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Abstract

:

The lack of urban sustainability is a widespread deficiency in urban agglomerations. To achieve adequate land use, we present a methodology that allows for: 1) the identification of the impacts caused by urban expansion since 1956 to the present in Salamanca (Spain); and 2) the promotion of a more sustainable future in urban development. A multi-temporal assessment of land use was made by remote sensing, while sustainability criteria were analyzed using the multicriteria analysis (MCA) with Geographical Information Systems (GIS). In addition, we established recommendations for soil carbon management in semi-arid ecosystem soils that contribute to climate change mitigation. The results show an increase of the urbanized area from 3.8% to 22.3% in the studied period, identifying up to 15% of buildings in zones with some type of restriction. In 71% of the cases, urbanization caused the sealing of productive agricultural soils (2519 Ha), almost 20% of which were of the highest quality. In last few decades, an excessive increase of built-up areas in comparison to population dynamics was identified, which causes unnecessary soil sealing that affects the food production and the capacity to mitigate climate change by managing the carbon cycle in the soil.






Keywords:


city expansion; climate change; land use management; soil organic carbon; soil sealing












1. Introduction


The progressive increase of population and its agglomeration in cities [1], which by 2050 is estimated at 68% [2] and by the end of the twenty-first century at 90% [3], is one of the important current challenges for humanity. Unmeasured and unplanned urbanization causes multiple negative impacts on society and economy (for example, sealing of fertile soil [4], deaths related to pollution and heat [5,6], problems of urban mobility [7], or greater exposure to natural risks, this being further enhanced by climate change [8,9]) and in the environment (loss or alteration of areas of ecological quality and reduction of biodiversity [10], air, soil and water pollution [11,12,13,14], or alteration of precipitation patterns [15] and local temperature [16]). The impact of urban agglomerations on climate change is evident due these agglomerations being the largest greenhouse gases emitting and resource consuming group, which may compromise economic development, food security and/or social justice [17,18,19].



Historically, cities have generally spread without planning or restriction criteria, linked to economic development that originated in disorganized cities as a result of a massive unplanned experiment in landscape change [20]. Soon after, the first effects on the population and the environment linked to the binomial industrialization–urbanization were manifested. Gradually, society demanded more respectful and responsible practices with the environment, which caused the acceptance of sustainable development being the only development model that guarantees social welfare, which requires adequate and sustainable urban development [21,22,23].



Sustainable urban planning has been a topic that has gained increasing interest in recent years [24]. To understand the expansion that cities have undergone, many authors have used satellite image (especially Landsat images) interpretation techniques to monitor changes in land uses linked to urbanization [25,26,27,28]. Regarding how to face the problem related to urban sustainability, there are many approaches and themes studied in literature. The multicriteria analysis (MCA) is widely used and accepted due to the fact that it integrates diverse environmental and socioeconomic parameters as decision factors into the study, being very useful in the early stages of urban planning [29,30,31]. Other studies are based on improving specific aspects with a relevant contribution to urban sustainability. Rode et al. [32] evaluated the impact of transport network accessibility on the sustainability of a city, focusing on the relationship between urban typology and respective cost. In relation to this, other authors gave a broader sense to this idea, and addressed the "networked city" [33], including the relationship between sustainability and urban growth in the city, and infrastructure and basic services’ spatial configurations [34]. Energy optimization is another block of the urban sustainability pillar, hence, there is abundant literature on multiple topics such as buildings’ energy efficiency or renewable energy network implementation [35,36,37]. Green spaces and their contribution to sustainability have also been widely studied [38,39,40]. Other studies propose to take into account the factors that will be affected by climate change in urbanization processes and may cause future risks for the population, for example Berry et al. [41], who considered sea level rise as a key element in coastal cities. Finally, some authors have developed tools to assess and verify the sustainability of different elements of the city, such as buildings and green architecture [42,43], transport networks [44] and water supply [45], among other aspects, such as social justice [46].



However, advancing in the field of sustainability through the execution of different creative, ambitious and innovative measures has been the main handicap of governments and planners, generally linked to "more classic" planning procedures [47]. Nevertheless, it is increasingly common for some cities and countries to implement innovative measures and designs covering different factors such as public health [48] and sewerage [49], energy [50] or green area [51] management. In addition, multiple concepts have been developed that aim to achieve a sustainable city model, well cataloged by De Jong et al. [52], who provide an interesting analysis of each one, as well as the synergies between sustainable city models and their weaknesses and uncertainties.



Soil occupation and soil sealing are indissoluble phenomena in city expansion, being one of the main soil degradation causes. Both are accepted as necessary for human development, but have serious negative environmental and socioeconomic effects with long-term consequences. Soil sealing is the most intense form of land occupation and it causes an irreversible environmental impact [53]:




	
Pressure on water resources: Soil water supports plants, saves irrigation costs, reduces the incidence of droughts and reduces the risk of flooding. When the earth is covered with impermeable materials, the amount of rain that the soil is capable of absorbing is reduced. Instead of filtering through the soil and replenishing aquifers and groundwater, heavy rain causes surface runoff and increased surface water flow. Soil sealing in natural flood zones is another problem, because the water retention capacity in alluvial plains is reduced. Soil sealing can also have consequences for the local climate due to the reduction of evapotranspiration areas (much of the volume of rain that the land receives depends, in turn, on the evaporation of water into the atmosphere from the soil and plants) [54,55].



	
Food security threat: Historically, cities were built near the most fertile soils to guarantee enough food. However, conversely, urban explosion has devoured these high-quality areas. There is even a tendency to stop cultivating the unsealed land in urban surroundings. The reduction of available arable land imposes greater pressure on agricultural production. In addition, the world population grows and increases the demand for food, which must be solved with limited and shrinking arable land [56].



	
An obstacle to manage the soil carbon cycle: Soil contains more organic carbon than the atmosphere and vegetation put together (760 and 560 Gt, respectively), and is estimated to accumulate around 75% of terrestrial organic carbon [57]. Every year, the soil captures a part of human CO2 emissions. Carbon storage depends on the balance between gains and losses, which are dominated by biotic factors, such as biomass production, microbial abundance, environmental variables (climate), soil characteristics, including texture and lithology as well as soil management. The destruction of the upper soil horizon in urbanization causes the release of part of the organic carbon in the form of greenhouse gases due to mineralization, and ruins centuries of work of natural processes which form arable land. Because of this, attention to soil organic carbon (SOC) cycle is increasing [58,59,60]. The reforestation of degraded forest lands and the adoption of recommended management practices (RMP) in farmland and cropland have been argued as effective options for carbon sequestration in soils, and both generate additional environmental and socioeconomic benefits [61]. The option of carbon sequestration and improvement in soil productivity through the implementation of RMP in croplands can be economically and environmentally more profitable than reforestation, unless reforestation is carried out in deep soils of marginal areas. Certain changes in agricultural practices (conservation tillage) or the conversion of some unproductive croplands into grasslands or forests can increase carbon sequestration in soils [62]. In the studied area, RMP were adopted, such as minimum tillage techniques, conservation tillage, covert crops, mulch, fallow with vegetation, crop rotation, the addition of exogenous organic matter, the use of high yield varieties and greater biomass, and the responsible use of chemical fertilizers or the conversion of some unproductive farmland into grasslands or forests, which can increase carbon sequestration in soils.








In conclusion, the correct soil management and the adaptation of the urban system for environmental protection and climate change mitigation objectives are necessary if we want to preserve our environment and well-being, and avoid the adverse scenarios that are foreseen in relation to global warming. Therefore, the objectives of this work are: (1) to analyze the urban expansion sustainability since the period 1956 to 2018 in the study area; (2) to find the most suitable areas for the urbanization and extension of Salamanca and its surroundings; (3) to study the land capability of soils and evaluate the urban dynamics and their repercussions on food production; (4) to determine the SOC present in the studied soils in order to recommend an adequate soil management in croplands that help mitigate climate change; (5) to propose a method based on Geographical Information Systems (GIS) that through (i) the multi-temporal analysis of satellite images, (ii) the study of sustainable interest criteria (ecological, agricultural, cultural and population protection) by means of a multi-criteria analysis and (iii) the knowledge of the soils, allows to achieve the previous objectives.




