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ABSTRACT

Water resources are becoming increasingly scarce in the Mediterranean Basin due to climate change. Through a systematic
review of 262 catchment-based Mediterranean studies, we provide improved and detailed indications that runoff is projected to
decrease by 19%, with increasing severity towards the end of the century and with increasing emission scenarios (up to —39%).
We also show negative consequences for other water resources (soil moisture, aquifer recharge, irrigation demand), hydrolog-
ical extremes (low flows), and water and soil quality (nutrient concentration, soil salinity, soil erosion), with negative impacts
on rainfed and irrigated agriculture in the Mediterranean Basin. To protect water security, climate change adaptation aiming
at more efficient water use and water retention in soils will be needed. While these adaptation measures have the potential to
reverse the impacts of climate change, they may reduce downstream water availability and may be insufficient under extreme
climate conditions.

et al. 2019; Lionello and Scarascia 2020; Molina et al. 2020; Zittis
et al. 2021; IPCC 2023). As a consequence, climate change will

1 | Introduction

The Mediterranean Basin has been identified as one of the global
hot-spots of climate change (Giorgi 2006; IPCC 2023), most no-
tably because of the projected decrease in precipitation (Nohara
et al. 2006; Orlowsky and Seneviratne 2012), which may de-
crease by up to 30%-40% over the southern Iberian Peninsula
and northwestern Africa at the end of the century, in the most
extreme emission scenario (RCP8.5; Carvalho et al. 2022).
Moreover, an increase in interannual variability and climate ex-
tremes is projected, including an increase in dry spells, extreme
precipitation, and heatwaves (Orlowsky and Seneviratne 2012;
Cramer et al. 2018; Tramblay and Somot 2018; Raymond

have a significant impact on water resources availability in the
Mediterranean Basin (Garcia-Ruiz et al. 2011; Noto, Cipolla,
Francipane, et al. 2023). Several large-scale climate change im-
pact assessments have been performed in the Mediterranean
Basin, which include studies that obtained projected changes in
water resources directly from General Circulation Model (GCM)
outputs, and by the application of integrated assessment models
and global hydrological models (Table S1). These large-scale im-
pact assessments project a 20% decrease in the net freshwater
flux from the atmosphere to the surface (i.e., precipitation—ac-
tual evapotranspiration; Byrne and O'Gorman 2015) at the end
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of the century (Mariotti et al. 2008; Arjdal et al. 2023). Pan-
Mediterranean runoff projections, that is, impact studies that
give projections for the entire Mediterranean Basin, indicate a
decrease of 10%-16% for the mid-century (Ludwig et al. 2010),
toward 15%-38% for the end-century (Milano et al. 2013;
Mariotti et al. 2015). Soil moisture is projected to decrease by
5%-9% (Mariotti et al. 2015; Arjdal et al. 2023), as a result of the
projected increase in atmospheric demand and decrease in pre-
cipitation (Tramblay et al. 2018; Mimeau et al. 2021). Moreover,
global-scale studies highlight a projected decrease in low flows
(Wanders et al. 2015) and aquifer recharge (Reinecke et al. 2021;
Berghuijs et al. 2024) for the Mediterranean Basin. These results
show a general tendency of decreasing water resources in the
Mediterranean Basin in the 21st century, aggravating the hydro-
logical conditions for natural vegetation and rainfed crops, while
increasing the irrigation water requirements for irrigated crops
(Rodriguez-Diaz and Topcu 2010; Fader et al. 2016; Mairech
et al. 2021). This stresses the need for the implementation of cli-
mate change adaptation to safeguard water security and future
crop production (Cramer et al. 2018).

While global and pan-Mediterranean impact studies indicate
severe impacts on water resources in the Mediterranean Basin,
they also involve much uncertainty because of the lack of model
calibration and the use of coarse-scale datasets. Catchment-
scale studies, on the other hand, are often better tailored to local
conditions, which make them also better suited to identify local
differences and assess the potential of adaptation strategies.
Catchment-scale impact assessments, for example, indicated
more severe impacts on water resources in the Mediterranean
Basin as compared to Central and Northern European areas
(Hesse et al. 2015; Papadimitriou et al. 2016; Lobanova et al. 2018;
Jorda-Capdevila et al. 2019; Hunink et al. 2019; Pastén-Zapata
et al. 2022), which emphasizes the potential of catchment-scale
studies to demonstrate contrasting impacts also at large spatial
scales. Catchment-scale climate change impact assessments first
appeared in the beginning of the 1990s using hypothetical cli-
mate change scenarios (Mimikou et al. 1991; Panagoulia 1991).
The IS92 scenarios (IPCC Scenarios 1992; Leggett et al. 1992)
were the first climate change scenarios that were adopted by the
hydrological community. These scenarios were superseded by
the SRES (Special Report Emission Scenarios; IPCC 2000) and
RCP scenarios (Representative Concentration Pathways; Moss
et al. 2008), gradually improving the spatial and temporal reso-
lution of the climate change projections and the range of consid-
ered emission scenarios.

