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Abstract 42 

Climate change impacts are a serious threat to food provisioning, security and the economy. Thus, 43 

assessing agricultural suitability and yield reduction under climate change is crucial for sustainable 44 

agricultural production. In this study, we used two sub-models of the agro-ecological decision support 45 

system MicroLEIS (Terraza and Cervatana) to evaluate the impacts of climate change on land capability 46 

and yield reduction of wheat and sunflower as major rainfed crops in different Mediterranean soil types 47 

(in Andalucia, Southern Spain). The Terraza sub-model provides an experimental prediction for the 48 

bioclimate deficiency and yield reduction, while the Cervatana sub-model predicts the general land use 49 

suitability for specific agricultural uses. Sixty-two districts in Southern Spain were modeled and mapped 50 

using soil data and the A1B climate scenario (balanced  scenario) for three 30-year periods ending in 2040, 51 

2070 and 2100, respectively. Our results showed that the majority of agricultural soils were suitable for 52 

wheat production, and less for sunflowers, especially under projected climate change scenarios. Extreme 53 

impacts of climate change were observed in the soil types Typic Xerofluvents and Calcic Haploxerepts, 54 

where the land capability was reduced from Good and Moderate classes to the Marginal class. This was 55 

especially observed in sunflower crops by 2100. Yield reduction of sunflower was much higher than the 56 

reduction for wheat, especially under the projected climate periods, where the results for 2100 showed 57 

the severest effect on crop yields with about 95% of the sunflower area showing yield reductions.This high 58 

variability of the evaluation results demonstrates the importance of using soil factors, climate and crop 59 

information in conjunction in decision-making regarding the formulation of site-specific soil use and 60 

management strategies. 61 

Keywords: Global warming, land suitability, decision support systems, Crop yield, GIS. 62 

Highlights 63 

 We evaluated land suitability and yield reduction under climate change scenarios 64 

 Land suitability declines/changes for some soil types with climate change  65 

 Yield reduction of sunflower will be much greater than for wheat under climate change 66 

   67 

 68 

 69 

1 Introduction  70 

An increase in global food demand is expected in future decades, and the next 50 years pose huge 71 

challenges for  the sustainability of agriculture and food production (Tilman et al., 2002). This demand will 72 

place pressure on soil functions, and provisioning and regulation of ecosystems services. In this context it 73 
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is important to find sustainable practices to mitigate the impacts of climate change and human pressure 74 

on soil resources (DeFries et al., 2016; Untenecker et al., 2017; Pereira et al., 2018; Aggarwal et al., 2019).  75 

Climate change and the increasing population are threatening the global food security (Hanjra and 76 

Qureshi, 2010; Poppy et al., 2014; Fanzo et al., 2018). Climate change is expected to increase the humans 77 

affected by food insecurity, where from 5 to 170 million people at risk of hunger by 2080 (Rosegrant et 78 

al., 2008; Schmidhuber and Tubiello, 2007). Predicted changes in temperature, precipitation, carbon 79 

dioxide, and the frequency and severity of extreme events, are expected to have profound effects on soil 80 

water availability, carbon storage, and yields (Cox et al., 2018). Recent studies suggest that droughts will 81 

intensify in some seasons in areas such as the Mediterranean region and Africa (Smith et al., 2016; Muñoz-82 

Rojas et al., 2017).  83 

Agriculture in the Mediterranean region is inextricably linked to soil quality and water supply (Zalidis, 84 

2002). Climate change predictions in the Mediterranean area show that agricultural productivity is 85 

projected to decrease (Carsan et al., 2014; Anaya-Romero et al., 2015; Keesstra et al., 2016; Muñoz-Rojas 86 

et al.,2017; Jat et al., 2018). On the other hand, productivity could increase in some locations if farmers 87 

adapt to the future climate conditions. In situations where farmers do not adapt a decrease in this 88 

productivity is expected (Moore and Lobell, 2014; Rahimi-Moghaddam et al., 2018). Also, the influence of 89 

soil properties and available water must be considered to sustain crop production (Kang et al., 2009; 90 

Hondebrink et al., 2017). Several studies have investigated the effects of soil physio-chemical 91 

characteristics and precipitation on yield variability for major crops, such as corn, soybean and wheat (Si 92 

and Farrell, 2004; Bekele  et al., 2017; Jarecki et al., 2018; Jourgholami et al., 2019 ). According to  Kitchen 93 

et al. (2003) and Whetton et al. (2018) multiple factors affect agricultural land suitability. The relationship 94 

between yield, topography and soil properties can be nonlinear and other factors may interact with these 95 

three (Juhos et al., 2016). Evaluation of the relationships between climate change and crop productivity 96 

depend on a combination of modelling and measurement (Challinor et al., 2009). 97 

Suitability of land for agricultural production is affected by complex interactions between topography, soil 98 

properties, climate conditions and management practices (Jaynes et al., 2003; Kravchenko et al., 2005; 99 

Jaisli et al., 2018; Juhos et al., 2019; Akbari et al., 2019), and can be determined by land evaluation, which 100 

is the process of assessing the potential use of land on the basis of its characteristics (Rossiter, 1996). Land 101 

evaluation modeling is a useful approach to identify the most adequate agricultural land use resulting 102 

from the interaction between topography, soil properties, climate and  agricultural practices (Shahbazi et 103 

al., 2009). Detecting environmental limits in sustainable farming is an important stage in the process of 104 

land use planning (Bandyopadhyay et al., 2009).  Land use planning relates major land uses to soil 105 
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capability and suitability for each particular site, and is an important prerequisite for achieving 106 

environmental sustainability. Any agricultural practice will have negative impacts when applied on a land 107 

with low suitability for that agricultural use. For example, in some areas of the Mediterranean region, the 108 

use of marginal agricultural land is one of the primary causes of soil degradation (De la Rosa et al., 2009; 109 

Anaya-Romero et al., 2015).  Climate change affects crop production directly and indirectly (Yang et al., 110 

2017; Tebaldi and Lobell, 2018; Neset et al., 2018; Dong et al., 2018), thus to achieve adequate predictions 111 

for the future scenarios, there is an essential need to consider soil properties. Land capability is expected 112 

to decrease under climate change, and summer crops are expected to be more sensitive to climate change 113 

than winter crops (California Department of Food and Agriculture, 2013).  114 

Land evaluation models are increasingly being used to assess the impacts of climate change on land 115 

capability and land degradation, planning of land use and designing suitable soil management systems 116 

(Anaya-Romero et al., 2011; 2015; Akbari et al., 2019). One of such tools is the MicroLEIS DSS, an agro-117 

ecological decision support system that was developed to help decision-makers to evaluate specific agro-118 

ecological problems (De la Rosa et al., 2004). It was designed as a knowledge-based approach, which 119 

incorporates a set of information tools, linked to each other. Thus, custom applications can be performed 120 

on a wide variety of problems related to land productivity and land degradation (De la Rosa et al., 2009; 121 