2. Materials and Methods


2.1. Study Area


Salamanca is located in Western Spain (Figure 1) which, together with its surroundings (Santa Marta de Tormes, Carbajosa de la Sagrada, Villamayor, Villares de la Reina and Cabrerizos are the main municipalities of the Salamanca outskirts), houses around 200,000 inhabitants [63]. It is the largest urban agglomeration of its environment, eminently agricultural and livestock, and in the last few decades has featured an aging population, with rural exodus to the city, hence Salamanca has been continuously gaining population since the middle of the last century, in contrast to the strong and prolonged decline at the regional scale. The study area (with an extension of 15.899 Ha) has progressed from housing 20% of the province population at the start of the study period to almost 60% today, that is to say that the population has multiplied by 2.5, rising from 80,000 inhabitants to the current 190,000 [63]. In addition, the city of Salamanca has a great historical, artistic and cultural heritage, which led it to be declared a World Heritage Site by UNESCO [64], and a prestigious University (University of Salamanca) with 8 centuries of history, which allows the city to have great activity and a cultural mix, making it versatile and cosmopolitan.




2.2. General Methodology


The proposed methodology consists of three main parts (multi-temporal study of satellite images, multi-criteria analysis and evaluation of soil SOCs), whose particular methodologies and materials used are detailed below in their respective sub-sections. Figure 2 shows a flow chart of the established methodology. After the collection of satellite images, the supervised classifications are carried out and the multi-temporal evolution of land use is analyzed. Through field work, the multi-criteria analysis is designed and carried out and the carbon stock in soils is estimated. With the results of the multi-temporal evolution and the multi-criteria analysis, we can evaluate the sustainability of urban expansion in the past and establish guidelines for sustainable growth of urban areas in the future, as well as evaluate the impact of soil sealing according to its agricultural quality. Finally, based on the SOCs study, recommended management actions are proposed for agricultural soils that will allow for the mitigation of climate change.




2.3. Supervised Classification and Multi-Temporal Land Cover Changes Evolution


Using multi-temporal remote sensing techniques, the urban expansion of Salamanca and the associated land use changes in the 1956–2018 period were evaluated. To this end, we used Landsat images of the United States Geological Survey (USGS) [65] dated July 27, 1985 (Landsat 5), August 27, 1999 (Landsat 7) and August 7, 2018 (Landsat 8). For the year 1956, aerial photography at scale 1:33.000 obtained from the Agricultural and Technological Institute of Castilla–León [66] was used.



First, we process the satellite images, in which we make the atmospheric correction using the DOS1/CHAVEZ Method with the QSIG SCP plugin [67], and the reflectance values are obtained. Subsequently, we made the natural color composition (using the composite of bands 3,2,1 with Landsat 5 and Landsat 7 images, and 4,3,2 with Landsat 8 images; all of them with 30 m resolution) that will serve to train the model and then develop the supervised classification corresponding to each period by means of the Maximum Likelihood Classification Method. With the aerial image of 1956, urbanized areas were digitized to date by employing ArcMap v.10.5 of ESRI, easily discriminated from the rest of ground covers. The multitemporal cartography shows the land use transformations linked to the urbanization of the city and outskirts from 1956 to 2018.



According to the characteristics of the studied sector (mainly agricultural), for the supervised classification, we establish five land cover categories (water, grassland, cereal-growing crops, irrigated crops and built-up areas), in line with the type and number of classes used in similar studies [68]. To train the model, 40 training areas were generated for each category. The accuracy of the classifications was evaluated with the Kappa statistic, for which the following levels of agreement are considered [69]: poor (<0.00); slight (0.00–0.20); fair (0.21–0.40); moderate (0.41–0.60); substantial/very good (0.61–0.80); and almost perfect/excellent (0.81–1). To verify the accuracy of the classification, the Kappa index obtains one hundred land cover random points from the supervised classification, which are compared with aerial images (source: Geographic Institute of Spain [70]) taken on a similar date that the aerial image used for classification.




2.4. Multi-Criteria Analysis through Analytic Hierarchy Process (AHP)


The areas that could entail restrictions to urbanization due to their environmental, agricultural and cultural characteristics, as well as those that may pose a risk to the population, are delimited by means of a Restrictive Areas Identification Index (RAII), which is calculated through MCA based on Analytic Hierarchy Process (AHP) [71,72,73]. Four criteria (C1, C2, C3 and C4) are studied to calculate the RAII (Equation (1)). Firstly, based on the field work, the different factors that make up each criterion are classified internally (0–5) according to their characteristics, assigning high weights to the areas with the highest environmental, agricultural or cultural quality or those with the highest risk for the population. The lowest weights are given to the areas with the lowest quality and risk. This is carried out with the aim of incorporating the spatial variation experienced by each factor throughout the study area into the evaluation. Secondly, using the AHP, the relative weights of each criterion (k1, k2, k3 and k4) are obtained in relation to the rest of the criteria:


RAII = k1 * C1 + k2 * C2 + k3 * C3 + k4 * C4



(1)




where ki is the relative importance weight for each criterion as a result of the AHP, and C1, C2, C3 and C4 represent the ecological criterion, agrological criterion, cultural criterion and population protection criterion, respectively.



The ecological criterion (C1) identifies the areas of highest quality in ecological, environmental and landscape terms. These spaces keep the qualities of the autochthonous ecosystems and conserve the natural processes in the vicinity of urban areas, contributing, in addition, to the reduction of global warming by retaining the carbon in the vegetation and avoiding the oxidation of soil carbon [74]. To do this, the area was studied and natural habitats were mapped [75]. The areas where natural habitats are conserved received the highest weighting (5), while the rest received the lowest (0). On the other hand, the landscape is increasingly taken into account in territorial planning due to the multiple benefits it provides [76]. The areas of Salamanca and its surroundings were scored according to their landscape quality (Very high: 5; High: 4; Moderate: 3; Low: 2; Very low: 1).



The agrological criterion (C2) evaluates the agricultural quality of the soils, as it is important that the most fertile soils are protected for an irreversible use such as the urbanization process [77]. According to the Land Capability Classification [78], soils are scored according to their agricultural quality: Class II (5); Class III (3); Class IV (2); Class V-VI (1) and Class VII (0).



The historical, artistic and cultural heritage conservation must be another priority in urban planning due to its intrinsic value [79]. Through the cultural criterion (C3), archaeological sites and areas or goods of cultural interest were mapped. These areas received a weight of 5, while the rest received 0.



The population protection criterion (C4) assesses the natural risks that society are exposed to, and are increasingly vulnerable to, in a way that restricts the urbanization of those areas where these risks may occur. In Salamanca and its surroundings, the natural risks are flooding, and to a lesser extent, rockfall. To establish the areas affected by flood risk, the data from a previous study are used [80], while the areas affected by rockfall are delimited by field work and the study of the slopes and dips of the terrain. These areas were weighted according to risk: (Very high: 5; High: 4; Moderate: 3; Low: 2; Very low: 1; Non-existent: 0).



The AHP is a structured technique for the organization and analysis of complex decisions. The evaluation of indicators and their weights must be determined according to their importance using paired comparisons. The AHP is composed of several steps [71,72,73]. Firstly, the problem is decomposed into its components in a hierarchy of goal, criteria and factors. Secondly, consultations are held to obtain the views of local experts regarding the hierarchy structure that occurs between the criteria in the pairwise comparison. To this end, two experts from each stakeholder group, all of whom belong to public bodies, were surveyed. The average results of the survey were employed to determine the importance of each criterion. The comparison was described regarding integer values from 1 to 4 (Table 1), where a higher number means that the chosen criterion is considered more important against another criterion. Thirdly, the pairwise comparison of the four criteria generated at the second stage is organized into a square matrix: the pairwise comparison matrix (Table 2). Fourthly, the pairwise comparison matrix is normalized and the relative weights (ki) of each criterion are calculated. Fifthly, the consistency of the normalized comparison matrix assessments is evaluated using the consistency ratio (CR). The CR is composed of a consistency index (CI) and a random index (RI). The CI is calculated using the consistency measure (CM) (Equation (2)). The RI is estimated by Equation (3). The CR is the relation between CI and RI (Equation (4)). In Table 2, the column ki contains the relative weights for each criterion. In the CM column is the consistency measure valor for each criterion, from which the CI s derived, whose value was 0.004 (λmax = 4.0125). The RI was 0.99. Finally, the CR is 0.004, a value very close to 0, indicating the high consistency of the judgements made in the MCA.


CI = (λmax – n) / (n − 1)



(2)






RI = 1.98*(n−2) / n



(3)






CR = CI / RI



(4)




where λmax is the sum of the consistency measure (CM) divided by n, and n is the number of criteria.



Finally, the RAII, used to identify the restrictive areas, was calculated using the relative weights obtained from the MCA (Equation (5)). The RAI Index is reclassified into 4 degrees, and the degree that contains the high values is considered in the grouping of the areas of interest, that is, those that present environmental, cultural or agricultural interest or a risk to the population. These are therefore considered restrictive for urbanization.