Pan-Mediterranean impact assessments have improved our un-
derstanding of how climate change may impact water resources
in the Mediterranean Basin; however, in most cases, the projec-
tions are either directly obtained from the General Circulation
Models (Mariotti et al. 2008, 2015; Arjdal et al. 2023) or from
large-scale water balance models, without model calibration
(Ludwig et al. 2010; Milano et al. 2013), leading to relatively lit-
tle spatial detail and high uncertainty. Catchment-scale assess-
ments provide a more detailed local perspective on these climate
change impacts and may be more robust because of the use of
local input data and model calibration with local observations
(Hattermann et al. 2017; Kundzewicz et al. 2018). Here, we cap-
italize on the wealth of catchment-scale impact assessments
performed in the Mediterranean Basin to project the change in

water resources in the 21st century. To this end, we performed
a systematic review of impact studies that apply a hydrological
model forced with established climate change scenarios in the
Mediterranean Basin. We obtained 1233 future projections from
262 studies for six water resources indicators, while accounting
for emission scenarios and future periods. To obtain further
insights, we also performed an informative review of the 262
selected studies, considering additional water security issues, in-
cluding projections of hydrological extremes, water quality and
soil quality, as well as the potential of climate change adaptation
strategies.

2 | Material and Methods
2.1 | Systematic Review

We performed the systematic review process according to the
SALSA framework (Search, AppraisaL, Synthesis, and Analysis;
Grant and Booth 2009). The SALSA framework is a structured
and contextual approach to perform systematic literature re-
views and defines research questions and scope (Table S3), the
search term, inclusion and exclusion criteria (Table S4), the ex-
tracted variables, and the postprocessing of the data. The appli-
cation of the SALSA framework is further detailed in Data S1.
The search term consisted of three main parts that focus on
(1) water resources (including runoff, reservoir/lake inflow,
soil moisture, aquifer recharge, and irrigation demand), (2)
climate change, and (3) the Mediterranean Basin. Regarding
the definition of the Mediterranean Basin, we focused on the
area surrounding the Mediterranean Sea that is covered by
the Mediterranean ecoregion (Figure 2), which describes the
approximate extent of representative Mediterranean natural
communities (Olson et al. 2001). The Mediterranean ecoregion
covers all of the Mediterranean Sea coastline, except for some
parts in Tunisia, Libya, and Egypt. The study area covers an
area of 2.4 million km? across 32 countries. We only included
those studies of which at least 50% of the study area intersects
with the Mediterranean ecoregion. We also included only those
studies that were performed in river catchments or groundwa-
ter aquifers, excluding small-scale (e.g., plot and hillslope scale
studies) and large-scale studies (e.g., global, continental, and
pan-Mediterranean studies).

The variables that were obtained from the selected studies were
subdivided over five main themes, including bibliographic in-
formation, study area, climate models, hydrological model, and
water resources projections (see Table S5 for the definition of
the variables and Table S1 for the obtained variables per publi-
cation). The change in water resources was subdivided between
six main water resources indicators, that is, runoff, reservoir/
lake inflow, soil moisture, aquifer recharge, irrigation demand,
and other water resources. The latter indicator (other water re-
sources) includes studies that could not with enough certainty
be included in any of the other five water resources indicators
and includes studies that report water yield, water availability,
and blue water (i.e., water stored as surface water). The runoff
indicator is more specific and includes studies that report runoff
or discharge. The reservoir/lake inflow indicator is even more
specific and includes mostly studies that report reservoir in-
flow. The large number of runoff projections, as compared to
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FIGURE 2 | Location of the study areas within the Mediterranean Basin. The boundary of the Mediterranean Basin is indicated in gray and the

study areas in red, where darker colors indicate an increasing number of studies. The catchment boundaries were in most cases obtained from the

HydroSHEDS database (Lehner et al. 2008).

the other five water resources indicators, allowed us to perform
more detailed analysis, including a spatial representation of the
results and a subdivision between emission scenarios and future
periods.

The study mainly reports relative changes in water resources
(Table S2), which were determined by dividing the projected
changes in water resources by the values obtained in the ref-
erence/baseline period of each study. Data were extracted from
the reported text, tables, and graphs, using image analysis soft-
ware (WebPlotDigitizer) when necessary. The ensemble average
was determined in cases where the water resources values were
reported per individual climate model.

Climate change impact assessments involve the application of
a model chain, including emissions scenarios, climate models,
downscaling (i.e., the transformation from coarse scale GCM
output to the spatial scale most appropriate for model assess-
ments), bias correction (i.e., the correction applied to remove
the bias between the historical model output and observations)
and, ultimately, hydrological model application. Each of these
components involves uncertainty, which has been quantified in
the past in uncertainty decomposition studies. While there are