Abd-Elmabod et al., 2017). Several agroecological or crop models have been developed and applied in 122 

different areas in recent studies to assess land suitability or capability for wheat (El Baroudy, 2016). Other 123 

crops such as sunflower are by far less studied, despite their importance in Mediterranean regions and 124 

their potential for cultivation in marginal lands (Chiaramonti & Panoutsou, 2019). One of the few examples 125 

is the research developed by Rabati et al (2012) in Iran, who used MicroLEIS to assess land suitability for 126 

sunflower and maize. 127 

Despite advances in the foreseen impacts of a changing climate in the Mediterranean region (Malek et al., 128 

2018), and an increasing number in modelling approaches for predicting crop yields (Izumi et al., 2018), 129 

several gaps remain at local and regional scales. For example, many studies do not consider edaphic 130 

factors for evaluation of land suitability and there is lack of spatial analyses reflecting model outputs (Abd-131 

Elmabod et al., 2017).  MicroLEIS DSS presents several advantages such as the integration of multiple 132 

databases and models (13 land evaluation models), which combined can, among other applications,  133 

assess land capability, predict yield increases or reductions of relevant crops, and identify land 134 

management strategies for climate adaptation, i.e. reducing the salinity and exchangeable sodium 135 

percentage or improving the drainage (Anaya-Romero et al., 2015).  Further advantages in comparison to 136 

other modelling approaches are its integrated tool for data spatialization and the requirement of inputs 137 
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that are practical to obtain in field surveys (Muñoz-Rojas et al., 2013). MicroLEIS has been widely used 138 

over the last 30 years for different purposes, mostly in the Mediterranean region. Focusing on agricultural 139 

land use, planning, and management for soil protection purposes under current environmental conditions 140 

(De la Rosa et al., 2009; Abd-Elmabod et al., 2019a). Recent developments of Micro LEIS allow that some 141 

of the integrated models, can be run under different hypothetical scenarios of climate and agriculture 142 

management (Muñoz-Rojas et al., 2015; 2017; Lozano-Garcia et al., 2017; Abd-Elmabod et al., 2017).  143 

In this study the MicroLEIS DSS model was applied to evaluate the impacts of climate change on land 144 

capability and yield reduction for wheat and sunflower as major rainfed crops in different Mediterranean 145 

soil types. Specifically, we present a study in the Andalusian region (Southern Spain) under different 146 

climate change scenarios. These future projected scenarios covered three time periods, e.g. 2011-2040 147 

(2040, near-future), 2041-2070 (2070; mid-future) and 2071-2100 (2100 far-future) under the A1B socio-148 

economic scenario (medium emissions scenario) (IPCC, 2014; Agencia Estatal de Meteorología, 149 

www.aemet.es). 150 

2 Material and Methods 151 

2.1 Study area 152 

The Andalusia region extends over the southern part of Spain between latitudes 36° 00´ and 38° 44´ N and 153 

longitudes 1° 30´ and 7° 45´ W (Fig. 1). This region covers an area of approximately 87,600 km2 and 154 

comprises 62 districts that are grouped into eight provinces (Almeria, Cadiz, Cordoba, Granada, Huelva, 155 

Jaen, Malaga, Sevilla).   156 

<Fig. 1> 157 

 158 

The topography and land use are shown in Fig. S1-A. The topography ranges from the lowlands of the 159 

Guadalquivir basin to the mountain ranges in the Baetic Cordillera and Sierra Morena (Benet, 2006; 160 

Gutiérrez et al., 2013). According to Vera (1994), there are three main geological units (Fig. S1-C) in this 161 

region. First, the northern part consists of Sierra Morena, a crystalline massif which is very ancient 162 

(Paleozoic), and was part of the Armorica continent. The second unit is represented by the Neogene 163 

tectonic basin of the Guadalquivir (formed from the Middle Miocene (Langhian) until present day). The 164 

third geological feature (in the south-east) is the Baetic cordillera (Triassic-Lower Miocene), which is the 165 

westernmost part of the European Alpine chain. In Andalusia, there are four main river basins, 166 

Guadalquivir in central Andalusia, Guadiana in the northwest, Sur in the south and Segura in the 167 
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southeast. The most important river is the Guadalquivir and its main tributaries: Guadalimar, Guadiana 168 

Menor, and Genil (Fig. S1-D).  169 

According to the climate calculations using the CDBm climate database integrated in MicroLEIS DSS, the 170 

Huércal Overa station (AL02) in Almería, is the most arid location in the study area (Fig. S1-E and S1-F), 171 

with an annual rainfall of 275 mm, a mean temperature of 17 oC, potential evapotranspiration (ET0) of 883 172 

mm, and an average of 10 arid months (in which the ET0 exceeds the actual precipitation) per year. 173 

Conversely, the most humid area is Gaucín (MA05) in Málaga, with an annual rainfall of 1,170 mm, a mean 174 

temperature of 14.9 oC, an ET0 of 772 mm, and an average of 5 arid months per year. Excluding these two 175 

extreme cases (arid and humid), the rest of the study area typically has a Mediterranean climate with an 176 

annual precipitation average of 586 mm, mean annual temperate of 14.7 oC, and average ET0 of 830 mm.  177 

Approximately half of the Andalusia region is occupied by natural vegetation areas (mostly forest) while 178 

most of the remainder is occupied by agricultural land. Less than 5% of the region is urban or water bodies 179 

(Bermejo et al., 2011). Agriculture in Andalusia has conventionally been based on systems integrating 180 

wheat crops, olive trees and vineyards, but in recent decades, traditional systems have been replaced 181 

with intensive and extensive monocultures e.g., wheat, sunflower, rice, cotton and sugar beet (Muñoz-182 

Rojas et al., 2011). 183 

Major changes in land use/land cover occurred within the region between 1956-2007 as permanent crops 184 

increased to occupy 20% (17,234 km2, in 2007) of the study area instead of 15% (13,324 km2, in 1956) 185 

(Anaya-Romero et al., 2011) Also, heterogeneous agricultural land increased to cover 13% (11,421 km2) 186 

of Andalusian total area in 2007 instead of 12% (10,450 km2) in 1956 ( Muñoz-Rojas et al., 2011). These 187 

increases in cultivated land are directly related to crop types and their production. 188 

2.2  Description of the MicroLEIS Decision Support System (DSS) 189 

MicroLEIS DSS is able to predict the optimum land use and management practices for each soil type. 190 

Additionally, it is able to assess the optimum biomass productivity, the minimum environmental 191 

vulnerability and through a recent update, the maximum capacity for soil C sequestration (Muñoz-Rojas 192 

et al., 2013; 2015; 2017). MicroLEIS includes three databases; soil (SDBm), climate (CDBm) and 193 

management (MDBm) and 13 models (Abd-Elmabod et al., 2017). In this study, two of those models, 194 

Terraza and Cervatana, were run under different climate scenarios for wheat and sunflower crops in order 195 

to evaluate soil productivity as bioclimate deficiency/yield reduction, and general land suitability, 196 

respectively.  197 
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2.2.1 Soil Database (SDBm) 198 

The soil database (SDBm plus) (De la Rosa et al., 2002) includes detailed information of 1103 soil profiles 199 

in Andalusia inculding site information, morphological descriptions and detailed soil physiochemical 200 

analyses. In this study, we selected the most  representative soil profiles, based on dominant soil types, 201 

for each natural region of Andalusia (total of 62 soil profiles) (Fig S2). Table 1 shows the ranges and 202 

dominant values of land characteristics of the 62 benchmark soils for Andalusia. 203 

