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Abstract

:

This paper evaluates the response of streamflow in a Mediterranean medium-scaled basin under land-use and climate change scenarios and its plausible implication on the management of Boadella–Darnius reservoir (NE Spain). Land cover and climate change scenarios supposed over the next several decades were used to simulate reservoir inflow using the Regional Hydro-Ecologic Simulation System (RHESsys) and to analyze the future impacts on water management (2021–2050). Results reveal a clear decrease in dam inflow (−34%) since the dam was operational from 1971 to 2013. The simulations obtained with RHESsys show a similar decrease (−31%) from 2021 to 2050. Considering the ecological minimum flow outlined by water authorities and the projected decrease in reservoir’s inflows, different water management strategies are needed to mitigate the effects of the expected climate change.
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1. Introduction


Water resources in the Mediterranean region are often overallocated and cannot meet the multiple demand for water for human activities including urban supply [1], irrigation [2,3], and tourism activities [4,5,6,7]. Most of the available water in this region has its source in mountain headwaters [8,9,10]. However, Mediterranean mountains have experienced substantial socioeconomic and environmental change during the last century. Of particular importance from a hydrologic perspective is a significant depopulation trend that led to land abandonment [11,12], triggering natural revegetation processes in the slopes [13]. The fields that had been cultivated several decades ago are now colonized by shrubs or forests with different degrees of succession as a function of the local environmental and climatic conditions (slope, orientation, elevation, etc.), and in many locations the revegetation process has been accelerated by afforestation initiatives [8]. Different studies have shown that these revegetation processes have had a strong impact on runoff production in the Mediterranean mountain regions [1,5,10] as well as CO2 fertilization with a high influence on future runoff at the global and basin scale [14,15].



The occurrence of extensive land cover changes, natural and man-made, coexists with climate change processes. Previous studies warn of the possible impact of precipitation decrease and increased atmospheric evaporative demand (AED) on the water resource availability of these regions [16,17]. The impact of global warming, mainly due to the increase in greenhouse gas emissions, has involved an increment of AED [18,19] and changes in snow accumulation and melting, factors that also explain the decrease of the streamflow [20] and the changes in the river regimes [21]. Other studies have focused on cross-sectoral impacts at both local/regional [22,23] and global scales [24], indicating severe water stress in areas such as the Mediterranean and water scarcity, even in areas where rapid adaptation processes could be carried out.



Precipitation and runoff in the Mediterranean region shows strong seasonality. High flows occur during winter and spring due to high precipitation and snowmelt, while there is a strong dry period in late spring and summer coinciding with the peak of demand due to agriculture and tourism. This substantial seasonal imbalance between water availability and demand has led to the development of a very dense network of dams and hydraulic infrastructure. Further, the Spanish Mediterranean coast has generally shown an increase in urban and tourist-related development in recent decades causing additional water scarcity, impacts that are likely to be intensified by climate change [25]. Under this socioeconomic context, the Mediterranean regions should take special care in the management of their water resources, as shown in [26,27].



In Spain, the development of a public water infrastructure has been a priority [28,29] since the 1950s. Currently, the number of dams in Spain is estimated to be around 1200, ref. [30] in order to meet summer water demands and to diminish the impact of the frequent meteorological drought and floods [31,32]. In general, reservoir management varies substantially with water use, climate, and capacity [31,33]. Reservoir management in Spain and much of the Mediterranean is based on a period of infilling from early autumn to mid spring, followed by water release during the warm and dry season [34,35].



Dam regulation rules have noticeably changed in the last two decades, as a consequence of reduced water resources [36]. Climate change projection point to a reduction of precipitation and an increase in AED [20] in Mediterranean regions. While previous studies have estimated declines in streamflow associated with changing climate drivers, in highly managed water systems such as those in Spain, the effects of climate change will also depend on the reservoir management and how trends of land use and revegetation in mountain headwater systems evolve. How climate, reservoir management, and land use combine to impact water availability remains poorly understood. Water resource managers need projections that included interactions in order to be able to (a) refine reservoir operating rules and (b) assess the need for water demand management.



This study analyzes the recent evolution of runoff and associated Boadella–Darnius dam operation in the Muga Basin (NE Spain), characterized by marked diversity of water uses (irrigation, water supply and tourism demand). Moreover, a modeling approach is used for quantifying future (2021–2050) water resource availability under climate and land cover scenarios and different dam management strategies. Therefore, this study provides the relationship between the reservoir management with the projections of water resources of a mountain basin under a scenario of climate change and another of land-use changes. It is verified that, with the foreseeable decrease in the runoff of a basin simulated with an eco-hydrological model, different types of management that can satisfy both the ecological flow and the demand for water must be found.




