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Abstract

:

Along with the concept of improving reforestation efforts in Lebanon, this study aimed to provide a land suitability analysis for forest species in Lebanon while considering the effect of climate change. Herein, the soil evaluation criteria developed by FAO (The Food and Agriculture Organization) for land suitability classification were implemented through the weighted overlay method to produce suitability maps based on natural variables (soil, climate, and topography) influencing the presence of the species on the land. Cedrus libani, Quercus calliprinos, Ceratonia siliqua, Eucalyptus globulus, and Pinus halepensis are the species considered in this study. The results of this study provide useful information to inform reforestation activities in Lebanon, considering the expected climate change projections for medium- (2050) and long-term (2070) periods, according to two different scenarios (RCP4.5 and RCP8.5) and three General Circulation Models: CCSM4, GFDL-CM3, and HadGEM2-ES. The suitability maps showed a generally critical situation for the spatial distribution of forest species under future climate change compared to the current situation (1970–2000). The distribution of thermophilic species, which tolerate high temperatures (over 20 °C), was projected to expand compared to the current situation. In contrast, the expansion of cold-adapted species may be limited by future climate change conditions. It is crucial to consider the expected effects of climate change to better select species for reforestation and, therefore, to maintain forest cover in Lebanon.
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1. Introduction


1.1. Forests of Lebanon and Climate Change


Global warming is one of the most pressing environmental issues nowadays. The Mediterranean Region is among the most vulnerable regions to the effects of climate change [1]. An increase in temperature, more variable precipitation, and more frequent and intense extreme events are expected because of climate change, unless urgent and strong mitigation actions are implemented [2]. The Mediterranean forests, which cover about 9.4% of the total global forest area, constitute approximately 30% of the Mediterranean’s total land surface [3]. In Lebanon, located in the eastern part of the Mediterranean basin, forests extend over 136,900 ha, while other woodlands cover 106,000 ha, representing around 13% and 11% of the total surface of the country [4], respectively. They spread from the coastal zone to the adjacent mountains (1500–2000 m), where they grow optimally at about 1800 m of altitude [5]. Lebanon witnesses variability in altitude due to its rugged topography and exposition, defining a diversity of climatic conditions from a Mediterranean climate along the coast and the mid-altitude of the mountain ranges, to sub-alpine and mountain Mediterranean climate on the highest slopes, and to an arid and sub-desert climate in the northern plains. This geographic and climatic diversity is reflected through a set of ecological systems that vary significantly from one region to another, generating, over the entire country, a true biological hotspot. The location of Lebanon has given rise to unique biodiversity, with 9119 known species, almost evenly divided between fauna (4486 species) and flora (4633 species) [6].




1.2. Forest Species and Resilience


The most widespread Lebanese forest species are Quercus calliprinos, Quercus infectoria, Quercus cerris (mostly referred to as Quercus spp.), Juniperus excelsa, Cedrus libani, Abies cilicica, Pinus pinea, Pinus halepensis, Pinus brutia, and Cupressus sempervirens [5,7,8]. These forests are under serious threat due to wildfires, insects, diseases, urban growth, changes in land use, quarries, and war [9]. Many of these forests have been described as vulnerable to climate change due to a decline in the regeneration rate, with Juniperus excelsa categorized as very highly sensitive to climate change, followed by Cedrus libani, Abies cilicica, and Quercus cerris [8,10,11]. Additionally, Kelley et al. [10] declared that ecosystems and forests are already affected by climate change, especially considering that forest stands suffer from fragmentation, pest outbreaks, forest fires, and unsuitable practices that challenge their capacity to survive and develop. Consequently, climate change, stressed by anthropogenic interventions, may set the grounds for the emergence of unfavorable scenarios such as the diffusion of invasive alien species [12], which could eventually compromise the resilience of the existing forests, decrease their adaptation and survival chances, and reduce the areal extent of their natural habitat [11].



To protect the natural heritage of Lebanon’s forests and reduce the impact of climate change, Lebanon has signed more than 33 international conventions, including the Convention on Biological Diversity in 1992, ratified by the Ministry of Environment in 1994 [13]. In addition, interventions have been employed, notably through reforestation processes, including the program of planting 40 million trees on 70,000 ha of public lands, considered one of the main activities that support the proliferation of green areas in Lebanon. Ultimately, this program aims to increase Lebanon’s total forest cover from 13% to 20% in the coming 20 years [8]. Reforestation efforts have been encouraged by the government sector, and other entities have simultaneously been attempting to guide and facilitate these activities [8,14]. Nevertheless, the long-term recovery of forests should be supported by predicting changes in land suitability in the coming years.




