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Groundwater sustains human well-being and ecosystems functioning. Many regions in Europe have experienced declining groundwater levels caused by decreasing groundwater recharge (GWR) or increasing groundwater abstractions (GWAs). These changes can lead to groundwater-related stress, threatening ecosystems and water supplies. Existing groundwater stress indicators estimate stress during a given period but do not address how stress changes or show the uncertainty of future stress. We propose a novel indicator of future groundwater stress (GWSI) due to changes in GWR and GWA and, thus, the alteration of long-term mean annual groundwater discharge (GWD). Groundwater stress is defined as any alteration in GWD since ecosystems are adapted to an equilibrium state. Focusing on decreasing GWD, which is generally more harmful than increasing GWD, we quantified the future GWSI in Europe by integrating scenarios of GWR and GWA in 2070–2099. GWR was evaluated using an ISIMIP2b multi-model ensemble of eight global hydrological models driven by the output of four global climate models under two greenhouse gas emission scenarios. GWA scenarios for irrigation, domestic and manufacturing sectors were combined with the GWR projections to generate an ensemble of GWSIs, simplified into three groundwater stress scenarios (high, intermediate, low). Projected GWSIs vary significantly among the scenarios. For the high-stress scenario, 58% of Europe’s land area is projected to experience a GWD decrease of at least 25% under RCP8.5 compared to 38% under RCP2.6, while the respective values are 26 and 1% for the intermediate-stress scenario. Groundwater demand management alone might not prevent GWD declines under the high-stress and intermediate scenarios, particularly under RCP8.5. Therefore, climate change mitigation might imperative for reducing the decline of GWD, especially in Eastern and Southeastern Europe, where changes in GWR are projected to be the primary cause of declining GWD (in the high abstraction scenario under RCP8.5). Under RCP2.6, reductions in GWAs by 25–75% might balance a GWD decline in parts of Spain and Italy where GWAs are high, even in the high-stress scenario. In line with the precautionary principle, we recommend adapting to the high-stress scenario to minimize harm to the beneficiaries of groundwater.
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1 Introduction

Worldwide, the well-being of societies and economies depends on high-quality freshwater resources. Groundwater serves as a major source for drinking water supply, agricultural irrigation and manufacturing (Müller Schmied et al., 2021). In Europe, 24.5% of total freshwater abstractions occurred from groundwater in 2017 (European Environment Agency, 2021) and constitutes the source of 25 and 65% of the water abstractions for irrigation and public water supply, respectively (European Environment Agency, 2022). Several European countries, such as Germany, strongly rely on groundwater for their public water supply, accounting for two-thirds of the total abstracted water (Federal Statistical Office of Germany, 2024), while others, e.g., South and Southeastern European countries, use groundwater mainly for irrigation (Gelati et al., 2020). Concerns about groundwater resources in Europe have arisen in recent years not only in regions well-known for groundwater over-extraction (mainly for irrigation), such as Southern Spain and Greece (Gelati et al., 2020), but also from observed declining groundwater levels in Germany (Donheiser et al., 2022), the Netherlands, Belgium, Luxembourg, Denmark, and Poland (Verkaik et al., 2024) and dominant groundwater storage decline in Central and Eastern Europe as observed by combining satellite observations and re-analysis (Xanke and Liesch, 2022). Simultaneously, increasing climate variability and drought frequency due to climate change (Hänsel et al., 2019; Ionita et al., 2020) is expected to lead to more reliance on groundwater resources since groundwater serves as a natural interseasonal and interannual storage of freshwater (Scanlon et al., 2023; Stigter et al., 2023).

An assessment of present and future groundwater resources in Europe requires, in the first place, a quantification of renewable groundwater resources and human water use. Renewable groundwater resources can be approximated by using the long-term average diffuse groundwater recharge (GWR), i.e., the addition of water to the water-saturated zone below the groundwater table from the overlying unsaturated zone (Döll, 2009). However, differing from total renewable water resources, which can be determined based on streamflow observations, renewable groundwater resources cannot be estimated from GWR measurements (Smerdon and Drewes, 2017). Direct recharge measurements are difficult to conduct and can only provide very small-scale local estimates and, as such, modeling approaches remain indispensable (Wan et al., 2024). European-wide gridded simulations of GWR, mostly at a spatial resolution of 0.5°, are available, although with high uncertainty, from European-scale or global hydrological models (GHMs) (Reinecke et al., 2021), while a high-resolution static estimate of renewable groundwater resources across Europe have been derived from national estimates for seven countries (Martinsen et al., 2022). Regarding the impact of human water use, groundwater resources are affected by groundwater abstractions (GWAs) and return flows on areas that are irrigated by water that was either abstracted from groundwater or surface water. In addition, only a few GHMs provide the gridded estimates of sectoral GWAs and return flows to groundwater (Telteu et al., 2021); these are mostly based on the irrigated area and climate in the case of irrigation water use, and country statistics and population distribution in the case of domestic and manufacturing water use.

Thus, while quantification of the recent historical situation of groundwater resources is already uncertain (Herbert and Döll, 2019), potential future changes will introduce even greater levels of uncertainty (Earman and Dettinger, 2011). It is state-of-the-art to assess future climate change impacts and their uncertainty by multi-model ensembles (MME), where several hydrological models are driven by the bias-adjusted output of some global climate models (GCMs) (Döll et al., 2015). For instance, projected changes in global GWR differ strongly, even for specific future greenhouse gas emissions (Reinecke et al., 2021; Gnann et al., 2023), and are mainly due to uncertain precipitation patterns (Fallah et al., 2020) and evapotranspiration responses from vegetation to increasing atmospheric carbon dioxide levels (active vegetation) (van Roosmalen et al., 2009; Milly and Dunne, 2016). In Germany, for example, one study indicates a decline in groundwater levels under climate change (Wunsch et al., 2022), while others suggest that GWR will either increase or remain constant (Marx et al., 2022; Riedel et al., 2023). In England and Wales, while research indicates stable annual recharge rates (Hughes et al., 2021), climate change is projected to shorten the recharge season (Mansour and Hughes, 2017), intensifying the risk of groundwater droughts due to the concentration of recharge within a narrower time frame (Hughes et al., 2021). Uncertainties in GWR projections are also evident for France, with a projected average increase of +15% by the end of the century and a variance across five climate projections, with GWR alterations ranging from −3 to +41% (Vergnes et al., 2023). Furthermore, Piniewski et al. (2022) reviewed discrepancies between projected future low stream flows (which can be seen as a proxy for long-term GWR) and historical observations across Central Europe. Altough most historical observations show a downward trend in low flows and increasing drought risk, projections suggest a smaller decrease or even an upward trend for future low flows compared to historical observations.

Societal water demands, and thus GWAs and return flows, are changing due to climate change and socio-demographic factors such as population dynamics, increasing wealth, technological advancements and evolving individual behaviors (Thissen et al., 2017; Lüdtke et al., 2021). As a result, this adds pressure on groundwater resources and introduces further uncertainty in the assessments of future groundwater resources. Thus, as temperatures rise and potential evapotranspiration increases, a greater need for agricultural irrigation may occur unless precipitation rises (Taylor et al., 2013; Riedel and Weber, 2020). This heightened demand for irrigation is already evident in Germany where GWAs for this purpose have steadily increased since 2010, peaking in the dry years 2018 and 2019 (Federal Statistical Office of Germany, 2023). Domestic water abstractions per capita (from both surface water and groundwater), however, decreased in Europe between 2000 and 2008, thus, if this trend continues, then this may possibly lead to a decrease in domestic water abstractions by 2030 (Vandecasteele et al., 2014). The GWA patterns within the manufacturing industry exhibit significant heterogeneity across various subsectors, posing challenges in forecasting future trends (Luetkemeier et al., 2022; Mannix et al., 2022).

