Over 80% of the desertified areas had a density of between 0.48 and 9.94 units per hectare (Figure 2D).



The rural population density ranged from 0.07 to 1.48 inhabitants per hectare in the desertified areas (Figure 2C).




4.2. Selected Variables and Desertification Probability


The regression analysis started with 45 prediction factors, including continuous factors and the classes of the categorical factors, as shown in Table 1.



We completed a bivariate analysis to check the relationship between the response variable and each predictor variable. Thus, we retained only the significant variables that had a p-value < 0.05, and excluded seven predictor variable units, including the northeast aspect, the flat aspect, LST, curvature, dunes, uncultivated areas, and chotts. We used the decadal data as the precipitation factor because the TRMM data were not significant.



The next step started with the base model which contained only the response factor. The 39 predictor variable units were successively introduced. At the same time, we controlled any significant changes and 25 factors were considered as non-significant (p-value < 0.05) and were subsequently removed from the model.



In the same way, every time we added a predictor factor, we controlled the values of VIF in order to avoid the problem of multicollinearity, and any variable with a VIF of less than 1.50 was excluded from the logistic analysis (Table 2).



We also calculated the Cox and Snell and Nagelkerke pseudo R2 (Table 3). For the final model, Cox and Snell and Nagelkerke pseudo R2 values were 0.40 and 0.53, respectively, which indicated that the predictor variables could explain the response variable.



In the end, the 13 factors that were accepted as being influential predictors, with a p-value <0.05, were: south aspect, northwest aspect, rangelands, grazed cropland, cultivated rangelands, slope, NDVI, TPI, HI, precipitation, drainage density, dunes, and massive limestones in banks or platelets (Table 4). The predictor variables that had an odds ratio equal to one were neutral in assessing the desertification susceptibility. The predictor variables that had an odds ratio greater than one were positively related with desertification susceptibility. They included south aspect, rangelands, grazed cropland, cultivated rangelands, TPI, dunes, massive limestones in banks or platelets, and drainage density. The predictor variables that had an odds ratio of less than one had a negative relationship with desertification susceptibility. They included slope, NDVI, HI, precipitation and northwest aspect (Figure 4).



The class of rangelands and the NDVI had odds ratios of 2.22 and ~0, respectively, and so they appear to be the main predictive factors, with a stronger effect on desertification than any other factor.



Our results confirmed that desertification is a complex phenomenon controlled by numerous natural and human factors. Land cover factors play a major role in determining the occurrence of desertification. Climatic factors had the next most influential role, while geomorphological factors had a lower predictive value. Interestingly, variables that have a relationship with water erosion do not appear to play a major role in desertification. However, this does not negate the importance of other forms of erosion.



Finally, we calculated the predicted probability of desertification for the entirety of the targeted area, observing the values of the predictor variables by using Equation (3). For each pixel, we added the values of the products of the predictor variables with their estimated coefficients (    β i    ). We then added the intercept value (α), and the probability of desertification was obtained.



The result was a raster map with the pixel value representing the estimated probability of desertification, which varied from zero to one. The desertification probability values were divided into five classes (safe, low, moderate, high, and very high) to generate a desertification susceptibility map (Figure 5 and Table 5). These classes cover 23.99%, 16.83%, 14.62%, 15.35%, and 29.22% of the land area, respectively.





5. Discussion


5.1. Model Validation


This study, being different from previous studies on the evaluation of sensitivity to desertification, statistically evaluated the quality of prediction and the stability of the resulting model. In order to verify the predictive skill of our model, we used area under the ROC curve as a quantitative measurement to estimate the model’s accuracy. The ROC curve for the model used in this study is shown in Figure 6A. The area under the curve is 0.878, equivalent to an accuracy of 87.8%. Hence, this shows that the model used in this study demonstrated reasonably good accuracy in predicting the susceptibility to desertification.