2. Materials and Methods


2.1. Study Area


The study area is the contributing catchment of the Muga and d’Armera rivers extending from the headwaters to the Boadella–Darnius dam (183.76 km2). The catchment is located in the Northeast Spain, near the Mediterranean Sea and close the border with France (Figure 1, red border). The reservoir has a capacity of 60.2 hm3 and an impounded ratio of 0.99, which means that the dam has a storage capacity of 99% of the long-term average annual runoff. It was built in 1969 and became operational in 1971 with three purposes: (i) flood-control, (ii) water supply to urban areas, and (iii) irrigation of more than 12,000 ha [37,38]. The reservoir is managed by the Catalan Water Agency, which is responsible for water planning and dictates the ecological river flows. The dam stores most of the water used in the rest of the Muga Basin (Figure 1, light grey). The streamflow has been recorded at three sites: two gauge stations (Boadella and Castelló d’Empúries (Figure 1a, white) and at the Boadella dam inflow/outflow since it started operating. The streamflow regime of the river is pluvio-nival, characterized by a short and low snow storage period from January to February, high flows during March–May and low flows in the summer. The annual peak flow occurs generally in autumn due to the heavy rainfall events at this time of year (Figure 1b). The total annual mean precipitation recorded in Darnius meteorological station (Figure 1a, yellow) is 634 mm year−1 (65% fall in spring and autumn) and the mean annual temperature is 15.3 °C (Figure 1c).



The aforementioned mismatch of water resources in the summer between demand and water availability is higher due to the increase in tourist activity in this area. In fact, in Alt Empordà, the region in which the Muga Basin is located, population increase is notable (+93% between 1970 and 2016 [39]). There are also notable seasonal trends associated with summer tourism (the Alt Empordà region increases its population by 30% in the summer [39]), which means that water consumption increases considerably at that time of year. In [37], it was established that, in the Roses municipality (Figure 1), the water consumption in summer (July, August, and September) increased by a factor of 2.5.



The basin is mostly forested and dominated by the evergreen broadleaf forest (EBF), mainly composed of Quercus ilex and Quercus suber (58.4%), 19.6% is occupied by the evergreen needle forest (ENF) (Pinus halepensis, Pinus sylvestris, and Pinus nigra), and the broadleaf deciduous forest (DBF) (Fagus sylvatica and Castanea sativa) occupies approximately 14%. The rest of the basin is covered by crops (2.3%), shrubs (3.2%), and urban areas (0.4%) (Figure 2).




2.2. Climatic and Hydrological Data


Daily precipitation and temperature data from available meteorological stations in the basin were obtained from the Spanish Meteorological Agency (AEMET). We selected the Darnius station, as it presents the most complete data series amongst the stations in the study domain (see location in Figure 1a) for the period 1992–2011. We also used projected daily maximum and minimum temperature and precipitation for the period 2012–2050 according to the scenario changes generated in the Third Report of Climate Change report of in Catalonia (TICCC) [40].



The precipitation and temperature series used are part of a database of greater spatial extension, which was built under the criteria of filling, quality control, and homogeneity test established in [41]. To summarize, as a first step, the series with more than 30 years of data were selected as candidate series, and the rest were used for the filling process, referred to as the reference series. Precipitation data were transformed into percentiles after removing zero values. Secondly, the correlation matrix between candidate series and the reference series (both transformed into percentiles) was calculated. Finally, the 10 reference series with the highest correlations with each of the candidates and which overlapped for at least three years were selected. For the candidate precipitation series, the gaps are filled with the average corresponding quantile of the 10 reference series with the best correlations. Once the candidate series was complete, the quantiles were converted to precipitation values. In the case of temperature series, the correlation matrix between the candidate and reference series was calculated (selected in the same way as for precipitation series), but the gaps were filled with a simple regression between the candidate and the reference series with the best correlations. Finally, 95 precipitation series and 76 temperature series were obtained for the entire database.



Monthly average values of daily maximum and minimum temperature and monthly precipitation accumulations were calculated and homogenized using HOMER [42]. HOMER contains as a preliminary detection tool the pair algorithm described in [43] and the two ANOVA correction factors presented by the same authors. The time inhomogeneities identified in the series were identified monthly, but the daily coefficients were interpolated and applied to correct the daily series according to [44].



Global climate models (GCMs) included in [45] were downscaled and regionalized following approaches used in previous regionalization projects for Spain [37]. In this regionalization process, the RCP4.5 emission scenario was considered to provide projections at 10 km through dynamic or statistical techniques for the periods 2021–2030 and 2041–2050. Projections indicate an average increase in annual temperature of 0.8 and 1.4 °C for 2012–2021 and 2031–2050 periods, respectively, for Catalonia [37]. Projected changes in average annual precipitation are estimated to be between −2.4 and −6.8% for the related periods [37].