The increasing reliance on groundwater resources due to climate change, as well as the uncertainties of future climate and societal developments, underscores the need for groundwater management that sustains groundwater for both human and ecosystem needs (Saccò et al., 2024). Groundwater-related ecosystems are adapted to long-term natural conditions, thus, any alteration of hydrological fluxes, such as GWR and GWAs, disrupt the dynamic equilibrium of the system (Poff et al., 1997) making it necessary for ecosystems and humans to adapt to the ensuing hydrological changes. Therefore, the alteration of groundwater discharge (GWD) due to GWR changes caused by climatic changes and/or GWAs may increase the risk for groundwater-dependent ecosystems and other beneficiaries of groundwater (Herbert and Döll, 2019). Therefore, keeping groundwater levels and, thus, storage at its current level (or increasing it to its natural level in case of groundwater depletion) becomes crucial to sustain ecosystem functioning and, hence, the important ecosystem services for humans. Decreasing groundwater levels lead to decreasing GWD to surface water bodies, threatening environmental flows in rivers and streams and other groundwater-dependent ecosystems such as wetlands, springs and marine ecosystems (Kløve et al., 2011; Griebler and Avramov, 2015). In addition, they may negatively affect the water supply to vegetation such as forests (Skiadaresis et al., 2021). Decreasing groundwater levels also impact the groundwater ecosystem itself, a system that provides a unique habitat for groundwater fauna (stygofauna) (Griebler et al., 2014; Hahn et al., 2018; Becher et al., 2022; Pop et al., 2023) as well as important ecosystem services to maintain high-quality groundwater crucial for human water supply (e.g., purification) (Griebler and Avramov, 2015). While decreasing groundwater levels are generally more hazardous for ecosystems and the water supply, increasing GWD and thus groundwater levels, may also have negative impacts, such as basement flooding or wet soils, which complicates agricultural use.

To assess the extent to which natural groundwater resources have been altered and put under stress by human water use, groundwater stress indicators can be quantified. Groundwater stress indicators have already been computed on global (Gleeson et al., 2012; Richey et al., 2015; Herbert and Döll, 2019) and regional scales (Gleeson and Wada, 2013; Ashraf et al., 2017; Tabarmayeh et al., 2022), mostly for the current conditions. The most widely employed indicator is the ratio of GWAs and renewable groundwater resources, with variations on the definitions of the two components (Akbar et al., 2022). Gleeson et al. (2012), for example, added return flows from irrigation to the renewable groundwater resources from diffuse GWR and subtracted an environmental flow requirement. The environmental flow requirement was estimated as the monthly streamflow exceeded 90% of the time; groundwater stress was defined to occur if this ratio exceeded 1. Only Herbert and Döll (2019) determined the potential future changes in groundwater stress as a function of uncertain future climate change and GWAs. They quantified groundwater stress as the ratio of net GWAs (GWAs minus return flows) to GWR, in units %. However, a future change in this stress indicator is difficult to interpret because the change needs to be expressed in percentage points (as it is the difference between two percentages). In addition, ratio-based indicators have been criticized for falsely assuming that GWAs are balanced by GWR, while, in reality, they are balanced by an increase in groundwater capture (Barlow and Leake, 2012), particularly a decrease in GWD to surface water bodies (Herbert and Döll, 2019), thus an improved indicator for future groundwater stress is required. In addition, Herbert and Döll (2019) did not identify ways to present the uncertainty of future GWR and, hence, groundwater stress that is necessary to support climate change adaptation (Crosbie et al., 2013). They only showed ensemble mean values of change and used the worst-case scenario for the identification of groundwater stress hot spots. As a result, suitable approaches for representing the full range of uncertainty due to the translation of greenhouse gas emissions into GWR and irrigation requirements, and how to combine these uncertainties with groundwater use scenarios, are needed.

This paper aims to support resilient groundwater management under uncertain climate and socio-economic changes in Europe. It integrates GWR and GWA scenarios to assess future groundwater stress at the pan-European scale by a novel groundwater stress indicator that quantifies stress in terms of future changes in GWD to groundwater-dependent ecosystems. Differing from previously developed indicators, stress is assumed to occur in the case of any alteration in GWD and, thus, groundwater levels and storage because ecosystems are adapted to long-term natural conditions. The following research questions will be addressed in the article:

1. How can groundwater stress be assessed in the future considering evolving climate change and socio-economic conditions (Section 2.3)?

2. What is the range of present and future GWR and GWA projections under different climate change and socio-economic scenarios (Section 3.1 and Section 3.2)?

3. What is the range of future alterations of GWD projections caused by changes in GWR and GWAs (Section 3.3)?

4. What potential mitigation scenarios (climate change mitigation policies or abstraction regulations) might prevent groundwater stress in the future (Section 3.5)?

5. What is the advantage of the newly developed groundwater stress indicator in comparison to existing ones (Section 4.1)?



2 Methods and data

The quantitative analysis in this study was computed using R, version 4.3.1 (R Core Team, 2023). The scripts for the data analysis and the visualizations, including the used packages, are publicly available (see Section Data availability Statement). All figures were produced color blindness friendly with the “scico” package (Pedersen and Crameri, 2023), following the recommendations of Crameri et al. (2020).


2.1 Multi-model ensemble of groundwater recharge under climate change

This study uses the output of an MME of GHMs driven by the bias-adjusted output of GCMs to assess future GWR alterations. The output is available at a spatial resolution of 0.5° (approximately 50 km). The MME used in this study, which has been previously evaluated regarding changes of GWR at the global scale by Reinecke et al. (2021), consists of four bias-adjusted GCMs (MIROC5, GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR) simulating the present and future climate conditions (RCP2.6 and RCP8.5) and eight GHMs (CLM4.5, CWatM, H08, Jules-W1, LPJmL, MATSIRO, PCR-GLOBWB, WaterGAP2.2c) that simulated diffuse GWR. GHM model simulations were performed according to the Inter-Sectoral Impact Model Intercomparison Project (ISIMIP) 2b protocol (Frieler et al., 2017; Gosling et al., 2023). Half of the GHMs used in the MME consider active vegetation, in particular the effect of increasing carbon dioxide concentrations on vegetation transpiration (Supplementary Table 1), a complex and highly uncertain process that is, therefore, neglected in some GHMs and hydrological models with a local or regional geographic scope (Schwingshackl et al., 2019). Not considering active vegetation in GHMs may result in underestimating future total runoffs (Milly and Dunne, 2016; Peiris and Döll, 2023) and, thus, GWR. However, for a few regions, it may lead to an overestimation (Milly and Dunne, 2016; Reinecke et al., 2021).

We used monthly diffuse GWR data (variable “qr,” 2005soc runs in ISIMIP2b simulation round) for the period 2006–2099. In the ISIMIP2b protocol, the climate change projections under alternative greenhouse gas emission scenarios (RCPs) start with the year 2006. In the GHM runs, the levels of population, economic development, land use and management were fixed at their levels from 2005 in the 2005soc runs in order to simluate only the effect of future climate change on GWR (Frieler et al., 2017) (Table 1). We evaluated two greenhouse gas emission scenarios: the low emissions scenario RCP2.6 and the high emissions scenario RCP8.5. The mean annual GWR from a monthly time series of GWR from the ISIMIP2b data repository were computed for each GCM-GHM model combination, RCP and 0.5° grid cell for two 30-year time periods, to quantify renewable groundwater resources under the “present” and “future” climate conditions. With the ISIMIP2b simulation setup, it is best to select as a reference period for climate change impact assessments, the 30-year “present” time period from 2006 to 2035 since all water use components remain constant at the year 2005. For the future, the far-future period 2070–2099 was chosen. Negative monthly GWR values, which represent capillary rise and are computed by MATSIRO and CWatM, were set to 0, in both the present and the future periods. The ensemble for the RCP2.6 scenario comprised 32 ensemble members. Since not all GHMs compute the RCP8.5 scenario, the ensemble for this RCP included only 28 ensemble members.