<Table 1> 204 

Soil profiles were classified to the sub-group level of USDA Soil Taxonomy (USDA, 2014), resulting in 31 205 

soil units that were included in seven soil orders. Table S1 shows the area coverage for existing soil orders 206 

in Andalusia region which comprise Alfisols (18,361km2; 21%),  Aridisols (2,450 km2; 3%), Entisols (18,564 207 

km2;  21%), Inceptisols (22518 km2; 26%), Mollisols (6,269 km2; 7%), Ultisols (3,748 km2; 4%) and Vertisols 208 

(15,691 km2; 18%). The three major soil sub-groups (comprising 13% of the surface area) are Typic 209 

Haploxererts, Typic Haploxerults, and Lithic Haploxerepts that represente 5.0, 4.3 and 3.6% of the area, 210 

respectively (Fig. S2  and Table S1). Several soil characteristics have been used in this research, including 211 

organic matter, pH, calcium carbonate content, exchangeable sodium percentage, texture, drainage class 212 

and depth. 213 

2.2.2 Climate database (CDBm) 214 

Current climate variables, mainly precipitation and temperature (1960-2010), were obtained from the 215 

CDBm climate database which is one of the main components of MicroLEIS DSS. Climate observations 216 

from 62 climate stations distributed throughout the eight provinces of the Andalusia region were 217 

considered as a pool from which to draw eight stations with the most accurate representation of the local 218 

climate and the spatial variation for scenario modelling. To do this, in each province, one representative 219 

climate station (among others) was selected. For instance, in the case of precipitation, the spatial variation 220 

can vary within the same province, and in many provinces the station with the highest annual precipitation 221 

receives more than double the amount of rainfall of the lowest reported value for the same province. 222 

Therefore, the most representative climate stations from each province were selected, e.g. those with 223 

climate values closest to the average for each province. The monthly climate parameters of the eight 224 

representative climate stations from 62 station of Andalusia were calculated for different climate change 225 

scenarios; the current situation, and projections for future 30-year periods ending in 2040, 2070 and 2100 226 

respectively. 227 
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2.2.3 Climate change scenarios 228 

In this research, the average values of 18 regional climate change models for the SRES scenario A1B 229 

(balanced) for three time periods 2011-2040, 2041-2070 and 2071-2100 besides current climate situation 230 

were used (Agencia Estatal de Meteorología, www.aemet.es). Fig. 2 shows decreasing precipitation and 231 

increasing minimum and maximum temperature under the different projected time periods of climate 232 

change compared with the current situation for the different seasons of the year. In this figure, the y-axis 233 

represents the cumulative values of precipitation or the mean values of temperature for the four seasons 234 

under each time periods.     235 

<Fig. 2> 236 

2.2.4 Climate indices 237 

Different climate indices that are related to crop productivity were calculated based on CDBm, including 238 

humidity, aridity and precipitation concentration indices. The Humidity index (HUi) is used to estimate the 239 

general availability of water to plants. It is also often used to anticipate the needs of artificial drainage 240 

and/or irrigation in an area (FAO, 1996). The humidity index can be calculated based on Eq. 1 as: 241 

=       (Eq. 1) 242 

where, P is the precipitation and ET0 is the reference evapotranspiration (calculated according to 243 

Thornthwaite’s method). The Aridity index (ARi) is a simple procedure to estimate the general climate 244 

aridity and is calculated as the number of months of the year when the ET0 exceeds the precipitation. 245 

According to Oliver (1980), the precipitation concentration index (PCi) was proposed to estimate the 246 

seasonality of rainfall from the temporal variability of monthly rainfall. It is expressed as a percentage, 247 

according to Eq. 2 as: 248 

= ( ) × 100     (Eq. 2) 249 

where pi is the monthly precipitation in month i. 250 

2.2.5 Yield reduction and land capability models  251 

The Terraza and Cervatana models can evaluate soil productivity as bioclimatic deficiency, and general 252 

land capability respectively. The choice of land components (site/soil, climate, and crop/management 253 

factors) as input variables or diagnostic indicators for the predictive models is a basic part of the land 254 
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capability analysis (De la Rosa et al., 2004; 2009). Fig. 3 shows a conceptual scheme of the Terraza and 255 

Cervatana models that link site, soil, climate and crop factors with soil quality. The calculations of the 256 

Terraza and Cervatana models are empirical, formulated and calibrated using expert knowledge. These 257 

models have been previously calibrated and validated in the field under management practices, soil types, 258 

climate, and time scales like those used in this study (De la Rosa et al., 1992; De la Rosa et al., 2004). 259 

Indeed, the models were calibrated in the study area (Andalusia) (De la Rosa & Moreira, 1987; Anaya-260 

Romero et al., 2015) during the modelling development phase, where validation included calculation of 261 

standard errors, root mean square error, slope and intercept of regression, and correlation of observed 262 

vs. predicted results.  263 

The bioclimatic deficiency model (Terraza) depends in its calculations mainly on climate and crop 264 

parameters (Fig. 3). The climate change models predict climatic parameters that can be entered into the 265 

Terraza model to study the impact of climate change on the bioclimate deficiency. Predicted climate 266 

parameters values under different future periods such as temperature and precipitation can be entered 267 

into the Terraza model to study the impact of climate change on the bioclimate deficiency. The average 268 

values of 18 regional climate change models for the A1B scenario and 30-year periods (2040, 2070 and 269 

2100) as well as the current climate were examined by the Terraza and Cervatana models for evaluating 270 

yield reduction, and agriculture land suitability, respectively. This work focuses on studying two major 271 

rainfed crops (wheat and sunflower), since irrigated areas in Andalusia represent only 10%; the dominant 272 

cultivation practices (90%) depend on rainfed agriculture. 273 

In this study, the Terraza model investigates the response of wheat and sunflower productivity, the major 274 

crops in the studied region, to climate change. The assessment of expected yield reduction by water 275 

shortage was studied for the actual agricultural area, approximately 48,580 km2 (55.5% of Andalusia), and 276 

the model results were grouped into eleven classes ranging from 0 (no yield reduction) to 10 (the yield 277 

reduction is between 90 and 100%). Water deficiency and water surplus for wheat and sunflower crops 278 

were calculated, then yield reduction for each land unit were calculated. 279 

<Fig. 3> 280 

The Cervatana model predicts the general land capability for specific agricultural uses, depending on 281 

information about; topography (t), soil factors (l), erosion risk (r) and bioclimate deficiency (b) (Fig. 3). The 282 

model results are grouped into four classes: S1-optimum, S2-good, S3-moderate and N-marginal that are 283 

calculated for each specific combination of soils and crops (Fig. S3). Under these four classes, 13 284 
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subclasses were categorized based on the number of limiting factors that affect the agricultural use (Fig. 285 