Figure 3A shows the average river regime in the station of Boadella (Figure 1a, in white) between 1950 and 2013 and for two sub-periods pre- (1950–1970) and post-dam (1971–2013). The dam has completely changed the river regime from a maximum peak in autumn and spring before the dam period to a regime characterized by maximum flow in summer (Figure 3B).



The observed inflow, outflow, and volume dammed monthly data was selected yearly for the period 1971–2013 and a cluster analysis was conducted to identify the most common management strategies for the reservoir. Ward’s cluster method, similar to that used by [46], was used. This method is a hierarchical procedure in which, at each stage, the two clusters are joined together for which there is the smallest increase in the total value of the sum of the squares of differences, within each cluster, from each individual to the centroid of the cluster. Water demand (WD) monthly data is provided by Catalan Water Agency for the period 2002–2011. Table 1 shows the mean monthly regime of water demand in the Muga Basin downstream of the Boadella–Darnius reservoir.




2.3. Spatial Data


The digital elevation model (DEM) was provided by the Catalan Cartographic and Geologic Institute of Catalonia. A land cover map has been developed based on the land cover map of Catalonia (MSCS) at the spatial scale of 1:50,000 (Figure 2, upper). The Spanish land-use system (SIOSE) [47] was used to enrich the MCSC information. In order to simplify the number of categories, we reclassified the different thematic information. Land cover scenarios for three periods (2021–2030, 2031–2040, and 2041–2050) were developed, based on the expected evolution of revegetation in the Pyrenees [36,48,49,50,51,52], and these were compared with a baseline or current land cover scenario.



In order to obtain the revegetation land-use scenario (RLU), an orographic criteria defined in [53] (Figure 4) was used. The experiment is based on a multi-criteria analysis (MCA) technique where the elevation, aspect, and slope maps were reclassified in groups of cells, where it is more probable to find each land cover type according to [53], assuming those areas are optimal. The results were combined to determine optimum areas for deciduous forests and were substituted gradually by linear progress if the actual land cover was ENF. The same process was applied for the transition from shrubland to ENF. The area corresponding to the different land-use scenarios and their differences are shown in Table 2.



A soil map was generated using certain sources of soil information, including the soils map of Catalonia, the European soils map, data from soil profiles from specific studies, the European soils database [54,55], the Geologic map of Catalonia, a digital elevation map, and a carbon content map of forested soils of Spain. The result is based on the spatial correlation between the most important soil properties with environmental variables (climate, relief, or geology). A detailed methodology can be found in [56].




2.4. Regional Hydro-Ecological Simulation System (RHESsys)


RHESSys, a spatially distributed hydro-ecological model, was used to estimate streamflow. RHESSys [57] represents key hydrologic processes that are important for estimating both climate and land-use change impacts on streamflow, including vegetation transpiration, canopy, litter and soil evaporation, snowmelt, infiltration, and both vertical and lateral moisture redistribution. Hydrologic processes in RHESSys are fully coupled to a dynamic vegetation carbon and nitrogen cycling model. RHESSys is a spatial model that allows the user to choose the size and shape of the modeled unities in order to maximize spatial detail where it is most needed while maintaining computational efficiency. Radiation and climate forcing are varied spatially.



RHESsys has been previously applied and evaluated in a variety of settings to examine how both climate and land-use change impact streamflow. Previous applications have examined changes in snow and its implication on flow regimes [58], water balance [59], water management implications in a climate change context [36], the effect of the drought stress on forest mortality [60], and the runoff sensitivity to land cover changes in a mountain environment [61]. Further information on the RHESsys methodology can be found in [57].



RHESSys was calibrated for 2002–2011 by comparing observed and estimated monthly flows. (Note that RHESSys uses a daily time step, but flows are aggregated on a monthly basis for comparison.) The calibration scheme seeks to obtain parameter sets, in an iterative fashion, that yield simulated flows more similar than the observed flows. In this study, only two hydraulic parameters were calibrated: the decay of hydraulic conductivity with depth (m) and saturated soil hydraulic conductivity at the surface—Ksat0 (K). It is assumed that there is no optimum set of parameters, as is explained by the concept of equifinality [62,63]. For this reason, to reduce uncertainty, 1600 simulations were run modifying the parameters mentioned randomly, using a Monte Carlo approach. The election of the best parameters is based on the result of three statistics defined in [64] that capture different components of performance:



The Nash–Sutcliffe efficiency index [65], computed as in Equation (1), compares the data residual variance to the measured data variance:


    NSE = 1 −    [      ∑   i = 1  n     (   Y i  obs   −  Y i  sim    )   2      ∑   i = 1  n     (   Y i  obs   −  Y i  mean    )   2     ]  .    