TABLE 1 Sources, periods and assumptions used in the simulation of sectoral groundwater abstraction and groundwater recharge.
[image: Table1]

To quantify GWR for the period 2006–2035, the average of the long-term mean annual GWR values for RCP2.6 and RCP8.5 per GCM-GHM model combination were computed, while for the future period, the climate change scenarios were considered separately in order to distinguish the effect of the different emission scenarios by the end of the century. From the long-term mean annual GWR values of the MME, the P10 (10% of the recharge values lie below and 90% above this value), P50 (50% of the recharge values lie below and 50% above this value) and P90 (90% of the recharge values lie below and 10% above this value) values were computed to represent the uncertainty range of GWR for the present period. Relative GWR changes of future GWR projections per ensemble member, i, were then determined by comparing the long-term mean annual averages of GWR (in mm yr.−1) for each GCM-GHM combination between the future ([image: image]) and the present period ([image: image]). Relative GWR changes per GCM-GHM combination were set to N/A if GWR in the period 2006–2035 was <1 mm yr.−1. The three percentiles (P10, P50, P90) of the long-term changes of future GWR projections were then calculated per grid cell to account for the uncertainties among the future changes of GWR. The range of possible GWR projections (changes) was considered in the visualization by consistently presenting the three percentiles among the MME per cell, effectively illustrating the uncertainty range and facilitating the comparison of potential future GWR simulations.



2.2 Groundwater abstractions

The water demands and resulting abstraction patterns of the irrigation, public water supply (domestic) and manufacturing sectors build upon certain sector-specific logics, thus making it necessary to assess each sector’s GWAs separately for the present conditions and future scenarios (Müller Schmied et al., 2022). Observational data on total and sectoral GWAs are rare and are often only available at the national level (e.g., FAO Aquastat, EUROSTAT). Therefore, sectoral GWAs in the present and future periods are computed by using different approaches, with different spatial resolutions and temporal extents (Table 1). For the irrigation sector, the output of a GHM was used to estimate the present and future GWAs in 0.5° grid cells, based on the irrigated area and climate since GWA data from actual measurements are scarcely available (Condon et al., 2021) (Section 2.2.1). For domestic and manufacturing GWAs, national statistics were used to estimate groundwater use intensities; these were applied to simulate the GWAs at the district level using the historic and projected populations and gross domestic product (GDP) data at this level. The results were then scaled to the grid cell resolution (0.5° × 0.5°) to ensure spatial resolution consistency between the irrigation GWAs and GWR data. Relative changes in future GWA projections compared to the present period were determined using long-term mean annual averages (30-year periods).


2.2.1 Irrigation sector

WaterGAP’s Global Irrigation Model (GIM) computes crop-specific irrigation water consumption for each 0.5° grid cell (only distinguishes between rice and non-rice crops), based on irrigated areas and climate (Müller Schmied et al., 2021). The irrigated area per grid cell in the GIM is based on areas equipped for irrigation (AEI) with a spatial resolution of 5′ (arc-minute) grid cells (Siebert et al., 2015). Country-specific ratios of area actually irrigated (AAI) to AEI are utilized to estimate the AAI in each grid cell, considering that not all of the AEI is used for irrigation every year. The AAI/AEI ratios were derived from the Global Map of Irrigation Area for 2005 (Siebert et al., 2013). The crop-specific irrigation consumptive water use per irrigated area is computed during the growing season (based on long-term average temperature, precipitation and potential evapotranspiration) as the difference between crop-specific optimal evapotranspiration and effective precipitation (Müller Schmied et al., 2021). The specific groundwater use fractions for irrigation can be applied to estimate consumptive water use from groundwater and, based on irrigation water use efficiencies, the GWAs were simulated (Siebert et al., 2010). The groundwater use efficiency for irrigation globally is assumed to be 0.7 (Döll et al., 2014), which means that 70% of the abstracted groundwater is consumptively used for irrigation purposes and the remaining part returns to the groundwater. Therefore, in this study, net abstractions of groundwater (abstraction minus return flows of applied irrigation water to the groundwater) for irrigation (GWNAirrig) is computed as 70% of the total groundwater abstractions for irrigation. For the present and future periods of GWNAirrig, the AAI were held temporally constant at the year 2005 (Müller Schmied et al., 2021).

The uncertainty in estimating GWNAirrig caused by climate change can be considered by using the bias-adjusted output of the same GCMs (MIROC5, GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR) used for computing GWR to force WaterGAP, representing present and future GWNAirrig under different climate conditions (RCP2.6 and RCP8.5). GWNAirrig were computed per GCM (four model members) and RCP scenario based on the monthly GWA volumes from WaterGAP 2.2c. Similar to GWR, in the present period, the mean between the RCP2.6 and RCP8.5 GWNAirrig were computed per GCM, while for the future period, the climate change scenarios were considered separately in order to distinguish the effect of the different emission scenarios by the end of the century (Table 2). From GWNAirrig per cell, the minimum, median and maximum abstraction values among the four GCMs were obtained to represent the uncertainty range for the present period. The minimum, median and maximum values of the relative changes between the future and the present abstraction volumes per cell among the four GCMs were obtained to present the uncertainty range of GWNAirrig in the future (Table 2). The median of the four GCM values, both for the present and future periods, was computed using the “quantile” function from R (R Core Team, 2023).



TABLE 2 Configuration of groundwater abstraction scenarios including the groundwater mitigation scenarios S1, S2 and S3. l, m, and h refer to the groundwater abstraction scenarios of low, medium and high for the domestic and manufacturing sectors, respectively.
[image: Table2]



2.2.2 Domestic and manufacturing sectors

In the domestic sector, groundwater is abstracted for the water supply of private households and small businesses. GWAs may put significant pressure on groundwater resources in regions of high population densities (Ahmadi et al., 2020). Likewise, the manufacturing sector may put pressure on groundwater resources in regions with high industrial intensity (Zheng et al., 2021). In contrast to the domestic sector, manufacturing GWA patterns are characterized by a strong inherent heterogeneity due to the various subsectors (Luetkemeier et al., 2022; Mannix et al., 2022). Since GHMs, for example, those available on the ISIMIP repository, do not incorporate recent projections for the population and GDP data at the district level (Flörke et al., 2013), a regression model was developed to simulate domestic and manufacturing GWAs at the European district levels (NUTS-3, Table 1) using the latest official data projections. Each sector’s specific GWA intensity ([image: image]) link the abstracted groundwater volumes to explanatory variables. For the domestic sector, gwi is the ratio of GWAs to the population, while for the manufacturing sector, the explanatory variable is GDP. For further processing, country-specific gwi values were calculated from national time series data for the population, GDP and groundwater abstractions (2011–2020) obtained from the EUROSTAT database (EUROSTAT, 2023a). The final gwi values at the country level were calculated as medians from the annual time series. The resulting national GWA intensities were then multiplied with the district level values of the explanatory variables [image: image] for the population or GDP, respectively, available from 2014 onwards. Subsequently, data for the historic and future populations and the GDP values were compiled, based on the observational data and official institutional projections. The projection for population development is available at the district level for EU members (EUROSTAT, 2023b) and non-EU members (NISRA, 2020; NRS, 2020; ONS, 2020; Welsh Government, 2020), while the projection for GDP development is available at the national level for both EU and non-EU members (OECD, 2017). The application of [image: image] to the district level followed Equation (1):

[image: image]

Here, [image: image] is the annual GWA in a certain district, d, at [image: image] = 2014. The resulting district level GWA data was transformed to the spatial resolution of 0.5° via spatially weighted averages for further computation. GWA scenarios were employed to account for future uncertainty in the GWAs. The country-specific sectoral GWA intensities were tuned by the scenario factor, [image: image] [low ([image: image], medium ([image: image]or high ([image: image]abstraction scenarios], to account for technological and behavioral changes in GWA patterns in the future. [image: image], the annual GWAs in a certain district, d, at time [image: image] in the future, was computed with an annual time step following Equation (2):

[image: image]

where the scenario factor s was obtained by extrapolating national [image: image] trends between 2011 and 2020 up to 2099. For the domestic sector, [image: image] showed an annual change of 0.04%, leading to an increase of gwi by 5% above today´s average for the high abstraction scenario until the end of the century, if this rate remained constant (Table 3). Based on the slight changes in gwi for the domestic sector in the past, an uncertainty envelope of only −5% ([image: image]) and + 5% ([image: image]) was assumed until 2099, respectively. For the medium scenario, no changes in [image: image] were assumed to occur ([image: image], 0%). For the manufacturing sector, recent [image: image] data show a strong decline with annual changes of −2%, leading to the assumption that gwi could be improved by −75% until the end of the century ([image: image]) and may only stay at today’s levels in the high scenario ([image: image], 0%). The medium case for manufacturing consists of a reduction of −50% ([image: image]).



