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A B S T R A C T   

It is likely that climate change will increase irrigation water demand and, consequently, reduces water security in 
the Mediterranean Basin if current irrigation supply and demand conditions are maintained. Climate change 
adaptation can be achieved by (1) decreasing irrigation water demand through more efficient irrigation tech-
niques, (2) increasing irrigation water supply by adopting new technological advances, (3) converting to rainfed 
agriculture, and (4) implementation of Nature-based Solutions for water retention. The aim of this study was to 
assess the effectiveness of different combinations of these adaptation options on water security through analysis 
of contrasting scenarios of socio-economic development. We defined plausible scenarios of climate change, land 
use change and adaptation measures for an intensively irrigated catchment in south-eastern Spain under three 
Shared Socioeconomic Pathways (SSP), representing different storylines of socio-economic development. We 
considered three SSP scenarios, including the Sustainability pathway (SSP1), the Middle of the Road pathway 
(SSP2) and the Fossil-fueled Development pathway (SSP5). Future land use distributions were obtained with the 
iClue land use change model by accounting for differences in irrigation water demand and supply, resulting in a 
decrease (SSP1), a constant (SSP2) and an increase (SSP5) in irrigated agriculture. The impact of each scenario 
on a series of water security indicators was quantified using the SPHY-MMF hydrology-soil erosion model. The 
SSP2 scenario, which considers very limited climate change adaptation, projects the most severe impacts on 
water security, including an increase in plant water stress, flood discharge, hillslope erosion and sediment yield. 
Under SSP1, which accounts for most climate change adaptation strategies, irrigation water demand is signifi-
cantly reduced due to a shift from irrigated to rainfed agriculture and the implementation of reduced deficit 
irrigation, while Nature-based Solutions reduce the impact on other water security indicators. Under SSP5, a 
conversion from rainfed to irrigated agriculture causes a significant increase in irrigation water demand, which is 
met by increasing irrigation water supply from desalination. SSP5 shows intermediate impacts on other water 
security indicators, which is explained by a strong decrease in annual precipitation. This study helps exploring 
how different future socio-economic pathways affect water security and thereby supports evidence-based policy 
development.   

1. Introduction 

Irrigated agriculture accounts for 85–90 % of global water con-
sumption, making it the largest consumer of water globally (Qin et al., 
2019). In the Mediterranean Basin, a region that is characterized by 

relatively dry Mediterranean and semi-arid climates, about 25 % of the 
arable land surface is irrigated (MedECC, 2020). Meanwhile, the Med-
iterranean Basin is identified as one of the global climate change hot-
spots (Giorgi, 2006), characterized by a higher than average expected 
increase in temperature and decrease in annual precipitation 
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(Dubrovský et al., 2014). This may lead to an increase in irrigation water 
demand of 4–18 %, if current irrigation conditions are maintained 
(Fader et al., 2016). Irrigated agriculture may adapt to climate change 
by adopting more efficient irrigation techniques (Pool et al., 2021), by 
switching to more drought resilient crop types (Galindo et al., 2018), or 
even by converting to rainfed crops (Deines et al., 2020). In addition, 
increased water supply may be obtained through technological in-
novations, like increased use of non-conventional water resources, such 
as desalinated seawater and treated urban waste water (Custodio et al., 
2016) or by increasing the water retention in soils by implementation of 
Nature-based Solutions (NbS; Cohen-Shacham et al., 2016). The adop-
tion of different combinations of such adaptation strategies depends on 
socio-economic developments that are crucial to consider within climate 
change impact assessments of Mediterranean water resources (Fischer 
et al., 2007; Fader et al., 2016; Harmanny and Malek, 2019). 

Climate change will have a profound impact on irrigation water 
supply and demand, especially in the Mediterranean Basin. Decreasing 
precipitation accompanied with increasing temperatures will affect the 
two most common irrigation water sources, i.e. groundwater and surface 
water (Iglesias and Garrote, 2015; Qin et al., 2019), which will be 
affected by decreasing runoff and recharge, and increasing evaporation 
losses (Pulido-Velazquez et al., 2015; Mariotti et al., 2015), respectively. 
Moreover, groundwater reserves are also affected by overexploitation 
due to increasing water demands from irrigated agriculture (Wada et al., 
2010; Gleeson et al., 2012; Thomas and Famiglietti, 2019), a process 
that is also occurring in the Mediterranean Basin (Leduc et al., 2017; 
Rupérez-Moreno et al., 2017; Pellicer-Martínez and Martínez-Paz, 
2018). To cope with water shortages, new sources of irrigation water are 
being explored, such as desalination and treated waste water (Morote 
et al., 2017b; Mira-García et al., 2023). However, these new sources are 
still less cost-effective than traditional sources (Elimelech and Phillip, 
2011) and come with water quality issues (Chen et al., 2013). 

Meanwhile, crop water needs and related irrigation water demand 
are projected to increase under climate change, due to decreasing pre-
cipitation and increasing temperatures (Bakken et al., 2016; Fader et al., 
2016). While some field experimental studies showed how irrigation 
might be affected by climate change (e.g., Soares et al., 2020; Chen et al., 
2023), most studies apply hydrological and crop models for this purpose 
(Uniyal and Dietrich, 2021). Irrigation water demand is either estimated 
with a root-zone soil moisture deficit approach or a crop-specific po-
tential evapotranspiration approach (McDermid et al., 2023). The soil 
moisture approach estimates the irrigation water demand by main-
taining the soil moisture above a threshold, which can be related to the 
field capacity or other soil hydraulic properties (Allen et al., 1998). The 
potential evapotranspiration approach estimates the irrigation water 
demand as the difference between the crop-specific potential evapo-
transpiration and the actual evapotranspiration, under the assumption 
that irrigated crops transpire at the potential maximum rate (Contreras 
et al., 2017; McDermid et al., 2023). Using these two approaches, hy-
drological models are used to assess the impact of climate change on 
irrigation water demand, which show that decreasing precipitation may 
result in increasing demand (e.g., Savé et al., 2012; Grouillet et al., 2015; 
Bakken et al., 2016) or vice versa (e.g., Goyburo et al., 2023). Several 
studies showed that increasing precipitation in combination with 
increasing temperatures may still result in increasing demand, thereby 
highlighting the important contribution of temperature rise (e.g., Nam 
et al., 2017; Zhou et al., 2017; Rocha et al., 2020). 

Technological advances may alleviate the projected increase in irri-
gation water demand. For instance, by the implementation of drip irri-
gation, which is more water efficient than traditional irrigation 
methods, such as sprinkler or flood irrigation (Pool et al., 2021). The 
irrigation infrastructure also affects water use efficiency, where pres-
surized irrigation systems are found to have less water leakage than 
open water systems (Daccache et al., 2010; Eranki et al., 2017), but may 
involve higher energy consumption and costs (Tarjuelo et al., 2015). The 
use of water efficient crops may also reduce irrigation water demand 

(Galindo et al., 2018). Moreover, more efficient irrigation scheduling 
strategies, such as reduced deficit irrigation (Mushtaq and Moghaddasi, 
2011) and enhanced monitoring of soil moisture content can decrease 
irrigation water demand up to 30 % (Fernández García et al., 2020). 
Lastly, Nature-based Solutions can be implemented, such as reduced 
tillage and cover crops, which may significantly increase the soil organic 
matter content of the soil (Almagro et al., 2016), improving its water 
holding capacity and, subsequently, leading to lower irrigation water 
demand. These NbS measures also have secondary benefits to reduce the 
impact on water security, such as a decrease in flood intensity and soil 
erosion (Chausson et al., 2020). 

