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Abstract

:

The Rhône basin is considered a complex river socio-ecological system, which houses numerous socioeconomic activities closely linked to its river courses, as well as competition between the different users of these water resources. Likewise, its increasing vulnerability to climate change highlights the need to assess the potential effects of a set of climate scenarios to assist the management of these resources. With this aim, we have analysed the effects of five scenarios on different environmental zones of the basin characterised by altitudinal features, using the “Water Yield” hydrological module of the InVEST model. The model outputs show that the Rhône basin will have significant discharge water variations and changes in the seasonality of the hydrological regime, being able to trigger serious economic and environmental effects under the simulated scenarios. Regarding these altitudinal environmental zones, results show important differences in the final water balance, resulting in the mountain and subalpine zones being the most affected by these scenarios. The uncertainty in the availability of water resources and the need for its sustainable management will require the establishment of important adaptations to the new challenges imposed by these scenarios, particularly in alpine zones, due to its sensitivity and fragility to climate change.
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1. Introduction


The effects of climate change are increasingly visible in river socio-ecological systems around the world [1]. The short- and mid-term predictions foresee significant variations in the downward volume and seasonality of hydrological regimes. This dynamic will mean the worsening of a set of problems, especially in the socioeconomic and environmental systems [2,3]. Thus, the expected impacts become especially serious in the basins which house intense demographic pressures and important economic development, such as the case of the Rhône river basin [4,5].



The Rhône is one of the main French rivers, rising in Switzerland and running towards southeastern France, whose spatial and management differences make it a complex socio-ecological system [6]. Moreover, this river basin houses numerous socioeconomic activities with functioning closely linked to its river courses, which has triggered a competition between the different users of these water resources to ensure their needs [7]. As it is a complex conflict of uses, a strategy of continued use has been developed for decades by the different competent administrations, as explained in detail below. Nevertheless, growing environmental concerns are changing the positions of the actors involved [8]. Among others, the changes observed in its hydrological regime are forcing the management areas of the river basin to be modified; this means policies which may alter the preference of the different uses of water, especially in the plans for floods, environmental protection and energy programs [8,9,10].



In this regard, energy policies are evolving towards sustainability to favour the production of renewable sources, in particular, the production of hydroelectric energy [11]. This change is reflected in the reinforcement of the environmental ordinances, favoured by the regulations of the European Union (Water Framework Directive [12]), and the development of water legislation in France and Switzerland. According to [13], climate change impacts on hydropower production in the Alpine region, since hydropower plants may be directly influenced by the change in the water discharge regime. Therefore, it will be needed to take these changes into account in order to adopt different management strategies, “depending also from the evolution of the energy market” [13] (p. 966).



On the other hand, this river basin includes several climatic zones, mostly characterised by oceanic influence with moderate precipitation in all seasons. According to [5], total precipitation is around 600 mm/year in the southern valley, but rainfall can be intense in autumn in the Cévennes Range, in the southeast of the catchment (>600 mm in days), whereas northern areas and mountains receive the highest precipitation. The Rhône receives waters from the Alps, on its left bank, and those of the French Massif Central and the Vosges, through the Saône, on the right. These mountain regions, among others, are named as natural “water towers”, which provide the necessary water resources to ensure enough flow to strengthen the agricultural, industrial and urban activity of its plains since the beginning of their occupation [14,15]. Nevertheless, these headwater areas have a greater vulnerability to the effects of climate change than the lower areas. Therefore, it seems interesting to analyse the new climatic configurations under global change scenarios to contribute to the better adaptation of the potential management options in each area, which is considered as one of the key challenges for the management of transboundary rivers, such as the Rhône [16].



The European Alps is one of the regions of the planet where effects of climate change are really noticeable today. According to the series of records, the rise in temperatures has already led to an increase of up to 2 °C since the beginning of the last century [17]. For this author, the predictions of the regional climate models suggest that thermal values higher than the current ones could be reached in Switzerland by the year 2100, with ranges of 3–5 °C in winter and 6–7 °C in summer, associated with an increase in winter precipitation and a drastic decrease during the summer period. According to the current land use distribution, direct and indirect impacts will affect key economic sectors such as tourism, hydroelectric power, agriculture and the big insurance companies, which will have to face the expenses caused by increasingly frequent natural disasters [15,18].



With regard to the variability of water resources, the trends shown by climate change simulations [19] are predicting more extreme events (droughts and floods), a greater reduction in the area occupied by glaciers and the alteration of melting conditions, which are significantly modifying the different hydrological regimes in the Rhône basin [20,21]. The probable changes regarding water quality caused by an increase in temperature will have significant consequences for aquatic and riparian ecosystems, as well as for the infrastructure dependent on the hydroelectric and cooling production systems of the existing nuclear power plants in the French part of the basin [7,22,23]. In another order of magnitude, the reduction in the flow of the Rhône might have a significant impact on the salinity of the Mediterranean Sea, as shown by the reduction in the volume of water in other areas [24,25].



Therefore, addressing the potential fluctuations of water resources in mountainous regions seems essential, especially in areas where changes in water regimes will be accompanied by frequent geomorphological hazards [26,27] related to the increasing of intense precipitation events, as well as the melting of permafrost [28,29]. In this sense, projects such as ACQWA (Assessing Climate impacts on the Quantity of Water), of the Seventh Framework Program of the European Union, have analysed the impacts of global warming on the quantity and quality of water, and they provide tools which help to solve issues related to current water management and potential changes in its future demands. The application of solid sustainable policies, which could face the new scenarios of water scarcity and use in the coming decades, acquires special relevance, since it will allow us to solve more effectively the potential conflicts between economic sectors that may be confronted by water resources [20].



In this regard, the modelling and projections of the effects of climate change on the quantification and availability of water are increasingly necessary for the improvement and reinforcement of water management planning. Despite the benefits of these tools, it should be noticed that their predictions are not yet exempt from a degree of uncertainty associated with the dispersion of the climate models used, the internal climate variability itself, and the difficulties in transferring the results of the climate model to the spatial and temporal scales required by hydrological models [30,31]. Thus, it has been suggested that the knowledge and the reduction of these uncertainties are essential to be able to perform projections in the runoff estimation [32].