TABLE 3 Scenario factor s used for the groundwater abstraction scenarios for the domestic and manufacturing sectors up to 2099.
[image: Table3]




2.3 Groundwater stress as indicated by groundwater discharge alterations

While most groundwater stress indicators relate GWR and GWAs only, groundwater storage (GWS) and, thus, the groundwater level, does not depend solely on GWR and GWAs, but also on GWD from aquifers into streams, wetlands or springs (Figure 1) (Taylor and Alley, 2001; Barlow and Leake, 2012), which can be described with Equation (3):

[image: image]

where t is time.

[image: Figure 1]

FIGURE 1
 Schematic figure of the hydro(geo)logical processes focused on in the analysis (modified from Taylor and Alley, 2001, p. 4). GW, groundwater; GWR, groundwater recharge; GWA, groundwater abstractions; GWNA, groundwater net abstractions; irrig, irrigation; man, manufacturing; dom, domestic. (Schematic fauna illustrations: Koch et al., 2021 and Research Institute for Agriculture and Fisheries Mecklenburg-Western Pomerania, 2024).


GWD is often assumed to be linearly correlated with GWS (Telteu et al., 2021). Previous studies have shown that GWAs have significantly decreased GWS and GWD to streams worldwide (Herbert and Döll, 2019), leading to environmental stress for riverine ecosystems and that this is likely to increase in the future (de Graaf et al., 2019). Moreover, a decrease in GWD, which can be assumed to indicate a decrease in GWS and, in case of an unconfined aquifer, also a lowering of the groundwater table (Barlow and Leake, 2012; de Graaf et al., 2019), decreases the habitat size for biota and microorganisms living in both confined and unconfined aquifers; this is important since these organisms provide valuable ecosystem services (e.g., purification) (Griebler and Avramov, 2015). Herbert and Döll (2019) introduced a groundwater stress indicator that quantified the alterations of GWD during a specific time period due to human water use. However, their study did not include future changes in GWD. Thus, we propose to consider GWD as the crucial variable for indicating water availability for all beneficiaries of groundwater, including plants, animals and humans (Figure 1), and to identify any future changes of GWD as groundwater stress caused by future changes in both GWR and GWAs by climate, demographic or socio-economic change. In our study, mean annual GWD per model member, i, and GWA scenario, j, both in the present and future periods, is computed using Equation (4):

[image: image]

with GWA computed with Equation (5):

[image: image]

where GWR in the present period indicates the mean annual GWR for each ensemble member, i, in the present period (mean between the RCP2.6 and RCP8.5 long-term annual mean of GWR values per ensemble member, Section 2.1), and the GWAs in the present period are the total net abstraction from groundwater for the three sectors in the present period. GWAs in the present period consist of the median of GWNAirrig among the four GCMs (mean between the RCP2.6 and RCP8.5 GWNAirrig per GCM) for the present period and the present GWAs for the domestic and manufacturing sectors (Table 2). Use of Equation 4 for computing GWD assumes steady-state conditions during the 30-years of the present and future period while groundwater storage can change between the periods. The steady-state assumption is not valid if GWA is larger than GWR during any 30-year period and continuous depletion of GWS balances a GWD decline. In this case, our study only indicates the occurrence of groundwater depletion but does not quantify the GWD decline.

An ensemble of future GWDs under each RCP, with the ensemble members [image: image] combining an ensemble member, i, for GWR and a GWA scenario, j, was computed using future GWR values for each GWR ensemble member under each RCP and future GWA scenarios, [image: image] (j = low, medium or high GWA scenario) for the domestic, manufacturing and irrigation sectors (Table 2). An ensemble of groundwater stress (GWSI) was then computed based on the relative changes of GWD, following Equation (6):

[image: image]

The uncertainty due to both the uncertain future GWR and GWAs is, thus, quantified by the ensemble of the change of the GWD, i.e., of [image: image]. To facilitate communication of the modeling results and their uncertainty, we simplified the GWSI ensemble by defining three groundwater stress scenarios per RCP. The “low stress” scenario was determined, for each grid cell, as the P90 of all the GWSI ensemble members that were computed with GWAs in the case of the low GWA scenario, as described in Table 2. The P90 values represent projections of either comparably high increases or low decreases of GWD. As groundwater stress is mostly affected by the change in GWR, this corresponds, approximately, to combining the high projections of future GWR with low future GWAs. The “high stress” scenario was computed as the P10 of all the GWSI ensemble members that were computed with GWAs in the case of the high GWA scenario. It is the scenarios with low increases or high decreases of GWD that can be regarded as those that should be taken into account under the precautionary principle. The “intermediate stress” scenario was derived from the median GWSI of the ensemble members computed with GWAs in the case of the medium GWA scenario.



2.4 Mitigation scenarios

Any major change in GWD can lead to stress for both humans and ecosystems since they are adapted to an ecological equilibrium, thus sustaining ecological functioning and important ecosystem services. Increases in GWD, which reflect increases in the groundwater level, may cause the flooding of basement or wet soils that are consequently more difficult to use for agriculture. However, local solutions, such as drainage or waterproofing basements, should be considered in these cases instead of increasing GWAs. Decreases in GWD, however, have more potential negative impacts than increases. The most important risks are those for the human water supply, loss of habitat for groundwater biota and loss of habitat for biota in groundwater-dependent wetlands and in rivers. Therefore, three scenarios were developed and simulated to assess the effects of abstraction regulations (S1 and S2) and climate change mitigation policies (S3) on GWD, with the aim to identify potential actions to prevent negative GWD in the future (i.e., GWSI <0) (Table 2).


2.4.1 Mitigation scenario 1 (S1): future irrigation groundwater net abstractions remain at present volumes

Given the increasing irrigation demands and decreasing water availability due to climate change (Ruppaner, 2021), one potential future scenario to avoid decreasing GWD involves maintaining the present levels of GWNAirrig while implementing water-saving techniques to enhance irrigation efficiency (Fabbri et al., 2016), rather than allowing them to increase in response to climate change. Hence, GWSI under the RCP8.5 scenario was computed using future long-term mean annual GWR values for each ensemble member and future groundwater (net) abstraction scenario, where the future GWNAirrig remained at the present net abstraction volume (Table 2).



2.4.2 Mitigation scenario 2 (S2): no future groundwater irrigation

An extreme scenario could involve no groundwater irrigation in the future to avoid decreasing GWD. Hence, GWSI under the RCP8.5 scenario was computed using future long-term mean annual GWR values for each ensemble member and future GWA scenario where GWNAirrig values were excluded (Table 2).



2.4.3 Mitigation scenario (S3) 3: climate change mitigation to Paris agreement (RCP2.6)

To quantify the impact of climate change mitigation, GWSI was determined for S3 using GWR and GWNAirrig for RCP2.6 (instead of RCP8.5), in the standard scenario and future GWA scenarios, wherever GWNAirrig under the RCP2.6 scenario was used (Table 2).