The expected changes in irrigation water supply and demand are not 
only affected by climate change. Socio-economic drivers will be equally 
important and may decide, for example, if novel irrigation technologies 
will be implemented to increase irrigation efficiency or if groundwater 
abstractions will be limited to natural recharge to prevent over-
exploitation. The Shared Socioeconomic Pathways (SSPs; O’Neill et al., 
2017) include plausible storylines of future socio-economic de-
velopments that can help to formulate future irrigation water supply and 
demand scenarios. The development of irrigation water supply and de-
mand and associated climate change adaptation strategies are signifi-
cantly different under SSP1 (Sustainability pathway), which, for 
instance, assumes a decrease in resource depletion and an increase in 
resource use efficiency (Mitter et al., 2020), in comparison with SSP3 
(Regional Rivalry path), which assumes the opposite trends. Hence, 
socio-economic changes should be considered when studying the future 
impacts of global change on irrigation water supply and demand, and 
related water security issues. 

Given the climate change projections and the different socio- 
economic pathways and their impacts on irrigation water supply and 
demand, it is likely that land use changes will occur to match irrigation 
water demand and supply. Previous research has shown that an increase 
in irrigation water supply, for instance, due to the construction of a 
reservoir or a water transfer, causes an increase in irrigated agriculture 
(Di Baldassarre et al., 2018; Alvarez-Rogel et al., 2020), while a decrease 
in irrigation water supply could lead to a decrease in irrigated agricul-
ture (e.g., Rey et al., 2011). Similarly, an increase in irrigation effi-
ciency, e.g. by implementing drip irrigation or by increasing the 
efficiency of the irrigation infrastructure, may lead to an increase in 
irrigated agriculture, as well (e.g. Sese-Minguez et al., 2017; Sears et al., 
2018; Malek et al., 2021). Land use change models can be applied to 
make land use projections for the future, which may extrapolate the 
historical increase in irrigated area (e.g., Maeda et al., 2011; Koch et al., 
2018; Halder et al., 2023) or account for the socio-economic drivers that 
could reverse this trend (Von Gunten et al., 2015; Nunes et al., 2017). 

Climate change will affect the balance between irrigated and rainfed 
agriculture in the Mediterranean Basin, due to a decreasing trend in 
irrigation water supply (Milano et al., 2013) and an increasing trend in 
irrigation water demand, caused by increasing temperatures and 
decreasing precipitation (Fader et al., 2016). This complex interaction 
between climate change, agricultural land use and land management 
will also affect other crucial water security issues, such as plant water 
stress, flood intensity, soil erosion, and sediment yield. However, it is 
still unclear how different socio-economic pathways define climate 
change adaptation strategies to increase irrigation water supply (e.g. 
through desalination and treated waste water) and reduce irrigation 
water demand through technological innovations (e.g. reduced deficit 
irrigation and Nature-based Solutions) (Harmanny and Malek, 2019). 
Hence, the aim of this study is to assess the climate change adaptation 
potential for different pathways of socio-economic development of an 
intensively irrigated catchment in the south-east of Spain and assess the 
impacts of these scenarios on irrigated versus rainfed agriculture and 
water security. We determine the impacts of land use change, climate 
change and adaptation strategies on water security under three con-
trasting socio-economic scenarios (SSP1, SSP2 and SSP5), using a land 
use change model and a coupled hydrology-soil erosion model. We not 
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only assess the impacts on irrigation water supply and demand, but also 
assess the on- and off-site impacts using a series of relevant water se-
curity indicators, thereby obtaining a more comprehensive estimate of 
future impacts. 

2. Material & methods 

2.1. Study area 

The study was performed in the Campo de Cartagena catchment 
(1280 km2) located in the south-east of Spain (Fig. 1). The catchment 
drains into the Mar Menor coastal lagoon, which has been subject to 
severe eutrophication in the past decades, due to nutrient-rich water 
input from the Campo de Cartagena catchment (Alvarez-Rogel et al., 
2020). The study area is mostly characterized by gentle slopes, with 
some mountainous areas with steeper slopes in the south and 
north-western part of the catchment. The elevation ranges between sea 
level and 1030 masl. The catchment is characterized by a semi-arid 
climate, with a mean annual precipitation of 296 mm and a mean 
temperature of 18.5∘C (1991–2020; Peral García et al., 2017). 

Agriculture is the most common land use in the catchment, ac-
counting for 65 % of the surface area (in 2020; Fig. 1c). Of the area used 
for agriculture, about two third is classified as irrigated agriculture 
(45 % of the total study area). One of the main sources of irrigation 
water is the Tagus-Segura Aqueduct (Fig. 1b), which was constructed at 
the end of the 1970’s to transfer water from the Tagus River to the 
Segura River catchment, and played a crucial role in the development of 
irrigated agriculture in the study area (Alvarez-Rogel et al., 2020). 
Currently, more than 90 % of the irrigated agriculture uses drip irriga-
tion (Alcon et al., 2011). Irrigated agriculture consists of irrigated tree 
crops (citrus), which are mostly located in the headwaters of the 
catchment, and irrigated horticulture (lettuce, broccoli and melons), 
which are mostly located in the central part and the coastal zone. Much 
of the irrigated crops are produced for export to European markets 
(Alvarez-Rogel et al., 2020). 

2.2. Modelling framework 

Here we introduce the overall modelling framework (Fig. 2), 
whereas more details about the applied scenarios, models, calibration, 
and data are provided in the subsections below. We determined the 
impacts of land use and climate change on water security under three 
contrasting socio-economic scenarios and corresponding adaptation 
measures, using a land use change model and a coupled hydrology-soil 
erosion model. Future irrigation water supply for each socio-economic 
scenario is based on an estimation of historical irrigation water supply 
and an interpretation of how the supply might change in the future, 
accounting for climate change and socio-economic projections obtained 
from the existing literature. The future irrigation water demand for the 
two irrigated crops is quantified based on the application of the 
hydrology-soil erosion model (SPHY-MMF; Terink et al., 2015; Eekhout 
et al., 2018a) under climate change, considering different irrigation 
techniques. Subsequently, the future land use distribution is based on 
the future irrigation water supply and demand and by a trend analysis of 
historical land use change. The future land use distribution is subse-
quently fed into the land use change model (iClue; Verweij et al., 2018) 
to obtain future spatial land use allocation maps. The projected impact 
of each socio-economic scenario on water security is determined with 
the hydrology-soil erosion model, with input from the climate change 
scenarios and the future land use maps, considering differences in irri-
gation techniques and additional climate change adaptation practices to 
increase water retention. 

2.3. Socio-economic scenarios 

We defined three socio-economic scenarios, based on three Shared 
Socioeconomic Pathways: SSP1 (Sustainability pathway), SSP2 (Middle 
of the Road pathway) and SSP5 (Fossil-fueled Development pathway). 
The socio-economic scenarios were used to establish changes in land use 
and irrigation techniques, and the implementation of Nature-based So-
lutions as a climate change adaptation strategy. The socio-economic 
scenarios were mostly based on the corresponding Eur-Agri-SSP story-
lines by Mitter et al. (2020), which gives a European agricultural 

Fig. 1. (a) Location of the study area within Europe, (b) a schematic overview of the Tagus-Segura Aqueduct, including the source area (Upper Tagus catchment) and 
the supply area (Segura catchment and Campo de Cartagena), (c) the 2020 land use map, and (d) a Digital Elevation Model, including the location of the Albujon 
subcatchment. 
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perspective on the SSP storylines by O’Neill et al. (2017). The SSP sce-
narios were linked to the Representative Concentration Pathways as 
follows: SSP1-RCP4.5, SSP2-RCP4.5 and SSP5-RCP8.5. 