1.3. Land Suitability and Forest Future


Over the last decades, there has been a growing demand for the development of decision-support tools for sustainable and spatialized land-use management with the support of GIS (Geographical Information System) technology [15,16,17]. These tools use suitability modeling methods relying on geo-information systems and satellite imagery, with the latter being more incorporated in the research fields of ecology, conservation, and management of tree species [18,19]. Several studies have been undertaken to assess land suitability worldwide using GIS and remote sensing [20,21,22,23,24,25,26,27,28,29,30]. Wandahwa et al. [21] used expert knowledge and spatialized data (climatic, soil, and landform requirements) in a GIS system to provide qualitative land suitability maps for generative Pyrethrum cultivation in Kenya. Mazahreh et al. [26] developed a GIS-based approach for land use suitability assessment in a semi-arid environment in Jordan to assist land managers in identifying areas with physical limitations for different land uses. They used FAO criteria and spatialized data (georeferenced raster) of soil depth, stone and rock percentages on the soil surface, and erosion type and status in a GIS model. Abdalah and Jaafar [27] provided spatial data on crop suitability for current and projected future conditions. The suitability maps were generated by combining the FAO EcoCrop model with monthly climatic datasets (spatialized data) from the WorldClim database. Results showed that many crops in the Levant would witness a decrease in their suitability, whereas the suitability of crops in the Upper Nile Basin would increase by 2050.



Previous research in Lebanon studied the effects of climate change on the growth rate of Cedrus libani, Abies cilicica, Juniperus drupacea, and Quercus spp. [9,31,32] and examined the best knowledge of tree species requirements for survival [18,33,34,35,36]. However, to our knowledge, there are no studies on the impact of climate change on forest land suitability for different forest species in Lebanon. Consequently, our initial hypothesis asserts that the expected climate changes could strongly modify the land suitability of Lebanon, thereby influencing the possibility for the growth of long-living species such as forest trees. This hypothesis will be thoroughly examined and discussed in this paper, with a particular emphasis on assessing the extent of climate impacts in terms of both suitability area reductions for some species and gains for others. Accordingly, the present study aimed to investigate this hypothesis by performing a holistic evaluation of the potential of Lebanon’s forest lands under present climate conditions and under climate projections for forest regeneration, including the introduction of pioneer species on degraded land, which have a pivotal role in increasing the forest cover to mitigate the negative effects of climate change. Land suitability maps of different suitability classes for each species under present and future climate conditions were obtained by combining the weighted overlay method (ArcGIS-based tool) and forest species requirements (FAO soil evaluation method for land suitability), in terms of soil and climate conditions. These results, representing the suitable conditions for five tree species (natives, potentials, and invasive) in Lebanon, can inform the reforestation process in Lebanon by serving as the basis for selective and precise reforestation activities at minimal cost. The results obtained can help forest planners to rehabilitate forests by planting suitable species in the appropriate locations, considering future climate change impacts on forests, thus allowing forest cover to expand while preserving species such as Cedrus from extinction.





2. Materials and Methods


2.1. Species Selection and Characteristics


This study focuses on Lebanon (Figure 1). The selection of the species analyzed in this study was made by considering their environmental and economic importance for Lebanon. Five species were selected following the research by Sattout and Zahreddine [5], which studied the characteristics of the native species in Lebanon and listed 69 trees and shrubs in Lebanon and its neighboring countries, although the list can be extended to almost 100 species [37]. The main characteristics of the selected species for this study are reported in Table 1.




2.2. Selected Data for Forest Land Suitability Analysis


2.2.1. Climate Data


The monthly average temperature and monthly average precipitation over the studied period were the climatic inputs for the land suitability forest models [38,39,40]. These data were obtained from the WorldClim database website in Geo-Tiff format with a resolution of 30 arc seconds (1 km × 1 km) (https://www.worldclim.org/data/index.html (1 January 2022)). For the suitability analysis under the current situation, historical climate data (average years 1979–2000) were used as the current/benchmark climate because the actual soil and forest conditions are determined by several decades of historical climate variations [38,41,42]. For the suitability analysis under future climate conditions (2050 and 2070), the climatic data were obtained via simulation with three General Circulation Models (CCSM4, GFDL-CM3, and HadGEM2-ES) (Table 2) [38,39,40]. All these climate projection models use the representative concentration pathway RCP8.5 and RCP4.5 scenarios for climate change from the Coupled Model Intercomparison Project Phase 5 (Table 2).