2.5 Causes of decreasing groundwater discharge

To evaluate the extent to which groundwater demand management can reduce any decrease in GWD, the contribution ([image: image]) of future GWA changes to GWD changes (if negative) was computed for each ensemble member, I, and GWA scenario, j, following Equation (7):
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The required relative reduction of future GWAs, in percent, to avoid decreasing GWD under the three groundwater stress scenarios was computed following Equation (8):
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with GWDt0 computed following Equation (9):

[image: image]

[image: image] consists, in this case, of the difference of the median of long-term annual mean GWR values among the MME in the present period ([image: image]) and GWAs in the present period (Table 2). The threshold in eq. 8 was introduced to disregard high relative reductions of GWAs caused by low abstraction values in the present period.




3 Results


3.1 Groundwater recharge

GWR projections for the present period (2006–2035) exhibit a wide range among the MME (Figure 2). In Southern and Eastern Europe as well as in Norway, the range between the P90 and the P10 values may be at least twice as high as the P50 (Figure 2d), indicating large uncertainties in the GWR estimations within the MME in those areas. The P50 of the MME indicates low recharge values in Southern and Southeastern Europe, while those of Central and Northern Europe range between 100 and 400 mm yr.−1, except for areas such as the Alps, UK and the Norwegian coast which show higher recharge values exceeding 400 mm yr.−1. Despite the uncertainties mentioned, comparing the present GWR values obtained from the MME with those derived from a recent Europe-wide study (utilizing satellite data and national surveys at a spatial scale of 1 × 1 km) illustrates that the P50 of the MME aligns with the spatial distribution of high (in the Alps and the Norwegian coast) and low (in Southern and Southeastern Europe) potential GWR values across most of Europe, as analyzed by Martinsen et al. (2022).
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FIGURE 2
 Long-term mean annual groundwater recharge projections computed by the MME. Parts (a) P10, (b) P50, (c) P90 show the long-term means (over eight GHMs as driven by four GCMs and the RCP2.6 and RCP8.5 scenarios) for the present period (2006–2035) in mm yr.−1, (d) shows (P90-P10)/P50, while (e) P10, (f) P50, (g) P90 show the long-term mean annual changes of groundwater recharge values among the MME until the end of the century (2070–2099, RCP8.5) compared to the present period (2006–2035), in %, and (h) shows the percent point changes between the P90 and P10.


The projected relative changes in GWR also show a wide range (Figures 2e-h), however, the models agree on a strong north–south gradient of changes, with Southern Europe tending to get drier and Northern Europe wetter. In the future (2070–2099), under the RCP8.5 scenario, the P50 of the GWR alterations among the MME members indicates a GWR increase northward of approximately 51°N and a decrease south of this (Figure 2f), while the P90 of the MME moves this boundary 5° southward (Figure 2g). However, at least 10% of the model combinations project decreases almost everywhere in Europe, with decreases of more than 90% for the Iberian peninsula and Southeastern Europe (Figure 2e). A decreasing GWR by at least 10, 25, or 50% is simulated for 47, 26 or 3% of Europe’s land area, respectively, until the end of the century (P50, RCP8.5) (Table 4). The P10 projects a decreasing GWR of more than 10, 25 or 50% for 69, 49 or 26% of Europe’s land area, respectively (RCP8.5) (Table 4). Assuming climate change mitigation (RCP2.6), the P50 shows a decrease of GWR by at least 10% on only 5% instead of 47% under RCP8.5 of Europe’s land area. Considering the P10, even with climate mitigation efforts, 69, 23 or 3% of Europe’s land area would still face a decrease in GWR exceeding 10, 25 or 50%, respectively. For the future period, the uncertainty range was computed using the difference between the P90 and P10 of the MME values (since this type of coefficient of variation is only suitable for time series with positive values). Uncertainty was found to increase from RCP2.6 to RCP8.5. For 13% of Europe’s land area, the range between the P90 and P10 among the MME was found to exceed 80 percent points (pp) for the future and RCP8.5 (Supplementary Table 2), especially in Northern Europe (Figure 2h).



TABLE 4 Fraction of Europe’s land area affected by a decrease in GWR of at least 10, 25, and 50% until the end of the century, according to the changes as computed by the MME, in %.
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3.2 Groundwater abstractions

Currently, the sectoral abstraction patterns differ strongly across Europe, with GWNAirrig dominating in Portugal, Spain, Greece, Denmark and parts of France (Supplementary Figure 1a). In many grid cells in these regions, more than 80% of the total GWAs are used for irrigation. Domestic GWAs dominate elsewhere (Supplementary Figure 1b), while GWAs by manufacturing are relatively low overall and occur mainly in Central Europe (Supplementary Figure 1c). Absolute GWAs for manufacturing purposes are highest in industrial areas such as the Ruhr area in Germany and Northern Italy. Future projections indicate significant increases in GWNAirrig, particularly in Central and Southern parts of Europe, driven by climate change as the only driver for alterations since the irrigated area and the source of irrigation water (groundwater or surface water) were kept constant in our study (Supplementary Figure 2). Under the climate change scenario RCP8.5, the maximum abstraction values of the four GCMs show a future increase in GWNAirrig (or rather the demand for GWAs to fulfill the irrigation requirements of the crops under the changed climate) of more than 50% in France, Northern Italy and in certain regions of Germany. Across all scenarios, domestic GWAs are projected to decrease in the future in Eastern Europe, except for the UK, Switzerland and Western Germany as well as in metropolitan areas (Supplementary Figure 3). The medium scenario for future GWAs for manufacturing shows, until the end of the century, an increase in Germany (up to 25%) and Italy (up to 50%) (Supplementary Figure 4).

Considering total GWAs, especially Central and South Europe show high absolute values of GWA (Figure 3a). The high GWA scenario shows for most parts of Europe a future increase by up to 75% (Figure 3b) with the exception of Southeastern Europe, showing decreases up to 25%. The uncertainty range in the GWA scenarios is minimal for Southern Europe; this is primarily due to the dominance of groundwater irrigation on the total GWAs within those regions that exhibited only small variation among the four GCMs (Figure 3e).
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FIGURE 3
 Simulated total groundwater abstractions among the different scenarios. Subgraph (a) shows the medium groundwater abstraction scenario for the present period, in mm yr.−1. The long-term annual relative changes of groundwater abstractions until the end of the century in comparison to the present period are shown under (b) low, (c) medium and (d) high groundwater abstraction scenarios (see Table 2 for scenario configuration), in %; (e) shows the difference between the changes of the low and high groundwater abstraction scenarios, in pp.




3.3 Groundwater discharge

In the present period, GWD is projected to be low, particularly in Southern and Eastern Europe, while regions with higher latitudes (such as the UK and the Norwegian coast) and elevated areas (e.g., the Alps) exhibit high GWD values (Figures 4a–c), similar to the GWR patterns (Figure 2). The uncertainty range of the projected GWD values by the MME follows a similar pattern of high and low GWD values; in areas characterized by low (high) GWD values, the uncertainty range between the P90 and the P10 is narrow (wide) owing to the lower (higher) absolute values of P90 and P10 in those regions (Figure 4d). The P10 of GWD in the present period shows no GWD in Southern and Southeastern Europe and only up to 200 mm yr.−1 in the rest of Europe, with the exception of the coastal regions and the Alps (Figure 4a). In these areas, GWR < GWAs, thus groundwater is depleted and the groundwater levels fall unless it is recharged from surface water bodies. Even the P90 of GWD in the present period shows no GWD in parts of Spain and Greece (Figure 4c).
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FIGURE 4
 Simulated groundwater discharge for the different scenarios. (a) P10, (b) P50, (c) P90 of groundwater discharge in the present period, and (d) the range between P90 and P10, in mm yr.−1. (e) High-, (f) intermediate- and (g) low-stress scenarios of the mean annual relative changes of groundwater discharge between 2006–2035 and 2070–2099; first row RCP8.5, second row RCP2.6, in %. (h) Range between the low- and the high-stress scenarios, in pp (see Table 2 for scenario configuration).