RAII = 0.35 * C1 + 0.20 * C2 + 0.10 * C3 + 0.35 * C4



(5)








2.5. Evaluation of the Soil Organic Carbon Stock


As a complement to this analysis of sustainable expansion of the city, we also intend to establish guidelines for a more adequate management of soil that contributes to climate change mitigation and food production assurance. For this purpose, the potential of the study area soils was analyzed, for which 75 soil samples from the surroundings of Salamanca were collected. We carried out routine analyses of the soil samples, determining the types and associations of soil, and the main agricultural interest soil parameters. From the soil map, a land capability map that allows evaluating the agricultural soil sealing and its relationship with the urban expansion and food production was completed. On the other hand, to determine the relationship between land use and climate change, the soil organic carbon content (SOC) and the bulk density of the soil samples (0–30 cm) were analyzed to estimate the soil organic carbon stock (SOCs). The SOCs organic carbon stock (MgC ·ha-1) was calculated as follows (Equation (6)):


SOCs = SOC/100*BD*D*10000



(6)




where SOC is the organic carbon concentration (%), BD is the bulk density (Mg·m−3) and D is the thickness of the stratum (0.30 m). Organic carbon was analyzed by oxidizing carbon with dichromate acid [81]. Bulk density was determined with the paraffin method [82].





3. Results


3.1. Land Use Changes


The supervised classifications in which the evolution of the five land uses is defined show adequate levels of agreement: very good for the classifications of 1985 (Kappa = 0.71) and 1998 (Kappa = 0.78) and excellent for that of 2018 (Kappa = 0.85). Land cover maps corresponding to each studied period can be found in Figure 3. Table 3 summarizes the space–time evolution of each cover class. Two trends are clearly observed: 1) a progressive increase of built-up areas; 2) a decrease of croplands. Built-up extension increased from 3.8% to 22.3% from 1956 to the present. On the other hand, crop area decreased from 72.9% in 1985 to 60.8% in 2018, so much so that the cropland extension losses would be greater if we could compare them for the period 1956–2018. There was greater waste of cropland area for the period 1985–2018 in cereal-growing crops (10.0% of the study area) than in irrigated crops (2.1%), with 1583 Ha and 339 Ha, respectively. Grasslands and wastelands show little variation over time, and interactions with cereal crops were observed. The water extension, belonging exclusively to the Tormes River, is relatively similar, although we detect extension decreases over time, which may be due to the riverbank forest’s improvement, which covers more and more riverbed areas.



As for the sealing of soils in the main municipalities, this increased considerably, being more pronounced in the surroundings of Salamanca from 2000. Over the period of study, the sealed soil progressed from 13.3% (519 ha) to 41.7% (1634 ha) in the municipality of Salamanca; from 0.6% (6 ha) to 33.3% (333 ha) in Santa Marta de Tormes; in Carbajosa from 0.8% (7 Ha) to 34.6% (296 Ha); from 8.5 Ha (0.5%) to 296 Ha (18.4%) in Villamayor; from 16.5 Ha (0.8%) to 302 (15.1%) in Villares de la Reina; while in Cabrerizos it increased from 0.4% (4.1 Ha) to 11.8% (120 Ha).



The most significant transformations in land use are summarized in Figure 4 and Table 4. For the period 1985–1998, there was a land cover transformation in almost 7% of the area (1088 Ha), while in the 1998–2018 period, the affected area was 1935 Ha (12% of the study area), thus in the last three decades about 20% of the studied area would have suffered land cover changes. The main changes are related to croplands and grasslands, which were generally built-up. It highlights, in both periods, the transformation of cereal-growing crops in urban areas, which signify the 36% of total transformations (1089 Ha). In addition to this, 253 Ha (8%) previously dedicated to irrigated crops were built. A total of 510 Ha of grasslands and wastelands were built in this period (17% of land cover changes). The rest of the significant transformations take place between the crops and grasslands areas, especially the conversion of cereal-growing crops in grasslands and wastelands with 664 Ha (22%), which is related to the lower quality and production that croplands zones leave.




3.2. Urban Sustainability Analysis


After analyzing the land cover evolution, it is appropriate to evaluate the urban expansion: 1) it was in agreement with the highest quality environment elements (natural habitats, land capability, high landscapes quality areas and cultural interest spaces); and 2) it took into account the population protection criteria (natural risks). It also identified the areas that should not be built in future city extensions to guarantee these objectives. Figure 5 represents the different factors evaluated by the RAII to delimit the areas with limitations to urbanization. The natural habitats have an extension of 683 Ha and are related to Tormes riverbed riparian formations, and to Mediterranean grasslands and forests (Figure 5a). Highest landscape quality spaces (981 Ha) are located in areas of greater natural vegetation and orography (Figure 5a). Figure 5b shows the soils according to their land capability, where the 1872 Ha occupied by the highest quality soils stand out. Figure 5c delimits the historical, artistic and cultural interest spaces (471 Ha), where the old city of Salamanca and the Roman road "Ruta de la Plata" stand out. Finally, 1552 Ha were identified as flood risk zones, and areas with rockfall risks (145 Ha) were associated exclusively with river scarps (Figure 5d).



The results obtained by the RAI Index show the restriction to urban expansion presented by the different areas of Salamanca and its surroundings. These limitations are more pronounced when the value of the index is close to four (Figure 6). Figure 7 shows the extension (3747 Ha) of these restrictive zones (Figure 7a) and how urbanization has evolved throughout the studied period in these areas. The built-up spaces in areas with limitations were shown to be gradually growing: 218 Ha in 1985 (Figure 7b); 347 Ha in 1998 (Figure 7c); and 541 Ha in 2018 (Figure 7d), which means that 15% of the current buildings are on restrictive areas. In relation to agricultural soils sealing (Class II, III and IV), 2466 Ha have been lost. New buildings have also prospered in areas with natural risks: up to 187 Ha built in flood zones, compared to six hectares in rock-fall risk areas. The impact on areas with the highest landscape quality (43 Ha), and on natural habitats (29 Ha, especially pastures of community interest) is lower.




3.3. Soil Sealing, Food Production and Climate Change


Figure 8 presents the effect of urbanization on soils according to their land capability. Table 5 summarizes both the soil sealing surface in each period and the total sealed extension since the beginning of the study period according to soils land capability classes. Until 1956, 596 Ha were occupied, mainly affecting Class IV soils (Figure 8a). In the period 1956–1985, 1034 ha were built-up, of which 729 Ha had good agricultural aptitude (Figure 8b). In the next study period (1985–1998), almost 80% (455 Ha) of the new built-up area (589 Ha) corresponded to croplands (Figure 8c). On the other hand, in the period 1998–2018, 914 Ha of croplands were urbanized, out of a total of 1313 Ha (Figure 8d). In short, 3532 Ha were occupied in Salamanca and its outskirts, of which 2519 Ha were agriculturally suitable, and 426 Ha were of the most productive soils. The remaining 1013 Ha that were built correspond to soils that contain (mainly) grasslands and (hardly ever) forests.



In relation to the affected soil types, the sealing of fluvisols (426 Ha) in meadow spaces stands out, since they are the most productive soils due to their great thickness, adequate physicochemical characteristics and water availability (Class II). In Class III, the luvisols, with good physicochemical conditions, are demarcated, these being the oldest and most developed and thick soils. Due to urban expansion, 332 Ha of luvisols were lost. Class IV soils, although they are suitable for tillage, have certain limitations. These soils are less developed and thicker than the previous ones, belonging to the cambisols, and are the soils that have had the greatest impact (1761 Ha urbanized). Class V, VI and VII are not soils with agricultural aptitude. Class V corresponds to gleysols developed in alluvial deposits linked to water courses of small size, and its extension is scarce. They usually have different textural composition and low thickness, the clay content being an important factor in their behavior. An amount of 124 Ha of Class V was sealed, previously dedicated to wet grasslands. Class VI presents a considerable extension in the study area and groups together soils of scarce development and thickness with dry pastures presence. They are mostly regosols and cambisols of scarce development, which in the studied period, 868 Ha were occupied. Class VII soils are poorly represented in Salamanca and its surroundings. They are thin and sparsely developed soils, generally located on hard rocks associated with the mountain areas (Leptosols). Only 21 Ha built on this class have been identified where the Mediterranean forest and dry pastures are generally developed. No soils of Class I or Class VIII were identified.



