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Abstract

:

Groundwater degradation is a major issue on an increasingly hot and thirsty planet. The problem is critical in drylands, where recharge rates are low and groundwater is the only reliable resource in a context of water scarcity and stress. Aquifer depletion and contamination is a process of desertification. Land Degradation Neutrality is regarded as the main initiative to tackle land degradation and desertification. It is embedded in target 15.3 of the Sustainable Development Goals and focused on preventing these dynamics. Within this framework, we present an approach to assess risks of degradation and desertification in coastal basins with aquifers threatened by seawater intrusion. The approach utilizes an integrated system dynamics model representing the main relationships between the aquifer and an intensively irrigated area (greenhouses) driven by short- and medium-term profitability. The study area is located in a semi-arid region in Southern Spain, the Gualchos stream basin, which contains the Castell de Ferro aquifer. We found that the risk of salinization of the aquifer is 73%, while there is a 70% risk that the system would increases its demand for surface water in the future, and the chance of doubling the current demand is almost 50%. If the current system of reservoirs in the area were not able to satisfy such an increase in demand because of climate change, the basin would be at a serious risk of desertification.
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1. Introduction


The vast majority of the world’s freshwater reserves are underground. Indeed, about 98–99% of total water reserves are groundwater, which amounts to about 8–10 Mkm3 of freshwater [1]. Until the 1960s, its use was limited by the technological incapability to drill deep boreholes and install pumping equipment. In that decade, however, significant advances in various scientific and technical fields (geological knowledge, well drilling, pumping technology and rural electrification) contributed to the spread of groundwater exploitation [2]. Besides its abundance, its reliability makes groundwater highly valued in drylands [1,3], where surface water is scarce and has an irregular regime. Moreover, groundwater tends to be of good quality (it requires little or no treatment), and is available where and when it is needed. This local accessibility has earned it the label of a “democratic” resource [1]. All these factors contribute to its increasing role in the water economy.



Globally, agriculture accounts for 72% of total water use [4]. The expansion of irrigated agriculture into semi-arid areas has greatly increased the reliance of irrigated crops on groundwater withdrawals [5]. These were estimated at 820 km3 yr−1 in 2018, a 19% increase relative to 2010 [6], representing around 43% of total agriculture water consumption [7]. The link between intensive agriculture and groundwater depletion seems evident since irrigated areas under stress correlate strongly with intensive groundwater use and depleting aquifers [8]. In addition, groundwater provides almost 50% of all drinking water worldwide [7], and around 2.5 billion people currently depend exclusively on groundwater as their primary source of drinking water [9].



Massive pumpings have led to a global groundwater crisis [5,9,10,11]. The evidence is mounting. For example, the water depletion observed by the Gravity Recovery and Climate Experiment (GRACE) mission shows an alarming rate of decrease in some of the largest aquifers on Earth [12,13,14], with millions of wells around the world at risk of drying up [15]. According to the first global estimate carried out by Döll and Fielder [16], groundwater recharge accounts for 32% of total water resources. Precipitation and groundwater recharge decrease as aridity increases [17]. In hyperarid areas, where groundwater bodies were formed in the geological past (hence the term fossil waters or non-renewable groundwater) [1], the recharge is virtually nil [18]. The problem is not only quantitative but also qualitative. Freshwater salinization is an emerging global problem [19] which originates from diverse anthropogenic and geological sources, including percolation of pesticides, fertilizers and other chemicals [6] and seawater intrusion in coastal aquifers [20].



Southwestern Europe is no exception to these patterns. One-third of all irrigated land in the European Union is located in Spain, where 3.8 Mha use 65% of all available water resources [21]. Between 2000 and 2016, the fraction of groundwater resources in total irrigation water increased from 4.08% to 22.4% [22] with 73% of total groundwater withdrawals (about 7 Mm3 yr−1) being used for irrigation [23]. The high profitability of the irrigated horticultural agriculture, whose products are demanded in the European markets [24,25], has led to a constant increase in the irrigation area [26]. This trend, together with the increase in the frequency and intensity of droughts in the region [27], is causing the decline and deterioration of groundwater bodies and their associated wetlands [28,29,30,31].