To test the stability of the model, we conducted an uncertainty measure. Figure 6C shows that the model is characterized by less error; the two standard deviations of the obtained probability estimate are less than 0.04. All values were distributed in a bell curve shape, and we found that the measure of two standard deviations was very low (<0.02) for areas classified as highly susceptible (probability > 0.84) or classified as a safe area (probability < 0.15). The obtained estimate of the extreme values is less variable, and therefore reflects the reliability of the model. For the intermediate values, with a probability between 0.37 and 060 for moderate susceptibility, we found that the measure of two standard deviations increased slightly to less than 0.04, which reflects the degree of variability, and this usually characterizes the obtained estimate of intermediate values, according to Guzzetti et al. [117].



We also performed a sensitivity analysis (Figure 6B). The boxplot shows the distribution of the area under the ROC curve of the 50 different datasets. Their values varied between 0.869 and 0.885 with a standard deviation equal to 0.003. The model seems stable and less sensitive to the input dataset.




5.2. Key Factors and Desertification Occurrence


The desertification susceptibility mapping required the identification of the factors responsible for land degradation, the evaluation of their contribution, and the assessment of their influence. To build a susceptibility model, we adopted an approach based on testing and then selecting the appropriate predictive factors. The desertification susceptibility model retained 13 of the initial 45 predictive factors that had significant coefficients.



The interpretation of the logistic model coefficients (    β i    ) was not as simple as that of an ordinary regression coefficient. For this reason, we interpreted the odds ratios, because the exponential coefficient values, Exp (βi), provided a useful measure of the strength of the association between a predictor variable and the occurrence of desertification.



Based on the odds ratios estimated by our model (Table 4), it was clear that the land cover factor plays a major role in frequent desertification occurrences in the study area. Rangelands are approximately 2.22 times more susceptible to desertification than other types of land types, followed by cultivated rangelands and grazed cropland, which represent an increased likelihood of desertification of 1.61 and 1.50 times, respectively, compared to other classes of land cover. This is due to human pressures, such as overgrazing and transforming rangelands into agricultural land [8,10]. We expected to consolidate this conclusion through the rural population density and livestock density factors, but they were not statistically significant in the final model, probably due to a high correlation with grazed cropland class, at 0.63 and 0.67, respectively.



The non-significance of socio-economic variables as influential predictors in our model does not mean in any way that these variables do not contribute or influence the occurrence of desertification. We can indirectly prove the effect by the presence of land cover variables in the final model, such as rangelands, cultivated rangelands, and grazed cropland. They had a high susceptibility to desertification, with odds ratios of 2.22, 1.61, and 1.50, respectively. These areas are subject to anthropogenic pressure related to overgrazing and improper land use for agriculture and are characterized by advanced vegetal cover degradation, which is the most important aspect of desertification in the region [6,7,8,9,10].



It is clear from the analysis that various lithological factors are not significant, except for sand and massive limestones in banks or platelets units. Sand only represents 0.1% of the surface of the study area. Furthermore, many studies show sand is in decline [9,97,119], following the efforts of the National Forest Research Institute, which is performing pastoral activities to combat desertification using mechanical and biological dune fixation. However, the risk of degradation is still high as the sandy areas are 2.48 times more susceptible to degradation than other types of land (Table 4). The massive limestones in banks or platelets are 1.5 times more susceptible when compared to other areas. The reason for this is probably that most of these areas are concentrated in the mountain peaks. Limestones are vulnerable to erosion and limited vegetal cover exposes them to weathering [120].



Southern slopes were found to have a clear positive relation to desertification, being 1.62 times more vulnerable than the other aspect faces (Table 4). On the other hand, we found that the northwestern slope had a negative association; the occurrence of desertification was about 15% lower compared to other aspects. Previous works [77,121,122] mentioned the fact that slope aspects influence the local environment, as the duration of the solar radiation affects the temperature and evaporation. The latter leads to the creation of a microclimate. As a result, the southern face aspects are warmer than those with northern aspects and have lower vegetal cover. Subsequently, the erosion rate will be higher in the southern facing aspects than in the northern facing ones.