some exceptions (Tian et al. 2016; Mandal and Simonovic 2017;
Chegwidden et al. 2019), most studies suggest that climate
models contribute most to the overall uncertainty of the model
chain (Chen et al. 2011; Bosshard et al. 2013; Vetter et al. 2017
Kim et al. 2019; Ohn et al. 2021; Senatore et al. 2022). Several
studies assessed the performance of individual climate models
in the Mediterranean Basin (e.g., McSweeney et al. 2015; Cos
et al. 2022), which could be used as a robustness metric in our
analysis. However, not enough data were available in each of
the selected studies to use the climate model performance to
account for uncertainty. Therefore, we accounted for uncer-
tainty by assigning a weight to each study based on the num-
ber of climate models used. Studies with 10 or more climate
models (Wang et al. 2020) were assigned a weight of 1. Studies
with fewer climate models were assigned a weight equal to the
number of climate models divided by 10, that is, a weight of 0.1
for 1 climate model, a weight of 0.2 for 2 climate models, etc.
The weights were subsequently used to plot weighted boxplots
obtained from weighted quantiles, for quantiles 0.1, 0.25, 0.5,
0.75, and 0.9. The weighted quantiles were determined with
the Hmisc R-package (v5.1.2; Harrell 2025). All analyses were
performed using the R Statistical Software (v4.4.0; R Core
Team 2024).
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2.2 | Informative Review

Most of the selected studies also analyzed other water security
issues. Through an informative review, we searched the selected
articles for relevant keywords (Table S9) and annotated the pro-
jected changes for water security indicators relevant to hydro-
logical extremes, water and soil quality, and climate change
adaptation strategies. The projected changes were annotated in
a semi-quantitative way, indicating strong increase (++; all sce-
narios project increase), increase (+; more than half of scenarios
project increase), neutral (0; no change or equal number of sce-
narios with increase or decrease), decrease (—; more than half
of the scenarios project decrease), and strong decrease (— —; all
scenarios project decrease).

3 | Description of the Dataset

Our study includes 262 studies, from which the first was pub-
lished in 1992, that is, Panagoulia (1992) (Figure 1a). It was not
until 2007 that the number of studies per year started to increase,
with a maximum in 2015 (27 studies). From 2014 onward, the
publication rate remained around an average of 20 articles per
year. The majority of the studies were published as journal ar-
ticles (230 out of 262 studies), from which the most common
journals are listed in Table S7. Other studies were published as
conference papers (22 studies) or as book chapters (10 studies).

The studies were performed in 346 catchments located in 23
countries, most notably in Spain (114 catchments, including
cross-bordering catchments), Italy (52), Greece (44), Portugal
(39), France (28), Turkey (24), and Morocco (24) (Figure 2).
Most studies were performed in the Iberian Peninsula, fol-
lowed by France and Italy (Figure S1). The first studies were
mainly performed in the Balkans, in particular in Greece. The
346 catchments cover a total area corresponding to 42.6% of
the Mediterranean Basin. Most studies were performed in
small (100-1000km?) and medium-sized catchments (1000-
10,000 km?), without a clear trend towards smaller or larger
scale assessments (Figure S2). Most large-scale catchments are
located in the Iberian Peninsula, such as the Duero (e.g., Sordo-
Ward et al. 2019), Tagus (e.g., Lobanova et al. 2018), Guadiana
(e.g., Papadimitriou et al. 2016), and Ebro catchments (e.g.,
Jorda-Capdevila et al. 2019), which all have a catchment
size >60,000km?. The Ebro River catchment (Spain) is also
one of the most studied catchments with nine studies (e.g.,

36.9%
2-3 21.7%
4-5 20.1%
6-7
8-9

>9

0 30 60 90 120

Number of studies

Gonzéalez-Zeas et al. 2015). Other catchments are the Tagus
in Spain and Portugal (eight times; e.g., Lobanova et al. 2016),
Jucar in Spain (seven times; e.g., Hunink et al. 2019), Upper
Jordan in Lebanon, Syria and Israel (seven times; e.g., Givati
et al. 2019), Pinios in Greece (seven times; e.g., Mimikou
et al. 2000), Segura in Spain (six times; e.g., Estrela et al. 2012),
Po in Italy (four times; e.g., Pedro-Monzonis et al. 2016) and
Gediz catchment in Turkey (four times; e.g., Gorguner and
Kavvas 2020).

The first few studies (1992-2005) applied the 1S92a scenario
(Leggett et al. 1992) (Figure S3). With the introduction of the
SRES scenarios (IPCC 2000), the number of studies started to
increase from 2007 onward. The A1B (15.9%) and A2 (13.8%)
scenarios are the most applied SRES scenarios (Figure 1b). The
first studies that applied the RCP scenarios (Moss et al. 2008)
appeared in 2015 and are the most applied scenarios from 2017
onward. The RCP4.5 and RCP8.5 are the most applied scenarios,
amounting to 23.6% and 25.7% of all applied scenarios, respec-
tively. Most studies adopt high emission scenarios (A2, A1FI,
RCP8.5) (Figure S4). With the introduction of the RCP scenar-
ios, there has been a shift from intermediate emission scenarios
(IS92a, B2, A1B, RCP6.0) toward lower emissions scenarios (B1,
RCP2.6, RCP4.5).