The Spanish Action Plan to Combat Desertification (PAND) [32] already included “Irrigated areas at risk of desertification” as one of the “desertification landscapes” (DLs) needing attention. A recent PAND update, i.e., the National Strategy to Combat Desertification in Spain [33], has added to the previous “Groundwater-dependent coastal agriculture” as a new DL.



The cross-cutting nature of desertification calls for a multidisciplinary framework to tackle it, integrating co-evolving biophysical and socioeconomic models for an effective design and implementation of groundwater policies [10,34,35]. System dynamics (SD) [36] is postulated as a suitable tool for this purpose [37], because of its capacity to represent dynamic and complex interactions between diverse factors and processes, specific to different fields of knowledge [38,39,40,41].



In previous studies, we built an early warning system (EWS) aimed at assessing the risk of desertification in Spain for all the DLs indicated by the PAND based on SD models. The approach consisted in: (i) implementing an integrated SD model for each DL, and (ii) estimating its degradation or desertification risk on the basis of Monte Carlo analyses, i.e., by simulating the model a great number of times under different parametric scenarios [42]. Now, our objective is to extend this approach to seawater intrusion in coastal aquifers driven by intensive irrigated agriculture and overpumping, one of the new DLs in Spain. To this end, we conducted our study in the Gualchos stream basin (GSB), a small basin in a semi-arid region in Southern Spain. Our findings aim to contribute to the understanding of the DL “Groundwater-dependent coastal agriculture”, and to improving the assessment of DLs in Spain.




2. Material and Methods


2.1. Area of Study


The coast of Granada Province, in Southern Spain, is 71 km-long (Figure 1a) and has 129,588 inhabitants [43], a figure that almost doubles during summer due to tourism [44]. This coast mainly contains ephemeral and semi-permanent rivers and streams (also called ramblas or wadis) that drain the southern slopes of coastal mountain ranges (e.g., Almijara, Guájares, Lújar, Contraviesa), with peaks of almost 1900 m above sea level (a.s.l.) [45]. The proximity of the mountains to the coastline entails steeply sloping watercourses with small plains at their mouths. The central area of the coast is occupied by the Guadalfeo River Delta. This permanent river, the only one in the area, drains the southern and southwestern slopes of the Sierra Nevada Mountains, with peaks over 3400 m.a.s.l.



Rivers and ramblas have accumulated detrital deposits, giving rise to small coastal aquifers [46] (Figure 1b). The permeability of their materials is abnormally high, leading to an underground flow velocity that is higher than what is usually found in other detrital aquifers [47]. The Castell de Ferro aquifer (CFA), whose catchment area is the GSB, is made up of sediments from the confluence of two ramblas [48] and occupies nearly 3 km2 [48] (Figure 1c,d). The maximum thickness in the CFA reaches 60 m. It is about 8.5 km-long, and its width increases from 200 m in the mid-slope area to 700 m in the low-lying area [46].



Surface runoff in the GSB is usually nil during most of the year, and only in extraordinary rainfall events does the stream flow in a torrential manner. The average annual temperature in the area is 18.9 °C, and potential evapotranspiration is 940 mm yr−1 [48]. Annual precipitation ranged between 178 and 802 mm yr−1 over the period 1980/81–2011/12, averaging 419 mm yr−1 [49]. Hence, the CFA has scarce groundwater resources, estimated at 3 Mm3 yr−1 on average. Outflows are mainly from groundwater pumping, estimated at 2 Mm3 yr–1, and groundwater discharge to the sea is estimated at 1 Mm3 yr–1 [45,50]. Groundwater salinity in the coastal sector of the CFA is high due to seawater intrusion during the dry seasons, when the lowest aquifer recharge rates and the highest groundwater pumping rates occur [48]. Groundwater salinity in the mid-slope areas and summits of the GSB is also noticeable due to a high atmospheric salinity contribution [51], resulting in a poor state of the CFA groundwater body according to the competent water authority, i.e., the Hydrological Plan of the Andalusian Mediterranean Watershed (AMW) [52].