Groundwater stress is defined to occur whenever GWD changes in the future. However, decreasing GWD implies greater risks to the functioning of ecosystems functioning and human water supply, i.e., the change in GWD as shown in Figures 4e–g is negative. Please note that even if the P10 of the present GWD in a cell is negative (black), it does not mean that all model combinations in this cell are negative. For the positive GCM-GHM combinations, changes in GWD can be calculated for the future; this can result in the percentiles of these changes being negative, even though the same cell is already represented as negative under P10 in the present period. Nevertheless, while the percentiles hold validity at the grid cell level, the spatial patterns, such as the increase in GWD across Europe under the low-stress and RCP2.6 scenarios (Figure 4g), do not suggest a 90% likelihood of occurrence.

In the high-stress scenario (Table 2) under RCP8.5, GWD is projected to decrease by at least 10, 25, or 50% on 75, 58, or 37% of Europe’s land area, respectively, especially in Southern, Southeastern and Central Europe (Figure 4e and Table 5). Mitigation scenario 2, which involves no net abstraction for irrigation from groundwater in the future, slightly reduces the decreasing GWD under both climate change scenarios. The intermediate-stress scenario reveals a distinct north–south gradient, indicating projected declines in GWD in Southern Europe and increases in northern regions (Figure 4f). This pattern is reflected in the affected land areas, with at least a 10, 25, or 50% decrease in GWD projected across approximately 47, 26, or 9% of Europe’s land area, respectively, under RCP8.5 (Table 5). In the intermediate scenario, significant improvements can be achieved by mitigating global warming in alignment with the Paris Agreement. Under RCP2.6, only up to 5% of Europe’s land area is projected to experience a decrease in GWD by at least 10%, depending on additional reductions in GWAs.



TABLE 5 Europe’s land areas affected by a decrease in groundwater discharge by at least 10, 25, and 50% until the end of the century (2070–2099) in the high-, intermediate- and low-stress scenarios under different GWA mitigation scenarios, in % (see Table 2 for scenario configuration).
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3.4 Contribution of groundwater abstractions to decreasing groundwater discharges

The impact of GWAs on decreasing GWDs varies significantly across regions and GWA scenarios, ranging from localized effects to continent-wide implications. When focusing on the high GWA scenario, the dominance of GWAs on decreasing GWDs varies from a few regions (P10) to nearly the entire continent (P90), depending on the GWR and its changes computed by each model combination (Figure 5). In Eastern and Southeastern Europe, decreasing GWR remains the primary driver of decreasing GWD (red-colored grid cells), where decreasing GWAs fail to offset the decline in GWR caused by climate change. Considering the P90, GWAs emerge as the predominant factor driving decreasing GWD in Spain, Northern Italy, Eastern Romania and Greece. In parts of France, the UK, Germany, Poland, Austria and Slovakia (magenta-colored grid cells), even positive changes in GWR cannot counterbalance the rise in GWAs, thus resulting in declining GWDs within those areas.
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FIGURE 5
 Simulated contribution of the total groundwater abstraction alterations to decreasing groundwater discharge until the end of the century (RCP8.5) under the high groundwater abstraction scenario (see Table 2 for scenario configuration), in %; (a) P10, (b) P50 and (c) P90. Values between 0 and 100% indicate the contribution of increasing groundwater abstractions to a decrease in groundwater discharge when groundwater recharge decreases. Red-colored grid cells (< 0%) indicate a decrease in both groundwater recharge and groundwater abstractions, but the negative alteration in groundwater recharge cannot compensate for the decrease in abstractions. Magenta-colored grid cells (> 100%) indicate an increase of both groundwater recharge and groundwater abstractions, but the increase in groundwater recharge cannot compensate for the increase in groundwater abstractions.




3.5 Mitigation scenarios


3.5.1 Scenario 1: future irrigation net abstractions remain at the present abstraction volume

Three alternative mitigation scenarios were evaluated to identify potential drivers, which may prevent decreasing GWD in the future in Europe. The GWD alterations under the mitigation scenarios can be seen in Supplementary Figure 5. S1 might reduce declining GWD by slightly elevating the GWD values compared to the standard scenario without any mitigation (Figure 6). However, in the high-stress scenario, 56% of Europe’s land area might witness a decline of GWD by at least 25% (under RCP8.5), a marginal decrease from 58% without implementing a mitigation strategy (Table 5). Nevertheless, in Southern and Eastern Europe, groundwater depletion might remain a concern when considering the high-stress scenario. S1 might solely result in a shift from negative to positive GWD values in Southern and Eastern Europe when considering the low-stress scenario (Supplementary Figure 6), although S1 might fail to induce such a shift from negative to positive GWD values when considering the high-stress or intermediate-stress scenario.
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FIGURE 6
 Projected increase of groundwater discharge caused by the mitigation scenarios S1 and S2 for the (a) high-, (b) intermediate- and (c) low stress scenarios in comparison to the standard scenario (under RCP 8.5), in pp. The dark magenta cells show an increase of groundwater discharge caused by the mitigation scenario, although groundwater depletion would still occur, even after implementing the mitigation scenarios.




3.5.2 Scenario 2: no future groundwater irrigation

The second scenario involves the complete abandonment of irrigation with groundwater, which can be considered as an extreme scenario to evaluate the sensitivity of GWD to groundwater irrigation. In the high-stress scenario, 50% of Europe’s land area would still witness a decline in GWD by at least 25% (under RCP8.5), compared to 56% under S1 (Table 5). Notably, groundwater depletion would be alleviated under S2 across most of Europe, even in the high-stress scenario (Figure 6). However, while ceasing groundwater irrigation would reduce groundwater depletion in most parts of Europe, only a few areas in Southern and Eastern Europe would witness a transition from negative to positive GWD in the high-stress scenario. In the low-stress scenario, Spain and Greece would experience such a shift (Supplementary Figure 6).



3.5.3 Scenario 3: climate change mitigation by achieving a greenhouse gas emission scenario RCP2.6 according to the Paris agreement

Mitigation of climate change might significantly reduce decreasing GWD in comparison to RCP8.5 (Table 5). Only 38% of Europe’s land areas would witness a modest decline of GWD of at least 25% vs. 58% without any mitigation in the high-stress scenario, while only a few land areas would experience declining GWD under climate change mitigation if the intermediate scenario would materialize, independently of the GWA modifications. In general, S2 (no GWNAirrig in the future) consistently shows the lowest values of affected land areas in Europe that would witness a decrease of GWD across both climate change scenarios (RCP2.6 and RCP8.5). Under S2 and RCP2.6, in particular, the least amount of land in Europe would be affected by a reduction in GWD compared to the other mitigation and climate change scenarios.





4 Discussion


4.1 Comparing groundwater stress computation approaches

This study assessed groundwater stress in Europe using a novel approach where GWD is defined in terms of the future change in GWD. The newly developed indicator allows to quantify how changing recharge and abstractions alter patterns of GWD, which is the most relevant variable for riverine, wetland and estuarine ecosystem dynamics, highlighted by Esteban et al. (2021). As already introduced, groundwater stress is usually computed by a ratio (GWSratio), dividing anthropogenic GWAs by GWR (considering return flows from irrigation) minus environmental groundwater requirements (E), exemplified by Equation 10. When the GWSratio is >1, groundwater is considered to be under stress (Gleeson et al., 2012; Wada and Heinrich, 2013).
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To juxtapose the newly developed GWD approach with the existing groundwater stress computation that utilizes the ratio between abstractions and recharge, the GWSratio was computed for a medium GWA scenario in order to compare with the intermediate-stress scenario of GWD changes, following Equation (11):
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where the GWSratio in the present period is computed using the median of the long-term mean GWNAirrig among the four GCMs and the present abstraction values for the domestic and manufacturing GWAs, as well as the P50 of the GWR among the ensemble. The environmental groundwater demand, E, constitutes 60% of the GWR per period, based on Link et al. (2023). The future GWSratio was additionally computed with an environmental groundwater demand, E, based on the present GWR value, to underscore the potential slow adaptation of the ecological groundwater demand to changing recharge patterns. The future quotient was computed using the medium GWA scenario (Table 2) and the P50 of the GWR values for the future under RCP8.5 among the ensemble.