Most studies apply only a single climate model (36.9%), while
the majority (78.7%) of the studies apply five climate models or
less (Figures 3a and S5). With the introduction of the RCP sce-
narios in 2015, the share of studies applying six or more climate
models increased. However, still in 2023, several studies apply
only a single climate model. About half of the studies apply
dynamical downscaling through the use of Regional Climate
Model (RCM) output (Figure S6). The other half uses General
Circulation Model (GCM) outputs, of which half applies statis-
tical downscaling methods. Stochastic weather generators are
the most popular statistical downscaling methods (Figure S7).
About a quarter of the studies apply GCM output directly,
without downscaling. The share of studies that apply RCM
output is increasing, which is likely related to the free avail-
ability and application of RCM data through the PRUDENCE
(Christensen and Christensen 2007), ENSEMBLES (van der
Linden and Mitchell 2009), and EURO-CORDEX initiatives
(Jacob et al. 2014).

A large portion of the studies apply both downscaling and bias
correction (41.2%) (Figures 3b and S8). About half of the studies

No downscaling +
no bias correction

Bias correction only

Downscaling only 32.8%

Downscaling +

A 3 40.8%
bias correction

0 50 100
Number of studies

FIGURE3 | (a)Number of studies per climate model ensemble size class and (b) number of studies that apply downscaling and/or bias correction.
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apply bias correction only, from which the majority apply the
change factor (51.9%) and quantile mapping methods (33.1%)
(Figure S9).

On average, the reference periods are centered around the year
1990, with a mean period of 25years. Most studies focus on mid-
century assessments (45.5%), followed by end-century (35.5%),
and early-century (19.0%) (Figure S10). The future periods have
a mean length of 23 years.

The most used hydrological model is SWAT (Arnold
et al. 2012) with 57 applications (21.8%), followed by GR2M
(18 studies Mouelhi et al. 2006) and HEC-HMS (10 studies
Scharffenberg 2013) (Table S8). The majority of the stud-
ies apply a hydrological model that runs on a daily time step
(64.0%; Figure S11), followed by models with a monthly time
step (27.9%). We obtained a total of 1233 water resources projec-
tions, divided over the six water resources indicators, emission
scenarios, and future periods. Most projections were obtained
for runoff (741 projections), followed by aquifer recharge (150),
irrigation demand (111), reservoir/lake inflow (93), other water
resources (82), and soil moisture (56).

4 | Water Resources Projections in the
Mediterranean Basin

The selected catchment studies show that climate change is pro-
jected to cause adecrease in all of the main water resources in the
Mediterranean Basin, that is, runoff, reservoir/lake inflow, soil
moisture, and aquifer recharge (Figure 4). Runoff is projected
to decrease by —19.1% (weighted median). While the results in-
dicate a fair amount of variation among the different studies,
the majority of the studies project a decrease in runoff. The pro-
jected decrease in runoff is in the range of most previous pan-
Mediterranean assessments (—15% to —21%; Mariotti et al. 2008;
Ludwig et al. 2010; Mariotti et al. 2015; Arjdal et al. 2023), except
for the projections by Milano et al. (2013), who project a more
severe decrease, ranging from —25% to —50%, based on the high
emission scenario A2 (Table S6).

Reservoir/lake inflow is projected to decrease slightly (—2.6%),
with the projections spread equally among positive and negative
values. Hence, a more moderate decrease in reservoir/lake in-
flow is projected as compared with runoff. The relatively small
number of studies (23) that considered reservoir/lake inflow
might affect the results. An increase in reservoir/lake inflow
was projected in studies where (extreme) precipitation is pro-
jected to increase (Eekhout et al. 2018; Rocha et al. 2020; Beca
et al. 2023; Okkan et al. 2023; Savino et al. 2023). These studies
had a relatively high contribution to the resulting weighted me-
dian. Moreover, the reservoir/lake inflow projections seem more
diverse as compared to other indicators with fewer studies, such
as soil moisture and aquifer recharge, which suggests more un-
certain results.

All other indicators are projected to change more consistently.
This is in particular the case for soil moisture, where the major-
ity of the studies project a decrease, with a weighted median de-
crease of —13.7%. These soil moisture estimates are more severe
than previously projected by pan-Mediterranean studies, which
projected decreasing soil moisture from —5% to —9% (Mariotti
et al. 2015; Arjdal et al. 2023; see also Table S6).

Aquifer recharge is projected to decrease most among the dif-
ferent output variables, with a weighted median of —21.0%.
This is consistent with aquifer recharge projections for the
Mediterranean Basin based on the global assessment by Reinecke
et al. (2021), which range from —17% to —34%, depending on the
global temperature increase (Table S6). Irrigation demand is
projected to increase by +8.3%, with projections reaching up to
284.4% (Figure S12). The weighted median increase of +8.3% is
in the range of the pan-Mediterranean irrigation water demand
projections by Fader et al. (2016), which range between +4% and
+18%, depending on the emission scenarios. The other water
resources (i.e., water yield, water availability, and blue water)
show similar results as runoff, with a weighted median decrease
of —20.0%.