2.2.2. Soil and Geographic Data


Soil data for the year 2002 were obtained from the National Center of Remote Sensing in Lebanon (CNRS-L). The soil map, with a scale of 1:50,000, covers 27 layers and contains detailed information on the soil types in Lebanon, their locations, and morphology. The Digital Elevation Model (DEM) was created from the digital contour line map (1/20,000), which was adopted from the CNRS-L with a spatial resolution of 30 m × 30 m. Both maps were obtained with the same coordinate system (WGS_1984_UTM_Zone_36N), cell size (30 m × 30 m), and origin of the cells.





2.3. Suitability Classification Model Approach


Suitability refers to the fitness of a given type of soil to support the growth of a given tree species [38]. The land suitability classification process involves evaluating and grouping specific land areas according to their suitability for defined uses. Four classes of suitability were considered according to FAO 1976 [43]: highly suitable or optimal (S1), moderately suitable (S2), marginally suitable (S3), and not suitable (N). Table 3 describes the ranges of classification variables (altitude, temperature, annual precipitation) and soil types considered to define the suitability categories (S1, S2, S3, and N) for each forest species. These suitability categories are defined by FAO 1976 [43] as follows:



Highly suitable (S1): land with no significant limitations for a specified sustained use, and it is therefore expected to not reduce productivity or benefits or raise input requirements above an acceptable level;



Moderately suitable (S2): Land with limitations that are moderately severe for a specified sustained use. These limitations reduce productivity or benefits and increase required inputs, resulting in an overall advantage lower than that expected in class S1, although still attractive;



Marginally suitable (S3): Land with limitations that, in aggregate, are severe for sustained application of a given use. These limitations reduce productivity or benefits to the extent that the expenditure will be only marginally justified;



Unsuitable (N): land with limitations that severely preclude any possibility of successful sustained use.



To produce the suitability map (Figure 2), all classification variables presented in this study as raster images were first resampled to a spatial resolution of 30 m × 30 m (highest spatial resolution) and later aligned using the nearest neighbor function. This allowed the construction of a dataset cube, with each pixel of any classification variable having a spatially corresponding pixel for all other classification variables. The resampling and alignment of images were performed using the ArcGIS software.



The weighted overlay method was then used to produce the suitability maps. First, for each forest species, a suitability raster with values of S1, S2, S3, and N (coded as integers 1, 2, 3, and 4 for processing as a raster) was derived independently from each classification variable (altitude, temperature, annual precipitation, and soil type), according to the ranges defined in Table 3. The values in Table 3 were defined based on the literature [44,45,46,47,48], several field inventories, and expertise from the CNRS-L. Therefore, for each forest species, four suitability maps were generated, where each map was derived from one classification variable. For example, for Cedrus libani, a classification raster with values S1, S2, S3, and N was generated using altitude values (from DTM raster) between 1200–2000, 600–1200, 500–600, and higher than 2400, respectively. Similarly, three other classification rasters were generated from temperature, annual precipitation, and soil type, according to the values in Table 3. Later, for each species, the suitability maps derived from each classification variable were combined to produce a final suitability map for that species. The combination involved multiplying each pixel of the raster suitability value by its layer weight and totaling the values to derive a final suitability map (clipped to the extent of forest in Lebanon using a shapefile of forest extension). These steps were repeated to provide a suitability map for all forest species presented in Table 3. Several objective and subjective methods were used to calculate the weights of each classification variable based on their relative importance [49]. In this study, the weight of each classification variable was determined from the literature (Table 4) [36,50,51]. Climatic factors (temperature and precipitation) were considered the most important (total importance of 75%) because they can enhance or prevent wildfires, storms, insect proliferation, and the occurrence of invasive species. Moreover, they are the most prejudiced factors affecting the growth of vegetation and trees [30]. Altitude was relatively important (15%) because it helps maintain the distribution of other classification variables at the local scale. Finally, soil governed the type of vegetation that could grow most productively in each area. All the steps for suitability classification were performed using ArcGIS, including the application of the weighted overlay method used.