Agricultural land uses have been highly significant in building the landscape identity of the coast of Granada [54], with its intense economic activity based on intensive agriculture and tourism. The extraordinary expansion of greenhouses has led to the disappearance of the traditional agricultural landscapes [44,55]. The origin of this land-use intensification is found in Campo de Dalías, in the Almería Province, some 50 km east of Castell de Ferro. There, field trials carried out in 1954 successfully developed a cultivation technique known as enarenado (sand plot) [56], the precursor of the modern greenhouse agriculture in the area [57]. The economic success of this intensive model, known as the “Almerian Miracle” [57,58], triggered its expansion to the nearby areas stimulated by the combination of favourable climatic conditions (mild winters and plenty of sunny hours), groundwater availability and the new scientific-technical context mentioned above.



The CFA began to be exploited for agricultural purposes in the 1970s [59]. The greenhouse area reached 452 ha in 2001, and stabilized around 631 ha in 2019 [60] (see Figure S1 in Supplementary Materials (SM)). Production is oriented to tomatoes and cucumbers, which are exported to the European markets [61]. The visual footprint of greenhouse colonization is evident (Figure 1c), as it is the impact on groundwater resources. Indeed, in the late 1980s and early 1990s, there was already evidence that the CFA was overexploited [62,63]. Pumpings lowered the water table and caused an inversion of the hydraulic gradients during most of the year, with the consequent seawater intrusion [46]. Since 1982, groundwater quality has reduced during dry periods [48]: Chloride content tripled between 1980 and 1984 [62], and in 1986, the groundwater salinity at 1 km from the coastline was practically that of seawater [46]. It was not until 1998 that a set of actions started to be considered related to the issuing of the official declaration of overexploitation [45].



The broad social support for greenhouse agriculture in the region, where it is considered a source of wealth and development [64], led to the development of infrastructures to satisfy the increasing demand for water. Nowadays, irrigation in the GSB is possible thanks to the water transfers from the Rules–Béznar System (RBS) (Figure 1b), a hydraulic infrastructure of reservoirs and channels aimed to regulate and transfer the surface water resources generated in Sierra Nevada mountains. This system has been supplying water to the areas affected by seawater intrusion in the coast of Granada since 2003. As a result, the limiting factor for the expansion of greenhouses in the GSB has been the orography of the area and not the deterioration of groundwater resources. Although drip irrigation technology reaches 85–95% efficiency in the region [65,66], the demand for larger allocations of water has not ceased [67,68,69], constituting an outstanding example of the so-called “rebound effect” [70].




2.2. System Dynamics


SD is a tool specially designed for modelling complex systems that facilitates the awareness and representation of multiple interactions among disparate but interconnected sub-systems [71]. Thus, SD is suitable to explore the long-term impacts of alternative scenarios in socioecological systems, given the looseness, or even the absence, of laws regulating its behaviour, and the relative scarcity of data that usually characterize them [72].



In essence, a SD model is a system of ordinary differential equations that makes a stock-and-flow representation of the system under study, i.e., changes in a stock variable are determined by the flows that affect it. The model’s structure as a whole, which is made up of causal feedback loops, including non-linear relationships and delays, constitutes a holistic and easily overlooked cause of its behaviour [73]. The basic output of an SD model consists of the time trajectories of all of its variables during a simulation period determined by the user (Section 3.1). This output depends on the parametric scenario under which the model is run. Thus, a common application of a SD model is to carry out “what-if” analyses where the outputs of different scenarios are compared with that of a default scenario (Section 3.2).