S3). 286 

The bioclimate deficiency classes (output from the Terraza model) are established by combining the 287 

classes of water deficiency and frost risk based on the criterion of maximum limitation. Bioclimate 288 

deficiency calculation starts by determining the monthly ET0 using the method of Thornthwaite (1948), as 289 

explained in Eq. 3; 290 

= 1.6                     (Eq. 3) 291 

Where Tm is monthly mean temperature (oC); I is the annual heat index; and a an empirically determined 292 

exponent. I and a are constants for each site, which can be calculated as illustrated in Eq. 4 and Eq. 5, 293 

respectively: 294 

=  .
                                             (Eq. 4) 295 

=  0.000000675 I 0.0000771 I + 0.01792 I + 0.49239            (Eq. 5) 296 

A second step for calculating the yield reduction is to consider the crop characteristics. The crop monthly 297 

evapotranspiration (ETc) and the monthly real evapotranspiration (ETa) are used as crop factors and they 298 

are calculated based on Eq. 6 and Eq. 7, respectively, as: 299 =                    (Eq. 6) 300 =                    (Eq. 7) 301 

where Kc is crop coefficient and D is the monthly water deficit. If the ETa is positive, there is a surplus or 302 

excess (S) of water; if the ETa is negative, there is a water deficit (D). All the calculated values in Eq. 6 and 303 

Eq. 7 are dependent on the growth stage of each crop.  304 

The monthly reduction of yield (Ry) is calculated using Eq. 8: 305 

= 1  = 1                  (Eq. 8)  306 

   307 
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where Ky is the crop coefficient of efficiency, Ya is the real crop production and Ym is the potential crop 308 

production.  309 

The annual reduction in crop production (Rys) is calculated by Eq. 9: 310 

= 1 100             (Eq. 9) 311 

where, SETa is the sum of the monthly real evapotranspiration and SETc is the sum of the monthly 312 

evapotranspiration of the crop during its phenological period.  313 

In this study the three coefficients considered to model crop responses were the monthly crop coefficient 314 

(Kc), the monthly crop coefficient of efficiency (Ky), and the coefficient of seasonal reduction (Kys). These 315 

coefficients were determined using the FAO databases (FAO1979 and 1986), for wheat and sunflower. 316 

The Kc and Ky for these two crops are presented in Table 2. The Kys values are 1.00 and 0.95 for wheat 317 

and sunflower, respectively.  318 

<Table 2> 319 

Frost risk was estimated according to the criteria of Verheye (1986) and then adapted for the 320 

Mediterranean regions. The frost risk was defined as the number of months with minimum average 321 

temperature below 6 oC.  322 

2.3 Spatial Analyses 323 

The Terraza and Cervatana models’ results were integrated in a Geographical Information System (GIS) 324 

environment for spatial representation of the land capability classes and yield reduction in the study area. 325 

ArcGIS 10.4.1 software was used for data processing of the land resources database to produce the final 326 

maps.  327 

3 Results  328 

3.1 Climate Data under future climate change  329 

The monthly climate parameters (Tmax, Tmin and P) and the ET0, ARi, HUi and PCi of eight representative 330 

meteorological stations of Andalusia provinces are presented graphically (Fig. 4 and Fig. S4) for the 331 

projected years under the A1B scenario (2040, 2070, and 2100) as well as the current situation. Generally, 332 

the trend predicts a decrease of precipitation and increase in temperature over time. Specifically, 333 

precipitation is expected to decrease in 2070 and 2100 compared with the current situation, whereas a 334 
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slight increase is projected for 2040. Conversely, the mean temperature is expected to increase during 335 

the projected years of 2040, 2070, and 2100 (Fig. 4).  336 

Projections of the annual climate indices are presented in Fig. S4. In general, the ET0 and ARi are expected 337 

to increase in the future as a result of temperature increasing and precipitation decreasing for all the 338 

studied meteorological stations. The HUi is predicted to decrease under the projected future climate 339 

change in all locations. The PCi index results show a different trend compared with other studied 340 

parameters, as there is an increase in 2040 followed by a decrease in 2070 and another increase in 2100 341 

for almost all meteorological stations. 342 

<Fig. 4> 343 

3.2 Soil Characteristics 344 

Several soil characteristics have been used in this research, including organic matter, pH, calcium 345 

carbonate content, exchangeable sodium percentage, texture, drainage and soil depth.  For the soil 346 

organic matter, the soil type HU01-Lithic Xerochrepts showed the highest content of 4.3%.  Approximately 347 

28% of the area had pH values ranging between 5 and 6.5 (strongly to slightly acidic soils, respectively, 348 

Soil Survey Division Staff, 1993). However, around 22% of the study area had pH values above 8. Regarding 349 

the carbonate content, the highest percentage (> 40%) was observed in soils that were formed from 350 

calcareous parent material, such as the soil type GR07-Calcic Haploxerepts.  The lowest cation exchange 351 

capacity (CEC = 1.3 meq/100g) was found for coarse sandy soils (GR03-Typic Xerorthents), while the 352 

highest values were observed in the heavy clay soils, where the CEC value reached up to 50.4 meq/100g 353 

(in the soil type CO02-Typic Haploxererts).  Soil salinity problems were observed in some natural land use 354 

areas (i.e. SE05, HU06 and AL04) with a high concentration of salt. The highest salt concentration (30.8 355 

dS/m) was found in soil type SE05-Typic Fluvaquents. The calcic soils had low exchangeable sodium 356 

percentage (ESP) compared with the saline soils which had high ESP values.  There was a massive variation 357 

in the soil texture within the study area from sandy to clayey soil.  The drainage status in the study area 358 

can be divided into different classes: good (51% of the total area), moderate (29%), poor (14%), and 359 

excessive (6%). Regarding soil depth, shallow soils prevail in the natural land use and forest areas, where 360 

the depth does not extend to 50 cm (e.g. GR06-Typic Xerorthents and HU02-Lithic Xerorthents, with a 361 

depth of 12 and 9 cm, respectively). The deepest soils were found in GR05-Typic Rhodoxeralfs and SE06-362 

Typic Haploxerults soil types, with 170 and 250 cm depth, respectively. 363 
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3.3 Land capability 364 

Land capability in Andalusia was evaluated under the current and future climate change scenarios (A1B) 365 

based on climatic parameters and soil characteristics. Besides the evaluation of agricultural areas, the land 366 

capability assessment was applied on the forest soils too as they occupied approximately 42% of the study 367 

area. The land capability classification for the forest areas ranged from moderately capable class (S3tr, 368 

moderate land capability with slope and soil erodibility as limiting factors) to marginal class (Ntl, not 369 

capable for agricultural use with slope and soil factors as maximum limitations). Accordingly, topography, 370 

shallow soil depth, and high erosion risk are the most limiting factors in the forest areas. Some soils that 371 

are currently used for the forests uses, such as JA06-LHXI, have a good capability for agriculture (S2) (Fig. 372 

5).  373 

 374 

<Fig. 5> 375 

 376 

Regarding the land capability for agricultural areas, land capability for the areas under wheat cultivation, 377 

ranged from S2r/S2l (good; CA02-Chromic Haploxererts, CO07-Typic Xerofluvents and SE08-Aquic 378 

Haploxeralfs), to Ntl (not capable; GR04-Lithic Haploxerepts). As shown in Fig.5, 7.6% of the study area 379 

has S2 class (good capability) with only one limiting factor (soil erodibility, r or soil factors, I). Currently, 380 