Finally, SOCs assessments are essential in the role of climate change mitigation. In our study area, the average organic soil carbon stock (Table 6) near the surface (0–30 cm) is 1.7 times higher in grassland lands (68.31 Mg C ha-1) that in croplands (40.78 Mg C ha-1), thus, a very important reduction of SOCs can be expected in the upper 30 cm after land use change from grasslands to croplands. Land management is one of the most important factors that controls the concentration of SOC. There is great difference between the SOC averages of the superficial horizons of soils under grasslands (2.43%) and of the crop soils (0.89%), which shows the rapid degradation of the organic matter from grasslands when it becomes croplands. In addition, in soils with natural vegetation, all the remains are incorporated into the soil, while in the crop soils, the crops are harvested manually, with the consequent plant material being a great loss that will not return to the soil.





4. Discussion


The analysis of the land studies evolution using aerial image processing is considered adequate and accepted for obtaining knowledge about city expansion, and is useful to carry out sustainability analyses of land cover changes. The main trend observed in this multitemporal analysis is the expansion of the urban area on croplands, in line with what has been observed in other similar studies such as the case of Tokyo, which, in addition to the sealed surface, increased from 10.3% to 23.5% [68]. Urban expansion and sealed land has also been corroborated in other places in Spain, such as Madrid, whose area increased from 15% to 24% between 1984 and 2013 [83]; Valencia, which tripled its urban area between 1956 and 2012 [84], and Cartagena (Region of Murcia), where sealed land increased by 362% in the period 1981 to 2007 [85].



The comparison between population and land cover transformations, especially up to the beginning of the twenty-first century, indicates that the urbanized area increases in line with the population dynamics. In the second decade of this century, the population stagnated, and even began to decrease slightly, which was related to regional problems. Salamanca is located in an eminently rural and agricultural–livestock region, with an aging population, and scarce and irregular implantation of the industrial fabric. This causes a loss of population on a regional scale, leaving a multitude of small villages with hardly any inhabitants, and causing their abandonment due to the lack of new professional opportunities. This rural exodus has allowed for a gradual increase in the population of the study area over the last decades, to the detriment of the rest of the province [63]. However, despite the observed standstill in the resident population since 2010, the urbanized area has grown significantly, from 14.0% to 22.3% in the period 1998–2018, although the population has barely increased by 10,000 inhabitants. This anomaly is related to the good twenty-first century economic situation in the first decade, which caused an explosion in the construction of single-family homes, duplexes and chalets, especially in quiet areas far from the city. This demonstrates the growing dynamics that urbanization still maintains, despite its adverse effects [86].



The study area has moderate and good quality soils [87], therefore being an area of good agricultural aptitude, which explains why these soils have been cultivated for centuries, being already one of the main food sources of the Roman Empire after reaching Hispania, who considered these zones as "the granary of Spain" [88]. However, the abundance of agricultural soils should not be an excuse to promote the sealing of higher quality soils (Class II). Irregular urban expansion has been detected along the fertile plain of the river, which has caused the disappearance of the best quality soils (426 Ha). Other authors have also verified this invasion of the alluvial plains and fertile soils in other parts of Spain such as Madrid [4,89] or Castellon [90]. This is important in the current context of population growth and rapid urbanization, in which societal food production must be guaranteed. To avoid the most serious impacts of soil occupation and soil sealing, we propose to protect the high-quality soils and to guide urban development towards those soils of lower quality, as long as the opportunities to develop or redevelop the indoor of the urban area are exhausted. On the other hand, natural risk analyses were not taken into account in the city expansion processes, since up to 187 Ha were identified and built in flood zones, which was demonstrated in more detail in previous studies [80]. In short, the urban expansion has not followed rigorous sustainable criteria: the invasion of restrictive areas (with risks to the population and higher agro-environmental quality) has increased 2.5 times from 1985 to 2018. As an example, Figure 9 shows the construction of new buildings in the last few years in Salamanca-vicinity floodplains, which have occupied high-quality soils and areas with flood risk



Regarding the model, we find a part that analyzes the evolution of coverage, and another that evaluates past impacts, and that also serves to restrict future urbanization. Multitemporal evaluation has been widely used to study changes in land cover, especially using Landsat image analyses. Recently, some studies have incorporated higher resolution Sentinel images for researching the most recent changes, as more accurate results can be obtained [91,92]. In this work, we maintain Landsat images as a source of data; although its resolution is lower than Sentinel, we consider it adequate for the analysis, taking into account the extension of our study area. On the other hand, the use of multicriteria analysis is considered appropriate, as it is used and accepted as a tool in the search for urban sustainability and sustainable development in multiple studies, highlighting its ability to incorporate different scenarios for evaluation. In addition, the analysis of the impacts caused by past urbanization is considered noteworthy, as identifying the defects and impacts of the urbanization process is important to cement a more sustainable urbanization model. Finally, governments and planners in charge of urban development will be able to access this methodology of sustainable land management, although the development of more concrete and sustainable local actions is beyond the scope of this work. We encourage the implementation of these types of sustainable initiatives, which are complementary to this work, as well as the soil and SOCs management as a sustainable tool for mitigating climate change.



Soil Organic Carbon Stock Management and Climate Change


The important changes in land use during the historical process of urban growth caused a significant reduction of SOC in the upper 30 cm of the soil after a change from forest or grassland to cropland. This reduction in SOC implies an average emission into the atmosphere of 1 t of carbon (3.66 t of CO2) for every 47 t of soil converted into croplands. This reduction of SOC occurs mainly by reducing biomass inputs in the soil, increasing the rates of soil erosion and accelerating the soil organic matter decomposition [93]. It was found that the soils with a very low SOC content are indicative of their extensive agricultural use that has been employed for centuries [94]. Because of this, SOC parameters are normally used as an indicator of soil quality [95] and can accumulate in the soil for decades.



In the studied area, with a semi-arid Mediterranean climate, the soils used for grassland and forests are usually limited to mountainous areas, in which the soil capacity for carbon sequestration is restricted to shallow soil profiles due to the limitation of bedrock. In addition, a reduction in rainfall would lead to a decrease in SOC in forest soils, and an increase in average annual temperature would adversely affect the SOC in cropland and pasture.



According to recent climate change forecasts, agricultural lands in the Salamanca province could act as potential carbon sinks. This is because the potential capacity for additional carbon sequestration is greater in crop soils than in grass soils, since agricultural soils are deeper and have lower carbon saturation. Therefore, it is necessary to promote agricultural techniques that favor the conservation and increase of carbon. The agricultural management practices favorable to an accumulation of organic carbon in soils are those that increase the entry of organic matter into the soil, and/or decrease the rate of degradation of organic matter.



In addition to the positive impact of carbon sequestration as a measure of mitigation and adaptation to climate change, it also improves food security. A 1 t increase in the carbon stock in degraded farmland soils can increase crop yields by 20–40 kg ha−1 for wheat [96], thus, the restoration of soil-degraded farmland is key to achieving sustainable development. Several studies have shown that it is possible to restore lost organic carbon in degraded soils [97,98,99]. The RMPs that can favor the accumulation of organic carbon in agricultural soils in the study area include:



Conservation tillage: the erosion is generally reduced, the accumulation of organic matter in the soil is favored, energy saving is also associated with reduced machinery use and biological soil dynamics are favored, with an increase in soil microfauna and soil microflora.



Mulch, covert crops and fallows with vegetation: these are agricultural management practices that protect the soil from erosion, increase water retention capacity and provide plant residues to the soil. In addition, they decrease the soil temperature and, therefore, the rate of organic matter mineralization.



Exogenous organic matter addition: these must not involve risks to human or animal health, or to the environment. The addition of manure is an effective method to increase the levels of organic carbon in agricultural soils. The use of urban organic waste as a practice to increase carbon sequestration in soils is less effective than the use of manure, unless they are composted. The application of organic waste (exogenous) is recommended, as long as the limits established by environmental legislation to protect the water and soil quality are taken into account. We recommend establishing a clear distinction of this type of waste, taking their quality into account too.





5. Conclusions


Socioeconomic dynamics are causing an overcrowding and accelerated expansion of cities worldwide. Commonly observed problems include pollution, mobility, vulnerability to extreme phenomena and more, which affect society due to the absence of urban planning. Therefore, achieving the sustainability of cities must be a priority for governments, since the well-being of a large part of the population depends on it, as well as the fight against climate change.



Urban sustainability searches must be carried out at all levels and scales. This study provides a guiding methodology that allows for the sustainable use of the land. The environment and population protection are especially considered in this work, as they are considered key to achieving social welfare and sustainability. Planners can use this simple, low cost and adaptable tool, that combines GIS and remote sensing techniques, to: 1) identify the impacts caused by the urbanization process; and 2) establish the areas with the best conditions for future city expansion. Likewise, leaders are encouraged to design and implement complementary, concrete and ambitious actions to promote urban sustainability. However, it is recommended, whenever possible, to exhaust the possibilities of urbanization (empty and abandoned spaces or potential built-up areas) located inside the urban framework, and promote vertical growth rather than horizontal growth that consumes soil resources.