2.3. The Aquacoast Model


The SD approach has been applied before to study the interaction between groundwater dynamics and the evolution of intensive irrigation agriculture in drylands [74,75,76,77,78]. The Aquacoast model [79] belongs to a saga of integrated models developed to study desertification [42], based on a generic eight-equation SD model [80] that resembles a classic predator–prey dynamic model [81,82], where human activities are the predators, and natural resources are the preys [83,84]. Specifically, in this application, we have upgraded the Aquacoast model where groundwater is predated by hectares of irrigated crops (greenhouses) whose expansion depends on medium- and short-term profitability. What follows is a brief description of the model based on the sketch shown in Figure 2. An in-depth description and the complete list of equations are provided in the Supplementary Materials.



The model represents the interactions between two stock variables, “Fresh groundwater” and “Irrigated area” (Figure 2). The dynamics of the former reflects the aquifer’s water balance. While under a natural regime, the flows in the aquifer would only be rainfall recharge and discharge to the sea, whereas under a disturbed regime of groundwater exploitation, two flows are added: groundwater pumping to satisfy domestic and irrigation demands; and the return to the aquifer of a fraction of the water used for irrigation.



The coastal aquifer modelled is hydraulically connected to the sea, meaning that a saltwater–freshwater interface (“Sea water boundary”; Figure 2) moves inward when groundwater storage decreases, and returns towards the sea otherwise. Therefore, such a movement has a seasonal component linked to the seasonality in rainfall recharge, and a yearly component linked to the development of irrigated agriculture and variations in pumpings. In the model, which represents both components, “Groundwater salinity” (Figure 2) is essentially given by a weighted average of the salinities of fresh and sea water, where the weights are the lengths of the sections saturated with both kinds of water in the aquifer (see Equations (S20) and (S21) in Supplementary Materials for details). “Groundwater salinity” is one of the indicators chosen to assess the risks of degradation and desertification in this case study.



The other stock variable, “Irrigated area” (Figure 2), follows a goal-seeking scheme, which is a well-known basic behaviour in SD modelling [73]. In short, the irrigated area converges towards the desired irrigated area, which is determined by the ratio of the expected profit per farm to the opportunity cost of a farmer, i.e., the returns (s)he expects from other alternative economic activities. Thus, the irrigated area will increase when the agricultural business is relatively profitable and will decrease otherwise (see Equations (S8) and (S9) in Supplementary Materials for details).



The expected profit per farm is a moving average of past profits, which result from the evolution of revenues and costs. In the context of this study, the cost of water has a special role. It has two components, the cost of water coming from the aquifer (“Water demand satisfied from aquifer”; Figure 2), which mainly depends on the price of energy, and the cost of water from the RBS (“Water demand satisfied from other sources”; Figure 2), which depends on its price. The dependency of the system on external sources of water is measured by aggregating the values of “Water demand satisfied from other sources” over each year of a simulation. The results of such aggregations are stored in a variable called “Water imported annually”, which is the other indicator chosen to estimate risks in this case study.




2.4. Data Sources, Model Calibration and Validation


The first information about the CFA was collected in the late 1980s [50] and updated in several studies [45,48,49]. These sources provided most of the hydrogeological information, namely data on the aquifer’s water balance, its geometry, seawater intrusion and groundwater quality. Although these data are not very detailed, they allowed specifying reference values for the main variables involved (Supplementary Table S1 in SM).



Agronomic, economic and social information was much more abundant. Additionally, it was compiled from different sources, ranging from local to regional and national sources: Junta de Andalucía [49,52,60,85]; local studies [44,86]; the Spanish Statistical Office (INE) [87], WWF [66], the Spanish Ministry of Industry [88], Cajamar Foundation [89,90] and other studies [91,92]. Supplementary Table S1 shows all the data provided by these sources and indicates the origin of each value. Supplementary Table S2 shows the parameters lacking an external source. The set of parameter values included in these two Supplementary Tables constitute the default scenario of the model.



The model was quantitatively validated by checking that it satisfactorily fitted both the time trajectory of the irrigated area, for which time series data were available, and the reference values of the six variables showed in Supplementary Table S1 in SM. However, fitting historical and reference observations is insufficient to validate a model whose purpose is to explore possible states of the system different from the one observed so far [93,94]. For this reason, a qualitative validation of the model was also carried out in the way advised by the SD approach [62,69,86,88]. Thus, it was checked that variables were adequately bounded by model structure, and not by an ad hoc mechanism, and that the model behaved coherently under extreme scenarios (e.g., absence of aquifer recharge).