Irrigation water is currently supplied by five sources in the study 
area, i.e. groundwater abstraction, the Tagus-Segura Aqueduct, desali-
nised seawater, treated urban waste water and other sources. Gross 
groundwater abstractions amount to 104 hm3 yr− 1 (Jiménez-Martínez 
et al., 2016), from which 25 % is considered lost due to desalination of 
the groundwater (MITECO, 2019), resulting in 78 hm3 yr− 1. Water 
transferred from the Tagus-Segura Aqueduct has been estimated at 
76.25 hm3 yr− 1, which is the fraction (21.8 %; MITECO, 2019) the 
Campo de Cartagena should receive given the average annual water 
supplied by the aqueduct (350 hm3 yr− 1; Morote et al., 2017a). Given 
the irrigation water supplied from desalination (8.2 hm3 yr− 1), treated 
urban waste water (24.09 hm3 yr− 1) and other sources (11 hm3 yr− 1) 
(MITECO, 2019), the current total irrigation water supply amounts to 
197.54 hm3 yr− 1. See Text S1 for more details on how the amount of 
water originating from each irrigation water source was estimated and 
validated with independent irrigation water demand estimates. 

The main characteristics of the three socio-economic scenarios are 
shown in Table 1, which will be further explained below. The change in 
irrigation water supplied by groundwater was based on the projected 
changes in resource depletion, as obtained from the Eur-Agri-SSPs by 
Mitter et al. (2020). For SSP1, a decrease in resource depletion is pro-
jected, therefore, under SSP1, we considered irrigation water from 
groundwater equal to the natural recharge of 47 hm3 yr− 1 (Domi-
ngo-Pinillos et al., 2018; Confederación Hidrográfica del Segura, 2023), 
which can be considered a climate change adaptation strategy. Ac-
counting for the 25 % reduction rate due to desalination of the 
groundwater, we estimated 32.25 hm3 yr− 1 as groundwater supply for 
SSP1. An increasing trend in resource depletion is projected for SSP5, 
which we translated to the maximum potential increase in groundwater 
abstraction for the study area (+12 hm3 yr− 1 MITECO, 2019). The 
groundwater abstraction under SSP2 remained the same as under cur-
rent conditions. The changes in the irrigation water supplied by the 
Tagus-Segura Aqueduct were based on Senent-Aparicio et al. (2021), 
who determined the change in water transferred under the RCP4.5 and 
RCP8.5 climate scenarios for the period 2040–2069, resulting in a 
decrease of 12.8 % (RCP4.5) and 37.1 % (RCP8.5), respectively. The 
change in treated urban waste water was assumed to be proportional to 
the change in population. We based the change in population on the 
projections for the Mediterranean Basin by Reimann et al. (2018), 
cropped to the study area. We used the 2020 population obtained from 
CIESIN (2018) as a reference, which resulted in population changes of 
− 1.4 % for SSP1, +8.6 % for SSP2 and +35.5 % for SSP5. These changes 
coincide with the population trends projected by Mitter et al. (2020). For 
SSP1 and SSP2, we assumed no change in desalination and other 

Historical irrigation
water supply

Literature

Future irrigation
water supply

Climate scenarios

Future irrigation
water demand

Future land use
distribution

Future land use
maps

Water security
indicators

Historical 
land use map

SPHY-MMF

SPHY-MMF

iClue

Fig. 2. Modelling framework applied in this study.  

Table 1 
Characteristics of the three socio-economic scenarios.   

SSP1-4.5 SSP2-4.5 SSP5-8.5 

Irrigation water supply 
Groundwater Natural 

recharge1 
Baseline Potential future 

increase2 

Tagus-Segura 
transfer 

RCP4.5 trend3 RCP4.5 trend3 RCP8.5 trend3 

Desalination Baseline Baseline Compensation 
irrigation supply and 
demand 

Treated urban 
waste water 

SSP1 trend4 SSP2 trend4 SSP5 trend4 

Other sources Baseline Baseline Baseline  

Irrigation techniques 
Irrigated tree 

crops 
RDI RDI FI 

Irrigated 
horticulture 

RDI FI FI  

Land use configuration 
Irrigated 

agriculture 
Based on 
irrigation water 
supply and 
demand 

Based on 
irrigation water 
supply and 
demand 

Extrapolation of 
historical trend 

Urban SSP1 trend4 SSP2 trend4 SSP5 trend4  

Additional measures 
Reduced 

tillage/cover 
crops 

×

Vegetated 
buffer strips 

×

1Domingo-Pinillos et al. (2018) and Confederación Hidrográfica del Segura 
(2023), 2MITECO (2019), 3Senent-Aparicio et al. (2021), 4Reimann et al. (2018) 

Table 2 
Precipitation sum (mm), extreme precipitation (mm) and average temperature 
(∘C) for the reference and two future climate scenarios, indicated as a difference 
with respect to the reference scenario. Extreme precipitation is defined as the 
95th percentile of daily precipitation, considering only rainy days (> 1 mm 
day− 1; Jacob et al., 2014). Values in bold indicate significant changes (p < 0.05) 
with respect to the reference scenario.  

Climate signal Reference RCP4.5 RCP8.5  
(1991–2020) (2040–2069) (2040–2069) 

Precipitation sum (mm)  295.7 − 12.0 (− 4.0 %) − 27.0 (− 9.1 %) 
Extreme precipitation 

(mm)  
19.1 +0.2 (+1.0 %) +0.4 (+2.0 %) 

Average temperature (∘C)  18.5 +0.9 +1.5  
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irrigation water sources, which remain 8.2 and 11 hm3 yr− 1, respec-
tively Table 2. 

For SSP5, we assume that irrigation agriculture will increase, which 
coincides with the increase in land productivity, further agricultural 
industrialization and increase of agricultural export as suggested by 
Mitter et al. (2020). Irrigated agriculture increased with 15.5 % between 
2000 and 2020 (Figure S3). We linearly extrapolated this increase to-
wards 2050, resulting in an increase of 23.3 %. This will lead to an in-
crease in irrigation water demand, which will be compensated with 
water supplied from desalination as adaptation strategy, corresponding 
to the increase in development of technologies applied in agriculture 
from the Eur-Agri-SSPs (Mitter et al., 2020). Similar to SSP1 and SSP2, 
other irrigation water sources will remain 11 hm3 yr− 1. 