In Salamanca, land-use evolution linked to the urban expansion process shows a clear consumption of croplands that were built. The urban area has increased by 635% in the period 1956–2018, while the population has increased by 238%. The largest increase in built-up areas has occurred in recent years (coinciding with a population deceleration), which is due to the proliferation of single-family homes in areas far off the urban center. In addition, 193 urbanized Ha threatened by natural hazards were counted, as well as the sealing of 2466 Ha of croplands, of which 426 corresponded to the highest quality soils. Through multicriteria analysis, areas with restrictive conditions were identified (5960 Ha), in which future urban expansion is not recommended.



In relation to soil management, proper management of these contributions to carbon sequestration is recommended, which is why soils are currently a tool with great potential to combat climate change. A series of recommendations are proposed to increase the carbon stock in Salamanca soils, especially in agricultural soils, as they are the majority in extension, have a greater storage potential and they are the most vulnerable to carbon oxidation due to tillage work. These practices consist of reforestation of marginal arable lands, compost/biochar application, sustainable use of chemical fertilizers, conservation tillage, use of higher biomass and yield species, crop rotation and mulch, covert crops and fallows with vegetation.



We can conclude that the interaction between GIS techniques in combination with the multitemporal analysis of satellite images and the implementation of a multicriteria analysis of sustainable interest (ecological, agricultural, cultural and population protection) and soil knowledge allows us to establish the sustainability of the urban expansion from the period 1956 to 2018, finding the most suitable areas to urbanize, understanding the capacity of the land and taking into account urban dynamics and their impact on food production, as well as soil management recommendations regarding organic carbon content and climate change.







Author Contributions


Conceptualization, M.C. and F.S.-F.; methodology, M.C., F.S.-F and A.M.G.; software, L.M.; validation, Y.S. and L.M.; formal analysis, M.C. and A.M.-G.; investigation, M.C. and F.S.-F.; resources, A.M.-G.; data curation, M.C. and F.S.-F.; writing—original draft preparation, M.C.; writing—review and editing, L.M.; visualization, A.M.-G.; supervision, M.C and F S.-F.; project administration, F.S.-F.; funding acquisition, A.M.-G. All authors have read and agreed to the published version of the manuscript.




Acknowledgments


Project Junta Castilla y León SA044G18.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Angel, S.; Parent, J.; Civco, D.L.; Blei, A.; Potere, D. The dimensions of global urban expansion: Estimates and projections for all countries, 2000–2050. Prog. Plan. 2011, 75, 53–107. [Google Scholar] [CrossRef]

	



World Urbanization Prospects: The 2018 Revision. Available online: https://population.un.org/wup/Publications/Files/WUP2018−KeyFacts.pdf (accessed on 15 May 2019).

	



United Nations. World Urbanization Prospects. The 2011 Revision; Department of Economic and Social Affairs: New York, NY, USA, 2012. [Google Scholar]

	



García, P.; Pérez, M.E.; Guerra, A. Using TM images to detect soil sealing change in Madrid (Spain). Geoderma 2014, 214, 135–140. [Google Scholar] [CrossRef]

	



Cohen, A.J.; Brauer, M.; Burnett, R.; Anderson, H.R.; Frostad, J.; Estep, K.; Balakrishnan, K.; Brunekreef, B.; Dandona, L.; Dandona, R.; et al. Estimates and 25−year trends of the global burden of disease attributable to ambient air pollution: An analysis of data from the Global Burden of Diseases Study 2015. Lancet 2017, 389, 1907–1918. [Google Scholar] [CrossRef]

	



Karimi, M.; Nazari, R.; Dutova, D.; Khanbilvardi, R.; Ghandehari, M. A conceptual framework for environmental risk and social vulnerability assessment in complex urban settings. Urban Clim. 2018, 26, 161–173. [Google Scholar] [CrossRef]

	



Banister, D. Unsustainable Transport: City Transport in the New Century, 1st ed.; Routledge: London, UK, 2005; p. 314. [Google Scholar]

	



Bull−Kamanga, L.; Diagne, K.; Lavell, A.; Leon, E.; Lerise, F.; MacGregor, H.; Maskrey, A.; Meshack, M.; Pelling, M.; Reid, H.; et al. From everyday hazards to disasters: The accumulation of risk in urban areas. Environ. Urban. 2003, 15, 193–204. [Google Scholar] [CrossRef]

	



Garschagen, M.; Romero−Lankao, P. Exploring the relationships between urbanization trends and climate change vulnerability. Clim. Chang. 2015, 133, 37–52. [Google Scholar] [CrossRef]

	



Millennium Ecosystem Assessment. Ecosystems and Human Well−Being: Synthesis; World Resources Institute: Washington, DC, USA, 2005. [Google Scholar]

	



Qiu, G.; Song, R.; He, S. The aggravation of urban air quality deterioration due to urbanization, transportation and economic development–Panel models with marginal effect analyses across China. Sci. Total Environ. 2019, 651, 1114–1125. [Google Scholar] [CrossRef]

	



Zhi, X.; Chen, L.; Shen, Z. Impacts of urbanization on regional nonpoint source pollution: Case study for Beijing, China. Environ. Sci. Pollut. Res. Int. 2018, 25, 9849–9860. [Google Scholar] [CrossRef]

	



Montanarella, L. Trends in land degradation in Europe. In Climate and Land Degradation; Springer: Berlin/Heidelberg, Germany, 2007; pp. 83–104. [Google Scholar]

	



Li, G.; Sun, G.X.; Ren, Y.; Luo, X.S.; Zhu, Y.G. Urban soil and human health: A review. Eur. J. Soil Sci. 2018, 69, 196–215. [Google Scholar] [CrossRef]

	



Liu, J.; Niyogi, D. Meta−analysis of urbanization impact on rainfall modification. Sci. Rep. 2019, 9, 7301. [Google Scholar] [CrossRef]

	



Cai, G.; Du, M.; Xue, Y. Monitoring of urban heat island effect in Beijing combining ASTER and TM data. Int. J. Remote Sens. 2011, 32, 1213–1232. [Google Scholar] [CrossRef]

	



United Nations Human Settlement Programme. Cities and Climate Change: Global Report on Human Settlements; Routledge: Washington, DC, USA, 2011. [Google Scholar]

	



Pacione, M. Urban Geography: A Global Perspective, 2nd ed.; Routledge: New York, NY, USA, 2005; p. 686. [Google Scholar]

	



IPCC: Summary for policymakers. Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part A: Global and Sectoral Aspects. Contribution of Working Group II to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change; Field, C.B., Barros, V.R., Dokken, D.J., Mach, K.J., Mastrandrea, M.D., Bilir, T.E., Chatterjee, M., Ebi, K.L., Estrada, Y.O., Genova, R.C., et al., Eds.; Cambridge University Press: Cambridge, UK; New York, NY, USA; pp. 1–32.

	



Niemelä, J.; Breuste, J.H.; Guntenspergen, G.; McIntyre, N.E.; Elmqvist, T.; James, P.; McIntyre, N.E. Introduction. In Urban Ecology: Patterns, Processes, and Applications; Oxford University Press: New York, NY, USA, 2011; pp. 1–4. [Google Scholar]

	



Turner, J. Uncontrolled urban settlement: Problems and policies. In The City in Newly Developing Countries: Readings on Urbanism and Urbanization; Breese, G., Ed.; Prentice Hall: Upper Saddle River, NJ, USA, 1968. [Google Scholar]

	



Hope, K.R. Urbanization and economic development in the Third World: An overview. Cities 1986, 3, 41–57. [Google Scholar] [CrossRef]

	



Cui, L.; Shi, J. Urbanization and its environmental effects in Shanghai, China. Urban Clim. 2012, 2, 1–15. [Google Scholar] [CrossRef]

	



Zheng, H.W.; Shen, G.Q.; Wang, H. A review of recent studies on sustainable urban renewal. Habitat Int. 2014, 41, 272–279. [Google Scholar] [CrossRef]

	



Song, X.P.; Sexton, J.O.; Huang, C.; Channan, S.; Townshend, J.R. Characterizing the magnitude, timing and duration of urban growth from time series of Landsat−based estimates of impervious cover. Remote Sens. Environ. 2016, 175, 1–13. [Google Scholar] [CrossRef]

	



Wang, S.; Ma, Q.; Ding, H.; Liang, H. Detection of urban expansion and land surface temperature change using multi−temporal landsat images. Resour. Conserv. Recycl. 2018, 128, 526–534. [Google Scholar] [CrossRef]

	