2.5. Risks of Degradation and Desertification


We estimated risks of degradation and desertification [95] in the study following these steps:




	(1)

	
Selecting the parameters for specifying the simulated scenarios. We chose a climate-related parameter, “average rainfall recharge” (Supplementary Table S1 in SM), and a farm profitability parameter, “revenue per hectare” (Supplementary Table S1 in SM).




	(2)

	
Assuming probability distributions for the parameters selected in (1): a log-normal distribution for “average rainfall recharge”, and a normal distribution, for “revenue per hectare” (see Section S2 in Supplementary Materials).




	(3)

	
Specifying a high number of simulation scenarios, each of them considering a different combination of values for the selected parameters. All the parameter values are independently sampled from parameter probability distribution. A total of 200 scenarios were specified in this case.




	(4)

	
Selecting model variables that serve as indicators of the state of degradation of the system. We chose “Groundwater salinity” as indicator of the groundwater quality of groundwater, and “Water imported annually” as indicator of the scarcity of water resources in the basin.




	(5)

	
Simulating the model under every scenario specified in (3) for a simulation period long enough for the whole system to reach equilibrium [80], and the values of the indicators at that point (“end-values”) were recorded. A 50-year simulation period allowed the system ample time to reach equilibrium (Figure 3).




	(6)

	
Calculating the percentage of scenarios in which the indicator end values are above degradation or desertification thresholds. This percentage is the estimated risk for the case study. In this case, we considered a threshold of 40 dS m−1 for “Groundwater salinity”. A value above this threshold indicates that seawater intrusion affects the whole aquifer all year round (see Section 2.3). Since estimating the maximum amount of water that could potentially be transferred to the GSB is quite difficult due to the climatic, physical, technical or/and economic reasons influencing it, we considered two tentative thresholds for “Water imported annually”: 1.5 Mm3 yr−1, which is the amount of water annually imported at present, and 3 Mm3 yr−1, which doubles it.











3. Results


3.1. Trajectories under the Default Scenario


Figure 3 shows the time trajectories of the main variables under the default scenario. These trajectories reflect the description of the GSB system made in Section 2.1. Indeed, the expansion of the irrigated area to approximately 630 ha (Figure 3a) leads to a remarkable reduction in the stock of freshwater (Figure 3b) and an increase in groundwater salinity (Figure 3c). For farms to cope with this situation, they must import annually around 1.5 mm3 of water from the RBS (Figure 3d). Since “Water imported annually” aggregates the amounts of water imported at every time step within a year (Section 2.3), the variable is reset to zero at the beginning of every year, and consequently, only the values at the end of each year must be considered for this variable in Figure 3d.



Additionally, Figure 3 allows us to see how the model represents the seasonal fluctuations in the trajectories of the stock of freshwater and groundwater salinity caused by the seasonality of precipitation (Section 2.3).




3.2. “What-If” Analyses


Four alternative scenarios were specified in order to investigate the possible effects of climate change and the current energy crisis on the modelled system. The parameter values of these scenarios are detailed in Supplementary Table S3.



Scenarios I and II result from reducing the parameter “average rainfall recharge” in relation to the default scenario. Scenario I reduces it by 14.4%, and Scenario II, by 26.6% (Supplementary Table S3). These percentages define the confidence interval of the reduction in precipitation expected for the eastern Andalusia region as a result of climate change [96]. The effects of these scenarios on the trajectories of the main model variables can be seen in Figure 4, first column. The aquifer deteriorates further, since the reserve of “Fresh groundwater” diminishes and “Groundwater salinity” increases in relation to the default scenario. However, the irrigated area remains the same as water transfers increase to compensate for the additional degradation.