Thence, the main objective of this work focuses on analysing the effects of climate change on the water availability in the Rhône river basin, and on establishing the possible causes of the variation of the basin’s water balance, according to factors related to altitudinal environmental zones, as explained in detail below, as well as discussing their potential socioeconomic and ecological consequences.




2. Materials and Methods


2.1. Study Area


In this work, the selection of the study area attends to three main reasons. The first is related to the spatial size of its river system. The Rhône is one of the largest European rivers (with an average annual flow of 1700 m3/s and a length of 810 km) and the most important in the Mediterranean basin, reaching 20% of the river water supply in the Mediterranean [33]. The second is due to the different economic interests (such as commercial shipping and hydroelectric production) existing along its banks. Additionally, the third is related to its high ecological value of the area [34]. The combination of these reasons symbolises a representative case of study to reveal the socioeconomic and ecological impacts that the expected variability of the water resources may have in face of the effects of a potential climate change scenario.



The Rhône drainage area is located in the countries of Switzerland and France (97,900 km2, almost 88.5% out of them belongs to the latter), as shown in Figure 1. Its high flow is fed by several mountain ranges, being the Alpine range and the Jura massif the most important. The main riverbed is joined by important tributaries, such as the Saône and the Ain in the north, and the Isère, Ardèche and Durance in the south, which give it high peak flows, exceeding 11,000 m3/s in some cases [35].



According to [4], the Rhône river basin is characterised by the existence of different water patterns, which can be summarised in three well-differentiated areas. The first is located in the Upper Rhône, in the Swiss cantons of Valais and Vaud. It has a snow-glacial runoff regime that provides a greater discharge in summer than in winter. The role of glaciers as a source is very important in the hydrological regime of this part of the Rhône, occupying an area of approximately 10%, and it is estimated that they provide runoff of 10% in winter, and 30–40% in summer. Precipitation is highly variable due to the barrier effect of high peaks, with relatively dry inland valleys (<600 mm/year) and mountain areas with high precipitation (>2500 mm/year) [36]. The water resources provided by the river and its tributaries allow the development of diverse economic uses, such as agriculture, chemical industry and tourism; although, hydroelectric power generation is the most important socioeconomic sector, since 56% of the energy consumed in Switzerland comes from these hydroelectric plants, making it a strategic sector with 80% of capital in hands of the cantons and municipalities.



The second area concentrates its runoff in Lake Geneva. With an area of 582 km2, it serves as the natural border between France and Switzerland [4]. The management of the lake has a complex water regulation in which different institutional levels of these two countries are involved, as well as European legislation. This allows the management of different infrastructures which regulate the flow of the river.



The third area is defined by the French slope, in which the Rhône river flows at its mouth in the Mediterranean Sea. This part of the course provides most of the economic resources of the entire basin. In this area, the river, supported by its tributaries from the French Alps (Isère and Durance), supports a great variety of uses: support for nuclear energy production, irrigation for wide agricultural valleys, the river fishing sector, the production of drinking water, tourism, the maintenance of freshwater ecosystems, as well as hydroelectric power production [13].



The functions performed by the Rhône for the population who inhabit its banks have led to the location of many human settlements of large sociodemographic dimensions, such as the large cities of Lyon, Valence or Avignon. Nonetheless, as it happens in a large part of the Mediterranean river courses, the occupation process experienced throughout history shows scarce adaptations for sustainable flood management, which has generated noticeable problems due to the recurrent floods. The important floods produced between 2000 and 2003 led to the implementation of the “Plan Rhône”, a political instrument intended to manage the river in a coordinated way and avoid flood risks in the French part of the basin [6].



From the climatic point of view, the northern part of the basin is under the oceanic domain. This climatic condition is characterised by a rainfall regime of heavy rains during winter, which contrasts with the southern part under the Mediterranean influence, high temperatures in summer and heavy rains in autumn and spring. The eastern part, an alpine-influenced margin, provides a significant volume of solid precipitation in winter, making the river regime more complex, with significant flash floods occurring in late spring and early summer during thaw [37].



According to projections of climate change, in the coming decades, the northwest of the Mediterranean area of the basin could experience an increase in air temperature around 1 to 3 °C, and an uncertain evolution of precipitation, especially in winter, with a possible variation of ±10%, and a decrease of 5% in the summer precipitation records [37]. The influence of these alterations on the frequency of floods may complicate the management of current floods in the lower riverbed and, with it, the loss of millions of euros for these episodes [28].




2.2. Methodological Approach


The methodological approach was based on the application of the “Water Yield” hydrological module of the InVEST model (Integrated Valuation of Ecosystem Services and Tradeoffs [38]), by means of the assessment of five climate scenarios. This tool has been widely used for the study of socio-ecological systems [39,40] and, specifically, of the management of water resources [41,42].



The first of the scenarios, referring to the historical period (observation), served as a reference in the comparison of two scenarios of Concentration of Greenhouse Gases (Representative Concentration Pathways, RCP) in two future periods. The results were compared in four altitudinal environmental conditions or zones to determine the spatial variability of the water balance in the basin.



2.2.1. Model Description


The calculations to obtain the availability of water generated by the Rhône basin were done using the “Water Yield” module of the InVEST model v.3.3.3 ecosystem services analysis program. In short, the model takes into account changes in land use patterns and their effect on surface water yield (WY).