14.2% of the area has S2 class with three limiting factors, but this is expected to increase slightly (to 16.4%) 381 

under the projected climatic period (2040, 2070 and 2100) (Fig.5). Additionally, the results showed that 382 

19.1% of the area is classified as not capable for agricultural use (N) and this percentage does not change 383 

under the different climatic periods (Fig.5). In most cases, under wheat cultivation, land capability class is 384 

not expected to change in the future climate, except for some soil types that are in GR01, HU02 and JA01 385 

units. In these regions, slight negative impacts at subclass level are expected, especially under the 2040 386 

scenario.  387 

For sunflower crops, soil units CA03-CRXA, HU05-APXA, JA01-TRXA, SE01-CHXA, SE02-TRXA, SE09-TXFE 388 

and CA02-THXV currently have a good land capability subclass (S2lr) but it is expected to decrease to 389 

(S2lrb) in 2040, 2070 and 2100 (Fig. 5), mostly at the subclass levels. GR05-TRXA is currently classified as 390 

S2lr and is projected to remain as S2lr in 2040 and 2070, but is expected to change to moderately capable 391 

for agricultural use (S3b) in 2100 (Fig. 5). On the other hand, extreme changes in land capability for 392 

sunflower cropping are observed in the soil unit AL02-CHXI, where the capability class S3lrb will likely 393 
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change to Nb (not capable) in the future. In addition, land capability of AL08-TXFE is currently S2lrb but is 394 

expected to change to S3b in 2040 and 2070, and Nb in 2100. Fig. 5 shows a detailed temporal (current, 395 

2040, 2070 and 2100) and spatial analysis of land capability under sunflower cultivation. 396 

 397 

3.4 Yield reduction 398 

The largest yield reductions were found in sunflower, as the expected yield reductions varied between 399 

slight (approximately below 10% in GR09, HU03, MA01 and JA04 soil units) to extreme reductions of 80% 400 

for AL02, AL05, AL07 and AL08 soil units (Fig. 6 and 7). The climatic periods of 2070 and 2100 had more 401 

yield reduction compared with current and 2040 (Fig. 7). Much lower yield reductions are predicted for 402 

wheat, which were negligible except in a few regions, like AL02 (Fig. 6 and 7), under the A1B climate 403 

change scenario. Water surplus decreased and the water deficit increased in all soil units for all future 404 

years (2040, 2070 and 2100) compared to the current situation. Expected yield reduction by water 405 

shortage increased systematically in the future years.  406 

<Fig. 6> 407 

 408 

Regarding wheat, in 2040, 2070, and 2100, only 2, 6 and 10% of the study area, respectively, experience 409 

wheat yield reduction whereas the rest of the Andalusia does not show a reduction in the wheat yield. 410 

The observed affected areas are mainly AL02, AL07 and AL08 soil units (all in Almeria province). In the 411 

long-term, wheat cultivation will be partly affected by future climate change, as an expected yield 412 

reduction to up to 36% between 2040 and 2100 could be observed for the AL02 soil unit. 413 

Conversely, the sunflower crop is highly susceptible to future climate change in 2040, 2070, and 2100. 414 

Even under the current conditions, the sunflower crop is threatened by the reduction in its yield, as only 415 

51% of the study area is resistant to yield reduction. About 10% of the rest of the area (49%) is affected 416 

by yield reductions between 21 and 80%. In 2040, around 22% of the sunflower-cropped area will be 417 

resistant to the climate change effects. In 2070 and 2100, only about 5% of the sunflower area would 418 

experience no yield reduction. Conversely, around one fifth of the area showed the highest yield reduction 419 

classes between 50 to 80% in 2100. Thus, comparing with the current scenario, all projected future periods 420 

(2040, 2070 and 2100) show higher expected yield reduction by water deficit.  421 

 422 
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<Fig. 7> 423 

 424 

4 Discussion 425 

4.1 Climate Parameters 426 

A decrease in the total quantity and extent of precipitation is expected in the future as a direct effect of 427 

climate change under the A1B scenario. Additionally, the precipitation will tend to be concentrated in a 428 

shorter period within a year (Agencia Estatal de Meteorología, 2011). Generally, global climate change 429 

can accelerate the hydrological cycle, increase air temperature and evaporation. A warmer atmosphere 430 

can hold more water vapor; consequently, the precipitation concentration will tend to increase. As a 431 

result, extreme precipitation events can become more frequent and intense, which can lead to more 432 

severe soil degradation (Shahbazi, et al., 2010; Trenberth, 2011; De La Rosa, et al., 1996).  433 

These findings are consistent with Al-Mukhtar et al. (2019) and Fonseca et al. (2019) where the results 434 

obtained from this research as the precipitation is predicted to decrease and temperature is predicted to 435 

increase in 2040, 2070, and 2100. The studied indices (especially, ET0 and ARi) are expected to increase in 436 

the future with increasing temperature and decreasing precipitation. These findings are consistent with 437 

those reported by Anaya-Romero et al. (2015) and De La Rosa et al. (1996). 438 

4.2 Land capability 439 

Overall, the land evaluation models applied in this research can be used to predict the effects of expected 440 

future climate change on the agricultural activities through their impact on wheat and sunflower yield 441 

reduction, and land capabilities for agricultural practices. Although climate change projections have been 442 

used to study impacts on agricultural and natural ecosystems around the world, their influence on the 443 

quality of agricultural land has been poorly studied (Mueller & Lotze, 2012; Luedeling et al., 2014). These 444 

general outcomes are consistent with Niknam et al. (2018) who applied the Terraza and Cervatana models 445 

to assess the effects of climate change on bio-climatic constraints and land capability classes in the 446 

Miandoab Plain, Iran. However, while the Terraza and Cervatana models were used to evaluate chronic 447 

effects, the impact of extreme events is not covered, and should be built into crop modeling techniques; 448 

otherwise there is a risk of underestimating crop yield reductions, which in turn would result in the 449 

application of inappropriate policies for confronting climate change (Moriondo et al., 2011; Reynolds et 450 

al., 2016).  451 
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As Almeria province is the most arid area in Andalusia (Anaya-Romero et al., 2015; State Meteorological 452 

Agency, 2011), Typic Haploxerepts soils (exemplified in AL07), have a low rating in terms of their suitability 453 

to agricultural production because they are not resilient to change in their natural land uses. 454 

Consequently, the Cervatana outputs showed that the Almeria land capability was dominantly marginal 455 

capable for agricultural use even for wheat, and different from other provinces that were not as sensitive 456 

to climate-induced yield reduction.  457 

The Cervatana model was applied for the existing land uses/land cover (agriculture, forest, and pasture) 458 

in Andalusia. Remarkably, the model showed a good land capability for agriculture in some forest areas. 459 

Thus, it may be possible to shift some forested areas into cultivated crops. Nevertheless, this move may 460 

adversely affect soil protection (e.g. soil erosion) and consequently decrease land capability in the long 461 

term by increasing soil erodibility (r) which is a major limiting factor for land capability in the Andalusia 462 

region. This is consistent with Serpa et al. (2015) who indicated a potential negative impact of the 463 

expansion of sunflower cultivation for soil protection in drier areas as the replacement of pasture by 464 

sunflower (under A1B climate change scenario) led to a sharp increase in soil erosion by +257%.  465 