Scenario III reflects a loss in the profitability of the farms. It results from increasing the “energy price” parameter by 85%, and the “other costs per hectare” and “price one cubic meter external water” parameters by 35% (Supplementary Table S3). These variations reflect data released by the Ministry of Agriculture, Fisheries and Food showing that the cost of energy for agriculture increased by 83.09%, and the prices paid by farmers increased by 35.09%, on average, as a consequence of the current energy crisis [97]. As can be seen in Figure 4, the irrigated area decreases considerably (by 27.8%) under this scenario, and the pressure on water resources is relieved. Both groundwater quantity and quality notably improve, and the amount of water imported halves.



Finally, Scenario IV reflects a plausible scenario for the system in the near future where the “average rainfall recharge” parameter reduces by 20.5% (the average of the reductions considered in Scenarios I and II); the costs increase as specified in Scenario III, and the “revenue per hectare” parameter experiences a 35% increase (Supplementary Table S3). The latter corresponds to the average rise in the prices of fruits and vegetables observed in the region as a consequence of the energy crisis [98]. The effects of this scenario can be seen in Figure 4, third column. The increase in revenues offsets the effects of the increase in costs, so the trajectory of the irrigated area equals that of the default scenario. On the other hand, the trajectories of “Fresh groundwater”, “Groundwater salinity” and “Water imported annually” are approximately the average of the trajectories obtained under Scenarios I and II. Again, Scenario IV shows that farmers would cope with the additional degradation of the aquifer by transferring more water from the RBS.




3.3. Risks of Degradation and Desertification in the GSB


The “what-if” scenarios cast some shadow about the likely behaviour of the system in the future. Although the number of scenarios considered was too low for the results to be deemed significant, risk estimates are aimed at dealing with this drawback. As explained in Section 2.5, to make such estimations, the model was run 200 times under scenarios that combine different random values of a climate parameter (i.e., “average rainfall recharge”,) and a profitability parameter (i.e., “revenue per hectare”). The results of these scenarios were summarized by the end values of “Groundwater salinity” and “Water imported annually”. Figure 5 shows the cloud of points of these 200 end values after the simulations.



The points shaping the conspicuous diagonal correspond to simulations where the irrigated area reached its maximum, i.e., 630 ha. Under this particular circumstance, the diagonal illustrates the linear relationship between the two indicators established in the model. The under-diagonal points correspond to simulations where the irrigated area did not reach its potential value because “revenue per hectare” took low values.



Inspecting “Groundwater salinity”, we find that 73% of the points are to the right of the degradation threshold considered for this indicator (40 dS m−1; Section 2.5), suggesting that the risk of complete salinization of the CFA is very high.



Considering the two indicators simultaneously, we found that in 71% of the simulations “Groundwater salinity” exceeded 40 dS m−1, and “Water imported annually” exceeded 1.5 Mm3 yr−1, which is the amount of water currently transferred to the basin. In 45.5% of the simulations, “Groundwater salinity” exceeded 40 dS m−1, and the amount of “Water imported annually” exceeded 3 mm3 yr−1, doubling the amount of water transferred at present. These results suggest that it is likely that seawater will completely saturate the aquifer, thereby pressuring the farms to highly increase their current water demand.





4. Discussion


4.1. Degradation of Water Resources and Desertification


Desertification is an ambiguous and complex concept [99] with still no existing consensus about the true extent of the problem, while solutions so far have not been as effective as intended.



Historical desertification maps have evaluated desertification through soil and vegetation cover trends while remote sensing techniques have gradually become the foremost means of monitoring and assessing desertification [100]. The use of the Normalised Difference Vegetation Index (NDVI) [101], a proxy for Net Primary Productivity (NPP) [102], prevails among such techniques. These methods are inadequate to assess the degradation of water resources, since increases in NDVI typically observed in irrigated areas can be interpreted as re-greening, and thus, as improvements in land condition. However, irrigation agriculture may take a heavy toll on water resources to the point of putting them at risk of depletion [18].