The results were subjected to a spatial analysis using algebra of raster maps, based on the WY estimates by each sub-basin in the area of study. It determines the amount of water running off each pixel, whose calculation is based on precipitation and evapotranspiration; thus, all the water that is not evaporated is supposed to represent the available water. Therefore, the model does not differentiate between surface, subsurface and base flow, but assumes that all WY input included in a value of the pixel reaches the lowest altitude of the basin through one of these pathways. The water yield calculation process can be summarised as shown in Equations (1)–(5):


  W  Y   ( x )    =  (  1 −   A E  T   ( x )       P   ( X )       )  *  P   ( x )     



(1)




where, a   A E  T   ( x )     : annual actual evapotranspiration and    P   ( x )     : annual precipitation, based on the Budyko curve proposed by [43] and developed by [44] (Equation (2)):


    A E T  P  =   1 + ω ∗ R   1 + ω ∗ R +  1 R     



(2)




where R is the dimensionless Budyko dryness index [45] by land cover class. The index is defined as (Equation (3)):


  R =    K c  ∗ E  T 0   P   



(3)




where ET0 is the value of reference evapotranspiration by pixel; kc is the plant evapotranspiration coefficient for land cover on the pixel;  ω  ratio is a non-physical parameter to characterise the natural climatic-soil properties, defined below (Equation (4)):


  ω = Z  ∗      A W C  P   



(4)







AWC is the volumetric (expressed in mm) plant available water content. The soil texture and effective rooting depth define AWC, which establishes the amount of water that can be held and released in the soil for use by a plant. It is estimated as the product of the plant available water capacity (PAWC) and the minimum of root restricting layer depth (rrd) and vegetation rooting depth (vrd). Root restricting layer depth shows the soil depth at which root penetration is inhibited because of physical or chemical characteristics. PAWC is the plant available water capacity, indicating the difference between field capacity and wilting point:


  A W C = M i n  (  r r d , v r d  )  ∗ P A W C  



(5)







Finally, Z is an empirical constant (as a seasonality factor), which captures the local precipitation pattern and additional hydrogeological characteristics [46].




2.2.2. Model Input Data


Land Cover


The land uses were obtained from the database contained in the Climate Change Initiative of the European Space Agency [47]. This source is organised in a global cartography with 37 land cover classes, and a spatial resolution of 300 m per pixel.




Watershed Delimitation


The hydrological limits of the Rhône watershed were obtained from the digital elevation model of Shuttle Radar Topography Mission (SRTM DEM) [48] of 250 m pixel resolution, using the hydrological model arcHydro Tools from ArcGIS, for spatial identification of sub-basins. The results were contrasted with data from the HydroBASINS program [49].




Soil Data


To determine the depth value of the roots, the information from the SoilGrids database of the International Soil Information and Reference Centre [50] was used. All input soil layers provide 200 m per pixel spatial resolution. These data allowed the estimation of the absolute depth of the rock base (in mm) in raster format, as well as plant available water content fraction (PAWC). Within the SoilGrids data catalogue, the available water content (AWC) at different depths is presented, which was used to estimate the PAWC along the total depth of the soil profile.




Climate Data


Climate data were obtained from two sources. On the one hand, the historical values from the WorldClim database [51] in its second version [52] were obtained, with a resolution of 1 km per pixel. On the other hand, those data corresponding to the climate change scenarios came from the Coordinated Downscaling Experiment—European Domain (EURO-CORDEX) [53], which provides emission scenarios projected—historical and future—as estimates of climate change (10 km/pixel resolution) [54]. Then, we have applied a process of scale improvement (“downscaling” at 1 km pixel), applying a delta change bias correction method [55,56,57], using the WorldClim database, in a series of 13 regional climate models, as shown in Table 1 [53]. These calculations have a high degree of uncertainty, largely due to the dispersion between the different climate models, as well as the internal climate diversity and the difficulties in transferring the results of the climate model at different spatial and temporal scales. To reduce this variability, the development of a single ensemble model, which assumes the average values of the set of used models, was performed, reducing the bias in the final values [58].



The proposed future climate conditions are based on the RCP, used to produce a new set of climate model simulations [59]. Specifically, the analyses performed in our study apply RCP4.5 and RCP8.5 (which represent intermediate and extreme conditions in the level of radiation force, respectively) projected for two periods—one in the short term (average values 2020–2050) and another in the mid-term (average values 2070–2100). Then, the combination of these climatic conditions, summarised in four future scenarios, are defined as: RCP4.5 2020–2050, RCP4.5 2070–2100, RCP8.5 2020–2050 and RCP8.5 2070–2100.



In both databases (historical and future scenarios), the annual averages of precipitation, the average, maximum and minimum temperature, and radiation were calculated. These new records were used to estimate the reference evapotranspiration (ET0) values, needed for the “Water Yield” model. For the calculation of the ET0, the Hargreaves formula was used [60], in a simplified way, as shown in Equation (6):


  E  T 0  = 0.0023 ∗  (   T  a v   + 17.78  )  ∗  R 0  ∗    (   T  m a x   −  T  m i n    )    0.5    



(6)




where,   E  T 0    = daily reference evapotranspiration (mm/day),    T  a v     = average daily temperature (°C),    R 0    = extraterrestrial radiation (mm/day),    T  m a x     = maximum daily temperature (°C),    T  m i n     = minimum daily temperature (°C).





2.2.3. Model Calibration


The model “Water Yield” is based on a water balance which applies annual average periods values at pixel level, expressed at the sub-basin level. Therefore, in order to perform a model calibration, the use of existing gauging station data with long-term average flows is suggested [61]. In this work, the model calibration has been performed from the available data of the water volumes obtained in the gauging stations in 6 sub-basins, shown in Table 2.



The daily discharge data were transformed to volume per unit area and per year. The parameters (evapotranspiration coefficient (kc), the seasonality factor (Z) and soil values in the ground cover) were adjusted to calibrate the model “Water Yield” within the intervals found in the literature [63,64]. Moreover, the comparison of the simulation results to the observed data was carried out, using the mean absolute percentage error (MAPE, Equation (7) [65,66]).


  M A P E =  1 n    ∑   t = 1  n   |     y t  −   y ^  t     y t     |  ∗ 100  



(7)




where n is the number of observations,    y t    is the observed value and     y ^  t    is the simulated value.