The applied irrigation techniques were also based on the Eur-Agri- 
SSPs from Mitter et al. (2020), who project an increase of resource use 
efficiency for SSP1 and SSP2 and no change for SSP5. To reflect these 
changes, we considered that reduced deficit irrigation was applied as a 
climate change adaptation strategy in SSP1 and SSP2, while full irriga-
tion was applied under SSP5. Reduced deficit irrigation (RDI) is a more 
efficient irrigation scheduling strategy to increase resource use effi-
ciency (Mushtaq and Moghaddasi, 2011). We adopted a relative 
reduction rate of 17 % with respect to full irrigation, which was based on 
two recent field studies conducted in the study area (Romero-Trigueros 
et al., 2020; Mira-García et al., 2023). We implemented reduced deficit 
irrigation in the two main irrigated crops considered in this study, i.e. 
irrigated tree crops and irrigated horticulture in SSP1. In SSP2 we 
applied reduced deficit irrigation only in irrigated tree crops, because 
Mitter et al. (2020) suggests that resource-efficient technologies are 
developed at a moderate pace in SSP2 and, currently, most field based 
studies apply reduced deficit irrigation in tree crops only (e.g. Romer-
o-Trigueros et al., 2020; Mira-García et al., 2023). 

The future irrigation water demand for the two irrigated crops was 
obtained by applying the SPHY-MMF model for the two climate change 
scenarios (RCP4.5 and RCP8.5) and the two irrigation techniques (full 
irrigation and reduced deficit irrigation). In these model simulations we 
used the 2020 land use map and determined the catchment-average 
irrigation water demand per hectare for the irrigated tree crops and 
irrigated horticulture, separately. 

We assume that land use change is mostly driven by changes in 
irrigated water supply and demand, ultimately leading to a redistribu-
tion of land use in the study area, as was demonstrated by previous 
research (e.g. Rey et al., 2011; Sese-Minguez et al., 2017; Di Baldassarre 
et al., 2018; Sears et al., 2018; Alvarez-Rogel et al., 2020; Malek et al., 
2021). To obtain the total irrigated area for the three socio-economic 
scenarios, we divided the gross irrigation water supply by the irriga-
tion water demand under climate change, as obtained from the 
SPHY-MMF model. We assumed that the ratio of irrigated tree crops vs. 
irrigated horticulture does not change in the future scenarios with 
respect to the 2020 land use map (Fig. 1c). Urban areas are projected to 
change according to the change in population obtained from Reimann 
et al. (2018) and CIESIN (2018). Irrigation is also applied in green-
houses, however, we assume no change in the area covered by green-
houses. The hydrological-soil erosion model is unable to make a reliable 
estimate of the irrigation water demand for greenhouses, because of the 
lack of reliable vegetation indices obtained from satellite images that are 
needed to force the model (see also below). Assuming that land covered 
by forest, shrubland, greenhouses and water remain constant, we used 
the rainfed crops to balance out the changes in irrigated crops and urban 
areas. 

In addition to the changes in land use, in the SSP1 scenario we 
implemented Nature-based Solutions to increase water retention and 
reduce the impact on water security. According to the SSP1 narrative 
(Mitter et al., 2020), agricultural development is directed towards 
environmentally friendly processes and an increase of organic carbon in 
soils. This can be achieved with the implementation of different Sus-
tainable Land Management practices (SLM; Schwilch et al., 2012; de 

Vente et al., 2016) or Nature-based Solutions (Cohen-Shacham et al., 
2016). Our implementation of Nature-based Solutions included reduced 
tillage in combination with green manure (cover crops) in rainfed and 
irrigated agriculture. In addition, we implemented vegetated buffer 
strips throughout the catchment, which represent a Nature-based Solu-
tion that is currently being implemented in the study area (BOE, 2020). 
See Text S2 for details about the implementation of Nature-based So-
lutions in the SSP1 scenario. 

2.4. Land use change model 

We applied the iClue land use change model (Verweij et al., 2018) to 
obtain future land use maps for the three socio-economic scenarios. We 
selected the iClue model because it was best suited considering the study 
objectives and data input requirements. The iClue model first derives the 
suitability of each land use class using a step-wise regression, with the 
2020 land use map (Fig. 1c) and spatially distributed variables as input. 
The latter included the bioclimatic variables (Fick and Hijmans, 2017), 
soil texture, elevation, slope, distance to urban, distance to water, soil 
types, among others (see Table S4 for all variables). Next, the regression 
model was used to obtain the future land use maps, based on the land use 
distributions for the three scenarios. 

2.5. Hydrological-soil erosion model 

SPHY-MMF (Eekhout et al., 2018a) is a spatially distributed model 
that simulates hydrological and soil erosion processes on a cell-by-cell 
basis and is applied at a daily time step. Below we give a summary of 
the hydrological and soil erosion parts of the model, we refer to Terink 
et al. (2015) and Eekhout et al. (2018a), respectively, for detailed model 
descriptions. 

The model simulates the most relevant hydrological processes, 
including interception, evapotranspiration, vegetation cover, irrigation 
water demand, surface runoff, lateral and vertical soil moisture, and 
water routing. The SPHY-MMF model is especially suited for the appli-
cation in Mediterranean and semi-arid environments. For instance, the 
model accounts for infiltration excess surface runoff, a process that is 
associated with short intense rainfall events, which are typical for 
Mediterranean and semi-arid climates (Camarasa-Belmonte and Sor-
iano, 2014; Merheb et al., 2016). See Text S3 for a summary of the 
hydrological processes accounted for by the SPHY-MMF model. Soil 
erosion is determined using a daily implementation of the 
Morgan-Morgan-Finney model (MMF; Morgan and Duzant, 2008), 
which simulates the most relevant soil erosion processes, including 
detachment by raindrop impact, detachment by runoff and immediate 
deposition. Sediment is routed using a routing scheme that takes into 
account the transport capacity of the accumulated runoff and is cali-
brated using two model parameters (Prosser and Rustomji, 2000). 

The SPHY-MMF model was calibrated in the Rambla de Albujón 
subcatchment (44 % of the study area; Fig. 1 (d)), for which daily 
discharge observations were available. The calibration consisted of four 
steps in which we calibrated (1) the irrigation module, using observed 
irrigation water demand estimates for irrigated tree crops and irrigated 
horticulture in the study area (Soto-García et al., 2013), (2) the hydro-
logical modules, using the observed daily discharge observations, for 
which we obtained a Kling-Gupta Efficiency (KGE) of 0.84 and a percent 
bias (PBIAS) of 1.1 %, (3) the soil erosion module, using soil loss esti-
mates from Maetens et al. (2012), and (4) the sediment transport 
module, with observed sediment yield data from García-Pintado et al. 
(2007). See Text S4 for a detailed description of the calibration methods 
and calibration results. 

2.6. Irrigation module 

Here we present a new irrigation module for the SPHY-MMF model, 
which is based on the root-zone soil moisture deficit approach and is an 
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adaptation of the irrigation formulations found in Allen et al. (1998). 
Once the soil water content in the rootzone is determined, the model 
determines the irrigation water demand for the next time step. First an 
irrigation threshold Irrthreshold (mm) is determined according to: 

Irrthreshold = θFC − MAD RAW (1)  

Where θFC is the field capacity of the rootzone (mm), MAD is the man-
agement allowed depletion (-) and RAW is the readily available water 
(mm). The management allowed depletion MAD is a crop-specific model 
parameter with a tipping point at MAD = 1. With values of MAD below 1 
no plant water stress is allowed and above 1 some plant water stress is 
allowed. The readily available water RAW is defined by: 

RAW = TAW p (2)  

Where TAW is the total available water (mm) and p the depletion frac-
tion (-). The total available water TAW is defined by: 

TAW = θFC − θWP (3)  

Where θWP is the permanent wilting point of the rootzone (mm). The 
permanent wilting point θWP and field capacity θFC are obtained from 
pedo-transfer functions (Saxton and Rawls, 2006), with soil texture and 
organic matter content as input. 