The large number of runoff projections allowed for a spa-
tial analysis of the results. We mapped the average change in
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plot shows the projected change in water resources per study, considering the different study areas, periods and emission scenarios. The gray shades
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figure is truncated at £90%, the full dataset is shown in Figure S12.
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First, we determined the average change in runoff per study, considering the different periods and emission scenarios, and projected this onto a ras-

ter with a 0.05° grid size using the catchment boundaries. Next, we determined the average and standard deviation among the different studies. The

standard deviation was determined only for grid cells with at least two overlapping studies.

runoff per catchment using the catchment perimeters we ob-
tained for all study areas (Figure 5a). The spatial distribution
of the runoff projections reveals a north-south gradient in the
Iberian Peninsula, with increasing severity toward the south
of the peninsula. These results confirm several studies in the
Iberian Peninsula that showed a similar gradient in severity (Da
Cunha et al. 2007; Estrela et al. 2012; Nunes et al. 2013; Rasilla
et al. 2013; Gonzalez-Zeas et al. 2015; Lastrada et al. 2021).
However, there also seems to be increasing uncertainty from
the northwest to the southeast of the Iberian Peninsula, quanti-
fied by an increasing standard deviation (Figure 5b). The results
also seem to suggest more extreme decreasing projections for the
southern part of Italy, including the island of Sicily (e.g., Viola
et al. 2016), and several regions in Turkey (e.g., Avci et al. 2023),
Morocco (e.g., El Khalki et al. 2021), and Algeria (e.g., Hadour
et al. 2020). However, these results were mostly obtained from
single studies, which make them more uncertain. The standard
deviation map reveals some regions and catchments with rela-
tively high uncertainties, most notably in central Portugal, cen-
tral Greece, and some isolated catchments in Turkey, Morocco,
and Algeria.

The north-south gradient in severity in the Iberian Peninsula
and more extreme decreasing projections for southern Italy and
several regions in Turkey, Morocco, and Algeria (Figure 5) cor-
respond with the spatial distribution of the runoff projections

of the pan-Mediterranean climate change assessment by Milano
et al. (2013). However, most other pan-Mediterranean water bal-
ance projections (i.e., precipitation—actual evapotransipration)
obtained from General Circulation Models lack clear spatial dif-
ferences within the Mediterranean Basin (Mariotti et al. 2008,
2015; Carvalho et al. 2022; Arjdal et al. 2023). This is in contrast
to several climate change studies showing more pronounced
spatial differences in temperature (Molina et al. 2020) and pre-
cipitation projections (Tramblay and Somot 2018; Raymond
et al. 2019; Lionello and Scarascia 2020; Zittis et al. 2021;
Carvalho et al. 2022) within the Mediterranean Basin. It is,
therefore, likely that spatial differences in runoff are expected
under future climate change.

While Figure 5 gives an overview of all runoff studies, it also
shows that there is a lot of uncertainty, which may originate
from differences in applied methodology, including the size of
the climate model ensemble, postprocessing of climate model
data, and hydrological models (Clark et al. 2016; Noto, Cipolla,
Pumo, et al. 2023). Our results include several multi-catchment
studies spanning two countries, in which the same methodol-
ogy was used and can, therefore, better highlight spatial differ-
ences. These studies showed an increasing impact from the Po
(Italy) to the Ebro and Guadalquivir catchments (Spain) (Alpert
et al. 2014; Sordo-Ward et al. 2019), from the Herault (France)
to the Loukkos catchment (Morocco) (Ruelland et al. 2015)
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and from the Thau (France) to the Chiba catchment (Tunisia)
(Sellami et al. 2016). This highlights the increasing severity from
the north toward the south of the Mediterranean Basin. Similarly,
an increase in severity is shown from the Devoll (Albania) to
the Kizilirmak catchment (Turkey) (Bakken et al. 2016), high-
lighting the increasing severity from the Central Mediterranean
toward the Eastern Mediterranean. These studies highlight
some spatial differences in runoff projections; however, because
of the lack of extended spatial coverage, it is hard to draw solid
conclusions from these results that are representative for the en-
tire Mediterranean Basin. Hence, to detect further spatial dif-
ferences, more catchment studies are required throughout the
Mediterranean Basin, ideally using state-of-the-art emission
scenarios, downscaling and bias-correction techniques, and hy-
drological models. Apart from the Iberian Peninsula, catchment
studies are required in the entire Mediterranean Basin, espe-
cially in those areas where no catchment studies have been per-
formed up to now (i.e., the gray areas in Figure 5), particularly
in the southern and eastern Mediterranean Basin. Moreover, it
would be useful to perform climate change assessments in areas
with contrasting results (i.e., decreasing and increasing runoff
projections), such as in Morocco/Algeria, Turkey, and Sicily
(southern Italy).

The large number of runoff projections also allows us to differ-
entiate the results between future periods and emission scenar-
ios. The projected decrease in runoff will be more severe toward
the end of the century and under high emission scenarios
(Figure 6). All emission scenarios project a moderate decrease in
runoff in the early century, with most decrease projected by the
high emission scenarios (—8.7%). The differences between the
emission scenarios increases in the mid-century. While the low
and intermediate emission scenarios show similar projections
around —11%, high emission scenarios project almost a dou-
ble decrease of —19.3%. A similar difference between the three
emission scenarios is projected for the end century, with com-
parable projections for low and intermediate emission scenarios

Early—century

[}
o

Mid—century

around —20% and a doubling of those projections for the high
emission scenarios with —38.7%.