2.2.4. Altitudinal Delimitation of the Basin


In order to determine a set of limits which allow us to show areas with similar ecological features, the Rhône basin was categorised into four spatial zones according to an altitudinal criterion, as shown in Figure 1. The thresholds used were established according to a physiognomic classification, which contains information on the altitudinal range of plant species [67], and which is organised as follows:




	
Valleys and hills (<500 m), a zone which includes most of the agricultural fields, as well as the leafy forest and the Mediterranean forest;



	
Mountain (500–1200 m), a zone characterised by the existence of important pasture and the development of mainly mixed and leafy forests;



	
Subalpine (1200–2000 m), constituted by the coniferous forests, which represent the highest altitude forest mass groups;



	
Alpine (>2000 m), which gathers three environments—firstly, the lowest (subnival), represented by irregular vegetation restricted only to the most favourable places and where snow is found during part of the year. The second is the alpine zone, formed by a dense cover of vegetation including alpine meadows and sporadic bushes. In addition, finally, the glacial zone, covered in snow for most of the year.








Changes in vegetation cover can lead to significant variations in the water cycle at the basin scale, so this classification contributes to a greater adjustment of the azonal climatic distortion shown in mountain areas. This approach allows a more detailed analysis based on a segmentation of the model results in different altitudinal environmental zones, and it facilitates the detection of changes in the water availability patterns in the proposed climate change scenarios.






3. Results


3.1. Trends in Monthly Reference Precipitation and Evapotranspiration Data


As described in Section 2.1, the Rhône basin shows a high complexity in the analysis of its physical factors, due to its size and climatic and orographic heterogeneity. The trends of the analysed climate change scenarios offer values which point to important variations in the dynamics of precipitation. In general, the variation of the estimated precipitation is related to the different RCP and temporal conditions. In this regard, the most interesting results are recorded in the monthly evolution, as shown in Figure 2a. They show a very clear seasonal variation pattern, with increases in precipitation during the autumn–winter period and very pronounced decreases during spring and summer, which can exceed 20% in both cases. However, the months with less precipitation (July and August) also receive important contributions with more than 60 mm monthly, on average. Annually, the average values are greater than 1000 mm, as shown in Figure 2a.



Regarding the ET0 data, as shown in Figure 2b, a more constant distribution is observed throughout the year, with a maximum in summer (65 mm) which drops to 6 mm in December. The expected future change trends reflect a similar pattern in each month, with generalised increases in the RCP4.5 conditions for the two periods analysed. While, for the RCP8.5, a softer upward trend is observed in the period 2020–2050. However, this increase shoots up for the period 2070–2100, with increases that exceed 15% in every month (compared to historical values), and which reach levels close to 25% for the average values of July.




3.2. Model Calibration


The comparison of the simulation results to the observed data constitutes a measure of the goodness of fit and, therefore, the ability of the model to track the observed behaviour. As shown in Table 3, the mean absolute percentage error was below 5% in five out of six sub-basins, which is considered an adequate degree of fit, according to [68], whereas only one sub-basin achieves a good degree of fit (MAPE between 10 and 20%).



It can be concluded that the results of the model calibration point to a high degree of fit between simulation results and observed data, which supports the model outputs, with an average MAPE of 4.3%.




3.3. Outputs of the Module “Water Yield”


The main outputs of the model provide a spatial quantification of the values of actual evapotranspiration and the water yield in the whole basin. From this information, the average records for the entire study area and the five scenarios are obtained. A slight increase in precipitation is obtained in all the scenarios in relation to the current reference value. Regarding potential and actual evapotranspiration, slight changes are also expected in future scenarios, reaching values close to 400 mm in the RCP8.5 2100 scenario, as shown in Figure 3.



Lastly, regarding the estimates of WY in the basin, the trend draws a complex pattern, showing a decrease (1.24%) in the RCP4.5 scenario of the closest period. In RCP4.5 and RCP8.5 of the periods 2070–2100 and 2020–2050, respectively, an increase is shown, even reaching close to 5% in the latter. Finally, in RCP8.5 of the period 2070–2100, a decrease in water yield could be expected, by 9.8% compared to the historical period, as shown in Table 4.



As shown in Figure 3, AET values experience an increase in the entire Rhône basin which are close to 30% in the most extreme cases. These values are related to the temperature increase, according to numerous climate models [7,69]. Concerning WY, the spatially distributed values show a more complex pattern. These results are adjusted to the input values to the precipitation model, which determines important changes in the different scenarios analysed. Both RCP4.5 2050 and RCP8.5 2100 scenarios show the most similar results, with a noticeable decrease in precipitation and, therefore, in the WY (which could reach a 9.8% decrease in the entire basin under RCP8.5 2100), being more pronounced in the southern part of the basin. In the rest of the scenarios, this relationship is not so direct, showing significant precipitation increases (which in some cases can reach 30%), and which determine a positive global WY (1.8 and 4.9% increase in RCP4.5 2100 and RCP8.5 2050, respectively). However, this does not prevent the existence of areas, generally located in the central and southern part of the basin, in which the annual decrease in WY could reach 15–20%.




3.4. Altitudinal Analysis of the Modelled Values


This spatial analysis allows us to clarify which areas of the basin participate with the greatest influence on the flow change, which have previously been seen on maps of the entire study area. The altitudinal ranges 500–1200 m and 1200–2000 m show the lowest precipitation percentage of change in all the scenarios, becoming negative (0.6%) in the lower range (500–1200 m) for RCP8.5 2070–2100, as shown in Table 5. ET0 and AET data show a similar trend, as might be expected if we consider that both are governed by the same main parameters. Since general temperatures rise in all climate models, ET0 and AET are expected to increase in all the scenarios analysed. This increase occurs with greater incidence in the scenarios of the 2070–2100 period, reaching rates of change close to 30% in the high mountain zones (>2000 m). The WY values show the most diverse outputs, since each altitudinal range shows a different pattern. RCP8.5 2070–2100 evinces significant decreases in WY in every zone, with the highest loss (13.7%) in the 500–1200 altitudinal range.



Figure 4 shows the total percentage change in the different variables analysed regarding the current values. Precipitation, as shown in Figure 4a, shows a positive correlation with the altitudinal criterion in both periods of RCP4.5 and for 2020–2050 of RCP8.5. The change seems homogeneous by altitudinal range, although it is more pronounced (6%) in the valley and hill zones (<500 m). This trend changes in the RCP8.5 of 2070–2100, with a notable effect in the subalpine zones (1200–2000 m), in which the increase is practically nil for the latter scenario; being able to reverse in the mountain zones (500–1200 m), where the estimated precipitation loss would be around 0.61%.