4.3 Yield Reduction   466 

In this study, the application of the Terraza model under the expected climate change showed a notable 467 

decrease in sunflower yield and less effect for wheat crop. However, a remarkable yield reduction for both 468 

wheat and sunflower are predicted in Almería province (AL02 district). Other soil types in Almería province 469 

(AL05, AL07 and AL08 districts) show the highest yield reduction in sunflower crop compared with other 470 

province (Fig. 6 and 7), because of the lowest water surplus and highest water deficit. Sunflower 471 

cultivation would be significantly impacted by the expected climate change in the future. Supporting these 472 

findings, Shahbazi et al. (2010) applied the Terraza model for studying the effect of climate change on 473 

yield reduction of wheat, alfalfa, sugar beet, potato, and maize; under the A1F1 scenario. In general, the 474 

studied crops will be under severe water stress leading to yield reduction for the future climate change 475 

scenario. Whereas, Blanco et al. (2017) used the WOFOST model to simulate the effects of climate change 476 

on different crop yields involving wheat and sunflower within the period from 2000 to 2050. They found 477 

that under rainfed conditions significant negative effects could be observed for sunflower cultivation. 478 

Also, sunflower could be more vulnerable to the direct effect of temperature rise and precipitation 479 

reduction, with both factors resulting in severe yield reduction, decreasing oil content, and alterations in 480 

fatty acids (Debaeke et al., 2017). The expected yield reductions for sunflower imply that the sunflower-481 

cropped areas are projected to decrease dramatically in 2040, 2070 and 2100. These results are supported 482 
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by Moriondo et al. (2011) who stated that in the southern regions of the European Mediterranean 483 

countries the cultivated sunflower was more prone to the direct effect of heat stress and drought during 484 

its growing cycle, leading to severe yield reduction.  485 

Wheat is cultivated during winter (November-March), when Andalusia receives excess precipitation. 486 

Consequently, there is little response of wheat to climate change. Based on the results presented here, 487 

wheat cultivation would not be affected by expected future climate change as most of the area would 488 

theoretically experience no wheat yield reduction till 2100 under the SRES A1B emissions scenario 489 

(balanced). This observation is consistent with findings of Tao et al. (2014) who observed that although 490 

the climate during the wheat-growing period changed significantly between 1981 and 2009 in China, this 491 

had produced only slight impacts on wheat yield, with reductions ranging between 1.2 and 10.2%.  492 

Additionally, Asseng et al. (2015) and Hernandez-Ochoa et al. (2018) tested different wheat crop models 493 

to estimate the change in wheat production with expected rising in the global mean temperature. Asseng 494 

et al. (2015) concluded that there will be a reduction in global wheat production of about 6% for each °C 495 

increase in global mean temperature, where in our result the mean annual temperature will increase 5 °C 496 

by 2100 compared with the current temperature, and will cause a considerable reduction in wheat yield 497 

by 36 %, particularly in Al02 soil unit. Asseng et al. (2015) noticed wheat yield declines of between 1% and 498 

28% across 30 global locations with an increase of 2°C in temperature and between 6% and 55% within 499 

those sites with an increase of 4°C between 1981 and 2010. Furthermore, Valizadeh et al. (2014) simulated 500 

effects of climate change on wheat production using two general circulation models; United Kingdom Met 501 

Office Hadley Center (HadCM3) and Institute Pierre Simon Laplace (IPCM4), under three climate change 502 

scenarios of SRES- A1B, -B1 and -A2 in three time periods 2020, 2050 and 2080 in an arid and semi-arid 503 

region of Iran. Their results indicated that the reduction rate of wheat yield as winter crop was variable 504 

between 1% and 37% and the maximum reduction was observed in the time of 2020, under the HadCM3 505 

model and the A1B scenario. Finally, the assessment models showed a change in crop suitability, but did 506 

not take into account the potential of farmers to modify their agricultural practices and therefore to adapt 507 

to those threats. The future cultivation of sunflower in Europe is undoubtedly related to its potential 508 

adaptation to climate change (Debaeke et al., 2017). 509 

For example, many moderate and marginal lands may become more suitable for agriculture if irrigation is 510 

applied. Corbeels et al. (2018) showed the importance of climate-crop modeling for identifying suitable 511 

crop management methods as an adaptation plan towards climate change. 512 

In addition, some researchers (Atlin et al., 2017; Abd-Elmabod et al., 2019b; Wiebe et al., 2019) illustrated 513 

recommendations to adapt agriculture and soil systems to climate change. As the breeding of new 514 
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varieties that would be a long-term strategy to adapt cropping systems to convalesce the future biotic 515 

stress and water deficit that will caused by future climate change (Chapman et al., 2012; Reynolds et al., 516 

2016; Atlin et al., 2017). Also, improving the of manageable soil characteristics as improving the soil 517 

drainage, reducing salinity, and declining alkalinity and sodicity would be a rapid adaptation strategy to 518 

climate change (Abd-Elmabod et al., 2017, 2019). Likewise, soil organic carbon is a key mechanism to 519 

mitigate and adapt soil systems to climate change (Lal et al., 2011; Flint et al., 2018; Wiebe et al., 2019). 520 

Thus, adapting with climate change for sustainable agriculture, it is necessary to safeguard land resources 521 

and consequently increasing the agriculture production. 522 

As many modeling approaches and climate change impact assessments, this study has some limitations. 523 

For example, the models used here, i.e. Terraza and Cervatana, do not account for the potential effects 524 

of atmospheric CO2 in contrast with other models such as the Decision Support System for Agrotechnology 525 

Transfer (DSSAT) (Jones et al., 2003; Amouzou et al., 2019; Cammarano et al., 2019; Guarin et al., 2019). 526 

Nevertheless, although currents developments in predicting climate effects on yield responses include 527 

CO2 concentrations as a variable, i.e. using free-air CO2 enrichment (FACE), large uncertainties remain in 528 

the prediction of the CO2 fertilization effect. This is particularly relevant in a long-term period, because 529 

CO2 levels can reach saturation, and other factors such as water deficit, or addition of nitrogen could have 530 

a significant role (Manderscheid et al., 2018).  531 

This research is a first step in developing more advanced methodologies and multiple climate projections, 532 

e.g.  multi-model ensembles, and crop models should be compared in future work. Nevertheless, one of 533 

the strengths this study is that we harnessed 18 regional climate models specifically developed for the 534 

study area (Muñoz-Rojas et al., 2013) in order to reduce part of the projection uncertainties associated to 535 

climate models at different scales/regions (Xiong et al., 2020). The spatialization of the model outputs as 536 

presented in this study is a great advantage for potential implementation of targeted land management 537 

strategies for climate change adaptation (Abd-Elmabod et al., 2019b).  538 

 539 

5 Conclusions 540 

Climate change in Andalusia (Southern Spain) is predicted to affect directly and negatively on agricultural 541 

crop production, especially on summer-grown rainfed crops such as sunflower, as a result of decreasing 542 

precipitation and increasing temperature. Variations in land capability occur as consequence of the high 543 

variability of soil characteristics and climate condition in Andalusia. In the studied area the highest land 544 
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capability class (S1) rarely occurs because there is always at least one soil characteristic or climate 545 

parameter as a limiting factor. This high variability of the evaluation results demonstrates the importance 546 

of using soil factors, climate and crop information in conjunction in decision-making regarding the 547 

formulation of site-specific soil use and management strategies.  548 

Future climate change impacts on land capability and yield reduction need to be sufficiently considered. 549 