The decreasing trend in runoff towards the end of the century
and the increasing impact under higher emission scenarios has
also been emphasized by pan-Mediterranean studies (Ludwig
et al. 2010; Arjdal et al. 2023, see also Table S6). However, our
results show more severe impacts for the end century under in-
termediate and high emission scenarios (—15% to —20%; Mariotti
et al. 2015; Arjdal et al. 2023) and less severe impacts for the
mid-century under a high emission scenario (-25% to —50%;
Milano et al. 2013).

5 | Contrasting Impacts on Hydrological Extremes

Pan-Mediterranean studies showed that extreme precipitation
is projected to increase in the Mediterranean Basin, most evi-
dently in the Northern Mediterranean (Gao et al. 2006; Tramblay
and Somot 2018; Lionello and Scarascia 2020; Zittis et al. 2021).
Only a few catchment studies quantified the projected change
in extreme precipitation, which provided a much more diverse
result regarding the direction of change (Table S10). The pro-
jected change in flood magnitude and duration was quantified
by 24 studies, but similarly showed contrasting results. Less
than half of these studies project an increase in flood duration
and magnitude (9 studies), while 10 studies project a decrease,
and 5 studies project no change in floods. The differences in
the direction of change seem unrelated to the location of the
study sites, emission scenarios, or future periods used by the
studies. Neither of these projections coincide with large-scale
flood projections for the northern Mediterranean (Alfieri
et al. 2015; Thober et al. 2018), which project decreasing flood
magnitudes for the southern Iberian Peninsula and Greece and
increasing flood magnitudes for Northern Italy. A projected
increase in flood magnitude in the Mediterranean Basin is
suggested to be caused by an increase in extreme precipitation
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FIGURE 6 | Projected change in runoff (%), differentiated between the three future periods and the three emission scenario categories. The col-
ored boxes indicate the weighted interquantile range (25th and 75th percentiles), the black horizontal line the weighted median (50th percentile)
and the whiskers extend to the weighted 10th and 90th percentiles. The jitter plot shows the projected change in water resources per study. The gray
shades indicate the robustness of the studies, as defined by the number of climate models used and quantified with the normalized weight. The box-

plots followed by a common letter are not significantly different by the Wilcoxon rank-sum test at the 5% level of significance. Different combinations

of letters were used to indicate significant differences within each of the three future periods (a, b, ¢) and within each emission scenario category (x,

Y Z).
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(Cervi et al. 2018; Eekhout and de Vente 2019; Sirigu and
Montaldo 2022) and a projected decrease in flood magnitude by
a decrease in soil moisture content (Nunes et al. 2013; Sellami
et al. 2016; Senatore et al. 2022). Decreasing soil moisture
content has also been suggested to be one of the main drivers
for decreasing flood magnitudes in Southern France over the
past decades (Tramblay et al. 2019, 2023). Increasing extreme
precipitation (Table S10) and decreasing soil moisture content
(Figure 4) will likely occur simultaneously in some parts of
the Mediterranean Basin and might counteract their impact
on flood magnitudes, notably impacting the most frequent, but
lower intensity, flood events (Wasko and Nathan 2019). More
research will be needed on these contrasting impacts on flood
magnitude, in particular for the most extreme events (Wasko
et al. 2021), as well as their temporal and spatial differences
within the Mediterranean Basin.

The observed historical increase in flood magnitude in the
Mediterranean Basin is mostly associated with the increase
in convective precipitation events (Llasat 2021; Tramblay
et al. 2023). If the trend of increasing convective precipitation
events continues into the future, it is unclear. Climate model
outputs are mostly limited to daily time steps, while convec-
tive precipitation events are sub-daily phenomena (Fosser
et al. 2024). Hence, most climate models do not yet simu-
late convective precipitation events. Currently, convective-
permitting climate models are being developed, and the first
studies show that an increase in floods due to convective pre-
cipitation events is projected for Mediterranean catchments
(Poncet et al. 2024). To advance on this issue, there is a need
to use high-resolution convection-permitting climate model
outputs (Fosser et al. 2024) as input for hydrological mod-
els, which will allow detailed representation of (flash) flood
processes in the Mediterranean Basin (Tramblay et al. 2020;
Brunner et al. 2021).

Projections for drought-related indicators like dry spells and low
flow duration and magnitude are more consistent than projec-
tions of floods in catchment studies. The duration of dry spells
was quantified by two studies, which both project an increase
(Table S10) in agreement with two pan-Mediterranean stud-
ies (Raymond et al. 2019; Lionello and Scarascia 2020). Pan-
Mediterranean dry spell projections (obtained with the RCP4.5
and RCP8.5 scenarios) are most severe in southern Spain,
Morocco, Algeria, and the Eastern Mediterranean (Raymond
et al. 2019). These areas coincide with those where runoff is
projected to decrease most (obtained from the A2 scenario)
(Milano et al. 2013), which illustrates the predictive capabil-
ity of dry spells in relation to runoff and likely low flows. The
impact on low flow duration from the selected studies is very
consistent, where all five studies project an increase. Similarly,
the low flow magnitude is projected to decrease consistently
according to eight out of nine studies. These results coincide
with the low flow projections for the northern Mediterranean
by Marx et al. (2018), who showed a consistent decrease in low
flow magnitude, and a particularly severe decrease in low flow
magnitude for the Iberian Peninsula and Greece. Despite these
clear trends for drought-related indicators, there is a need to im-
prove our knowledge on changes in low flows, most notably by
accounting for the surface-groundwater interactions in karstic
catchments (Sivelle et al. 2021).