Elevation was not statistically significant in the preparation of our model, and there was no clear relation between the distribution of desertification and elevation. This was further confirmed by the equal distribution of desertified areas across all elevation classes (Table 1). While we found that relative elevation, represented by TPI, was statistically significant, the chances of desertification increased to 20% when the value of TPI increased per unit. This low level of influence can be interpreted by the flat nature of the study area, confirmed by the TPI values, which varied in a narrow range between −9.56 and 8.78 for desertified areas.



Drainage density showed a positive relationship with desertification. When the drainage density increased, the occurrence of desertification increased, but with a limited impact as shown by the odds ratio of 1.19. This is confirmed by the study conducted by the National Office for Rural Development, which showed that most areas are stable for erosion [123], and the drainage network in the study area is primarily endoreic with temporary and irregular flow. Nevertheless, it is clear that the distance to drainage was not statistically significant in the model, which is supported by the random distribution of desertified areas on different distances from drainage (Table 1). This is probably due to the semi-arid nature of the study area that limits any potential role of surface runoff on desertification.



The HI shows how landscapes respond to erosion. It is always inversely correlated with erosion [73]. In our case, the HI showed a negative relationship with desertification (Table 4). Interpreting the odds ratio for HI was difficult because it includes three categories without progressive or regressive relationships. We relied on an analysis of HI values for desertified areas (Table 1). We found that the study area is in an equilibrium situation because 93.89% of the desertified areas have a HI value of between 0.35 and 0.6 [124,125]. This reduces the importance of erosive factors in the region [126]. Confirmed somewhat by the absence of curvature in our final model as one of the variables that controls the erosion process, it was an ineffective factor without any statistical significance.



Important variables that have a relationship with the water erosion, such as curvature, HI, drainage density, distance to drainage, and TPI, clearly do not play a major role in the occurrence of desertification. However, this does not negate the existence of other forms of erosion. In the meantime, many studies have underlined the impact of wind erosion on land degradation in semi-arid regions [10,12,127].



Vegetation cover is known to control the susceptibility of land to desertification [23]. The NDVI is usually used for detecting vegetation cover and can be used to evaluate desertification in the study area. From the model results, an increase in desertification probability was found to be strongly related to the decrease in NDVI value, with an odds ratio approaching zero (Table 4). This association has been outlined by several studies [1,23,24].



Precipitation is a climatic factor that affects the likelihood of desertification, particularly in semi-arid regions, because it is related to the phenomenon of drought, which has a direct impact on the vegetation cover [10,127]. In our study area, this was shown by the inverse association between precipitation and desertification. Whenever the precipitation increased, the risk of desertification decreased by 35% (Table 4). This inverse relationship between precipitation and desertification reinforces the last conclusion about the unimportance of water erosion as the decisive factor contributing to desertification.



The remaining climatic factors, LST and evapotranspiration, were not statistically significant in the model (p-value > 0.05). LST depends on the accuracy of surface emissivity, and in semi-arid regions, the surface emissivity may vary greatly depending on location and time [128]. For evapotranspiration, many studies have indicated an inverse relationship between desertification and evapotranspiration [87,88,89]. This did not appear in our final model, most likely due to the quality of the data used.



Several studies indicated that the slope gradient is associated positively with desertification as a factor leading to soil degradation by erosion processes [28,76,129]. However, for our study area, when the slope gradient increased per unit, the susceptibility to desertification decreased by 20% (Table 4). This association is not strong but shows an inverse correlation between desertification and slope gradient. A possible explanation for this relationship is that desertification occurs in low slope gradient areas, due to anthropogenic factors such as grazing, and not due to erosion. This was confirmed by Vallentine [130] and Adler et al. [131], who showed that steep slopes limit access to highlands and grazing by animals. This conclusion is reinforced by the fact that over 84.50% of the desertified land was characterized by a low slope gradient in the study area of less than 5 degrees (Table 1). This conclusion also reduces the importance of the variables that are related to water erosion, as described previously.