AET values, as ET0, show a similar pattern than precipitation with small increases for each future scenario in all altitudinal ranges, as shown in Figure 4b,c. Although the effect is more relevant in the alpine zones (>2000 m), where the increase in evapotranspiration reaches 14, 15, 21 and 27% in the two periods of RCP4.5 and in both of RCP8.5, respectively, as shown in Figure 4c.



Finally, Figure 4d shows that water contribution of the basin will be more variable, providing very different effects depending on the altitudinal range. Regarding the first scenario (RCP4.5 2020–2050), it is observed that there is a decrease in the availability of water in low altitudes, but reaching an increase of 1.9% in the alpine zone. RCP4.5 2070–2100 and RCP8.5 2020–2050 show a similar trend, although with different magnitudes, in which the valleys and hills zone shows higher values. Lastly, the most extreme scenario (RCP8.5 2070–2100) shows a clear decreasing trend in all the altitudinal environmental zones, but more sharply in the mountain and subalpine zones, with losses around 14 and 8%, respectively, as shown in Figure 4d.





4. Discussion


The exploration of the input data to the InVEST “Water Yield” module, expressed in monthly values of precipitation and ET0, provides very interesting information to determine trends in future climate change scenarios, essential in the sustainable management of water resources in socio-ecological systems. Regarding the ET0, indirectly related to the temperature data, their values show an increase of similar intensity throughout the year. This directly affects not only the loss due to habitual evapotranspiration in the summer period, but it amplifies this effect during the rest of the year. This change directly affects the water balance of the basin, which could generate a considerable loss of around 100 mm every 2 °C of increase in temperature [70].



The monthly distribution of precipitation shows more significant seasonal variations. The elaborated climate change scenarios show a strong decrease in precipitation during the warmest months. According to [71], this decrease triggers a complex web of impacts that span many sectors of the economy. In this study area, it could directly impact numerous socioeconomic activities, especially the agriculture in the middle and lower part of the basin. The latter could be especially concerned since it is characterised by a great diversity, where milk production predominates, followed by viticulture and fruit trees [5,72]. In this regard, the aforementioned decrease in precipitation in the periods of highest agricultural productivity, along with the increase in evapotranspiration, is beginning to show negative effects in agricultural communities of mountain zones [15,71,73], which play a vital role for the economies of the surrounding valleys and for maintaining the alpine cultural landscape. These environmental zones are the most vulnerable, since they also face other disadvantages, such as low productivity and high production costs due to topography, soil features and climatic restrictions [74].



In turn, the changes in the precipitation described above may cause an increase in the current values, which are evident between the months of November and April, as shown in Figure 2a, promoting a recovery of the annual balance of the precipitation records. In this way, the precipitation regime could be transformed from two maximums to a single one in winter, and a very dry summer season. Logically, whether this trend was to materialise, the river basin regime would be especially altered in the coming decades, as other hydrological models have recently attested [20,21,75]. Given these new climatic circumstances, the surface runoff is expected to decrease significantly by the end of the century, causing decreasing water flows in certain areas of the Rhône basin, along with a reduction of the ordinary flood frequency and an increase of the extraordinary floods, which are the most damaging in terms of socioeconomic impact [16,71].



Regarding the potential changes in the water balance of the basin, the total volume of water shows a complex pattern and uncertainty for both periods and RCP analysed. This significant uncertainty has been highlighted in numerous studies carried out in the Rhône basin [7,16,29,30,36,69,76]. This may be mainly associated with the projections of the effects of climate change, which are largely uncertain due to the development of the climate models, as well as the complex hydrological, morphological and environmental structure of the Rhône basin. Concerning the results of water yield, a diverse spatial distribution occurs in all the scenarios analysed. The northernmost parts are characterised by an increase in water yield; whereas in the southern part of the basin, the decrease in WY is evident, which is similar to the expected pattern within the rest of the basins of the northwestern Mediterranean side. For their part, [77] determined significant decreases; around a third of the flows of coastal Mediterranean rivers in Southern France at the end of this century, which represents an estimated reduction of 20% of the total water resources in this part of the Mediterranean coast, although they concluded that “annual precipitation did not follow clear trends” [77] (p. 452). Therefore, if the expected changes of the precipitation and AET values—which express the input and output data to the water system—do not vary substantially between them, as shown in Figure 3, it would be necessary to explore other potential factors which could explain the loss of flow in the basin. Thus, a detailed review of the different environmental zones of the Rhône basin would be necessary in order to assess with greater precision how this socio-ecological system will be affected in different altitudinal environments, and to establish what role they play in the water balance of the basin.



In this regard, the valley and hill zones, delimited by areas below 500 m and occupied by agricultural activities and deciduous and Mediterranean forests, show the highest increases in precipitation. For RCP4.5 2070–2100 and RCP8.5 2020–2050, growths around 6% are estimated, which, along with a weak rise in evapotranspiration, could mean greater availability of water resources, over 5%. According to the conclusions of [37], the response of runoff varies by hydrographic basins according to meteorological anomalies and the intrinsic features of each zone (soil, vegetation and dominant climate); although, in general, their results are in line with those shown in our work.



Likewise, consistently with the obtained results, in the northern river valleys (Saône, Doubs and Ain), precipitation and runoff would increase for the period of analysis (2054–2064) between 17–29% and 20–48%, respectively, while the increase in evaporation is relatively weaker (13%), compared to precipitation and runoff values. In contrast, in the southern part, these data are reduced, but they seem to be more associated with the decrease in runoff which leads to lower levels of groundwater and higher temperatures, which, in turn, would favour the infiltration in these less humid soils [77].