The depletion fraction is a plant specific factor and is a function of 
the potential evapotranspiration (Allen et al., 1998): 

d = dtab + 0.04(5 − ETP) (4)  

Where dtab is the tabular value of the depletion fraction and ETP is the 
potential evapotranspiration obtained from the hydrological model. 
Values for dtab were obtained from Allen et al. (1998). The total avail-
able water TAW, readily available water RAW and depletion factor 
d were already included in the model to determine the actual 
evapotranspiration. 

The irrigation water demand Irr (mm) is determined as follows: 

Irr =

{
Irrthreshold − θ if Irrthreshold ≥ θ
0 if Irrthreshold < θ (5)  

Where θ is the actual soil water content in the rootzone (mm). The 
irrigation water demand is then added to the soil water balance in the 
next time step, once the amount of effective precipitation is determined, 
i.e. the precipitation minus canopy storage. 

The model requires a table which specifies per irrigated crop the 
management allowable depletion MAD and the period of the year over 
which irrigation is applied (see Table S2). 

2.7. Climate change scenarios 

We applied the SPHY-MMF model to a reference scenario 
(1991–2020) and two future climate scenarios for the period 
2040–2069, based on the Representative Concentration Pathway 
climate change scenarios, i.e. RCP4.5 and RCP8.5, which describe an 
emission scenario peaking in 2040 followed by a decline (RCP4.5), and 
an emission scenario with continuous increase in emissions throughout 
the 21st century (RCP8.5) (van Vuuren et al., 2011). The future period 
and climate change scenarios coincide with the ones used in Sen-
ent-Aparicio et al. (2021) to define the impacts on irrigation water 
supply from the Tagus-Segura Aqueduct. Climate data for the reference 
scenario were obtained from a 5-km gridded dataset from the Spanish 
national meteorological institute (AEMET; Peral García et al., 2017). 
Climate data for the future climate scenarios were obtained from nine 
GCM/RCM (General Circulation Model/Regional Climate Model) com-
binations from the EURO-CORDEX initiative (Jacob et al., 2014), with a 
0.11∘ resolution (Table S5). The RCM data were bias-corrected using 
Scaled Distribution Mapping (Switanek et al., 2017), which gives the 
best results with respect to other bias-correction techniques applied in 

the study area, especially considering representation of extreme events 
(Eekhout and de Vente, 2019b). Before applying bias correction, the 
climate model data were interpolated onto the 5-km reference climate 
grid, using linear and spline interpolation for precipitation and tem-
perature, respectively. 

2.8. Input data 

All input maps were interpolated or resampled to the 200 m model 
resolution. The digital elevation model was obtained from a Spanish 
national LiDAR dataset (Ministerio de Fomento de España, 2015) with a 
5 m resolution and interpolated using bilinear interpolation. Soil texture 
(clay, silt, sand) and organic matter content were obtained from the 
LUCDEME dataset (Faz Cano, 2003), which includes detailed soil profile 
data and a soil class map (1:50,000) for the Region of Murcia, where the 
study area is located. We aggregated the textural data per soil class, to 
obtain average sand, silt and clay fractions per soil class. The organic 
matter map was aggregated per land use class, to obtain average organic 
matter content per land use class, which were subsequently applied to 
the reference and future land use maps. All soil maps were interpolated 
onto the model grid using nearest neighbour interpolation. The spatially 
distributed rock fraction map was obtained by applying the empirical 
formulation from Poesen et al. (1998), which determines rock fraction 
based on slope gradient, from which the latter was obtained from the 
digital elevation model. 

NDVI images were obtained from bi-monthly Moderate Resolution 
Imaging Spectroradiometer (MODIS; Didan, 2015) data with a 250 m 
resolution for the period 2001–2020. No NDVI images were available for 
the historical and future periods considered in this study. Therefore, we 
separated the NDVI data into inter- and intra-annual NDVI estimates, 
which were combined to obtain NDVI time series needed for the model 
runs. To determine the inter-annual NDVI pattern we applied a land use 
specific log-linear regression model based on annual precipitation and 
temperature time series, as described in detail in Eekhout et al. (2018b). 
The intra-annual NDVI pattern was obtained from the long-term average 
bi-monthly (16 day) NDVI for the period 2001–2020, also differentiated 
per land use class. The obtained NDVI maps were interpolated onto the 
model grid using 2D cubic spline interpolation. 

2.9. Water security indicators 

Water security was estimated using a series of five water security 
indicators (Table 3). Irrigation water demand is obtained as the sum 
from all irrigated agriculture in the catchment. Plant water stress is 
estimated by the SPHY-MMF model to determine the evapotranspiration 
and is used in the irrigation module to determine irrigation threshold. It 
indicates how much stress the plants are experiencing because of a lack 
of soil moisture. Flood discharge is obtained as a time series at the 
Rambla de Albujón outlet to the Mar Menor coastal lagoon. The flood 
discharge is defined as the average of the annual maximum daily 
discharge over the 30-year simulation period. Hillslope erosion is ob-
tained from the soil erosion module as the sediment taken into transport 
from each grid cell. Sediment yield is obtained as a time series at the 
Rambla de Albujón outlet and taken as the yearly average over the 30- 
year simulation period. 

Table 3 
Water security indicators, illustrating the unit, data type and statistical treat-
ment of the model output.  

Water security indicator Data type Statistical treatment 

Irrigation demand (hm3 yr− 1) Distributed map Annual sum 
Plant water stress (-) Distributed map Annual average 
Flood discharge (m3 s− 1) Time series Annual average maximum 
Hillslope erosion (Mg km− 2 yr− 1) Distributed map Annual sum 
Sediment yield (Mg yr− 1) Time series Annual sum  
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We accounted for climate model uncertainty by applying a paired U- 
test (Mann-Whitney-Wilcoxon test, with a significance level of 0.05). 
The paired U-test was used to determine the significance of the spatially 
distributed model outcomes, in which the pairs consisted of the model 
outputs for (1) the reference scenario and (2) the nine climate models. 

3. Results 

3.1. Irrigation water supply and demand projections 

A decrease in irrigation water supply is projected for the SSP1-4.5 
scenario (− 26.8 %), which is mostly attributed to the decrease of 
groundwater supply, assumed to be limited to the natural aquifer 
recharge in SSP1 (Fig. 3). Only minor changes to the irrigation water 
supply were projected for SSP2-4.5 (− 3.9 %), with only a moderate 
decrease in water supplied by the Tagus-Segura Aqueduct (− 12.8 %), 
with respect to the baseline scenario. Despite a stronger decrease in 
water transferred from the Tagus-Segura Aqueduct (− 37.1 %), a 38.2 % 
increase in irrigation water supply is projected for the SSP5-8.5 scenario, 
which is mostly attributed to the substantial increase in irrigated water 
supplied from desalination. 