(1)







Percent bias (PBIAS) in Equation (2) measures the average tendency of the simulated data to be larger or smaller than observed series [27]:


    PBIAS =    [      ∑   i = 1  n   (   Y i  obs   −  Y i  sim    )  ∗ 100     ∑   i = 1  n   (   Y i  obs    )     ]  .    



(2)







The RMSE–observation standard deviation ratio (RSR) is calculated as the ratio of the RMSE and the standard deviation of observed data (Equation (3)):


    RSR =     RMSE     STDEV   obs     =  [        ∑   i = 1  n     (   Y i  obs   −  Y i  sim    )   2          ∑   i = 1  n     (   Y i  obs   −  Y i  mean    )   2       ]     



(3)




where n is the number of records, Yobs is the observed value for each month, Ysim is the simulated value for each month, and Ymean is the average observed value.



Once calibration is completed, an independent data period (1992–2001) was chosen for validation. This involved a comparison of simulated and observed flows with no longer parameter optimization (Figure 5). In general, the validation can be considered high quality given the strong agreement between the observed and modeled data and the statistics, which were close to the calibration period (Table 3). In general, the statistics reveal that RHESsys accurately reproduces the dam inflow for the studied basin and the streamflow seasonality (Figure 6)





3. Results


3.1. Observed Hydrological Evolution and Dam Management


The evolution of measured streamflow (both gauge station and inflow dam; Figure 1) at the headwater of Muga Basin shows a clear decrease from each start to the end of each time series (Figure 7, Table 4). For the period 1971–2011, during which the reservoir was operative, inflow to the dam decreased, mainly for summer (66.7%), spring (33.3%), and winter (−30.8%) flows. At the annual scale, the reduction of streamflow is also noticeable (34.7%). The declines in seasonal flows at the Boadella gauge station (below the dam) are more marked in winter (50%), spring (60%), and autumn (96.7%) and at the annual scale (46.7%). However, the summer flows show a clear increase (50%), which reveals the influence of the dam management, since it is in that season (Table 1) when the water demand is higher (Figure 3).



Two simulations have been carried out for the period 1992–2011 to assess the effect of vegetation on the flow: the VG simulation, with land-use cover used in the calibration process (Figure 4A), and the RVG simulation, with the land cover shown in Figure 4D, where a revegetation process is assumed. Figure 8 shows the VG and RVG simulations, and it is evident that the reduction in the annual average of the reservoir inflow between VG and RVG simulations (20.18%) is associated with the effect that the revegetation processes have on the flow.



The result of cluster analysis to derive different patterns of the dam management is shown in Figure 9. Three types of management were identified: Optimal (Cluster 1), Mean (Cluster 2), and Critical (Cluster 3), depending on the amount of water available both to satisfy demand and to maintain reservoir levels for the following season. Figure 9 shows the mean monthly regime for inflow (blue line), outflow (red line), storage (light blue bars), and water demand (black dashed line) in hm3. Cluster 1 is characterized by high winter inflow to the reservoir, since the outflow is below the inflow from October to January and is characterized by a rapid filling of the reservoir followed by storage that is maintained at the maximum level for a six-month period (February to July). This management pattern makes it possible to provide enough water to satisfy the water demand by irrigation, urban supply, and tourism in summer months. The pattern belonging to Cluster 2 also reaches the maximum storage of the dam before the summer months; however, due to the inflow being lower and later than it is in Cluster 1, the outflow is maintained at low levels from October to March to allow gradual reservoir filling in order to obtain the water amount needed for the summer. During these years, the summer water demands from different uses are also covered by the reservoir storages. In the third case (Cluster 3), the inflow is very low during the wet period, which leads to the maintenance of a minimum outflow at very low values, just above the water demand requirement to cover summer demands. Although this strategy ensures that water demand is satisfied in the summer, the dam storage is slightly above 20 hm3 at the end of the hydrological year, compromising the water availability at the beginning of the next year.



Figure 9 (down right) shows the temporal distribution of the different cluster groups representative of the dam management strategies. Two main periods are identified: (i) 1971–1995, where the three groups alternated with very few years associated with Cluster 3, and (ii) 1996–2012, where the frequency of the third cluster group has increased and the first management pattern is no longer used. In this period, Clusters 2 and 3 are more frequent and are associated with years with water restrictions for agricultural and human uses [32,66,67,68,69,70,71,72].