On the other hand, in the environmental zones located in the range between the levels 500–1200 m, as well as the subalpine zone (1200–2000 m), the model outputs provide similar patterns of change. The decrease in the water yield capacity of these zones is significant, especially at higher altitudes, and very pronounced in the most extreme scenario (RCP8.5 2070–2100). The intermediate zones are very susceptible to changes in future climate scenarios, strongly influenced by the transformation of land cover due to land use changes [69]. The general rise in temperatures, already shown in the observation scenario, might favour the expansion of conducive spaces to the development of both crops and natural vegetation at higher elevations. Recent studies have pointed out that there has been a general trend in the increase of green cover or “greening up” in the mountains of the northern Mediterranean basin during the last decades, which is causing alterations in the water cycle [78,79]. The increase in forest mass in areas such as the one under study, where, initially, there was significant vegetation cover, may trigger a substantial reduction in runoff [80,81,82], linked to the improvement of the soil structure and the increase of its infiltration capacity. This could explain the loss of part of the water flows, since growth of this green cover also has an associated partition effect that the vegetation introduces, through processes such as evaporation, transpiration and interception, with a new precipitation redistribution [83,84].



Finally, the last altitudinal environmental zone located in the eastern part of the basin, is considered the pure alpine landscape, associated with the upper range (>2000 m). The model results provide a slight increase in precipitation in all the scenarios, following the overall trend of the rest of the altitudinal environmental zones. Nevertheless, in this case, the clearest effect is the highest increase in evapotranspiration, with rates of change between 30 and 68%, depending on the scenario, as shown in Figure 4b. In addition, the decrease in the albedo caused by the loss of a large snow cover exerts a local influence on the atmosphere and hydrology through a feedback mechanism which increases the melting of ice and the retreat of glaciers [85]. Early melting could affect hydropower-based energy production, due to reservoir filling as a result of a shortage during peak flows [69]. This accelerated process of permanent snow and ice cover loss may explain an important part of the variation of water supplied in high mountains, where three out of the four analysed scenarios show increasing values compared to the observation scenario. These data coincide with other studies carried out in these alpine environments [86], which estimated that, in the next 100 years, alpine glaciers might lose between 50 and 90% of their current volume, and for each degree of temperature rise, the average level of snow will increase by 150 m of altitude [14]. Therefore, it is expected that hydrological systems, directly connected to the processes of melting glaciers, will respond in quantity and seasonality to precipitations of high variability and uncertainty, but with a clear pattern of increased risk of flooding during the spring, and an increase in droughts during summer and autumn [32,87]. Even though the values of the expected changes in the alpine zone are not as big as in the rest of our analysed zones, these are considered very important since they are very sensitive areas and prone to undergo the greatest transformations caused by the effects of climate change [86].



Despite of the potentialities of the model to generate valuable information, these kinds of models show certain limitations. The empirical models use available data, at a general level, accepting spatially explicit inputs and producing spatially explicit outputs, and limiting the model structure to key biophysical processes involved in land use change [88]. Although they are considered the easiest models to apply, they do not offer a dynamic view of the process, but rather are geared towards predicting long-term average values [89]. In the case of the “Water Yield” module of InVEST, as an example of these kinds of models, is not exempt from limitations [90]. First of all, there is a limitation due to the limited capacity of the model to account for inter- or intra-annual change in the water supply. Another drawback is shown in the calibration process, in which it shows few adjustment parameters [91]. In addition, it might produce unrealistic outputs when the underlying hydrological processes are not adequately described [92]. In this sense, the lack of some transfers in the water flows in the model has been observed, such as the values related to crop irrigation, as well as the similar interpretation of natural vegetation and crops [93]. According to [89], an improvement in the differentiation of the uses of groundwater would be also necessary in order to treat it as part of evapotranspiration in the case of irrigation water, or as a return flow to the river in the case of drinking water. These factors are likely to provide measurements with some precision of the estimated flow, but not the real total water yield observed at gauging stations [91].



Another important limitation is the lack of ability of the model to deal with melting processes, which may affect the results in the higher altitude zones of our study area. Despite the model applying annual precipitation values, in which the total volumes of ice and snow are considered, the melting processes in different periods of the year are not detectable. This might trigger a noteworthy error, if the size of the glacier area is relatively large regarding the total surface of the basin. The study of [94] applies the InVEST “Water Yield” model in a basin located in the greater Himalayan range, with a glacier area around 24%, compared to the total area of the basin. These authors calibrate the model, applying a high value of kc for permanent snow and ice areas, trying to simulate an increasing water contribution of this area. Despite these kinds of solutions, we should be cautious, since this inconvenience may increase the uncertainty in the results in higher altitude zones [95,96].



Regarding the analysis of changes in land use and coverage in water flows, it would be interesting to analyse its effect in different future climate scenarios in more detail, since the interaction of human activities and the transforming effect of the climate determine great uncertainty in these cover changes [97]. These changes, although lesser than those caused by the effect of the climate, have a significant influence on the availability of water, and it is important to determine their impacts in order to establish strategies at various scales for the sustainability of ecosystem services [57,98]. Taking all these limitations of the model into account, it would be advisable to involve stakeholders in decision-making to improve the interpretation of the results obtained in order to face the sustainability of this socio-ecological system [90].



As a complex socio-ecological system, characterised by strong interdependence of interactions between factors [99], little changes in some of the processes in this area may trigger transformations into other processes that may cause, in turn, instability in the entire system. These results suggest that, in the coming years, it will be necessary to attend to the prevention and mitigation of the risk of extraordinary floods, especially in areas of highly populated and sensitive socioeconomic sectors, such as tourism and industry [100]. Moreover, [16] (p. 9) have suggested that the changes in runoff in the Rhône River “might lead to an increase of use rivalries between the different sectors using water resources (such as hydropower, agriculture, cooling of nuclear plants, production of drinking water or ecosystem) for their own purposes”. For these authors, ensuring stronger adaptive capacities by anticipating potential tensions within actors is needed, even more due to the multiplicity of institutional levels and frameworks of a transboundary area as the Rhône basin.