3. Results


The suitability maps were generated for the selected forest species (Cedrus libani, Ceratonia siliqua, Quercus calliprinos, Eucalyptus globulus, and Pinus halepensis) for both climatic periods: the historical reference period 1970–2000 (current period) and the future periods: 2030–2050 and 2060–2080. The suitability values are represented by four classes, ranging from the highly suitable class (S1) to the unsuitable one (N).



3.1. Land Suitability for the Current Period


The generated suitability maps allow for the computation of the area of suitable forestland for each forest species. The area is calculated from each suitability map of each forest species by vectorizing the suitability map (using the raster-to-vector function in ArcGIS) based on digital number values (i.e., the suitability class values) and summing the area of polygons belonging to the same suitability class (this procedure is performed using ArcGIS).



For the current climatic conditions, the results in Figure 3 show, for each forest species, the area of each suitability class in hectares (ha). The results indicate that Lebanese forestlands are highly suitable (S1) for the development of E. globulus, P. halepensis, Q. calliprinos, and C. siliqua, with areas of approximately 472, 13,096, 41,439, and 58,121 ha, respectively. Moreover, the results demonstrate that Lebanese forestlands are moderately (S2) and marginally (S3) suitable for the development of all considered species. However, some forestland areas are currently unsuitable (N) for the studied forest species, with approximately 3445, 3842, 12,262, and 17,564 ha suitable for C. libani, E. globulus, P. halepensis, and Q. calliprinos, respectively. Overall, most of the area of Lebanese forestlands is currently moderately (S2) to marginally (S3) suitable for all the studied species.



The geographical distribution of suitability classes was also analyzed using the generated suitability maps for each forest species. For Ceratonia siliqua (Figure 4a), high suitability (S1) was predominantly observed at lower altitudes near the coastline, spreading mainly from the north to the south (Figure 4a). Moderate (S2) and marginal (S3) suitability were observed primarily at higher altitudes (in Mount-Lebanon, Bekaa, and Baalbek-Hermel regions). All the suitable areas (S1, S2, and S3) for the Ceratonia siliqua species are located in the Thermo-Mediterranean, lower Eu-Mediterranean levels, and in humid and sub-humid bioclimatic zones of Lebanon, characterized by a temperate-to-warm winter (minimum temperature always above zero). However, the unsuitable areas (N) were found in specific regions characterized by high-altitude values (perhumid and Oro-Mediterranean).



For Cedrus libani (Figure 4b), the Lebanese forestlands are neither highly suitable nor unsuitable (Figure 1b), with moderate and marginal suitability observed across the entire forested areas. The suitability map reveals that the potential ecological niche for Cedrus libani (S2) is primarily found in the mountainous areas of Akkar, North Lebanon, Mount-Lebanon, and Baalbak-Hermel (i.e., the slopes of the Anti-Lebanon Mountains) (Figure 2b). Furthermore, the results indicate that marginal suitability (S3) is mainly observed in the south, Nabatyeh, and along the coastline. All the moderately suitable areas are located in the Mediterranean Montane and the upper Supra-Mediterranean levels, in humid and sub-humid bioclimatic zones, characterized by a cold winter (minimum temperature below zero).



Quercus calliprinos (Figure 4c) was observed in a wide habitat range within the territory. The generated suitability map shows that Quercus trees have the highest suitable area (S1), extending along the coastline from North Lebanon to South Lebanon, with the highest density in the slopes of the North and Mount-Lebanon regions (Figure 1c). The marginal and unsuitable areas are mainly in the eastern part of the country, Baalbek-Hermel, and Bekaa regions. All the suitable areas (S1 and S2) for Quercus are in the Thermo-Mediterranean and Eu-Mediterranean levels.



Eucalyptus globulus is an invasive tree native to Australian regions, and its introduction to the Lebanese forestlands is important due to its high wood productivity. Figure 4d shows that Lebanese forestlands are moderately to marginally suitable to support the development of Eucalyptus, with the moderately suitable areas (S2) mainly observed in Mount-Lebanon, North Lebanon, and Akkar regions. Furthermore, the results indicate that Lebanese forest lands are not highly suitable for Eucalyptus. The unsuitable areas are spread across Lebanon, with a high density in Baalbak-Hermel and Bekaa.



Pinus halepensis plays an ecological role in low and mid elevations. Based on Figure 4e, the species is predominantly highly suitable (S1) mainly in the Mount-Lebanon region. This species, along with Eucalyptus globulus, represents a significant surface area in the moderately suitable class (S2) for the currently established species. It should be noted that in Akkar and Nabatiyeh, the non-suitable classes (N) for Pinus halepensis are limited because Pinus is well adapted to the summer dry conditions and can thrive in burned areas.