Thus, unless irrigated areas are explicitly identified as anomalies [103], they may be taken as a solution to address desertification in cases where, in fact, they are aggravating it. It is necessary to complement the techniques focused on land productivity with measures of the impacts on water resources. Satellite observations, such as the GRACE mission [104], provide new space-based insights into the global nature of groundwater depletion [9] and benefit water management [105]. Complementarily, the use of integrated simulation models, such as the one presented here, expanded with risk analyses, can significantly contribute to developing an EWS able to provide a more holistic assessment of desertification in sociohydrological systems [95].




4.2. SD as a Suitable Tool to Help Achieve Land Degradation Neutrality


Land Degradation Neutrality (LDN) seeks “maintain or enhance the land-based natural capital, which comprises the edaphic, geomorphological, hydrological and biotic features of a site” [106]. Target 15.3 of the Sustainable Development Goal 15 [107] aims “to achieve a land degradation neutral world” as a tool to combat desertification [108], while the United Nations Convention to Combat Desertification (UNCCD) has also focused on LDN as a result of the lack of progress in tackling desertification [108].



Combating desertification implies preserving the amount and quality of land resources, but also offering economic opportunities to the population [109]. This is especially difficult in drylands where, given the scarcity of precipitations, intensive land uses pose a serious threat to their sustainability. Some authors claim that those lands where rainfall is less than 250–300 mm yr−1 should be kept under pastoralism [110]. However, this would mean dooming enormous populations to living in poverty. Indeed, about 72% of drylands are in developing countries [111], accounting for 90% of the two billion people living in drylands [112]. Thus, to combat desertification in drylands without excluding its economic component, it would be necessary to transfer water resources from wetter areas (“source zones”) to dry areas that can take advantage of some favourable conditions (“sink areas”) [106]. However, this requires wise land-use planning for LDN to be achieved at a spatial scale including source and sink zones, avoiding spreading unsustainability to other territories [110].



The approach presented here has proved to be useful in assisting this type of land-use planning. Our analyses allowed us to assess not only the effects of economic activities in the GSB, but also their off-site effects. It showed that LDN is not achieved in the basin because the amount and quality of its water resources do not remain stable over time. To achieve LDN, this sociohydrological system must import increasing amounts of water resources from the RBS. In addition, our assessment has showed that it is likely that the amount of water demanded by the GSB will more than double the amount demanded at present. If we take into account that other similar basins in the area will likely experience the same situation, it can be expected that the total demand for surface water resources in the coast of Granada will exceed the availability of water resources for the area, i.e., those of the RBS, especially in the face of climate change. Under this reality, water transfers would not be guaranteed. A reduction in the precipitation would impact the availability of water resources, and the RSB would be at a serious risk of desertification. Therefore, the development model based on intensive agriculture is becoming an exporter of water shortages to other regions [113]. To counteract this pathway, a combination of measures should be undertaken to increase water availability by increasing the use of rainwater harvesting systems, using reclaimed water, artificially recharging the aquifer with water saved from torrential storms and water pricing [114]. However, measures should also stimulate shifting to crops adapted to aridity [115] or/and diversifying the economic activities [116] (e.g., through sustainable tourism, since massive tourism can also contribute to degradation of the system [78]).




4.3. On the Adequacy of the Proposed Model


In order to carry out the analyses presented here, we opted for a “policy model” as opposed to a “research model” [117]. This implies that our model: (i) has a level of complexity and a resolution determined by the availability of data (low, as is common in drylands), rather than by the nature of the processes represented; (ii) addresses practical policy issues and provides useful output, rather than testing hypotheses or further understanding the real system; (iii) is based on well-known, rather than on scientifically innovative, theories and methodologies; and (iv) is transparent and user-friendly since stakeholder and policy makers are its target users.



It is argued that simple models are difficult to apply to particular systems, and that there would be a trade-off between simplicity and generality [118]. However, our model has been fruitfully applied to a particular case study, i.e., the GSB, and has achieved some generality by suggesting the probable situation in the coast of Granada as a result of climate change.