In conclusion, the results of the application of a methodological approach, based on the use of the InVEST model, have been analysed in this work. According to [101], these outputs can be considered essential to improve decision-making in complex socio-ecological systems, considering long-term adjustment, as also has been shown by [41,42]. In addition, these outputs might be used to identify viable adaptation strategies for each altitudinal environmental zone, with indication of trade-offs between decisions or policy options. In this regard, sustainable management of water resources within the context of a complex SES requires the explicit consideration of numerous interacting factors, the ecological and socioeconomic impacts of climate extremes and uncertainty [101], as well as the need to maintain the sustainable uses “under changing, possibly adverse, climatic conditions” [102] (p.1). According to [101], the adaptive capacity of SES to absorb climate changes needs to be further enhanced and it is also claimed from the recent European Commission’s report [71]. Therefore, it seems essential to deepen the existing knowledge about potential effects of climate change scenarios to improve adaptation and mitigation policies and decision-making, particularly aimed at minimising uncertainties and assessing potential risks associated to management decisions [6,101].




5. Conclusions


The analysis of the different environmental zones characterised by altitudinal features establish important differences in the final water balance in the whole basin under the different scenarios of climate change addressed in this work. The most evident effect is expected to occur in mountain (500–1200 m) and subalpine (1200–2000 m) zones, regarding the overall variables analysed.



Despite of the fact that alpine zones (>2000 m) do not show the biggest rate of change, these expected changes would require further attention and monitorisation due to the high sensitivity of these alpine zones. Among them, the increases in evapotranspiration, which would be close to 26%, and which could be associated with the increase in albedo due to the glacier coverage loss, may be highlighted. This accelerated process of permanent ice cover loss in the long term may explain an important part of the increase in water contributed by high peaks, which, in turn, will affect the rest of the Rhône basin.



The methodological approach applied to obtain the results could be extrapolated to other nearby areas of the Mediterranean basin, where the gradual loss of resources will require important adaptations to new challenges imposed by the uncertainty of water yield shown by these scenarios. The development of tools which allow the assessment of the changes of the elements that constitute the water cycle linked to climate change may serve as a basis for solutions related to water management and its future demands, as well as in the development of more effective and sustainable policies in the management of water resources in these kinds of socio-ecological systems.
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Figure 1. Location of the Rhône river basin, and delimitation of the altitudinal environmental zones. 
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Figure 2. (a) Left axis: monthly precipitation values (mm) for the observation period (1970–2000); right axis: total percentage change of the Representative Concentration Pathway (RCP) scenarios regarding the historical period (observation). (b) Left axis: monthly reference evapotranspiration values (mm) for the observation period (1970–2000); right axis: total percentage change of the RCP scenarios with respect to the historical period (observation). 
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Figure 3. Rhône basin models of precipitation (Pr), reference evapotranspiration (ET0), actual evapotranspiration (AET) and water yield (WY) for the historical period (observation) 1970–2000, expressed in mm per year. Percentage of change of Pr, ET0, AET and WY for future scenarios, defined as: RCP4.5 2020–2050, RCP4.5 2070–2100, RCP8.5 2020-2050 and RCP8.5 2070-2100. Percentage of change: values in blue mean “increased” Pr and WY, while “decreased” ET0 and AET. Values in yellow mean “no change”. Values in red mean “decreased” Pr and WY, while “increased” ET0 and AET. 
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Figure 4. Total percentage change in the variables analysed regarding the current values of the environmental zones characterised by altitudinal features (<500: valleys and hills; 500–1200: mountains; 1200–2000: subalpine; <2000: alpine). (a) Total of change (%) in precipitation (Pr). (b) Total of change (%) in reference evapotranspiration (ET0). (c) Total of change (%) in actual evapotranspiration (AET). (d) Total change (%) in water yield (WY). Soft green RCP4.5 2050; dark green RCP4.5 2100; soft red RCP8.5 2050; dark red RCP8.5 2100. 
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Table 1. General and regional climate models used for developing the climate scenarios.
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Regional Climate Model




	

	

	
CCLM

	
CNRM-ALADIN

	
HIRHAM5

	
RACMO

	
RCA

	
WRF






	
General Circulation Model

	
CNRM-CM5

	
o

	
o

	

	

	
o

	




	
EC-EARTH

	
o

	

	
o

	
o

	
o

	




	
IPSL-CM5A-MR

	

	

	

	

	
o

	
o




	
MPI-ESM-LR

	
o

	

	

	

	
o

	




	
HadGEM2-ES

	

	

	

	
o

	
o

	








Regional Climate Models: Research Institutes. CLCM: Climate Limited-area Modelling Community (CLMcom). CNRM-ALADIN: Centre National de Recherches Météorologiques (CNRM). HIRHAM5: Danish Meteorological Institute (DMI). RACMO: Royal Netherlands Meteorological Institute (KNMI). RCA: Swedish Meteorological and Hydrological Institute (SMHI). WRF: Institute Pierre Simon Laplace (IPSL).
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Table 2. Available data of water volumes from gauging stations used in the model calibration.
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	River Sub-Basin
	Gauging Station
	Record Period
	Catchment Area Upstream (ha)
	Total Discharge (hm3 Year−1)





	Upper Rhône
	Porte-de-Scex
	from 1935
	814,435.32
	5771.09



	Ain
	Chazey Sur Ain
	from 1959
	367,649.53
	3878.93



	Saône
	Mâcon
	from 1952
	2,983,111.45
	12,709.01



	Isère
	Beaumont-Monteux
	from 1956
	1,190,725.34
	10,627.63



	Durance
	Meyrargues
	from 1994
	1,330,705.91
	6338.74



	Lower Rhône
	Beaucaire
	from 1920
	3,103,491.33
	14,317.34



	
	
	Total
	9,790,118.89
	53,642.736







Water volume calculated by means of annual discharge in record period. Data origin: Federal Office for Water and Geology [62]; Direction Régionale de l’Environnement Provence-Alpes-Côte d’Azur (French data available at [35]).
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Table 3. Summary of the main results of the model calibration.
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	River Sub-Basin
	Observed (hm3 Year−1)
	Simulated
	MAPE (%)