We used the SPHY-MMF model to determine the irrigation water 
demand for the two climate change scenarios (RCP4.5 and RCP8.5) and 
the two irrigation techniques (full irrigation and reduced deficit irriga-
tion) applied here (Table 4). The SSP1-4.5 scenario assumes reduced 
deficit irrigation for irrigated tree crops and horticulture, which results 
in a reduction of the irrigation water demand with respect to the base-
line scenario. Most reduction in irrigation water demand is obtained for 
irrigated tree crops (− 14.1 %), while irrigated horticulture shows a 
moderate reduction (− 7.6%). Obviously, these reductions are less than 
the 17.0 % reduction under the calibration conditions, because of the 
projected decrease of precipitation and increase in temperature under 
the RCP4.5 climate scenario (Table 2). The SSP2-4.5 scenario only ap-
plies reduced deficit irrigation for tree crops, while full irrigation is 
applied for horticulture, which increases with 9.6 % with respect to the 
baseline scenario. The impact of climate change on irrigation water 
demand is more obvious in the SSP5-8.5 scenario, which assumes full 
irrigation for both crops. Irrigation water demand for irrigated 

horticulture increase most (+13.2 %), while irrigated tree crops show a 
moderate increase (+7.8 %). 

3.2. Land use projections 

Considering the projected changes in irrigation water supply (Fig. 3) 
and irrigation water demand (Table 4), we calculated how irrigated 
agriculture is projected to change in the study area (Fig. 4). The SSP1-4.5 
and SSP2-4.5 scenarios project a decrease of irrigated area of − 18.4 % 
and − 3.3 %, respectively. For SSP1-4.5 the decrease in irrigation water 
supply is driven by the reduction of groundwater abstraction and 
somewhat compensated by the use of reduced deficit irrigation in all 
irrigated agriculture. The decrease projected for SSP2-4.5 is mostly 
attributed to the decrease in irrigation water supply. In scenario SSP5- 
8.5 an increase in irrigated agriculture is projected (+23.3 %), 
following the historical trend in increase in irrigated agriculture. 

The land use distribution was used as input into the iClue model to 
determine the spatial allocation of land use (Fig. 5). The land use 
changes projected for the SSP1-4.5 scenario are mostly characterized by 
a transformation from irrigated agriculture to rainfed agriculture in the 
headwater area of the study area. This conversion from irrigated to 
rainfed agriculture is mostly occurring in those areas where the opposite 
change occurred most recently (Figure S3). Only subtle changes in land 
use are projected for the SSP2-4.5 scenario, where rainfed crops are 
slightly increasing in the headwater area. In the SSP5-8.5 scenario, 
rainfed agriculture disappears in favour of irrigated agriculture and 
urban areas. The new urban areas are concentrated in the coastal zone 
and in the headwater area of the catchment. 

3.3. Water security projections 

We determined the impact of climate and land use change on the 
water security indicators using the SPHY-MMF model. Model results 
show that irrigation water demand decreases significantly in SSP1-4.5 
(− 28.2 %), while it decreases only slightly in SSP2-4.5 (− 3.7 %), and 
increases significantly in SSP5-8.5 (+39.8 %) (Table 5). The values 

Fig. 3. Irrigation water supply (hm3 yr− 1) for the baseline and three 
SSP scenarios. 

Table 4 
Irrigation water demand (m3 ha− 1 yr− 1) for the baseline and three SSP scenarios. The table also shows the irrigation technique applied in each of the scenarios, where FI 
refers to full irrigation and RDI to reduced deficit irrigation.  

Land use class Baseline SSP1-4.5 SSP2-4.5 SSP5-8.5 

Irrigation technique FI RDI FI / RDI FI 
Irrigated tree crops 4744.2 4074.8 (− 14.1 %) 4074.8 (− 14.1 %) 5113.1 (+7.8 %) 
Irrigated horticulture 2862.1 2645.4 (− 7.6 %) 3136.9 (+9.6 %) 3238.6 (+13.2 %)  

Fig. 4. Land use distribution ( %) for the baseline and three SSP scenarios. The 
black boxes indicate the total irrigated area, where the percentage change in-
dicates the change in irrigated area for the three scenarios with respect to the 
baseline scenario. 
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obtained here are similar to the changes in irrigation water supply 
(Fig. 3). The spatial differences in irrigation demand (Fig. 6) are the 
result of changes in allocation of irrigated agriculture (Fig. 5) and the 
applied irrigation technique (Table 4), with lower values for scenario 
SSP1-4.5 (reduced deficit irrigation), and higher values for the SSP5-8.5 
scenario (full irrigation and more extreme climate conditions). The 
applied irrigation technique also affects the plant water stress under 
irrigated agriculture, where plant water stress increases most in SSP1- 
4.5 (+18.9 %), under reduced deficit irrigation, while a less severe in-
crease is projected for SSP5-8.5 (+2.4 %), under full irrigation. The in-
crease in plant water stress for rainfed agriculture shows an opposite 
tendency, with lower increase for SSP1-4.5 (+4.3 %), because of the 
implementation of Nature-based Solutions, and higher increase for 
SSP5-8.5 (+7.6%), due to more extreme climate conditions. Flood 
discharge is projected to increase in all three scenarios, which is related 
to the projected increase in extreme precipitation (Table 2). The 
implementation of NbS in SSP1-4.5 causes a lower increase in flood 
discharge (+18.6 %) than in SSP2-4.5 (+40.6 %), which is explained by 
the improved water holding capacity of the soil, that is obtained through 

an increase in organic matter and a decrease in bulk density in SSP1-4.5. 
The SSP5-8.5 scenario shows an intermediate increase in flood discharge 
(+27.4 %) without implementation of NbS. 

The effect of NbS is most evident considering hillslope erosion, which 
increases only slightly in SSP1-4.5 (+0.7 %). Hillslope erosion increases 
most in SSP2-4.5 (+33.9 %) and is most prominent in areas where more 
water accumulates, which is related to the increase in flood discharge in 
all three scenarios (Fig. 6). Despite a projected increase in extreme 
precipitation, the increase of hillslope erosion under SSP5-8.5 is rela-
tively small due to a stronger decrease in total annual precipitation 
(Table 2). In SSP5-8.5, the increase in hillslope erosion is most evident in 
the northern part of the catchment, where rainfed agriculture is replaced 
by irrigated tree crops on steeper slopes. Sediment yield is projected to 
increase in all scenarios, with the highest increase projected for SSP2-4.5 
(+150.5 %). The increase is related to the increase in hillslope erosion 
and flood discharge, which increases the potential to transport sediment 
towards the Mar Menor coastal lagoon. Sediment yield increases less in 
the SSP1-4.5 scenario (+51.8 %), which is related to the implementation 
of NbS (vegetated buffer strips), causing a decrease in hillslope erosion 

Fig. 5. Future land use maps for the three SSP scenarios as obtained from the iClue model.  

Table 5 
Water security indicators for the baseline scenario and change under the three future scenarios. The values shown in bold indicate a significant change with respect to 
the baseline scenario (α < 0.05).  

Water security indicator Baseline SSP1-4.5 SSP2-4.5 SSP5-8.5 

Irrigation demand (hm3 yr− 1)  199.8 − 56.4 (− 28.2 %) − 7.4 (− 3.7 %) +79.6 (+39.8 %) 
PWS irrigated agriculture (–)  0.31 0.06 (+18.9 %) +0.03 (+9.6 %) +0.01 (+2.4 %) 
PWS rainfed agriculture (–)  0.62 +0.03 (+4.3 %) +0.04 (+6.0 %) +0.05 (+7.6 %) 
Flood discharge (m3 s− 1)  17.2 +3.2 (+18.6 %) +7.0 (+40.6 %) +4.7 (+27.4 %) 
Hillslope erosion (Mg km− 2 yr− 1)  181.4 +1.3 (+0.7 %) +61.5 (+33.9 %) +7.9 (+4.4 %) 
Sediment yield (Mg yr− 1)  5404.4 +2801.9 +51.8 %) +8134.0 (+150.5 %) +2086.5 (+38.6 %)  
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and sediment transport. Under SSP5-8.5, sediment yield shows an in-
termediate increase due to the combined effect of an increased precip-
itation intensity and flood discharge, but a decreased total annual 
precipitation (Table 2). 