6 | Negative Impacts on Water and Soil Quality

Climate change is not only affecting water quantity in rivers,
reservoirs, and the soil, but also affects water and soil quality in
the Mediterranean Basin. The impact of climate change on water
quality has been assessed by quantifying concentrations and
loads of different water quality indicators. Most studies project
an increase in the concentration of phosphorus, nitrogen, am-
monium, and chloride under climate change (Table S11). This
is most likely due to decreasing runoff, while input from nutri-
ent sources (i.e., agricultural fields) is projected to be constant
or to increase, which ultimately leads to increasing concentra-
tions. This is expected to lead to increasing water quality issues,
including deteriorating impacts on aquatic ecology (Stefanidis
et al. 2018; Vagheei et al. 2023). However, at the same time, total
nutrient loads are projected to decrease due to decreasing runoff,
including decreasing phosphorus and nitrate loads (Table S11).
How this will affect water quality in reservoirs, lakes, deltas,
and coastal zones is unclear because of the complex interplay
between water quantity and water quality indicators.

Soil salinity is the most considered soil quality indicator in the
reviewed literature, most likely because of its importance for
agricultural soils (Corwin 2021; Mukhopadhyay et al. 2021).
Increasing soil salinity is often projected in coastal zones, where
decreasing aquifer recharge reduces groundwater flow towards
the Mediterranean Sea (Colombani et al. 2016), which increases
soil salinity caused by seawater intrusion, that may be further
worsened due to sea level rise (Carneiro et al. 2010). Irrigation
may also be responsible for soil salinization, where excessive
irrigation may increase the water table, bringing up salts from
the deeper soil layers toward the root zone (Singh 2021). An
increase in soil salinity is projected for coastal study areas in
Morocco and Spain (Table S11). Salinity levels may reach levels
corresponding to saline soils (Haj-Amor and Bouri 2020), ulti-
mately leading to the loss of arable land (Pisinaras et al. 2021).
Moreover, an increase in soil salinity could affect drinking
water quality (Romanazzi et al. 2015), worsening the impact on
water security in the Mediterranean Basin.

Soil and water quality will also be affected by soil erosion be-
cause of the associated decrease in soil organic matter and in-
crease in suspended sediment concentrations (Morgan 2005;
Amundson et al. 2015). Apart from some exceptions, most
evaluated studies project an increase in soil erosion in the
Mediterranean Basin (Table S11), with increasing soil erosion
rates up to 40% (Eekhout et al. 2018; Pastor et al. 2019). This
general tendency coincides with the projected average increase
in soil erosion (+7%) for Mediterranean climate zones (Eekhout
and de Vente 2022). The projected increase in extreme precip-
itation is one of the main drivers for the projected increase in
soil erosion and landslides (Ciabatta et al. 2016), even despite
decreasing annual precipitation in some case studies (Eekhout
et al. 2018; Mouris et al. 2023). The impact of climate change on
sediment yield at the catchment outlet and sedimentation of res-
ervoirs seems less problematic, where studies project a decrease
or no changes with respect to the reference period (Table S11).
Similar to the decrease in total nutrient load mentioned earlier,
this is related to a decrease in river transport capacity due to
decreasing runoff and river discharge (Eekhout et al. 2018).
Land use change may have even more important impacts on soil
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erosion than climate change in the Mediterranean Basin (Raclot
et al. 2018), with increasing erosion rates projected for agricul-
tural intensification scenarios and decreasing rates for afforesta-
tion scenarios (Serpa et al. 2015; Pastor et al. 2019; Eekhout and
de Vente 2022).

7 | Potential for Climate Change Adaptation

Climate change adaptation will be needed to mitigate the projected
decrease in available water resources in the Mediterranean Basin.
Most studies focus on climate change adaptation by more efficient
water use in irrigated agriculture. This includes studies on the po-
tential of large-scale implementation of drip irrigation and reduced
deficit irrigation (Table S12), which have the potential to reduce
irrigation water demand under climate change, even below ref-
erence conditions. These studies confirm the pan-Mediterranean
irrigation projections by Fader et al. (2016), who showed that a
conversion to drip irrigation would lead to a reduction of gross ir-
rigation demand of about 30% with respect to reference conditions.
This would more than counterbalance the increase in irrigation
water demand caused by climate change. These results show that
more efficient irrigation techniques have the potential to adapt ir-
rigated agriculture to climate change in the Mediterranean Basin.
Nevertheless, it is important to consider that more efficient water
use in irrigation only alleviates stress on water resources if saved
water in agriculture is not used for the expansion of irrigated agri-
cultural land, as is often observed (Grafton et al. 2018).