	Upper Rhône
	5771.09
	5934.42
	2.8



	Ain
	3878.93
	3365.35
	13.2



	Saône
	12,709.01
	13,178.48
	3.7



	Isère
	10,627.63
	10,351.76
	2.6



	Durance
	6338.74
	6402.61
	1.0



	Lower Rhône
	14,317.34
	14,705.97
	2.7
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Table 4. Quantification of the basin flow volumes (WY) in the five analysed scenarios. Rates of change expressed in percent (%) for RCP scenarios compared to the historical period (observation).
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	Scenario
	Volume (Hm3)
	Variation (Hm3)
	Rate (%)





	Observation
	53,322.75
	
	



	RCP4.5 2020–2050
	52,662.85
	−659.90
	−1.24



	RCP4.5 2070–2100
	54,298.05
	975.31
	1.83



	RCP8.5 2020–2050
	55,952.59
	2629.85
	4.93



	RCP8.5 2070–2100
	48,095.63
	−5227.11
	−9.80
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Table 5. Data of precipitation, reference evapotranspiration, actual evapotranspiration and water yield expressed in average values and rates of change regarding altitudinal ranges.
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Alt. Range

	
<500

	
500–1200

	
1200–2000

	
>2000




	
Surface km2

	
48,174

	
29,256

	
11,190

	
9151




	
Pr (mm)

	
    x ˜    

	
σ

	
%

	
    x ˜    

	
σ

	
%

	
    x ˜    

	
σ

	
%

	
    x ˜    

	
σ

	
%






	
Observation

	
917.2

	
119.0

	

	
1073.6

	
176.8

	

	
1277.8

	
220.7

	

	
1257.5

	
358.4

	




	
RCP4.5 50

	
933.4

	
129.7

	
1.8

	
1083.8

	
193.1

	
0.9

	
1301.7

	
238.3

	
1.9

	
1290.2

	
372.8

	
2.6




	
RCP4.5 100

	
973.2

	
127.4

	
6.1

	
1111.0

	
187.6

	
3.5

	
1323.7

	
236.1

	
3.6

	
1312.6

	
376.2

	
4.4




	
RCP8.5 50

	
972.9

	
126.1

	
6.1

	
1119.6

	
187.5

	
4.3

	
1328.9

	
232.4

	
4.0

	
1314.6

	
373.5

	
4.5




	
RCP8.5 100

	
950.7

	
132.8

	
3.7

	
1067.4

	
193.3

	
−0.6

	
1278.9

	
237.6

	
0.1

	
1287.4

	
367.0

	
2.4




	
ET0 (mm)

	

	

	

	

	

	

	

	

	

	

	

	




	
Observation

	
415.4

	
67.2

	

	
404.2

	
68.3

	

	
345.4

	
63.0

	

	
238.7

	
53.5

	




	
RCP4.5 50

	
437.1

	
70.3

	
5.2

	
427.0

	
71.4

	
5.6

	
368.2

	
65.1

	
6.6

	
258.8

	
55.3

	
8.4




	
RCP4.5 100

	
447.6

	
73.6

	
7.7

	
439.6

	
74.3

	
8.7

	
382.0

	
66.7

	
10.6

	
271.0

	
56.7

	
13.5




	
RCP8.5 50

	
435.1

	
72.0

	
4.7

	
425.7

	
72.8

	
5.3

	
367.5

	
65.7

	
6.4

	
258.9

	
55.3

	
8.4




	
RCP8.5 100

	
481.8

	
77.0

	
16.0

	
475.8

	
77.9

	
17.7

	
418.7

	
68.7

	
21.2

	
304.5

	
59.1

	
27.5




	
AET (mm)

	

	

	

	

	

	

	

	

	

	

	

	




	
Observation

	
520.6

	
96.8

	

	
485.4

	
98.8

	

	
390.8

	
88.7

	

	
233.6

	
83.5

	




	
RCP4.5 50

	
544.4

	
99.8

	
4.6

	
509.9

	
101.0

	
5.0

	
415.9

	
91.7

	
6.4

	
252.6

	
88.7

	
8.1




	
RCP4.5 100

	
559.1

	
103.1

	
7.4

	
525.1

	
104.5

	
8.2

	
431.4

	
94.1

	
10.4

	
264.3

	
92.1

	
13.1




	
RCP8.5 50

	
545.5

	
101.4

	
4.8

	
510.4

	
103.5

	
5.1

	
415.5

	
92.7

	
6.3

	
252.6

	
88.7

	
8.1




	
RCP8.5 100

	
591.3

	
105.4

	
13.6

	
559.5

	
104.6

	
15.3

	
470.5

	
96.0

	
20.4

	
295.9

	
100.4

	
26.6




	
WY (mm)

	

	

	

	

	

	

	

	

	

	

	

	




	
Observation

	
394.5

	
162.2

	

	
588.2

	
242.9

	

	
888.4

	
283.2

	

	
1100.4

	
283.1

	




	
RCP4.5 50

	
386.8

	
170.1

	
−2.0

	
573.9

	
259.2

	
−2.4

	
887.5

	
303.6

	
−0.1

	
1116.2

	
298.1

	
1.4




	
RCP4.5 100

	
411.7

	
170.3

	
4.3

	
585.8

	
257.2

	
−0.4

	
893.9

	
302.8

	
0.6

	
1128.4

	
298.6

	
2.5




	
RCP8.5 50

	
425.1

	
171.7

	
7.7

	
609.1

	
257.5

	
3.5

	
915.1

	
298.8

	
3.0

	
1142.2

	
295.0

	
3.8




	
RCP8.5 100

	
356.7

	
169.5

	
−9.6

	
507.7

	
258.2

	
−13.7

	
810.4

	
306.0

	
−8.8

	
1070.2

	
292.2

	
−2.7








Average value (  x ˜  ), standard deviation (σ) and total percentage change (%) in precipitation (Pr); reference evapotranspiration (ET0); actual evapotranspiration (AET); and water yield (WY), regarding environmental zones characterised by altitudinal features (<500: valleys and hills; 500–1200: mountains; 1200–2000: subalpine; <2000: alpine). Percentage of change: values in blue mean “increased" Pr and WY, while “decreased” ET0 and AET. Values in yellow mean “no change”. Values in red mean “decreased” Pr and WY, while “increased” ET0 and AET.
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