Figure 10 plots the annual and seasonal rainfall for the years of each cluster group. In Cluster 1, the quick filling in winter is associated with the rainfall in that season, as in the case of Cluster 2, where there is a clear association between the high autumn inflows with the autumn rainfall. In spring and summer, the rainfall patterns do not show clear differences between the cluster groups. This figure illustrates how rainfall is the main driver of the behavior of different reservoir management practices described before. However, the seasonal precipitation patterns of Cluster 3 (Figure 10) do not fully explain the low levels of inflow shown in Figure 9 (low left). Observing Figure 9 (low right), except for 1972–1974, Cluster 3 always appears after Cluster 2, explaining the importance of the reservoir storages for the following campaigns.




3.2. Simulation of Future Runoff and Implications for Water Management


Table 4 also shows the simulation of dam inflow for the 2012–2050 period under RCP4.5 projections and its combined action with the revegetation land-use scenario (RLU) (RCP4.5 + RLU). The simulation forced by RCP4.5 conditions shows a generalized decrease in annual flow (28%), and similarly under RCP4.5 + RLU (31.1%) suggesting that the decrease in annual flow will continue and that the expected revegetation process may have a direct effect on increasing declines. Thus, comparing the results of both scenarios, RCP4.5 and RCP4.5 + RLU, we see how in winter (41.1–42.1%, respectively), summer (10.9–13.0%, respectively), and autumn (62.9–63.0%, respectively) the declines are slightly higher due to the effect of revegetation. However, the seasonal pattern shows some differences from previous observed trends. Simulations project that spring streamflow will slightly decrease (4.5%), whereas winter and autumn flows will experience the greatest declines (63 and 42.1% respectively) instead of the change in the observed period where the highest decreases have been recorded in summer.



Figure 11 shows the mean monthly dam inflow simulated for the current, short-term, and mid-term future periods, under climate change conditions (RCP4.5, left plot) and under a combined action of climate and land-use change scenarios (RCP4.5 + RLU, right plot). The simulations under climate change conditions revealed a pattern similar to those of the control period (2002–2011) with a general mean decrease of about 10% (spring, summer, and winter) and a greater decrease in autumn for the mid-term period (29.6%). The RCP4.5 + RLU scenario shows a slightly larger decrease in streamflow. The mean decrease in spring, summer, and winter is about 12–13%, while in autumn changes are close to 30% for the period 2041–1050. A smaller decrease is estimated for January (from 3.9% at mid-term RCP4.5 to 8.8% under RCP4.5 + RLU), and there is an increase in January flow (4.9%) for RCP4.5 projections. The January flow increases (and smaller declines) likely reflect the contribution of earlier snowmelt. This trend is also shown in the RCP4.5 + RLU where the streamflow decrease is lower for long-term scenarios (4.4%) in comparison to short-term (8.8%). The highest decrease is in October–November (autumn) in the long term under both scenarios (36.7/26.7% and 34.9/29.6%, respectively). The mean values show that the revegetation processes can accentuate flow decreases, since under the RCP4.5 scenario the decrease is 14.3% and under RCP4.5 + RLU is 17%. Annually, a mean decrease of 11.1 and 14.7% is observed for short-term and mid-term time windows without consideration of land-use changes (RCP4.5). On the simulations under the RCP4.5 + RLU scenario the decrease projected for the same periods is 11.9 and 17% respectively.



The water management strategies described before may be compromised under the projected scenario for water management. Figure 12 shows observed and projected annual dam inflow for the period 1971–2050, considering both climate and land-use change scenarios. The dotted lines, black for 1971–2011 period and red for 2012–2050, show the average streamflow in each period, with a decrease of 27.7% from the observed period to the simulated one. This decrease is associated with the impact of the RCP4.5 + RLU scenario on streamflow, as explained below, and it could have strong implications on reservoir management in the future.



In order to understand how the expected decrease in the reservoir inflow may affect its own management, four experiments (management strategies) have been carried out, taking into account the simulated inflow for the period 2021–2050, water demand (WD), ecological flow (E), the sum of both (EWD), and the possibility of reservoir depletion. Strategy A is therefore characterized by the possibility of reservoir depletion and trying to satisfy the EWD demand. Otherwise, the management undertakes the extraction of only the minimum amount of water to meet the minimum ecological flow. In other words, if outflow cannot satisfy EWD, it will only extract E. Management Strategy B is exactly the same as Management Strategy A, but with the limit of the minimum reservoir established at 16,102 hm3 and the 0.05 percentile of the reservoir in the period 1971–2013. Management Strategy C establishes the same minimum reservoir as in Strategy B, but the output is only committed to satisfy the WD, dispensing with E. Thus, in the same way as in Strategy A, if the water output can meet the EWD, then only the WD will be extracted. Strategy D is exactly the same as Strategy C, but it allows reservoir levels to fall below the threshold.