4. Discussion 

4.1. Socio-economic scenarios 

In this study we projected how changes in irrigation water supply 
and demand affect the land use configuration under three socio- 
economic scenarios and evaluated the impacts of these three sce-
narios, and corresponding adaptation measures, on water security in a 
Mediterranean catchment in the south-east of Spain, that is currently 
characterised by large extensions of irrigated agriculture. The SSP2-4.5 
scenario projects a small reduction in irrigation water supply, which led 
to only minor changes in the land use distribution with respect to the 
baseline scenario. Hence, this scenario can be viewed as a business-as- 
usual scenario (O’Neill et al., 2017), with small changes in land use 
and in which climate change adaptation is only considered by imple-
menting reduced deficit irrigation in irrigated tree crops. Importantly, 
this scenario shows strong impacts on water security, reflected by the 
highest increases in flood discharge, hillslope erosion and sediment yield 
among the three scenarios, and intermediate impacts on plant water 
stress (Table 5). These results indicate that climate change adaptation is 
needed to prevent the negative impacts of climate change on water se-
curity in the study area, here assessed by considering the contrasting 
Sustainability (SSP1-4.5) and Fossil-fueled Development (SSP5-8.5) 
pathways. 

Climate change adaptation can be achieved by following the Sus-
tainability pathway (SSP1-4.5) in the study area, which assumes a sig-
nificant > 25 % reduction in irrigation water supply from groundwater 
and from the Tagus-Segura Aqueduct, thereby strongly reducing the 
depletion of natural water resources. In combination with the applica-
tion of reduced deficit irrigation, to increase water use efficiency, this 
leads to a decrease of irrigated agriculture of 18 %, which is converted to 
rainfed agriculture. Plant water stress for irrigated agriculture increases 
in this scenario, which can be attributed to the implementation of 
reduced deficit irrigation, in combination with increasing temperatures 
and decreasing annual precipitation (Table 2). However, Nature-based 
Solutions, as implemented in this scenario through the use of cover 
crops, reduced tillage, and vegetated buffer strips, lead to higher soil 
organic matter content, lower bulk density, increased infiltration and 
higher water retention on the hillslopes. Thereby, these NbS reduce the 
impact of climate change on plant water stress in rainfed agriculture, 
flood discharge, hillslope erosion and sediment yield. While these 
environmental benefits are directly related to socio-economic benefits 
(e.g. less damage from floods and droughts), there is still insufficient 
knowledge on all socio-economic implications of this scenario (e.g. cost- 
benefits of agriculture), considering also interactions with other sectors 
like tourism and local populations that might benefit from lower agri-
cultural pressure on natural resources. For example, Lamas Rodríguez 
et al. (2023) showed how environmental degradation due agricultural 
effluents to the coastal area had a strong negative impact on real estate 
prices in the area. We coupled the SSP1 scenario to the RCP4.5 climate 
scenario for consistency with the RCP scenarios used in Senent-Aparicio 
et al. (2021). While the SSP1-RCP2.6 combination is more usual, 
SSP1-RCP4.5 is not an improbable SSP-RCP combination (O’Neill et al., 
2020). Still, the often-used SSP1-RCP2.6 combination will likely result 
in an even smaller impact on water security, with (i) a smaller reduction 
in water transferred from the Tagus-Segura Aqueduct, (ii) a lower 
impact on plant water stress, due to a likely smaller reduction in annual 
precipitation and a smaller increase in temperature, and (iii) a smaller 
increase in flood discharge, hillslope erosion and sediment yield, due to 
a likely smaller increase in extreme precipitation. Hence, our imple-
mentation with the RCP4.5 climate scenario most likely results in a 

higher impact on water security than would be the case with the RCP2.6 
climate scenario. 

In the Fossil-fueled Development pathway (SSP5-8.5), rainfed agri-
culture is converted to irrigated agriculture, leading to an increase in 
irrigation water demand of 79.6 hm3 yr− 1. The increase in irrigation 
water demand is partly compensated by an increase in groundwater 
supply (increase in resource depletion, as suggested by Mitter et al., 
2020), but mostly by increased seawater desalination as adaptation 
strategy (increase in development of technologies applied in agricul-
ture). The total desalination water supply under SSP5-8.5 amounts to 
91.4 hm3 yr− 1. Current nearby desalination plants have capacities up to 
80 hm3 yr− 1 (Morote et al., 2017b), so it is not unthinkable that addi-
tional desalination plants can be built in the future to cover the addi-
tional water demand. The area covering irrigated agriculture increases 
with 23.3 %, which in combination with climate change will cause an 
increase of almost 40 % of irrigation water demand (Table 5). Irrigated 
agriculture under full irrigation experiences lower plant water stress, 
hence, plant water stress for irrigated agriculture only marginally in-
creases in SSP5-8.5, mainly due to rising temperature. However, this 
comes at the expense of the significant increase in irrigation water de-
mand. While technological developments are expected to be able to 
provide this additional water volume, there is still large uncertainty 
regarding the feasibility and impacts on water and energy pricing and 
cost-benefit of the agricultural sector (e.g. Elimelech and Phillip, 2011; 
Morote et al., 2017a; Alcon et al., 2022). Flood discharge, hillslope 
erosion and sediment yield do not increase as much as in SSP2-4.5, 
which may be attributed to a significant decrease in precipitation sum 
(Table 2). 

The SSP scenarios were mostly based on the Eur-Agri-SSP scenarios 
(Mitter et al., 2020), which indicate the direction of change of a large 
number of storyline elements. Other literature sources are needed to 
quantify the direction of change to system variables that can be used for 
modelling impacts, such as local studies on the impacts on irrigation 
water supply (e.g. Domingo-Pinillos et al., 2018; Senent-Aparicio et al., 
2021; Confederación Hidrográfica del Segura, 2023) or more general 
studies with large-scale impacts (e.g. Reimann et al., 2018). The 
Eur-Agri-SSP storyline elements are subdivided into several categories, 
for which we focused mainly on the Environment and natural resources 
category, which includes storyline elements related to resource deple-
tion and resource use efficiency. These storyline elements were trans-
lated to changes in groundwater abstraction and the use of different 
irrigation techniques. In addition, we used the Population and urbani-
zation category to project changes in urban land cover. In SSP5–8.5 we 
also considered the Economy category, which suggests an increase in 
land productivity, here translated to the conversion of low-productive 
rainfed agriculture to high-productive irrigated agriculture. The other 
two scenarios translate equally well to the economic projections. For 
example, Mitter et al. (2020) suggests a decreasing trend in agricultural 
trade for SSP1, which corresponds to the shift from high-productive 
irrigated agriculture to low-productive rainfed agriculture in our 
SSP1–4.5 scenario. For SSP2, a constant trend in agricultural trade is 
suggested, which corresponds to the marginal change in agricultural 
practice on our SSP2–4.5 scenario. While economic trade of agricultural 
commodities decreases in SSP1, Mitter et al. (2020) suggests that land 
productivity increases because of technological progress. Plant water 
stress is a water security indicator that can be related to land produc-
tivity, where a higher plant water stress suggests a lower productivity 
(Doorenbos and Kassam, 1979; Allen et al., 1998). However, our 
implementation of sustainable agricultural practices in the SSP1–4.5 
scenario (i.e. Nature-based Solutions and reduced deficit irrigation) has 
a mixed impact on productivity. Plant water stress increases for irrigated 
agriculture, because of a lower input of water under reduced deficit 
irrigation. For rainfed agriculture, plant water stress also increases 
slightly, but is attenuated compared to the SSP2–4.5 scenario, because of 
the improved soil conditions (higher organic matter content and lower 
bulk density). Still, climate change causes an increase in plant water 
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stress and likely lower crop yield (Mushtaq and Moghaddasi, 2011; 
Mira-García et al., 2023) in all scenarios, under rainfed and irrigated 
agriculture due to higher temperatures and lower annual precipitation. 