3.2. Land Suitability under Future Climate Projections


The employed method leveraged current knowledge (Table 3 and Table 4) regarding land suitability for five distinct forest species. Initially, it generated distribution maps for the present period and subsequently adapted them to estimate the variation in suitability areas in the projected future. In this study, the initial hypothesis, which included suitability maps for the current period and the derived area of each suitability class, was not validated using reference data due to their unavailability. Nevertheless, forest experts from CNRS-L, in conjunction with the literature sources [36,44], confirmed that the obtained maps align with reality. For instance, the map indicating that the Anti-mountain of Lebanon is the only suitable area for Cedrus libani is trustable, supported by the well-known presence of Cedrus in that region and corroborated by previous research [44]. Consequently, the study commences with a trustable initial assumption for projecting suitability in 2050 and 2070. Importantly, the projection results primarily focus on the changes in the areas of each suitability class under the current period. Consequently, the lack of validation for the initial assumption with ground truth data will not impact the conclusions, as only climatic projections were altered when projecting into the future, while topography and soil information were the same for both the current and future periods.



Climate projections from three different climatic models were used to project the suitability for the periods 2050 and 2070. For each species and each projection period, six suitability maps were generated from the three GCMs models (CCSM4, GFDL-CM3, and HadGem-ES) and the two scenarios (RCP4.5 and RCP8.5), resulting in twelve suitability maps for each species for the two projection periods (2050 and 2070). It is, therefore, impossible to display all these maps (60 maps for all species). Instead, for each species, the area of each suitability class was derived from each map (total twelve maps) and compared to the reference area of the same class (Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9). To facilitate the analysis, for each species, each class, each climatic scenario (RCP4.5 and RCP8.5), and each projection period, the areas obtained from the three climatic models were averaged.



Figure 5 shows the future evolution of suitability class zones for Cedrus libani. According to RCP4.5, no highly suitable areas are expected to appear. S2 class areas are expected to remain approximately the same as today, S3 class areas are expected to decrease slightly, and unsuitable areas are expected to increase from 3445 ha to 29,274 ha in 2050 and to 19,476 ha in 2070. According to RCP8.5, no highly suitable areas are expected to appear. S2 class areas are expected to decrease from 53,967 ha to 30,589 ha in 2050 and to 17,455 ha in 2070. S3 class areas are expected to remain constant until 2050 (~86,000 ha) and decrease in 2070 (61,179 ha), and unsuitable areas are expected to increase in 2050 (from 3445 ha to 111,663 ha) and decrease later in 2070 to 24,179 ha. Overall, one can conclude that Cedrus libani is facing an extinction risk with the upcoming climate change.



For Eucalyptus globulus (Figure 6), highly suitable areas are expected to increase for both RCP4.5 and RCP8.5. They are expected to increase from 472 ha to 36,847 ha in 2050 and 37,592 ha in 2070 for RCP4.5, and from 472 ha to 40,554 ha in 2050 and 41,076 ha in 2070 for RCP8.5. The areas of the S2 class are expected to remain approximately similar in 2050 and 2070 compared to the current period, with an average area in 2050 and 2070 of around 81,560 ha. Marginally suitable (S3) areas are expected to significantly decrease (from 80,867 to about 12,830 on average) in 2050 and 2070 for both RCP4.5 and RCP8.5. Unsuitable areas (N) are also expected to decrease in 2050 and 2070, with 3842 ha and 0 ha, respectively. Accordingly, from the analysis, one can conclude that parts of the marginally suitable areas are expected to become highly suitable in 2050 and 2070.