The mean monthly reservoir storage for each of these strategies was calculated together with mean monthly, inflow, outflow, and EWD (Figure 13). In the upper left of each figure, the time series of monthly reservoir storage for the simulation period 2021–2050 is shown. Where there are differences in the minimum reservoir, 0 hm3 (enabling the depletion reservoir) in Strategies A and D and 16 hm3 (avoiding the depletion reservoir) in B and C can be observed. In the strategies in which the reservoir is depleted, the reserves for the following year are below 20 hm3 on average, which implies the need for sufficiently high inputs into the reservoir in the following year to avoid greater differences between EWD and outflow.



The pattern shown in Figure 13 is similar across the four strategies. Outflow is relatively low between October and March, which allows for reservoir filling. There is a gradual increase in storage to meet the maximum water demand (EWD) for the month of July. According to the mean regime shown, none of the strategies meet this demand, although there are significant differences between them, as shown in Figure 14. In this figure, we have calculated the difference between the mean monthly outflow and the mean monthly EWD for the period 2021–2050, expressed as the percentage of outflow that satisfies (or not) the EWD. Although there are certain similarities between the four patterns, it is seen, as in the case of Strategy C, that EWD is not satisfied by more than 25% in the months of July and August, while in the other strategies, this value is between −25 and −20% (Strategies B and C) and between −20 and −10% (Strategies A and D). There are also notable differences between Strategies A–B and C–D, since in the first two (A–B) the demand to be satisfied is EWD, while in the other two (C–D) it is WD.



In addition, the number of months from 2021 to 2050 in which, in each of the strategies, the outputs cannot satisfy the different types of demand, EWD, WD, and E has been counted. Figure 15 shows how only Strategy A is able to satisfy the ecological flow in most months, and only in August (0.28%) and December (0.56%) could have a problem. The highest percentages of months that cannot meet any of the demands are in autumn (October–January) and summer (June–September). Spring is the season in which, in a greater number of months, all demands can be met, especially in March. This coincides with the time when the inflows are higher, so that the different strategies are able to meet the established demands without too much problem.



Although the patterns shown in Figure 15 show a good number of months in which it is difficult to satisfy even the minimum ecological flow, it should be noted that we are talking about a range of non-compliance of between 0.28 and 2.7%, representing a total of 1–10 months.



Similar patterns can be observed between Strategies A and B on the one hand, and Strategies C and D on the other. Between Strategies A and B, a higher percentage is observed in Strategy B, an increase in months in which demands are not met, especially in the EWD of July and August. This is due to the minimum limit established: 16,102 hm3. Between Strategies C and D, there are a greater number of months in which none of the demands can be met. In Strategy C, there are more of such months, so that the depletion of the reservoir can be prevented.





4. Discussion


This work has focused on the effects of climate change, land-use changes, and the combined effect of both in the flow of a mountain basin. The peculiarity of this basin is that it ends up in a reservoir built, mainly, to satisfy the water demand for agricultural and tourist use, both of which have witnessed increased pressure in recent decades and have a marked seasonality. The observed flows, management strategies, and simulated flows have been analyzed under a possible scenario of change in climatic conditions and land use. We aimed at verifying whether current reservoir management patterns will be able to maintain future water demand, ecological flow, and the reservoir level. Many studies have used hydrologic modeling to estimate water management and the impacts of climate change on streamflow in Mediterranean regions [1,16,21,36,49,59]. Nevertheless, few studies have a combined projected streamflow using hydrological modeling with dam operation rules to check possible alternatives under the projected changes in climate, land use, and water demand. Our estimates are consistent with other studies that show a general decrease in runoff in the Mediterranean basin in the last few decades as a consequence of climate change processes but mostly as a consequence of land-use changes. We observed a substantial decrease of water inflows into the dam, which is particularly pronounced in the summer period. Precipitation has showed an important decrease (22.7% from 1995), with strong drought periods recorded during the first decade of the 21st century. Moreover, the increased atmospheric evaporative demand associated with the recorded temperature increase [20] and the decrease of the relative humidity [73] has been very pronounced [73]. The reported changes contributed to an increase in water demand by natural vegetation and crops, reducing water resource availability. Additionally, the natural revegetation process observed since the second half of the twentieth century as a consequence of depopulation and land abandonment [10,13] have reinforced the water demand, contributing to an explanation of the observed strong decrease in streamflow (as shown in Figure 8). The results show a decrease in annual inflow of the order of 20% associated with an increase in forest area (Table 1).