5.3. Desertification Susceptibility Map


This is the first study that uses probabilistic model for assessing susceptibility to desertification, preventing the comparison of our results with other studies. In order to overcome this problem, we compared our desertification susceptibility map with other studies assessing sensitivity to desertification in the region [11,12,13,14,15]. First, we conducted a qualitative comparison by visual analysis due to the absence of vector support for these studies. Overall, we found that all sensitive maps are similar to our model and consider the northern and southern part of study area as susceptible or highly susceptible to desertification. These parts include the majority of rangelands, sand dunes, and chotts, which are characterized by low vegetation cover density. The central region, which includes the forests, woodlands and adjacent rangelands, were safe areas or were minimally susceptible to desertification. The fieldwork observations confirmed that the rangelands near forests and woodlands are mostly in good shape, likely due to the local environment provided by forests and the protection against livestock grazing applied by authorities in this area. The strong link between vegetation and desertification seems clear, as previously suggested by the inverse relationship between NDVI and the occurrence of desertification [1,23,24].



For the quantitative comparison, all of the above studies [11,12,13,14,15] classified the sensitivity map into five classes. Similar to the visual comparison, we used two classes, namely high and very-high sensitivity, to complete this quantitative comparison. Due to the lack of details for the compared studies, the interpretation was based only on the procedural side, i.e., the variables used. The results showed that the proportion of land that is susceptible or highly susceptible to desertification in the study area is 45%, a value that is close to those reported by Ousseddik et al. [11], Bneder [14], and CTS [15], who found values of 49.67%, 52.75%, and 55.73% respectively. This remarkable similarity in the results is probably due to the similar scale used, and that these studies were conducted only on the steppe areas, where this study was performed. Moreover, all studies included socioeconomic variables, data relating to land cover, and field work. We should point out that the CTS study [15] provided a proportion of susceptible and highly susceptible areas to desertification (49.67%), close to that registered in our study. This is probably due to the fact that this study included a climate variable, unlike the rest of the compared studies.



On the other hand, for the regional studies, we found that the results of Benslimane et al. and Salamani et al. [12,13] showed that 74.81% and 87% of areas are susceptible or highly susceptible to desertification, respectively. They differ significantly from the registered result in our study. In light of the previous explanation, it is likely that the high percentage of area susceptible and highly susceptible to desertification is due to the structure and small scale of these studies, that involved large areas that included several homogeneous zones. We should note that these studies also included a limited number of natural variables and missed socioeconomic variables and land cover data. This may have reduced the accuracy of the generated maps.





6. Conclusions and Recommendations


Our results show that logistic regression provides a useful tool for assessing environmental susceptibility to desertification in semi-arid areas, like the central part of Algeria. The model statistics coefficients form a valuable tool to assess the contribution of factors to the presence or absence of desertification. In the study area, environmental factors, such as NDVI and rangeland cover, had the strongest relationship with desertification, followed by the climatic factors, while geomorphological factors had the least impact.



The desertification probability map shows that 44.57% of the area is highly to very-highly susceptible to desertification; a moderate to low level of susceptibility was found in 31.45%, and 23.99% of the land was considered safe. This allowed us to identify areas susceptible to desertification, and consequently where preventive actions should be taken.



Moreover, the reliability of the susceptibility map was validated using the area under the ROC curve for a separate desertification validation set. It showed good accuracy of the model, as the area under the curve was 0.878, corresponding to a prediction accuracy of 87.8%. The stability of the model was tested with uncertainty measures, which confirmed the robustness of the prediction.



Our results agree with those of several previous studies. The novel contribution of this study is the identification of variables responsible for desertification from a set of a priori variables. More importantly, we quantitatively measured the contribution of each variable to the phenomenon of desertification, while previous works simply identified the areas sensitive to desertification according to variables adopted, and sometimes weighted, in advance by the researcher.



Due to the difficulty of taking all desertified areas in account, particularly when the study area is large, we recommend using stratified random sampling in future studies. The logistic modelling algorithm accepts all types of variables and does not require any distribution of data; this will facilitate and encourage researchers to test new variables and other types of spatial data, such as the Advanced Spaceborne Thermal Emission and Reflection Radiometer ASTER imagery, in future studies.