Pinus halepensis is a thermophilic species, is drought-tolerant, and grows very well in its Mediterranean native habitat, where forest fires are frequent. It commonly spreads in Lebanon, especially in the southern part of the country. Its habitat bioclimatic level ranges from arid to humid, preferring a temperature between −2 to 10 °C and an annual precipitation of 350 to 750 mm. The results in Figure 7 show that highly suitable areas are expected to moderately decrease in 2050 and 2070 for both RCP4.5 and RCP8.5. For RCP4.5, S1 areas are expected to decrease by 937 ha and 902 ha in 2050 and 2070, respectively. For RCP8.5, S1 zones are expected to decrease by 1460 ha and 8149 ha in 2050 and 2070, respectively. S2 zones are expected to increase with both RCP4.5 (by 3318 ha in 2050 and 10,111 ha in 2070) and RCP8.5 (by 15,651 ha in 2050 and 21,678 ha in 2070). The S3 zone is expected to increase around 2070 under RCP4.5 (an increase of 5321 ha in 2050 and 7062 ha in 2070). Under RCP8.5, S3 is expected to increase by 1871 ha in 2050 and decrease by 1230 ha in 2070. It is important to note that unsuitable areas are expected to decrease in both 2050 and 2070, under both RCP4.5 and RCP8.5. For RCP4.5, the decrease is 8186 ha and 9335 ha in 2050 and 2070, respectively. For RCP8.5, S3 decreases sharply by 11,182 ha in 2050 and moderately later in 2070 by 453 ha between 2050 and 2070. Overall, one can conclude a moderate expansion of Pinus halepensis in 2050 and 2070.



For Quercus calliprinos (Figure 8), both RCPs indicate a significant decrease in highly suitable areas in 2050 and 2070, with a higher decrease in RCP4.5 (a decrease of 26,459 ha and 25,483 ha in 2050 and 2070 compared to the current situation). Regarding S2, an increase in areas is expected with both RCPs. For instance, with RCP4.5, an increase of 34,540 ha and 39,319 ha is expected in 2050 and 2070 compared to the current situation, respectively. For both RCPs, a significant decrease in marginally suitable areas is expected in the future. For RCP4.5, this decrease is 34,230 ha in 2050 and 35,482 ha in 2070. For RCP8.5, this decrease is 39,212 ha and 24,995 ha for 2050 and 2070, respectively. Moreover, results show that the unsuitable areas for Quercus calliprinos are expected to disappear in 2070. Overall, for Quercus calliprinos, S1, S3, and N are expected to change to become S2, indicating a future expansion for Quercus calliprinos in 2050–2070.



For Ceratonia siliqua (Figure 9), a similar variation trend of suitable areas is observed as for Quercus calliprinos, with S1, S3, and N expected to change (decrease in areas) to become S2 in the future projections.





4. Discussion


Forest suitability assessment is of significant importance in reforestation and future planning. The aim of this study was to explore the potential suitability of Lebanese forestlands under current and future (2050 and 2070) climatic conditions. The weighted overlay method was employed to produce suitability maps with four classes (S1, S2, S3, and N) using classification variables including altitude, temperature, annual precipitation, and soil type. Our findings suggest that climate change is expected to have a significant impact on forest biodiversity by influencing species distribution in Lebanon. Firstly, the results indicate that the current distribution of different suitability levels (S1, S2, S3, and N) varies across species, primarily due to the regional climate differences in Lebanon. Additionally, the results demonstrate that the area of each suitability class for a given species changes when different climate scenarios (utilizing three GCM models with two RCP scenarios) for climate projections are considered. The challenge in identifying tree species adapted to future climate scenarios lies in finding trees that can not only tolerate increased summer drought stress but are also resilient to present and future very low air temperatures in winter [50,51,52,53,54,55].



Ecological Niche Modeling has been widely used in recent decades to understand the spatial and temporal potential distribution of many plant and animal species. Most of these theoretical approaches focus on forecasting due to the expected global climate change in the twenty-first century. The Mediterranean Basin is expected to experience a generalized rise in mean temperatures, while rainfall patterns would become irregular [53]. Additionally, Regato and Salman [53] state that Mediterranean mountainous areas are at the forefront of global climate change, with increasing drought effects, rising and fluctuating temperatures, irregular and heavy precipitation, and more. Therefore, it is highly likely that climate change will occur in the future, underscoring the importance of studies that consider climate scenarios to provide land suitability maps for forestlands in Lebanon.