In addition to the decrease in streamflow, the basin shows a dramatic modification of the natural river regimes as a consequence of dam operations. Such changes are also found in many rivers in Spain that are strongly regulated. The main objective of the water regulation by such a dam was to meet the water demand during the summer season, which is characterized by a strong dryness [74]. Before the dam was constructed in 1969, the river flows were characterized by regimes driven by precipitation with maximum values during autumn and spring; however, after the dam was built, the average river regimes changed noticeably, with a maximum river flow peak during summer.



The use of a hydro-ecological model can properly reproduce the observed streamflow variability and simulate streamflow by forcing climate and land cover to change according to future scenarios. Simulated streamflow under the RCP4.5 climate scenario is projected to decrease by 11.1 and 14.7% for 2021–2030 and 2041–2050 with respect to the current climate, respectively. When combining climate and a Revegetation Land Use Scenario (RCP4.5 + RLU), the reduction of river flows is 11.9 and 17% for 2021–2030 and 2041–2050 with respect to current climate and land uses, confirming the direct effect of the vegetation change on river flows. These results in general agree with other studies based on forced hydrological models for the 20th century. A decrease in annual runoff of 13.9% in the Upper Aragon River has been detected [36], and a decrease of 19% has been observed [75]. However, when vegetation and climate scenarios were combined for the Aragon river (Pyrenees) in [36], the impact of changing vegetation was much higher (almost equaling the impact of climate change) as a consequence of the existence of much larger areas where revegetation is highly likely to occur compared to the present study.



Aside from the climate and land-use change, it is expected in the region an increase of the water demand that will reduce water availability [21,46]. The Boadella–Darnius reservoir is the main infrastructure to manage the water resources in the Muga Basin, so the study and knowledge of its management practices are essential to determine which management patterns may be plausible and sustainable in a future with more limited water resources. Our results show that, under the current management strategies, the maintenance of current water demands will not be possible under projected climate and land cover scenarios. Under this perspective, policies on water management must improve the efficiency through methods that ensure water availability for human activity but also for the maintenance of the ecological river flow. Although the construction of dams in the past was a solution for ensuring water supply during drought episodes, nowadays, with increasing water demand, a new water management concept focused on water saving and optimization is needed. Access to water resources in the Mediterranean often involves societal and political tensions, so strategies must be proposed in agreement with the scientific community, policy makers, and stakeholders in order to find sustainable and durable solutions.




5. Conclusions


This study highlights the effects of climate and land-use changes and the combined action on the streamflow of a Mediterranean mountain basin and the conclusions are as follows:




	
The use of a hydro-ecological model can properly reproduce the observed streamflow variability.



	
The use of a hydro-ecological model to force simulations according to future climate change and land cover scenarios is a good tool in the decision-making process.



	
The results show a decrease in flows when future climate and land-use scenarios are considered.



	
Current water demand cannot be predictably guaranteed under climate change and land-use projections. The experiments carried out in relation to the reservoir management show that, if the decrease in runoff continues in the future, it would be necessary to review the policies for water management and use.
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Figure 1. (a) Study area; (b) monthly mean inflow in Darnius-Boadella dam; (c) ombroclimatic diagram. 
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Figure 2. Upper: Actual land-use scenario. Lower: Soils map: (A) Slow infiltration rates with a layer that impedes the downward movement (high runoff potential). (B) Moderate infiltration rates, moderately deep to deep, moderately well to well drained and a moderate rate of water transmission. (C) High infiltration rates, deep and well to excessively drained and a high rate of water transmission (low runoff potential). (D) Very slow infiltration rates, soils with a clay, shallow soils over nearly impervious materials. 
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Figure 3. (A) Average river regimes in Boadella gauge station: blue bars: (1950–2013), blue line (1950–1970), and red line (1971–2013). (B) Average monthly values of inflows (blue), outflows (red), and storages (blue bars) in the reservoir of Boadella between 1971 and 2013. 
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Figure 4. Land-use change scenarios 2002–2050. (A) Actual land-use scenario. (B) Step 1 = land-use scenario of 2021–2030. (C) Step 2 = land-use scenario of 2031–2040. (D) Step 3 = land-use scenario of 2041–2050. 
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Figure 5. Simulated (grey) and observed (black) monthly streamflow after parameter calibration. 
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Figure 6. Mean monthly streamflow and precipitation for calibration/validation periods. 
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Figure 7. Observed annual streamflow at the Boadella gauge station (grey) and at the Boadella–Darnius dam inflow (blue). 
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Figure 8. Simulated annual inflow with actual land use (VG) (in black) and with land-use change scenario (RVG) (in green). 
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Figure 9. Relationship between Boadella–Darnius dam management strategy and annual and seasonal rainfall observed during the study period (Clusters 1, 2, and 3). Blue line: inflow; red line: outflow; light blue bars: storage; black dashed line: mean monthly water demand regime (2002–2011). Time sequence of the different cluster groups representing dam management strategies (down right). 
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Figure 10. Annual and seasonal rainfall distributed yearly according to the different cluster groups. 
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Figure 11. Mean seasonal dam inflow for simulated period for the current, short-term and mid-term future periods under climatic conditions (left) and under combined action of climatic and land-use change conditions (right). 