Kabisch, N.; Selsam, P.; Kirsten, T.; Lausch, A.; Bumberger, J. A multi−sensor and multi−temporal remote sensing approach to detect land cover change dynamics in heterogeneous urban landscapes. Ecol. Indic. 2019, 99, 273–282. [Google Scholar] [CrossRef]

	



Zhao, Y.; Feng, D.; Yu, L.; Cheng, Y.; Zhang, M.; Liu, X.; Xu, Y.; Fang, L.; Zhu, Z.; Gong, P. Long−Term Land Cover Dynamics (1986–2016) of Northeast China Derived from a Multi−Temporal Landsat Archive. Remote Sens. 2019, 11, 599. [Google Scholar] [CrossRef]

	



Meng, Y.; Malczewski, J.; Boroushaki, S. A GIS−based multicriteria decision analysis approach for mapping accessibility patterns of housing development sites: A case study in Canmore, Alberta. J. Geogr. Inf. Syst. 2011, 3, 50. [Google Scholar] [CrossRef]

	



Criado, M.; Martínez-Graña, A.; Santos−Francés, F.; Veleda, S.; Zazo, C. Multi−criteria analyses of urban planning for city expansion: A case study of Zamora, Spain. Sustainability 2017, 9, 1850. [Google Scholar] [CrossRef]

	



Muhsin, N.; Ahamed, T.; Noguchi, R. GIS−based multi−criteria analysis modeling used to locate suitable sites for industries in suburban areas in Bangladesh to ensure the sustainability of agricultural lands. Asia Pac. J. Reg. Sci. 2018, 2, 35–64. [Google Scholar] [CrossRef]

	



Rode, P.; Floater, G.; Thomopoulos, N.; Docherty, J.; Schwinger, P.; Mahendra, A.; Fang, W. Accessibility in cities: Transport and urban form. In Disrupting Mobility. Lecture Notes in Mobility; Springer: Cham, Switzerland, 2017; pp. 239−273. [Google Scholar]

	



Dupuy, G.; Tarr, J.A. Technology and the Rise of the Networked City in Europe and America; Temple University Press: Philadelphia, PA, USA, 1988; p. 339. [Google Scholar]

	



Coutard, O.; Rutherford, J. Beyond the Networked City: Infrastructure Reconfigurations and Urban Change in the North and South, 1st ed.; Routledge: Abingdon, UK, 2015; p. 276. [Google Scholar]

	



Kammen, D.M.; Sunter, D.A. City−integrated renewable energy for urban sustainability. Science 2016, 352, 922–928. [Google Scholar] [CrossRef] [PubMed]

	



Karunathilake, H.; Perera, P.; Ruparathna, R.; Hewage, K.; Sadiq, R. Renewable energy integration into community energy systems: A case study of new urban residential development. J. Clean. Prod. 2018, 173, 292–307. [Google Scholar] [CrossRef]

	



Tronchin, L.; Manfren, M.; Nastasi, B. Energy efficiency, demand side management and energy storage technologies—A critical analysis of possible paths of integration in the built environment. Renew. Sustain. Energy Rev. 2018, 95, 341–353. [Google Scholar] [CrossRef]

	



Jennings, V.; Larson, L.; Yun, J. Advancing sustainability through urban green space: Cultural ecosystem services, equity, and social determinants of health. Int. J. Environ. Res. Public Health 2016, 13, 196. [Google Scholar] [CrossRef]

	



Garcia, D.A. Green areas management and bioengineering techniques for improving urban ecological sustainability. Sustain. Cities Soc. 2017, 30, 108–117. [Google Scholar] [CrossRef]

	



Gavrilidis, A.A.; Niță, M.R.; Onose, D.A.; Badiu, D.L.; Năstase, I.I. Methodological framework for urban sprawl control through sustainable planning of urban green infrastructure. Ecol. Indic. 2019, 96, 67–78. [Google Scholar] [CrossRef]

	



Berry, M.; BenDor, T.K. Integrating sea level rise into development suitability analysis. Comput. Environ. Urban Syst. 2015, 51, 13–24. [Google Scholar] [CrossRef]

	



Reddy, A.S.; Raj, P.A.; Kumar, P.R. Developing a Sustainable Building Assessment Tool (SBAT) for Developing Countries—Case of India. In Proceedings of the ASCE Urbanization Challenges in Emerging Economies, New Delhi, India, 12–14 December 2017; pp. 137–148. [Google Scholar]

	



Teng, J.; Xu, C.; Wang, W.; Wu, X. A system dynamics−based decision−making tool and strategy optimization simulation of green building development in China. Clean Technol. Environ. Policy 2018, 20, 1259–1270. [Google Scholar] [CrossRef]

	



Zope, R.; Vasudevan, N.; Arkatkar, S.S.; Joshi, G. Benchmarking: A tool for evaluation and monitoring sustainability of urban transport system in metropolitan cities of India. Sustain. Cities Soc. 2019, 45, 48–58. [Google Scholar] [CrossRef]

	



Richter, B.D.; Blount, M.E.; Bottorff, C.; Brooks, H.E.; Demmerle, A.; Gardner, B.L.; Herrmann, H.; Kremer, M.; Kuehn, T.J.; Kulow, E.; et al. Assessing the sustainability of urban water supply systems. J. Am. Water Works Assoc. 2018, 110, 40–47. [Google Scholar] [CrossRef]

	



Liu, L. A sustainability index with attention to environmental justice for eco−city classification and assessment. Ecol. Indic. 2018, 85, 904–914. [Google Scholar] [CrossRef]

	



Ahern, J.; Cilliers, S.; Niemelä, J. The concept of ecosystem services in adaptive urban planning and design: A framework for supporting innovation. Landsc. Urban Plan. 2014, 125, 254–259. [Google Scholar] [CrossRef]

	



Tomasso, L.P.; Contreras Casado, C.; Rodriguez, J.; Yin, J.; Africa, J.K. Yueqing’s Healthy Future: A Case Study in Design Planning for Healthy Urbanization. In Lifelong Learning and Education in Healthy and Sustainable Cities; World Sustainability Series; Springer: Cham, Switzerland, 2018; pp. 551–572. [Google Scholar]

	



Fuss, M.; Barros, R.T.V.; Poganietz, W.R. Designing a framework for municipal solid waste management towards sustainability in emerging economy countries—An application to a case study in Belo Horizonte (Brazil). J. Clean. Prod. 2018, 178, 655–664. [Google Scholar] [CrossRef]

	



Bin, Y.; Jingjing, J.; Lixin, M.; Peng, Y. Sustainable energy options for a low carbon demonstration city project in Shenzhen, China. J. Renew. Sustain. Energy 2015, 7, 023122. [Google Scholar] [CrossRef]

	



McPherson, E.G.; Nowak, D.; Heisler, G.; Grimmond, S.; Souch, C.; Grant, R.; Rowntree, R. Quantifying urban forest structure, function, and value: The Chicago Urban Forest Climate Project. Urban Ecosyst. 1997, 1, 49–61. [Google Scholar] [CrossRef]

	



De Jong, M.; Joss, S.; Schraven, D.; Zhan, C.; Weijnen, M. Sustainable–smart–resilient–low carbon–eco–knowledge cities; making sense of a multitude of concepts promoting sustainable urbanization. J. Clean. Prod. 2015, 109, 25–38. [Google Scholar] [CrossRef]

	



Ferreira, C.S.; Walsh, R.P.; Ferreira, A.J. Degradation in urban areas. Curr. Opin. Environ. Sci. Health 2018, 5, 19–25. [Google Scholar] [CrossRef]

	



European Commission. Hard Surfaces, Hidden Costs—Searching for Alternatives to Land Take and Soil Sealing; Publications Office of the European Union: Luxembourg, Germany, 2013; p. 31. [Google Scholar]

	



Ferreira, C.S.; Walsh, R.P.; Steenhuis, T.S.; Ferreira, A.J. Effect of peri-urban development and lithology on streamflow in a mediterranean catchment. Land Degrad. Dev. 2018, 29, 1141–1153. [Google Scholar] [CrossRef]

	



Kopittke, P.M.; Menzies, N.W.; Wang, P.; McKenna, B.A.; Lombi, E. Soil and the intensification of agriculture for global food security. Environ. Int. 2019, 132, 105078. [Google Scholar] [CrossRef]

	



Prentice, I.C.; Farquhar, G.D.; Fasham, M.J.R.; Goulden, M.L.; Heimann, M.; Jaramillo, V.J.; Kheshgi, H.S.; LeQuéré, C.; Scholes, R.J.; Wallace, W.R. The carbon cycle and atmospheric carbon dioxide. In Climate Change 2001: The Scientific Basis. Contributions of Working Group I to the Third Assessment Report of the Intergovernmental Panel on Climate Change; Houghton, J.T., Ding, Y., Griggs, D.J., Noguer, M., van der Linden, P.J., Dai, X., Maskell, K., Johnson, C.A., Eds.; Cambridge University Press: Cambridge, UK, 2001; pp. 185–237. [Google Scholar]