Our assessment of climate change impacts on the studied crops suggests an improvement of the soil 550 

characteristics, crop systems and cultivar traits in order to adapt to climate change and improve future 551 

sustainability.  Likewise, further work should also focus on the potential for agricultural practices to 552 

moderate some of these effects, or for alternative crops to replace sunflower, to improve future planning 553 

for agricultural sustainability. Future studies should also consider indirect effects of climate change, e.g. 554 

the influence of atmospheric CO2 or extreme climatic events on crop production. 555 
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 808 

Table 1. Ranges and dominant values of land characteristics of the 62 benchmark soils for Andalusia. (*) 809 
Soil parameters measured within the soil section 0 to 50 cm. Source: adapted from De la Rosa et al., 810 
2002. 811 

Land characteristics, Unit (Range) Dominant  

Site-related characteristics Landform  (plan - mountain), hill  
 Slope gradient, % (0.7 - > 30), 2 
 Elevation, m asl (1-2080), 490 
   
Soil-related characteristics Useful depth, cm (0-260), 150 
 Drainage  (poor-excessive), well 
 Particle size distribution* (sand-clay), clay 
 Superficial stoniness (nill –abundant), nill  
 Organic matter, * % (0.1 – 4.3), 1.6 
 pH*  (5.1 – 8.7), 7.4  
 Cation exchange capacity, * meq/100g  (2.5- 50.4), 17.5 
 Sodium saturation, * %  (0.2 – 11.9), 2.7  

 812 
813 
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 815 

Table 2. Kc and Ky for Wheat and Sunflower crops according to FAO 1979, 1986. 816 

Months 

Crop coefficient 
 (Kc)  

Coefficient of 
efficiency (Ky) 

Wheat Sunflower  Wheat Sunflower 
January  0.75 -  0.20 - 
February 0.75 -  0.20 - 
March 0.81 0.48  0.20 0.25 
April 0.84 0.75  0.33 0.38 
May 0.46 1.00  0.52 0.83 
June - 0.88  - 0.80 
November 0.35 -  0.20 - 
December 0.75 -  0.20 - 

 817 
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 819 

 820 

Fig. 1.   Top left location of Andalusia region in Spain. Bottom right provinces (8) and natural regions 821 
(62).  822 
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 823 

 824 

Fig. 2. Variation of climate parameters under A1B climate change scenario for three projected years 825 
2040, 2070 and 2100 during Spring, Summer, Autumn and Winter seasons. Y-axis shows values for 826 
precipitation (mm), minimum temperature (Tmin, OC), and maximum temperature (Tmax, oC). Source: 827 
Adapted from State Meteorological Agency, 2011.  828 
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 829 

Fig. 3. General scheme of the Terraza and Cervatana models. Green colour is assigned for land 830 
suitability model (Cervatana), blue represents the bioclimatic deficiency model (Terraza) and the soil 831 
qualities are shown in orange. 832 
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 833 

Fig. 4.  CDBm output for eight representative metrological stations of Andalusia region under A1B climate 834 
change scenario for three projected periods 2040, 2070 and 2100 besides current climate situation. Tm: 835 
temperature mean in oC, P: precipitation in mm, ET0: reference evapotranspiration in mm, ARi: aridity index. 836 
X-axis represents the months of the year from January, J to December, D. The two letters symbol (Al, Almeria; 837 
CA, Cadiz; CO, Cordoba; GR, Granada; HU, Huelva; JA, Jaen; MA, Malaga and SE, Sevilla) represent the eight 838 
provinces of Andalusia region and the two digits represent the number of representative metrological 839 
stations. Left hand y-axis shows ET0 and P, Right hand y-axis shows Tm.  840 
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 841 

Figure 5. Land capability (spatial distribution and pie diagram with % area of capabilities classes) for 842 
wheat and sunflower in Andalusia under current and future projections (2040, 2070, and 2100) of 843 
climate change scenario. Limitation factors; t, topography (slope type and slope gradient); l, soil (useful 844 
depth, texture, stoniness/rockiness, drainage, and salinity); r, erosion risk (soil erodibility, slope, 845 
vegetation cover, and rainfall erosivity); b, bioclimatic limitation.  846 
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 847 

Fig. 6.   Wheat and sunflower yield reduction under current and 2040, 2070 and 2100 of A1B climate 848 
change scenario. 849 
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 850 

Fig. 7. Spatial distribution of wheat and sunflower yield reduction (%) under current and 2040, 2070 and 851 
2100 of A1B climate change scenario.  852 
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Supplementary Materials853

854

Fig. S1. Andalusia region. (A) Elevation, (B) Slope percentage, (C) Geology and geomorphology and (D) basins and 855
principal rivers, (E) total rainfall, (F) average temperature.856
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 857 

Fig. S2. The dominant soil sub-group in the 62 natural regions of Andalusia Adapted from Anaya-Romero 858 
et al 2015. The final letter reprsents the the soil order; A, Alfisols; R, Aridisols; E, Entisols; I, Inceptisols; M, 859 
Molisols; U, Ultisols and V, Vertisols. The first letter represents the subgroup; A, Aquic; C, Calcic; E, Entic;  860 
F, Fluventic; H, Haplic; L, Lithic; T, Typic; U, Udic; V, Vertic; X, Xeric. The two letters in the middle indicate 861 
the great groups; RX, Rhodoxer; PX, Palexer; HX, Haploxer; HA, Haplarg; HC, Haplocamb; XT, Xerorth; FA, 862 
Fluvaqu; XF, Xerofluv; EA, Epiaqu; DU, Dystrud; HE, Haprend; HU, Haplust. 863 

  864 
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 865 

 866 

Fig. S3. Land suitability according to Cervatana model outputs.  A: Land suitability classes, B: Land 867 
suitability subclasses with a subscripted number that represents the number of limiting factors among: 868 
topography, soil factors, erosion risk and bioclimate deficiency. C: codes of land suitability subclasses. 869 

870 
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871

Fig. S4. Development of reference evapotranspiration (A, ET0); Humidity index (B, HUi); Aridity index 872
(C, ARi); and precipitation concentration index (D, PCi) over the three projected years 2040, 2070 and 873
2100 as well as the current climate situation for the eight representative climate stations. Some lines 874
may be overlaid by others.875

876
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Table S1. Soil order, representative soil profiles (SDBm code), horizons, depth (cm), soil type (USDA, 2014), 877 
land use and area coverage of the 62 natural regions of Andalusia.  878 

Soil 
Order Profile Code* Horizons Depth Soil Type** Land use Area 

(km2) Total km2, (%) 

Alfisols 

CA03 A.B.R 0-20-80- CRXA Scrubland 626 

18361 (20.96) 