Figure 11. Mean seasonal dam inflow for simulated period for the current, short-term and mid-term future periods under climatic conditions (left) and under combined action of climatic and land-use change conditions (right).



[image: Water 10 01668 g011]







[image: Water 10 01668 g012 550] 





Figure 12. Annual dam inflow (hm3) for observed period 1971–2011 (black line) and simulated 2012–2050 (red line). Dashed lines show the average of each period. 
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Figure 13. Monthly mean reservoir storage for the simulation period 2021–2050: four experiments (management strategies) in the Boadella–Darnius dam (A) maintaining the outflow to satisfy EWD without limitations in water storage, (B) maintaining the outflow to satisfy EWD avoiding the reservoir depletion, (C) maintaining the outflow to satisfy WD, avoiding the reservoir depletion, and (D) maintaining the outflow to satisfy WD without limitations in water storage. 
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Figure 14. Mean monthly differences between outflow and EWD (2021–2050) in the four experiments. 
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Figure 15. Mean monthly percentage where the different water demands (EWD, WD, and E) are not met in the established strategies (A, B, C, and D). 
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Table 1. Mean monthly water demand (hm3).






Table 1. Mean monthly water demand (hm3).





	October
	November
	December
	January
	February
	March
	April
	May
	June
	July
	August
	September





	1.43
	1.19
	1.16
	1.08
	0.91
	1.17
	1.15
	2.12
	5.86
	8.41
	6.30
	2.06
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Table 2. The area of each scenario (actual land-use—A.L.U. and revegetation land-use—R.L.U.) and variation (%) with respect to A.L.U.
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R.L.U. 2021–2030

	
R.L.U. 2031–2040

	
R.L.U. 2041–2050




	
Land-Use

	
A.L.U. (km2)

	
Area (km2)

	
Change (%)

	
Area (km2)

	
Change (%)

	
Area (km2)

	
Change (%)






	
Urban use

	
0.8

	
0.8

	
0

	
0.8

	
0

	
0.8

	
0




	
Cropland

	
4.2

	
4.2

	
0

	
4.2

	
0

	
4.2

	
0




	
ENF

	
36.2

	
32

	
−2.3

	
29.3

	
−3.8

	
25.5

	
−5.8




	
BDF

	
25.5

	
25.5

	
0

	
25.5

	
0

	
25.5

	
0




	
EDF

	
107.2

	
111.8

	
2.5

	
116.2

	
4.9

	
121.3

	
7.6




	
Shrubland

	
5.8

	
5.5

	
−0.2

	
3.8

	
−1.1

	
2.5

	
−1.8




	
Water

	
3.4

	
3.4

	
0

	
3.4

	
0

	
3.4

	
0




	
No vegetation

	
0.5

	
0.5

	
0

	
0.5

	
0

	
0.5

	
0
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Table 3. Statistics obtained for calibration and validation periods.
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	NSE
	PBIAS
	RSR





	Simulation period (2002–2011)
	0.75
	2.25
	0.49



	Validation period (1992–2001)
	0.74
	−7.84
	0.5
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Table 4. Observed and simulated seasonally inflow variation under climate projection (RCP4.5) and its combined action with land-use change conditions (RCP4.5 + RLU). * Streamflow observed at Boadella gauge station. ** Inflow observed at Boadella–Darnius Dam inflow.






Table 4. Observed and simulated seasonally inflow variation under climate projection (RCP4.5) and its combined action with land-use change conditions (RCP4.5 + RLU). * Streamflow observed at Boadella gauge station. ** Inflow observed at Boadella–Darnius Dam inflow.





	Time Period
	Winter
	Spring
	Summer
	Autumn
	Annual





	1943–2011 *
	−50%
	−60%
	+50%
	−96.7%
	−46.7%



	1971–2011 **
	−30.8%
	−33.3%
	−66.7%
	−13.8%
	−34.7%



	2021–2050 (RCP4.5)
	−41.1%
	−5.8%
	−10.9%
	−62.9%
	−28%



	2021–2050 (RCP4.5 + RLU)
	−42.1%
	−4.5%
	−13.0%
	−63.0%
	−31.1%
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