Using the GWSratio reveals that groundwater stress exists in regions such as Southern Spain, Italy and Greece at the present time (Figure 7a). Projections show an increase of the GWSratio in already strained regions in the future when assuming that the future environmental groundwater demand is a constant fraction of GWR (Figure 7b). Decreasing GWSratio patterns also match the areas projecting an increase in GWD, mainly due to increasing GWR in the future (Northern Germany, Poland). However, as can be seen from the example data set in Table 6, the GWSratio may indicate a future improvement in groundwater stress, even though GWD and, thus, also groundwater storage and levels will decrease (Bosnia and Herzegovina and Serbia in Figure 7b). This occurs because the environmental groundwater requirements are determined as a fixed percentage of GWR, however, this is inappropriate since E cannot be expected to decline with declining GWR. If E were to remain at its level under the present conditions when evaluating changes in the GWSratio, which is preferable, then both the GWSratio and the change in GWD would indicate worse groundwater conditions in the future, particularly in South and Southeastern Europe (Figure 7c), with a change of +6 pp. in the case of the GWSratio and − 20% in the case of GWD, referring to a grid cell located between the border of Bosnia Herzegovina and Serbia (Table 6). Nevertheless, we would argue that a percent change in a flow such as GWD -20% in the example in Table 6, is easier to interpret than a percent point change in a ratio (+6 pp. in the example). In addition, when assuming that the ecological groundwater demand remains at the present level, the GWR in Southern Spain, Portugal, Bulgaria and Greece would not be sufficient to meet the ecological groundwater demands (Figure 7c). Although GWSratio is projected to increase slightly in the future for France, this is not anticipated to lead to significant groundwater stress in the future, given the threshold for stress initiation to be at a ratio exceeding 1, regardless of whether a constant E is assumed or not (Figures 7b,c) and despite GWD being projected to decrease by up to 25% (Figure 7d).
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FIGURE 7
 Simulated groundwater stress ratio ([image: image]) in the present and future periods. (a) Present period using the medium groundwater abstraction scenario and the P50 of groundwater recharge alterations computed by the MME, in %; (b) difference between the future and present groundwater stress ratio using E based on future groundwater recharge, in pp.; (c) difference between the future and present groundwater stress ratio using E based on present groundwater recharge, in pp.; (d) groundwater discharge alteration, in % (intermediate stress under RCP8.5 from Figure 4f).




TABLE 6 Comparison between the different computation methodologies of groundwater stress using the rounded values of a grid cell at the border between Bosnia Herzegovina and Serbia.
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4.2 Methodological limitations

The anticipation of future changes in groundwater resources and the associated demands is uncertain. To address this, we utilized a multi-model ensemble for GWR changes and scenarios for GWAs to encompass an uncertainty range. However, due to several methodological limitations, incorporating the entire uncertainty range remains challenging. Considering the inherent unpredictability of climate changes (Milly et al., 2008), future occurrences could potentially bew more severe than the current model projections (Berghuijs et al., 2024). Therefore, the uncertainties may be more pronounced because the MME in this study used only four GCMs [although the uncertainty of GWR changes is mainly caused by the GHMs rather than the GCMs (Reinecke et al., 2021)] and the results focused solely on the P10 and P90 of the MME for the GWR estimations, thus leaving values below the P10 and above the P90 unaccounted for. Moreover, some GHMs utilized in the MME do not consider active vegetation (plant transpiration responses to increasing carbon dioxide levels in the atmosphere) (van Roosmalen et al., 2009; Milly and Dunne, 2016), which could widen the uncertainty range within the MME. Therefore, enhancing the understanding of and implementing the feedback mechanisms between the hydrosphere and biosphere are crucial steps for reducing uncertainties in the GWR estimations.

Moreover, GWA data from local observations are scarcely available for the irrigation sector (Condon et al., 2021). Therefore, one GHM was employed to estimate GWNAirrig, while changes in the irrigation areas in the future were neglected due to a lack of data. The information on the irrigated areas was held constant at the 2005 levels. Consequently, the results of future alterations in GWNAirrig are attributed to climatic changes rather than changes in the extent of irrigated areas, potentially underestimating the future irrigation groundwater demand. For future domestic and manufacturing GWAs, the approach of this study made use of the official projections of population and GDP at the country and district levels. For both variables, only a single projection was used due to the lack of feasible alternatives. Hence, a business-as-usual approach was inbuilt into this data, thus neglecting potential variability in the economic prosperity, migration patterns and tourism dynamics. Moreover, the study neglected GWA for geothermal energy, which uses will likely increase in the future (Kraemer et al., 2021), and mining due to lack of data. In general, improving the monitoring and reporting of GWA for all sectors could significantly enhance the accuracy and interpretation of the modeling results and would likely provide a more comprehensive view of groundwater stress. Furthermore, groundwater use intensity is a critical variable of how water consumption is shaped in the future. Observational data for the national level was extrapolated, however, it is challenging to project the potential future alterations of water use intensities as these are highly depent on technological developments and peoples’ habits (Mannix et al., 2022). In addition, long-distance water transfers, commonly employed in various European countries (Kuhn et al., 2024), are not accounted for in this analysis. This omission could potentially result in an overestimation of GWAs in metropolitan areas that may also receive water from long-distance water transfers; these transfers were neglected in this analysis.



4.3 Groundwater management under uncertainty

The results of this study reveal that uncertainties of GWR estimations are very high, thus concurring with observations from previous studies (Reinecke et al., 2021; Gnann et al., 2023). Hence, the range of future projections of GWD alterations is highly uncertain and varies from region to region. Communicating scenarios and uncertainty ranges among projections seem a promising way to guide resilient decision-making (Piniewski et al., 2022; Deser and Phillips, 2023) since even with future research advances uncertainties in estimating the complex effects of climate change and anthropogenic developments will remain (Foley, 2010). Drawing on the approach suggested by Deser and Phillips (2023, p. 74) “using the ensemble mean for what we expect and two contrasting ensemble members for the range of what we get,” we presented the uncertainty range of GWD alterations that societies must consider for adaptation. Kause et al. (2021) and Müller and Döll (2024) recommend communicating ranges of uncertainty to enhance transparency regarding uncertain climate change information, such as changes in GWR, and to improve stakeholders’ and decision-makers’ understanding of potential climate change impacts. In this study, the range between the P10 and the P90 for recharge estimations along with the combinations of GWA scenarios were utilized to illustrate the breadth of uncertainties regarding possible alterations of GWD. On the continental scale, given the background of uncertainties presented in this article, the EU Commission formulated the precautionary principle, providing guidelines on managing uncertain risks to humans and nature when it is impossible to assign probabilities to the occurrence of such risks (Tosun, 2013):


“Although the precautionary principle is not explicitly mentioned in the Treaty except in the environmental field, its scope is far wider and covers those specific circumstances where scientific evidence is insufficient, inconclusive or uncertain and there are indications through preliminary objective scientific evaluation that there are reasonable grounds for concern that the potentially dangerous effects on the environment, human, animal or plant health may be inconsistent with the chosen level of protection” (Commission of the European Communities, 2000).
 