	



Jobbágy, E.G.; Jackson, R.B. The vertical distribution of soil organic carbon and its relation to climate and vegetation. Ecol. Appl. 2000, 10, 423–436. [Google Scholar] [CrossRef]

	



Luo, Z.; Feng, W.; Luo, Y.; Baldock, J.; Wang, E. Soil organic carbon dynamics jointly controlled by climate, carbon inputs, soil properties and soil carbon fractions. Glob. Chang. Biol. 2017, 23, 4430–4439. [Google Scholar] [CrossRef] [PubMed]

	



Tommaso, C.; Emanuele, B.; Guido, P.; Lucia, P.; Vincenza, C.M.; Riccardo, V. Soil organic carbon pool’s contribution to climate change mitigation on marginal land of a Mediterranean montane area in Italy. J. Environ. Manag. 2018, 218, 593–601. [Google Scholar] [CrossRef] [PubMed]

	



Jarecki, M.K.; Lal, R. Crop management for soil carbon sequestration. Crit. Rev. Plant Sci. 2003, 22, 471–502. [Google Scholar] [CrossRef]

	



Lal, R. Sequestering carbon in soils of agro−ecosystems. Food Policy 2011, 36, S33–S39. [Google Scholar] [CrossRef]

	



Instituto Nacional de Estadística (National Institute of Statistics). Available online: http://www.ine.es/dyngs/INEbase/es/operacion.htm?c=Estadistica_C&cid=1254736176951&menu=ultiDatos&idp=1254735572981 (accessed on 10 May 2019).

	



UNESCO. Available online: https://whc.unesco.org/en/list/381/ (accessed on 28 February 2020).

	



United States Geological Survey. Available online: https://earthexplorer.usgs.gov/ (accessed on 17 April 2019).

	



ITACyL (Agricultural and Technology Institute of Castilla and Leon). Available online: http://ftp.itacyl.es/cartografia/01_Ortofotografia/1956/Mosaico%20de%20los%20fotogramas%20de%20cuenca%20del%20duero%20 (accessed on 21 April 2019).

	



QGIS Python Plugins Repository. Available online: https://plugins.qgis.org/plugins/SemiAutomaticClassificationPlugin/ (accessed on 28 February 2020).

	



Bagan, H.; Yamagata, Y. Landsat analysis of urban growth: How Tokyo became the world’s largest megacity during the last 40 years. Remote Sens. Environ. 2012, 127, 210–222. [Google Scholar] [CrossRef]

	



Landis, J.R.; Koch, G.G. The measurement of observer agreement for categorical data. Biometrics 1977, 33, 159–174. [Google Scholar] [CrossRef]

	



Geographic Institute of Spain. Available online: http://centrodedescargas.cnig.es/CentroDescargas/index.jsp (accessed on 24 April 2019).

	



Saaty, T.L. The Analytic Hierarchy Process: Planning, Priority Setting, Resource Allocation; McGraw−Hill: New York, NY, USA, 1980. [Google Scholar]

	



Saaty, T.L. The modern science of multicriteria decision making and its practical applications: The AHP/ANP approach. Oper. Res. 2013, 61, 1101–1118. [Google Scholar] [CrossRef]

	



Cabrera, J.S.; Lee, H.S. Flood risk assessment for Davao Oriental in the Philippines using geographic information system based multi−criteria analysis and the maximum entropy model. J Flood Risk Manag. 2020, e12607. [Google Scholar] [CrossRef]

	



Smith, P.; Powlson, D.; Glendining, M.; Smith, J.O. Potential for carbon sequestration in European soils: Preliminary estimates for five scenarios using results from long-term experiments. Glob. Chang. Biol. 1997, 3, 67–79. [Google Scholar] [CrossRef]

	



Council of the European Commission. Council Directive 92/43/EEC of 21 May 1992 on the conservation of natural habitats and of wild fauna and flora. Off. J. Eur. Commun. Ser. L 1992, 206, 7–49. [Google Scholar]

	



Almenar, J.B.; Rugani, B.; Geneletti, D.; Brewer, T. Integration of ecosystem services into a conceptual spatial planning framework based on a landscape ecology perspective. Landsc. Ecol. 2018, 33, 2047–2059. [Google Scholar] [CrossRef]

	



Chen, J. Rapid urbanization in China: A real challenge to soil protection and food security. Catena 2007, 69, 1–15. [Google Scholar] [CrossRef]

	



Klingebiel, A.A.; Montgomery, P.H. Land−Capability Classification; Soil Conservation Service: US Department of Agriculture: Washington, DC, USA, 1961.

	



Martínez-Graña, A.M.; Goy, J.L.; Zazo, C. Geomorphological applications for susceptibility mapping of landslides in natural parks. Environ. Eng. Manag. J. 2016, 15, 327–338. [Google Scholar] [CrossRef]

	



Criado, M.; Martínez-Graña, A.; San Román, J.S.; Santos−Francés, F. Flood risk evaluation in urban spaces: The study case of Tormes River (Salamanca, Spain). Int. J. Environ. Res. Public Health 2019, 16, 5. [Google Scholar] [CrossRef]

	



Walkley, A. An examination of methods for determining organic carbon and nitrogen in soils. J. Agric. Sci. 1935, 25, 598–609. [Google Scholar] [CrossRef]

	



Barahona, E.; Santos Francés, F. Estudios de correlación y regresión de diversos parámetros analíticos de 52 perfiles de suelos del sector Montiel−Alcaraz−Bienservida (Ciudad Real−Albacete). An. Edafol. Agrobiol. 1981, Tomo XL, 761–773. [Google Scholar]

	



Garcia, P.; Pérez, E. Mapping of soil sealing by vegetation indexes and built−up index: A case study in Madrid (Spain). Geoderma 2016, 268, 100–107. [Google Scholar] [CrossRef]

	



Lozano, A.V.; Vidal, C.A.; Díaz, J.S. Urban growth (1956−2012) and soil sealing in the metropolitan area of Valencia (Eastern Spain). Span. J. Soil Sci. 2019, 9, 88–104. [Google Scholar]

	



Santos−Francés, F.; Gil−Pacheco, E.; Martínez-Graña, A.M.; Alonso Rojo, P.; Ávila Zarza, C.; García Sánchez, A. Concentration of uranium, spatial distribution and in the horizons of soils developed on granitic rocks and slates of the West of Spain. Environ. Pollut. 2018, 236, 1–11. [Google Scholar] [CrossRef]

	



EEA. Urban Sprawl in Europe. Joint EEA−FOEN Report; Publication Office of the European Union: Luxembourg, Luxembourg, 2016. [Google Scholar]

	



Santos−Francés, F.; Martínez-Graña, A.; Ávila−Zarza, C.; Criado, M.; Sánchez, Y. Comparison of methods for evaluating soil quality of semiarid ecosystem and evaluation of the effects of physico−chemical properties and factor soil erodibility (Northern Plateau, Spain). Geoderma 2019, 354, 113872. [Google Scholar] [CrossRef]

	



Peña Sánchez, M. Tierra de Campos. La Integración de un Espacio Rural en la Economía Capitalist; Serie Geográfica n° 5 Secretariado de Publicaciones: Universidad de Valladolid, Valladolid, Spain, 1987; p. 468. [Google Scholar]

	



Pérez, E.; García, P. Monitoring soil sealing in Guadarrama River basin, Spain, and its potential impact in agricultural areas. Agriculture 2016, 6, 7. [Google Scholar] [CrossRef]

	



Vidal, C.A.; Lozano, A.V.; Díaz, J.S. Capacidad de uso y sellado antropogénico del suelo en la franja litoral de la provincia de Castellón. Investig. Geogr. 2005, 38, 65–77. [Google Scholar] [CrossRef]

	



Deng, J.; Huang, Y.; Chen, B.; Tong, C.; Liu, P.; Wang, H.; Hong, Y. A methodology to monitor urban expansion and green space change using a time series of multi−sensor SPOT and sentinel−2A images. Remote Sens. 2019, 11, 1230. [Google Scholar] [CrossRef]

	



Ettehadi Osgouei, P.; Kaya, S.; Sertel, E.; Alganci, U. Separating built−up Areas from bare land in mediterranean cities using sentinel−2A imagery. Remote Sens. 2019, 11, 345. [Google Scholar] [CrossRef]

	