The presence of a non-significant variable (for example, LST or socioeconomic variables in the present study) does not mean in any way that it has no contribution or effect with respect to the studied phenomenon. This can probably be related to the quality of the data and/or the multicollinearity problem. In fact, if the researcher has prior knowledge and is certain of the contribution of non-significant factors, they can use other statistically-correlated variables for the interpretation, such as the land cover and socio-economic variables. On the other hand, we can also confirm the necessity for finding other ways to improve socio-economic data, especially for the rural population density and grazing area distribution, or for testing several types of data for the same variable, if available.



The approach used in this study can provide good information to help engineers, planners, and authorities to combat desertification more effectively, as it can be also replicated to other areas with similar conditions.
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Figure 1. Simplified map of North Algeria showing the steppe zone examined in this study. The black rectangle indicates the studied area with a hill shade map. 
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Figure 2. Maps of the environmental and socioeconomic prediction factors: (A) precipitation; (B) normalized difference vegetation index (NDVI); (C) rural population; (D) livestock density; (E) land cover; (F) drainage distance; (G) drainage density; and (H) evapotranspiration. 
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Figure 3. Maps of the geomorphological and soil prediction factors: (A) land surface temperature (LST); (B) elevation; (C) hypsometric integral (HI); (D) curvature; (E) lithology; (F) slope; (G) topographic position index (TPI); and (H) aspect. 
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Figure 4. The predictive factors retained in the final logistic model and their odds ratios. 
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Figure 5. Desertification susceptibility map generated using a logistic model in the Djelfa area. 
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Figure 6. (A) Receiver operating characteristic (ROC) curve for the logistic model; (B) sensitivity analysis with validation dataset for 50 desertification susceptibility estimates; and (C) desertification susceptibility model error. The x-axis shows the mean value of 50 probability estimates; the y-axis represents two standard deviations of the probability estimate. 
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Table 1. Evaluation of the relationships between the desertified area, represented by the training and validation dataset, and desertification-predictive factors. LST: land surface temperature; TPI: topographic position index; HI: hypsometric integral; NDVI: normalized difference vegetation index.
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Factor

	
Class

	
Desertified (%)

	
Factor

	
Class

	
Desertified (%)






	
TPI

	
(−9.56)–0

	
46.33

	
Land cover

	
Agriculture

	
19.32




	
0–8.78

	
53.67

	
Grazed cropland

	
7.81




	
HI

	
<0.35

	
0.00

	
Cultivated rangelands

	
0.59




	
0.35–0.6

	
93.89

	
Rangelands

	
64.27




	
>0.6

	
6.11

	
Forest

	
1.04




	
Slope (◦)

	
<5

	
84.62

	
Afforestation

	
0.45




	
5–10

	
14.28

	
Esparto grass

	
5.76




	
>10

	
1.10

	
Dune

	
0.25




	
Curvature (1/m)

	
<0

	
41.31

	
Sebkha

	
0




	
0

	
13.31

	
Uncultivated area

	
0.14




	
>0

	
45.38

	
Urban area

	
0.38




	
Aspect (degree)

	
Flat

	
2.90

	
Distance to drainage (m)

	
<100

	
17.51




	
N—(337.5–22.5)

	
12.19

	
100–200

	
26.36




	
S—(22.5–67.5)

	
14.07

	
200–300

	
28.75




	
W—(67.5–112.5)

	
10.30

	
300–400

	
17.15




	
E—(112.5–157.5)

	
12.09

	
400–500

	
8.16




	
NW—(157.5–202.5)

	
12.18

	
500–600

	
1.91




	
NE—(202.5–247.5)

	
11.98

	
>600

	
0.15




	
SW—(247.5–292.5)

	
10.17

	
LST (°C)

	
<38

	
36.43




	
SE—(292.5–337.5)