The results obtained in this study are consistent with the findings of previous works [56,57,58,59,60,61,62,63] and validate our initial hypothesis regarding the potential influence of climate change on the spatial distribution and change of land suitability. Our results indicate an increase in the unsuitable classes for Cedrus libani, with the absence of highly suitable areas in 2050 and 2070 under both RCPs (RCP 4.5 and RCP 8.5). This aligns with some studies that have concluded that Cedrus libani is on the path to extinction in Lebanon, primarily due to rising temperatures resulting from climate change. On the other hand, our results show that the distribution of thermophilic species such as Ceratonia siliqua, Quercus calliprinos, and Eucalyptus globulus, which thrive in moderately high temperatures, is projected to expand compared to the current situation, with the disappearance of unsuitable classes. The current distribution of Q. calliprinos in the present climate conditions supports the idea that the species could cover the entire forested areas in Lebanon characterized by a Mediterranean climate. The anticipated global warming in the context of climate change explains the expected expansion in the S2 classes and the decrease in the S3 class for Q. calliprinos, as it is a thermophilic species that can withstand drought. A similar rationale can be applied to Ceratonia siliqua and Pinus halepensis, both of which are adapted to the climate of the lower and mid zones of Lebanon, characterized by a temperate-to-warm winter with minimum temperatures always above freezing [64,65,66]. Consequently, as climate change progresses, changes in species distributions and forest communities are expected to occur across various altitudes. Similar conclusions have been drawn in other studies regarding species’ tolerances to increasing temperatures associated with future global warming [56,57,58,59,60].



In this study, climate, soil, and altitude were employed as suitability criteria to define four suitability classes (S1, S2, S3, and N). These suitability criteria were established based on information gathered from the literature, several field inventories, and the expertise provided by CNRS-L. While this approach may introduce some level of inaccuracy in mapping the current forest situation, a detailed analysis of the maps generated reveals that our results accurately represent the current conditions and, consequently, instill confidence in the defined criteria. For instance, the map indicating that the Anti-Lebanon Mountain is the sole suitable area for Cedrus libani aligns with established knowledge that this species is predominantly found in that region. Therefore, this mapping provides a solid foundation for reliable projections, as the climate data used in the projections were derived from GCM models, enhancing the credibility of our findings.



In this study, climate scenario simulation was employed to estimate suitability areas for various forest species, and consequently, the accuracy of our results is contingent on the precision of the climate models utilized. Regrettably, we were unable to validate the distribution maps for the current scenario or the results for future scenarios due to the absence of a forest reference map and the inherent challenges in validating climate models. Nevertheless, we conducted a qualitative validation based on the climatic tolerance of each species, bolstered by supporting research. Looking ahead, it is advisable for future studies to scrutinize the impact of varying factor weights on the maps and projections obtained. This would entail constructing maps and projections using different combinations of weight factors to enhance the comprehensiveness of the assessment.




5. Conclusions


The results emphasize the significance of land suitability analysis, indicating a critical shift in forest species distribution under climate change. The distribution of Ceratonia siliqua, Pinus halepensis, and Quercus calliprinos is projected to expand in 2050 and 2070, as current unsuitable areas will become moderately suitable in the future, likely due to the anticipated increase in temperature associated with future climate changes. However, the expansion of Cedrus libani is expected to decrease, with unsuitable areas expanding from 3445 ha to 17,476 ha and 24,179 ha under RCP4.5 and RCP8.5 in 2070, respectively. These findings can assist forest planners in rehabilitating forests by planting suitable species in appropriate locations, thereby increasing forest cover and conserving species like Cedrus libani from potential extinction.



Land suitability assessment using climate projections is a crucial element in guiding forest management strategies under climate change and identifying suitable sites for afforestation. This study represents one of the first attempts to assess land suitability regions for forest species, namely Ceratonia siliqua, Pinus halepensis, Quercus calliprinos, Eucalyptus globulus, and Cedrus libani, at a national level using spatial analysis tools in Lebanon. The analysis incorporated climate, soil, and altitude spatialized data to generate maps of land suitability for forest species under both current and future climatic conditions. As a recommendation, it is imperative to take into account the anticipated impacts of climate change when selecting species for reforestation, with the goal of preserving and expanding forest cover in Lebanon. Furthermore, the development of a robust monitoring and evaluation system is crucial for assessing the success of reforestation projects, including key performance indicators such as tree survival rates and biodiversity indices.
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Figure 1. Map of Lebanon showing altitude variations. 
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Figure 2. Method flow chart. 
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Figure 3. Land suitability classes for selected species in Lebanon for the current period (1970–2000). 
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Figure 4. Current situation of land suitability map for Ceratonia siliqua (a), Cedrus libani (b), Quercus calliprinos (c), Eucalyptus globulus (d), and Pinus halepensis (e). 
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Figure 5. Changes of land suitability class for Cedrus libani under different emission scenarios, expressed as variation in areas (ha). 
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Figure 6. Changes of land suitability class for Eucalyptus globulus under different emission scenarios, expressed as variation in areas (ha). 
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Figure 7. Changes of land suitability class for Pinus halepensis under different emission scenarios, expressed as variation in areas (ha). 
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Figure 8. Changes of land suitability class for Quercus calliprinos under different emission scenarios, expressed as variation in areas (ha). 
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Figure 9. Changes of land suitability class for Ceratonia siliqua under different emission scenarios, expressed as variation in areas (ha). 
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Table 1. Characteristics of studied species (modified by [5]). Mon-M: Montane-Mediterranean; T-M: Thermo-Mediterranean; and Eu-M: Eu-Mediterranean.
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	Species
	English Name
	Average Height
	Flowering Period
	Fruiting Period
	Altitude
	Vegetation Level
	Dominant Soil Type