Moreover, groundwater sustainability is being currently assessed by means of approaches that are much simpler than the one presented here [119]. A good example is the well-known ratio of groundwater abstraction to groundwater recharge, which implies a necessary but insufficient condition for sustainability. Indeed, it is likely that some drop in the water table will happen at the onset of groundwater exploitation, and this might be due to pumping exceeding recharge. However, the possibility that the negative feedbacks in the system (e.g., a decrease in yields due to salinization; the increase in the cost of pumping as the water table drops) will cause the system to limit itself and finally reach an acceptable state in the long term cannot be dismissed. Therefore, it is not sufficient to observe variations in the ratio of pumping to recharge; the state of the system in the long-term must also be assessed. The model presented here was specifically conceived to serve this more ambitious purpose.



Finally, the number of unknowns grows with the number of processes represented in a model [120]. Consequently, the application of more complex models is limited to the academic environments [121].





5. Conclusions


In this study, we have proposed an approach to anticipate risks of degradation and desertification in coastal aquifers and their catchment areas. The approach essentially consists of performing Monte Carlo simulations on an integrated SD model that represents the main relationships between groundwater dynamics and the development of irrigation agriculture. This approach has been applied to a coastal aquifer in a semi-arid area in the province of Granada, Southern Spain. We deem the approach fruitful and appropriate for areas with a limited availability of data, which is a common case in drylands. Thus, it can help with the integrated land-use planning required to achieve LDN.



Results show high risks of salinization of the CFA, and of desertification of the GSB. Additionally, they have suggested that this sociohydrological system is exporting water shortages to surrounding areas. Therefore, “Groundwater-dependent coastal agriculture” is a DL needing urgent attention within the National Strategy to Combat Desertification in Spain.
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Figure 1. (a) Location of the Andalusian Mediterranean Watershed in Southern Spain. (b) Location of the Rules–Béznar System (RBS, box in (a) of hydraulic infrastructures (reservoirs and channels) in the coastal fringe of the Granada Province. Coastal aquifers are brown areas. (c) Satellite image of the GSB in 2021 (source: Google Earth), showing the greenhouses occupation (white spots). (d) Simplified hydrogeological map of the GSB from [45,53], showing the main aquifers (1—Quaternary alluvial; 2—Triassic carbonates) and bedrock (3—metapelitic rocks), as well as other geographic features (4—geological contact; 5—Castell de Ferro alluvial aquifer; 6—urban area; 7—the 400 m elevation channel from RBS). 
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Figure 2. Stock and flow structure of the Aquacoast model adapted for the GSB case. Rectangles represent the stock variables of the model and double arrows and valves represent flow variables. The rest of elements in the sketch are auxiliary variables and parameters, whose influences are shown by blue solid arrows. 
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Figure 3. Time trajectories under the default scenario of (a) irrigated area, (b) fresh groundwater, (c) groundwater salinity and (d) water imported annually to the GSB. 






Figure 3. Time trajectories under the default scenario of (a) irrigated area, (b) fresh groundwater, (c) groundwater salinity and (d) water imported annually to the GSB.



[image: Land 11 01626 g003]







[image: Land 11 01626 g004 550] 





Figure 4. Comparison of the default scenario (blue line) with alternative scenarios (green and red lines). The scenarios are specified in Supplementary Table S3. In Scenario I, a 14.4% drop in “average rainfall recharge” is simulated (green line in the left column charts). In Scenario II, this drop is 26.6% (red line in the left column charts). Scenario III includes an 85% increase in “energy price”, and a 35% in “price of one cubic meter of external water” and “other costs per hectare” (red line in the middle column charts). Finally, Scenario IV includes a 20.5% reduction in the parameter “average rainfall recharge”, the same increases in costs as Scenario III and a 35% increase in the parameter “revenue per hectare” (red line in the right column charts). 
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Figure 5. Cloud of the indicator end values after simulating 200 scenarios that combine different random values of the parameters “average rainfall recharge” and “revenue per hectare”. The red line indicates the degradation threshold considered for “Groundwater salinity” (40 dS m−1). Blue and purple lines indicate the thresholds considered for “Water imported annually” (1.5 and 3 mm3 yr−1). 
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