CA04 AP1.AP2.AP3.AC.C 0-10-20-60-80- TPXA Vineyard 1645 
CA06 AP.C1.C2 0-35-100- TRXA Olive 1054 
CO05 AP.B.C 0-20-60- THXA Olive 2216 
CO06 A1.B.R 0-10-50-50- THXA Scrubland 899 
GR05 AP.B21T.B22T.B23T.B3T.C1.C2CA 0-22-50-70-100-135-170- TRXA Rainfed crops 1910 
GR10 AP.B2T.B3T.B3CA.C 0-25-55-85-100 CRXA Olive 461 
HU05 A1.A2.llb1G.llB2G 0-10-70-100- APXA Pine 821 
JA01 AP.AB.B2.B3.B3CA 0-25-40-70-80- TRXA Olive 1279 
JA03 AP.B.C 0-10-100- VPXA Rainfed crops 1491 

 JA05 A1.B.B+C.R 0-15-55-65- LRXA Scrubland 1102 
 JA07 A1.B.C 0-20-80- THXA Holm-oak 2366 
 JA09 AP.B.B+C.C.R 0-20-35-50-75- THXIA Rainfed crops 1055 
 SE01 AP.AB.B2T.B3CA.C1CA.llC2CA 0-20-45-60-75-115- CHXA Irrigated fruit 217 
 SE02 AP.B1.B2T.B3.CCA 0-30-55-110-120- TRXA Olive 592 
 SE08 AP.B1.IIB2T.II2G.II3G 0-25-40-70-110- AHXA Olive 627 
        

Aridisols AL05 A1.B2.C 0-15-100- VHAR Rainfed crops 1254 2450 (2.80) AL06 A.AB.C 0-20-60- XHCR Scrubland 1196 
        

Entisols 

AL01 A1.AC.C.R 0-25-80-100- TXTE Scrubland 1629 

18564 (21.19) 

AL04 A1. CCA.IIC 0-7-20- TFAE Pasture 970 
AL08 AP.AC.C1.IIC2 0-18-18-50-100- TXFE Irrig. orchard 764 
CA05 A1.BT.B+C.R 0-10-30-70- TEAE Scrubland 747 
CO01 AP.AC.C1.C2 0-20-90-120- TXTE Rainfed crops 1766 
CO07 AP.AC.C1.C2.C3 0-15-25-35-65- TXFE Irrigated crops 1390 
GR01 A.C 0-20- TXTE Rainfed crops 975 
GR03 A.C1.C2 0-9-26- TXTE Rainfed crops 1656 
GR06 A.C 0-12- TXTE Scrubland 1813 
GR08 AP.C 0-15- TXTE Olive 640 
GR11 AP.AC.C1.C2.C3.C3G 0-20-50-70-95-120 AXFE Rainfed crops 1368 

 HU02 A1.R 0-9- LXTE Eucalyptus 1129 
 HU06 ASA.C1G.C2G.IICG 0-5-25-70- TFAE Pasture 234 
 MA03 AP.C 0-25- TXTE Olive 920 
 SE05  A1SA.B11G.B12G.IICG 0-10-37-56- TFAE Pasture 998 
 SE09 AP.C1.C2 0-25-55-80- TXFE Irrigated fruits 1565 
        

Inceptisols 

AL02 AP.AB.C1.C2.C3 0-20-40-80-120- CHXI Rainfed crops 1103 

22518 (25.71) 

AL07 AP1.AP2.AC.CCA 0-23-30-50- THXI Rainfed crops 1146 
CO03 A.B.R 0-10-35- LHXI Pasture 3178 
CO04 A11.A12.B.C 0-10-20-40- THXI Holm-oak 2540 
GR02 A11.A12.B2.B3.C1.C2 0-9-20-33-65-95- TDUI Pasture 1139 
GR04 O.A1.B2.R 2-0-10-20- LHXI Scrubland 786 
GR07 AP.B2.B3.B+C.CCA 0-20-33-43-60- CHXI Rainfed crops 1233 
HU01 A1.B.C 0-5-25- LHXI Eucalyptus 2230 
HU04 A1.AC.C1.C2 0-15-25-50- FDUI Pine 1472 
HU07 O.A11.A12.B.R 0-5-20-35-85 THXI Holm-oak 3013 
JA06 A1.C 0-35- THXI Pasture 1333 
MA01 AP.AB.B.C 0-20-40-60- CHXI Rainfed crops 2482 

 MA02 A.B.R 0-20-45- LHXI Pine 863 
        

Molisols 

AL03 A1.C.R 0-15-25- LHEM Scrubland 708 

6269 (7.16) 
JA08   A11.A12.R 0-15-35- LHEM Pine 1932 
MA04 AP.B.R 0-60-85- THXM Rainfed crops 1666 
MA05 A11.A12.B2.R 0-10-20-60- UHUM Holm-oak 1374 
SE04 AP.AC.C 0-25-35- EHXM Olive 589 

        
Ultisols SE06 A1.A2.AB.B1.B2T.B3.C 0-8-15-30-55-220-250- THXU Cork oak 3748 3748 (4.28) 
        

Vertisols 

CA01 AP.BCA.C 0-40-90- CHXV Rainfed crops 1841 

15691 (17.91) 

CA02 AP.B2.B3CA 0-15-35-60-80- THXV Rainfed crops 1528 
CO02 AP.AB.B+C.C 0-10-45-80- THXV Rainfed crops 1780 
GR09 AP1.AP2.AC.C1CA.C2G 0-12-22-107-140- EHXV Rainfed crops 656 
HU03 AP1.AP2.AC.C 0-20-60-140- EHXV Rainfed crops 1249 
JA02 AP1.AP2.AC.C 0-10-25-50- THXV Holm-oak 1385 
JA04 AP.AC1.AC2.CCA 0-30-60-80- THXV Olive 1542 
SE03 AP.AC.C1CA.C2.C3 0-25-35-70-120- THXV Rainfed crops 4555 

 SE07 AP.B.B+C.IIC1.IIC2 0-10-40-70-85- THXV Olive 1155 

*Codes indicate location province (Al, Almería; CA, Cadiz; CO, Cordoba; GR, Granada; HU, Huelva; JA, Jaen; MA, Málaga; SE, Seville) and number 879 
in the SDBm database, followed by comarca (landscape unit). Source: adapted from (De la Rosa et al. 2002; 1984). 880 
** The final letter reprsents the the soil order; A, Alfisols; R, Aridisols; E, Entisols; I, Inceptisols; M, Molisols; U, Ultisols and V, Vertisols. The first 881 
letter represents the subgroup; A, Aquic; C, Calcic; E, Entic;  F, Fluventic; H, Haplic; L, Lithic; T, Typic; U, Udic; V, Vertic; X, Xeric. The two letters in 882 
the middle indicate the great groups; RX, Rhodoxer; PX, Palexer; HX, Haploxer; HA, Haplarg; HC, Haplocamb; XT, Xerorth; FA, Fluvaqu; XF, Xerofluv; 883 
EA, Epiaqu; DU, Dystrud; HE, Haprend; HU, Haplust.  884 
 885 