Other on-site climate change adaptation measures focus on water
retention through practices like reduced tillage and soil improve-
ment by organic amendments and cover crops. These practices
may lead to increased soil moisture (Table S12), thereby improv-
ing resilience to climate change for rainfed agriculture. However,
such measures also lead to decreasing runoff and water yield, with
potential negative impacts on off-site water resource availability,
such as storage in reservoirs. Stakeholder consultation showed

TNU RIENT
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FIGURE 7 |

that adaptation measures applied in less productive rainfed agri-
cultural areas are more likely to be implemented than those ap-
plied in high-productive areas (Naulleau et al. 2022). Moreover,
land managers are often in favor of small-scale (least-regret) ad-
aptation measures, such as improving water use and network
efficiency, wastewater recycling, and modernization of agricul-
tural operations (Girard et al. 2015; Dias et al. 2020). Large-scale
adaptation measures that require significant policy support, such
as the construction of desalination plants, are thought to be more
effective but less likely to be implemented because of the high costs
involved (Seif-Ennasr et al. 2016). Such large-scale measures also
include managed aquifer recharge, which is shown to be effective
in increasing groundwater volumes and could prevent seawater in-
trusion, with positive impacts on groundwater salinity (Table S12).

8 | Conclusions

Through a systematic review, we show that runoff in the
Mediterranean is projected to decrease by —19.1% (weighted me-
dian), with increasing severity towards the end of the century and
under higher emission scenarios (up to —38.7%). Similar trends
were obtained for low and intermediate emission scenarios, which
are in most cases about half the impact compared with the high
emission scenarios. A gradient of increasing severity is projected
from the north to the south of the Mediterranean Basin and in par-
ticular within the Iberian Peninsula. However, these projections
involve much uncertainty, which suggests that there is a need
for more catchment studies on the impact of climate change on
runoff in the Mediterranean Basin, especially in the southern and
eastern Mediterranean Basin. Our results confirm previous pan-
Mediterranean runoff projections (Table S6), but provide more
detailed spatial insights and highlight the differences between
future periods and emission scenarios. The projected decrease
in runoff, reservoir/lake inflow, and aquifer recharge (Figure 7)
suggests that irrigation water supply from surface water and
aquifers is projected to decrease in the Mediterranean Basin. In
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Summary of the impact of climate change on water resources in the Mediterranean Basin. An upward arrow indicates increasing

projections, a downward arrow indicates decreasing projections, and a combination indicates projections without a clear direction of change.
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combination with the projected increase in irrigation water de-
mand (+8.3%), this suggests increasing pressure on irrigated agri-
culture. Similarly, the projected decrease in soil moisture (=13.7%)
will likely have negative consequences for natural vegetation and
rainfed agriculture. Hence, these projections suggest a negative
impact of climate change on both rainfed and irrigated agriculture
in the Mediterranean Basin.

Our review of projected impacts on broader water security
issues revealed a consistent increase in dry spells, with an
equally consistent increase in low flow duration and a de-
crease in low flow magnitude. However, projections for ex-
treme precipitation and floods give more contrasting results,
without a clear increasing or decreasing trends at the scale of
the Mediterranean Basin. The changes in water resources af-
fect water quality, with mostly increasing trends in nutrient
concentration, but decreasing trends in annual nutrient loads.
This is most likely the result of the projected decrease in run-
off, which allows fewer nutrients to be transported toward
reservoirs and the Mediterranean Sea. A similar response is
projected for sediment transport and sediment yield. However,
soil erosion is projected to increase, which is often related to
the projected increase in extreme precipitation. Agricultural
soils will be affected by increasing soil salinity as a result of de-
creasing aquifer recharge, increasing seawater intrusion, and
more intensive irrigated agriculture.

Climate change adaptation has the potential to mitigate the
negative impact of climate change on water resources, hy-
drological extremes, and other water security risks in the
Mediterranean Basin. A conversion from traditional irriga-
tion techniques toward drip irrigation and reduced deficit ir-
rigation can reduce the impact of climate change on irrigation
water demand. Rainfed agriculture can be made more resil-
ient to climate change by implementing sustainable land man-
agement to improve the water retention capacity of the soil
(e.g., reduced tillage and cover crops). Although water reten-
tion can help decreasing the impacts of climate change on soil
moisture, it may also cause trade-offs regarding off-site water
resources availability. In rainfed agriculture, small-scale ad-
aptation strategies, such as reduced tillage, are often found
to be popular among stakeholders because of their efficiency
and lower costs. However, it was also shown that additional
adaptation strategies are needed under more extreme climate
scenarios.

This study shows the invaluable contribution of catchment stud-
ies to assess the impacts and local differences of climate change
on water resources and the potential for adaptation in the
Mediterranean Basin. The catchment studies confirm general
trends observed in several pan-Mediterranean studies but show
a more severe decrease in soil moisture and add new projections
regarding aquifer recharge and reservoir/lake inflow based
on more robust climate change assessments. Moreover, these
catchment-based studies provide insights with the detail needed
to develop effective climate change adaptation strategies fit to
local environmental and socioeconomic conditions. However,
more catchment studies are needed that consider multiple water
resources indicators to highlight the contrasting impacts of cli-
mate change on water security in the Mediterranean Basin.
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