	Cedrus libani
	Lebanese cedar
	30–40 m
	Oct.–Nov.
	Autumn
	1200–2000 m
	Mon-M
	Calcareous soil



	Ceratonia siliqua
	Carob
	<10 m
	July–October
	Sept.–Oct.
	0–1000 m
	T-M and Eu-M
	Calcareous soil



	Pinus halepensis
	Aleppo pine
	15–25 m
	April–May
	Sept.–Oct.
	0–1500 m
	T-M and Eu-M
	Marl-calcareous



	Quercus calliprinos
	Gall oak
	<10 m
	March–April
	Autumn
	500–800 m
	Eu-M
	Calcareous soil



	Eucalyptus globulus
	Tasmanian blue gum
	40–55 m
	May
	September
	0–1300 m
	T-M and Eu-M
	Calcareous soil










 





Table 2. Climatic data used as input for land suitability assessment.
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	Climate Model
	Representative Concentration Pathways
	1970–2000
	2050
	2070





	Climate research unit
	
	x
	
	



	CCSM4
	RCP4.5
	
	x
	x



	
	RCP8.5
	
	x
	x



	GFDL-CM3
	RCP4.5
	
	x
	x



	
	RCP8.5
	
	x
	x



	HadGEM2-ES
	RCP4.5
	
	x
	x



	
	RCP8.5
	
	x
	x










 





Table 3. Classification of variables according to suitability classes.
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Species

	
Land Suitability

	
Altitude (m)

	
Temperature Range (°C)

	
Annual Precipitation (mm)

	
Soil Type






	
Cedrus libani

	
S1

	
1200–2000

	
3–9

	
1371–1906

	
Calcareous




	
S2

	
600–1200

	
9–15

	
1200–1349

	
Calcareous limestone




	
S3

	
500–600

	
15–23.4

	
692–1026

	
Sandy




	
N

	
>2400

	
<−7 and >23.5

	

	




	
Eucalyptus globulus

	
S1

	
500–1000

	
12–18

	
600–1100

	
Sandy-clay




	
S2

	
0–500

	
18–25

	
1100–1600

	
Sandy-loam




	
S3

	
1000–1500

	
−5–12

	
500–600

	
Clay




	
N

	

	
<−5 and >30

	
<500

	
Calcareous




	
Pinus halepensis

	
S1

	
500–800

	
14.5–19.3

	
350–700

	
Sandy,




	
S2

	
800–1000

	
0.4–14.5

	
700–1000

	
Loamy soil




	
S3

	
0–500

	
19.3–32.6

	
182–350

	
Dry soil




	
N

	

	
<−5 and >35

	

	




	
Quercus calliprinos

	
S1

	
100–500

	
7.2–21

	
400–800

	
Limestone soils




	
S2

	
500–1000

	
21–40

	
800–1295

	
Calcareous limestone




	
S3

	
1000–1500

	
−5–7.2

	
300–400

	
All types of soils




	
N

	

	
<−5

	

	




	
Ceratonia siliqua

	
S1

	
0–300

	
15–20

	
550–1100

	
Calcareous




	
S2

	
300–500

	
20–32

	
250–550

	
Alluvial




	
S3

	
500–800

	
7.8–15

	
1100–1300

	
Rocky




	
N

	
<800

	
<−4

	
250–1300

	











 





Table 4. Weight of the classification variables [36,50,51].
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Factors

	
Sub-Factors

	
Weight






	
Climate

	
Annual precipitation

	
0.40




	
Annual temperature

	
0.35




	
Topography

	
Altitude

	
0.15




	
Soil

	
Soil type

	
0.10




	
Total

	

	
1
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