	
14.73

	
>38

	
63.57




	
Lithology

	
Alluvium

	
27.46

	
Rural population

	
<0.49

	
65.00




	
Conglomeratic clay–sand formations, lacustrine and limestone

	
2.13

	
>0.49

	
35.00




	
Livestock density

	
0.48–2.88

	
20.56




	
Clay

	
31.40

	
2.89–9.94

	
60.34




	
Schist-marls, few limestone and gypsum intercalations

	
12.66

	
9.95–17

	
4.99




	
>17

	
14.11




	
Massive limestones in banks or platelets

	
2.75

	
Evapotranspiration

	
1300–1400

	
7.19




	
1400–1500

	
25.76




	
Alternating sandstone and clay

	
20.49

	
1500–1600

	
65.58




	
Chotts

	
0.00

	
1600–1700

	
1.47




	
Sand

	
3.12

	
<300

	
43.92




	
Elevation

	
700–800

	
19.33

	
Precipitation (mm)

	
300–400

	
54.54




	
800–900

	
33.11

	
400–500

	
1.54




	
900–1000

	
7.51

	
>500

	
0.00




	
1000–1100

	
11.22

	
Drainage density (m km−2)

	
1–2

	
55.31




	
1100–1200

	
10.68

	
2–4

	
44.69




	
1200–1300

	
17.06

	
NDVI

	
<0.22

	
96.21




	
>1300

	
1.09

	
>0.22

	
3.79
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Table 2. The multicollinearity diagnosis index for 13 predicting factors. VIF: variance inflation factor.
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Category

	
Factor

	
VIF






	
Land Cover

	
Rangelands

	
1.22




	
Cultivated rangelands

	
1.03




	
Grazed cropland

	
1.23




	
Slope Aspect

	
South aspect

	
1.04




	
Northwest aspect

	
1.07




	
Lithology

	
Sand

	
1.09




	
Massive limestones in banks or platelets

	
1.04




	
Slope

	
1.30




	
NDVI

	
1.38




	
HI

	
1.04




	
Precipitation

	
1.35




	
Density drainage

	
1.15




	
TPI

	
1.19
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Table 3. Pseudo R2 Test of the logistic model with 13 predicting factors.
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	Pseudo R2 Test
	Value





	Cox and Snell R2
	0.40



	Nagelkerke R2
	0.53
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Table 4. The predictive factors retained in the final logistic model and their estimated coefficients.
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Category

	
Factor

	
βi

	
Standard Error of Estimate

	
Wald χ2 Values

	
Significance (p Value)

	
Exp (βi) (Odds Ratio)






	
Land cover

	
Rangelands

	
0.800

	
0.054

	
14.805

	
0.000

	
2.22




	
Cultivated rangelands

	
0.473

	
0.238

	
1.986

	
0.047

	
1.61




	
Grazed cropland

	
0.405

	
0.088

	
4.628

	
0.000

	
1.50




	
Slope aspect

	
South aspect

	
0.481

	
0.084

	
5.663

	
0.000

	
1.62




	
Northwest aspect

	
−0.166

	
0.068

	
−2.462

	
0.014

	
0.85




	
Lithology

	
Sand

	
0.909

	
0.138

	
6.583

	
0.000

	
2.48




	
Massive limestones in banks or platelets

	
0.412

	
0.168

	
2.448

	
0.014

	
1.51




	
Slope

	
−0.209

	
0.009

	
−22.617

	
0.000

	
0.81




	
NDVI

	
−52.391

	
1.270

	
−41.242

	
0.000

	
~0




	
HI

	
−2.982

	
0.373

	
−8.006

	
0.000

	
0.05




	
Precipitation

	
−0.420

	
0.054

	
−7.763

	
0.000

	
0.66




	
Density drainage

	
0.176

	
0.073

	
2.416

	
0.016

	
1.19




	
TPI

	
0.198

	
0.016

	
12.263

	
0.000

	
1.22
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Table 5. Classification of desertification susceptibility map into five classes.






Table 5. Classification of desertification susceptibility map into five classes.





	Susceptibility Class
	Range
	Number of Pixels
	Area Covered (%)





	Safe area
	0–0.14
	1,325,603
	23.99



	Low susceptibility
	0.15–0.36
	930,010
	16.83



	Moderate susceptibility
	0.37–0.60
	807,834
	14.62



	High susceptibility
	0.61–0.83
	848,277
	15.35



	Very-high susceptibility
	0.84–1
	1,614,946
	29.22
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