Boix−Fayos, C.; de Vente, J.; Albaladejo, J.; Martínez−Mena, M. Soil carbon erosion and stock as affected by land use changes at the catchment scale in Mediterranean ecosystems. Agric. Ecosyst. Environ. 2009, 133, 75–85. [Google Scholar] [CrossRef]

	



Rodríguez Martín, J.A.; Álvaro−Fuentes, J.; Gonzalo, J.; Gil, C.; Ramos−Miras, J.J.; Grau Corbí, J.M.; Boluda, R. Assessment of the soil organic carbon stock in Spain. Geoderma 2016, 264, 117–125. [Google Scholar] [CrossRef]

	



Ruiz Sinoga, J.D.; Pariente, S.; Diaz, A.R.; Martinez Murillo, J.F. Variability of relationships between soil organic carbon and some soil properties in Mediterranean rangelands under different climatic conditions (south of Spain). Catena 2012, 94, 17–25. [Google Scholar] [CrossRef]

	



Lal, R. Soil carbon sequestration impacts on global climate change and food security. Science 2004, 304, 1623–1627. [Google Scholar] [CrossRef]

	



Machmuller, M.B.; Kramer, M.G.; Cyle, T.K.; Hill, N.; Hancock, D.; Thompson, A. Emerging land use practices rapidly increase soil organic matter. Nat. Commun. 2015, 6, 6995. [Google Scholar] [CrossRef]

	



Han, D.; Wiesmeier, M.; Conant, R.T.; Kühnel, A.; Sun, Z.; Kögel-Knabner, I.; Hou, R.; Cong, P.; Liang, R.; Ouyang, Z. Large soil organic carbon increase due to improved agronomic management in the North China Plain from 1980s to 2010s. Glob. Chang. Biol. 2018, 24, 987–1000. [Google Scholar] [CrossRef] [PubMed]

	



Tao, F.; Palosuo, T.; Valkama, E.; Mäkipää, R. Cropland soils in China have a large potential for carbon sequestration based on literature survey. Soil Tillage Res. 2019, 186, 70–78. [Google Scholar] [CrossRef]








[image: Remotesensing 12 01131 g001 550] 





Figure 1. Study area: (a) Location of Salamanca province in Spain; (b) Study area situation in Salamanca Province; (c) Salamanca and suburbs with the most relevant local elements. 
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Figure 2. Flow chart with the methodology used in this study. 
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Figure 3. Land use evolution: (a) Built up areas in 1956; (b) 1985; (c) 1998; (d) 2018. 
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Figure 4. Main land cover transformations: (a) The period 1985 to 1998 (b) and 1998 to 2018. 
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Figure 5. Multicriteria analysis studied factors: (a) natural habitats and landscape quality; (b) land capability of the soils; (c) areas with cultural protection; (d) flood risk and rock fall risk spaces. 
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Figure 6. Evaluation of the restriction to urbanization in the study area using the Restrictive Areas Identification (RAI) Index. 
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Figure 7. Built-up areas evolution in spaces with restrictive conditions: (a) areas with restrictions for urbanization; (b) built up zones on restrictive areas in 1985; (c) built up spaces on restrictive areas in 1998; (d) built up areas on restrictive zones in 2018. 
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Figure 8. Soil sealing according land capability: (a) until 1956; (b) up to 1985; (c) in 1998; (d) until 2018. 
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Figure 9. Urban expansion by Salamanca riverside areas between 1984 (a) and 2018 (b), with high-quality agricultural soil sealing land (c) and flood risk areas invasion [80] (d). 
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Table 1. Quantification of importance based on concordance between the criteria.
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	Level of Prevalence
	Definition
	Description





	1
	Similar prevalence
	Criteria (x, j) contribute equally to urban sustainability



	2
	Moderate prevalence
	Criterion (x) slightly prevails over criterion (j) in urban sustainability



	3
	High prevalence
	Criterion (x) dominates criterion (j) in urban sustainability



	4
	Total prevalence
	Criterion (x) contributes exclusively to urban sustainability with respect to the other criterion (j)
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Table 2. Determination of the weights of each criterion using the Analytic Hierarchy Process (AHP) pairwise comparison matrix.
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	Analytical Hierarchy Method

(j)

(x)
	C1: Ecological
	C2: Land Capability
	C3: Cultural
	C4: Population Protection
	Σ (x,jj)/n
	Relative Weight

(ki)

     Σ    (  x , j j  )  / n    Σ     (   x  ,  j   )      
	CM





	C1:Ecological
	1
	2
	3
	1
	7
	0.35
	4.00



	C2: Land Capability
	0.5
	1
	2
	0.5
	4
	0.20
	3.75



	C3: Cultural
	0.33
	0.5
	1
	0.33
	2.16
	0.10
	4.30



	C4:Population protection
	1
	2
	3
	1
	7
	0.35
	4.00



	
	
	
	
	Σ (x,j)
	20.16
	−
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Table 3. Extension (Ha) and percentage of different land cover categories in each period.
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Water

	
Grassland

	
Cereal-Growing Crops

	
Irrigated Crops

	
Urban/Built-up




	
Area

	
%

	
Area

	
%

	
Area

	
%

	
Area

	
%

	
Area

	
%






	
1956

	
−

	
−

	
−

	
−

	
−

	
−

	
−

	
−

	
596

	
3.8




	
1985

	
238

	
1.5

	
2423

	
15.3

	
9288

	
58.5

	
2290

	
14.4

	
1630

	
10.3




	
1998

	
230

	
1.4

	
2604

	
16.4

	
8755

	
55.2

	
2059

	
13.0

	
2219

	
14.0




	
2018

	
226

	
1.4

	
2455

	
15.5

	
7705

	
48.5

	
1951

	
12.3

	
3532

	
22.3
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Table 4. Main land cover transformations in each period: 1985 to 1998 (left) and 1998 to 2018 (right).






Table 4. Main land cover transformations in each period: 1985 to 1998 (left) and 1998 to 2018 (right).





	
Land Cover

	
Water

	
Grassland

	
Cereal Crops

	
Irrigated Crops

	
Built up






	
Water

	
−

	
NR 1

	
NR 2

	
NR 1

	
NR 2

	
NR 1

	
NR 2

	
NR 1

	
NR 2




	
Grassland

	
NR1

	
NR2

	
−

	
96 1

	
135 2

	
NR 1

	
NR 2

	
68 1

	
442 2




	
Cereal crops

	
NR 1

	
NR 2

	
241 1

	
423 2

	
−

	
6 1

	
71 2

	
414 1

	
684 2




	
Irrigated crops

	
NR 1

	
NR 2

	
95 1

	
8 2

	
29 1

	
14 2

	
−

	
117 1

	
136 2




	
Built up

	
NR 1

	
NR 2

	
NR 1

	
NR 2

	
NR 1

	
NR 2

	
NR 1

	
NR 2

	
−








1 Land cover changes (1985–1998); 2 Land cover changes (1998–2018); NR: No representative land cover change.
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Table 5. Extension (Ha) of land capability classes affected by urbanization in the studied period.
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Time

	
Land Capability Classes

	
Built up Area (Ha)




	
I

	
II

	
III

	
IV

	
V

	
VI

	
VII

	
VIII






	
Until 1956

	
−

	
18

	
6

	
400

	
9

	
163

	
−

	
−

	
596




	
1956−1985

	
−

	
128

	
144

	
454

	
45

	
257

	
6

	
−

	
1034




	
Until 1985

	
−

	
146

	
150

	
854

	
54

	
420

	
6

	
−

	
1630




	
1985−1998

	
−

	
109

	
43

	
303

	
22

	
108

	
4

	
−

	
589




	
Until 1998

	
−

	
255

	
193

	
1157

	
76

	
528

	
10

	
−

	
2219




	
1998−2018

	
−

	
171

	
139

	
604

	
48

	
340

	
11

	
−

	
1313




	
Until 2018

	
−

	
426

	
332

	
1761

	
124

	
868

	
21

	
−

	
3532
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Table 6. Soil organic carbon stock statistics (SOCs) and organic carbon concentration (SOC) in different land use soils.
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Carbon

	
Land Use

	
Mean

	
Minimum

	
Maximum

	
Standard Deviation

	
Kurtosis

	
Coef. of Variation






	
SOCs

	
Grassland

	
68.31

	
20.20

	
362.34

	
75.69

	
9.43

	
110.80




	
Crop field

	
40.78

	
10.73

	
94.71

	
16.32

	
1.16

	
40.01




	
SOC

	
Grassland

	
2,43

	
0,53

	
7,32

	
1,70

	
1,77

	
69,94




	
Crop field

	
0.89

	
0,25

	
1,72

	
0,37

	
−0,37

	
42,00
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