The results of this study unveiled risks to both humans and the environment stemming from changes in GWD, especially decreasing GWD under the high- and intermediate-stress scenarios. In line with the precautionary principle, policymakers are empowered to implement proactive regulatory measures to avert unnecessary harm before the risks or, in this instance, the various evaluated scenarios materialize (Tosun, 2013). In the past, the precautionary principle has been successfully applied in the EU, exemplified by the prohibition of halocarbons in the 1970s to protect the ozone layer in the atmosphere which was assumed to be being destroyed by halocarbons (Bourguignon, 2015). While the Water Framework Directive serves as a strong regulatory tool for water resources within the EU, it currently lacks provisions for adapting to future changes in (ground) water resources caused by climate change and abstractions and, thus, does not meet the required objectives so far (Zingraff-Hamed et al., 2020). The findings of this study contrast with the second evaluation of the European Water Framework Directive that indicated that only a few regions in Europe, such as the Southern UK, Southern Spain, Tenerife and Cyprus, failed to achieve the good quantitative status for groundwater bodies (European Environment Agency, 2021). Moreover, our results not only indicate high risks for groundwater resources in the future under the high-stress scenario, but also highlight significant risks for Southeastern Europe in the intermediate-stress scenario. Consequently, it can be argued that the existing level of protection may not adequately prevent harm to the beneficiaries of groundwater.

Therefore, specific management strategies to prevent groundwater stress should be tailored to the risks associated with alterations of the GWD and the underlying causes of the changes of GWD. The findings reveal that in the high-stress scenario, the complete reduction of GWAs might not alleviate decreasing GWD across most parts of Europe (Figure 8a, magenta areas); this is due to the dependence of decreasing GWD on changes in GWR. Furthermore, ceasing GWAs would not offset negative alterations in GWR, especially under RCP8.5, thus perpetuating decreasing GWD. To reduce decreasing GWD under the high-stress scenario, therefore, proactive climate change mitigation measures are essential and increasing GWAs should be strictly avoided under this scenario to reduce further stress for groundwater beneficiaries. However, the findings also indicate that under the climate change scenario RCP2.6, reducing GWAs by 25 to 75% might prevent decreasing GWD in Southern Spain and Italy, even under the high-stress scenario (Figure 8a, RCP2.6). These findings highlight the sensitivity of GWR and subsequent discharge to climate change, especially in Portugal and Southeastern Europe, because even under the low-stress scenario, a reduction in GWAs would not alleviate decreasing GWD in these regions under the worst climate change scenario (Figure 8c, RCP8.5). Ultimately, applying the precautionary principle to minimize the risks for humans and nature should involve a combination of decreasing GWNAirrig and implementing climate change mitigation measures (Table 5). For local to regional decision-making, the complexity of the results requires additional explanation and enhanced visualizations tailored to regional needs and stakeholder demands. Ideally, this should take place within a participatory process, allowing scientists and stakeholders to discuss the findings and their implications for adaptation strategies, tailored to the stakeholders’ varying levels of risk aversion or affinity (Müller and Döll, 2024; Söller et al., 2024). Furthermore, the communication should be framed to emphasize the potential for avoiding losses (what can be prevented), rather than focusing on the inevitable losses (what will happen) associated with climate change (Morton et al., 2011). When conveying the results of this study to stakeholders, the emphasis should be on highlighting that groundwater stress could be avoided under some of the mitigation scenarios simulated in this study.
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FIGURE 8
 Simulated reduction of groundwater abstractions required to avoid decreasing groundwater discharge in the future (under RCP8.5), in %, for the (a) high-, (b) intermediate- and (c) low-stress scenarios (see Table 2 for scenario configuration).





5 Conclusion

The study evaluated the groundwater stress in Europe due to future alterations of GWD that are caused by climate change-induced GWR alterations and GWA developments, while simultaneously accounting for uncertainties using different climate change and abstraction scenarios. We propose using long-term anthropogenic change in GWD as an indicator for assessing groundwater stress since groundwater-dependent ecosystems, including surface water bodies, and also humans are adapted to a long-term equilibrium state of groundwater discharge and, thus, groundwater levels and storage. The study evaluated scenarios of groundwater stress by combining the uncertainty of future GWR and GWAs. Given that decreasing GWD causes more harm to ecosystems and the human water supply, the study analyzed how regulation scenarios (climate change mititgation and abstraction regulation) might prevent decreasing GWD. In comparison to existing groundwater stress indicators which utilize a ratio approach between abstractions and renewable groundwater resources, the newly developed GWSI reveals decreasing GWD values for Southeastern Europe. Previously unrecognized as being under stress by the ratio approach, these regions now pose a potential risk to the beneficiaries of groundwater by decreasing GWD.

However, the results reveal that the variability among hydrological models and climate change scenarios in projecting future GWR changes, and thus GWD, is very high, introducing large uncertainties into the assessment of the alteration of future groundwater resources. Uncertainties in GWD projections are only slightly higher than the GWR uncertainties; this is partly due to the restricted range of the GWA scenarios that did not encompass the alternative scenarios of irrigated areas or populations. In Europe, increases in groundwater net abstractions for irrigation are expected with the increasing severity of climate change, while decreases across most parts of Europe are expected for domestic GWAs. Manufacturing GWAs show a great variation among the future scenarios, ranging from decreases to increases across Europe, especially in Germany and Italy. In the high-stress scenario, a decrease in GWD by at least 25% is projected for approximately 58% of Europe’s land area (under RCP8.5) vs. 38% under RCP2.6. Decreasing GWD is projected, particularly for South and Southeastern Europe, under the high-stress scenario. In the case of the intermediate scenario, the mitigation of global warming might substantially reduce the affected land areas; only 1% of Europe’s land area is projected to experience a decline in GWD by at least 25% under RCP2.6 compared to 26% under RCP8.5. Reducing GWAs might improve the situation further (under both climate change scenarios), although not as significantly as climate change mitigation. Climate change-induced alterations in GWR will likely be the primary driver of decreasing GWD in Eastern and Southeastern Europe in the high GWA scenario under RCP8.5. Only in the low-stress scenario under RCP2.6, would no decline of GWD occur at all across Europe.

Management strategies should be tailored to address the dominating underlying causes of alterations of GWD, whether it be the effects of climate change on GWR or GWAs. In particular, to reduce the decreasing GWD, especially under the high-stress scenario, climate change mitigation is imperative. Under RCP2.6, reductions in GWAs, particularly for irrigation, by 25 to 75% could avoid decreasing GWD in parts of Spain and Italy where the GWAs are high, even in the high-stress scenario, while the same GWA reductions would yield similar results only in the low-stress scenario under RCP8.5. Notably, in the high-stress scenario under RCP8.5, the simulation revealed no changes of GWAs would reduce decreasing GWD. Groundwater demand management alone might not prevent the groundwater-related risks associated with climate change under the high-stress scenario, thus highlighting the critical importance of climate change mitigation and halting further increases in GWAs.

To support decision-making in tackling uncertainties arising from climate change and societal shifts, we recommend communicating a diverse range of potential scenarios in order to foster transparency regarding uncertainties and to enable decision-makers to identify strategies for reducing groundwater stress. In light of the persisting uncertainties, both in the present and future, this precautionary principle stands out as a potential tool for identifying management strategies once the potential risks have been assessed. Within the framework of the precautionary principle, addressing decreasing GWD under the high-stress scenario emerges as a proactive strategy to minimize the potential harm to humans and nature that is especially caused by decreasing GWD. Thus, climate change mitigation is considered a low-regret strategy, likely preventing further declines in GWD even under the most severe scenario. However, regional assessments require additional explanation and simplified visualization tailored to regional needs. Referring to the myriad challenges that many regions in Europe have faced, and continue to face, concerning groundwater resources and, seemingly, not adequately addressed in the European Water Framework Directive, the newly developed GWSI has the potential to enhance the understanding of the interaction between groundwater recharge and abstraction patterns on the continental scale in the future, as well as the associated risks for all beneficiaries of groundwater.
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