The interpretation and implementation of SSP scenarios in climate 
change impact assessments is still an evolving topic of research. Previ-
ously (downscaled) output from global integrated assessment models (e. 
g. IMAGE; Stehfest et al., 2014) were used as input for hydrological or 
other impact models (e.g. Wijngaard et al., 2018) to define SSP sce-
narios, which were probably not well suited for local-scale applications, 
due to their coarse spatial scales and lack of local interpretation of 
socio-economic scenarios. In the last few years, the SSP narratives 
(O’Neill et al., 2017) are being made specific for certain regions (e.g. 
Reimann et al., 2018; Kok et al., 2019) and/or economic sectors (Mitter 
et al., 2020). These more specific narratives allow to develop 
socio-economic scenarios for local study areas, in a similar way as was 
performed here. We focused our socio-economic scenarios on the 
changes in three storyline categories (i.e. Environment and natural re-
sources, Economy, and Population and urbanization), because of our focus 
on water demand and supply in relation to irrigated agriculture and 
impacts on water security. Other studies showed how many other cat-
egories (e.g. Reimann et al., 2021; Nishizawa et al., 2023) can be 
involved in impact assessments on other sectors, by involving local 
stakeholders with a broad range of expertise to define the local 
socio-economic scenarios (Rohat et al., 2019). In the context of this case 
study, it could be relevant to further assess how other potential 
socio-economic changes, like changes in price of electricity or agricul-
tural produce, would affect costs and benefits of each scenario in an 
in-depth integrated cost-benefit analysis. 

An estimation of the impact on crop yields may be an essential 
element of such economic analyses. Crop yield reductions are often 
associated with the implementation of climate change adaptation stra-
tegies, such as reduced deficit irrigation and Nature-based Solutions. 
Our results show that implementation of reduced deficit irrigation in the 
SSP1-4.5 scenario leads to a considerable higher plant water stress than 
the full irrigation implementation of the SSP5-8.5 scenario (Table 5). An 
increase in plant water stress, either because of climate change or due to 
the implementation of reduced deficit irrigation, is associated with a 
decrease in crop yield (Kang et al., 2009). Field experiments that apply 
reduced deficit irrigation under a 14–36 % reduction of irrigated water 
confirm that RDI implementation leads to a reduction in crop yield, with 
an average crop yield reduction of 12 % for horticultural crops (Imtiyaz 
et al., 2000; Kuslu et al., 2008; Cabello et al., 2009; Erdem et al., 2010; 
Ayas et al., 2011; Sahin et al., 2015; Barzegar et al., 2018; Patra et al., 
2022; Miceli et al., 2023) and 8 % for citrus crops (Tejero et al., 2011; 
Romero-Trigueros et al., 2020; Panigrahi, 2023), with respect to the 
crop yield under full irrigation. While only quantified by a few studies, 
the difference in net economic return between full irrigation and deficit 
irrigation seems neglectable due to reduced production costs (Imtiyaz 
et al., 2000; Patra et al., 2022). This has also been suggested for the 
implementation of reduced deficit irrigation in olive orchards by 
Fernández et al. (2020), who concluded that RDI is the most profitable 
option for areas where water supply is a limiting factor, such as in the 
Mediterranean Basin. We implemented reduced deficit irrigation with a 
conservative reduction of 17 %, which will most likely lead to a 
reduction in crop yield, while minimum differences in net economic 
returns are expected because of the reduction in production costs. 

The implementation of NbS, like reduced tillage, cover crops, organic 
amendments and vegetated buffer strips, enhance the soils water 
retention capacity and, therefore, have strong potential as adaptation 
measure to decrease flood intensity and plant water stress under drought 
conditions, which is expected to increase farm resilience and provide 
economic benefits to society (Cohen-Shacham et al., 2016). The feasi-
bility and effectiveness of these measures to increase water retention is 
well demonstrated in many previous field and modelling studies (e.g. 
Almagro et al., 2016; Eekhout and de Vente, 2019a; Chausson et al., 
2020). Moreover, our current results demonstrate that NbS significantly 

reduce the impacts on most water security indicators, illustrated by the 
large differences between the SSP1-4.5 and SSP2-4.5 model outcomes. 
The mitigating impact of NbS on plant water stress, flood discharge, soil 
erosion and sediment yield, will certainly also have economic benefits 
by reducing damage from floods and droughts. Nevertheless, although 
NbS are often considered as more cost-effective than grey infrastructure, 
detailed cost-benefit studies of NbS are scarce (Vogelsang et al., 2023) 
and often focus on impacts on crop yield only, disregarding impacts on 
management costs or economic impacts related to externalities like soil 
erosion, flood risk, climate change mitigation, contamination and 
biodiversity loss. Some studies indicate positive cost-effectiveness of 
NbS like those applied in this study, especially when accounting for 
externalities, although this may require public economic support (e.g. 
De Leijster et al., 2020; de Groot et al., 2022) and depends on the 
maturing time of the NbS (Vogelsang et al., 2023). Previous studies in 
rainfed systems showed how some NbS (e.g. no tillage) may result in a 
reduction in crop yields, especially in the first years after implementa-
tion (Martin-Gorriz et al., 2020; De Leijster et al., 2020). However, other 
(combinations of) practices, like addition of compost and green manure, 
and longer term evaluations, have demonstrated equal, or slightly 
higher crop yields, that are less sensitive to droughts and climate vari-
ations (Almagro et al., 2016; De Leijster et al., 2020). Moreover, when 
NbS practices are well adapted to the local context, they have strong 
potential to provide a range of other ecosystem services, reducing ex-
ternalities with social and economic impacts like reduction of soil 
erosion, flood prevention, carbon sequestration and protection of 
biodiversity (de Groot et al., 2022). 

4.2. Irrigated agriculture under climate change 

Unless irrigation efficiency is improved through reduced deficit 
irrigation, climate change will lead to increased irrigation water demand 
in the study area (Table 4), which is in agreement with the general 
future tendency in the Mediterranean Basin (Bakken et al., 2016; Fader 
et al., 2016). Plant water stress is projected to increase in irrigated crops, 
even under full irrigation in the SSP5-8.5 scenario (Table 5), which will 
likely have a negative impact on crop yield (Kang et al., 2009). 
Notwithstanding the impacts on crop yield, irrigation efficiency will 
play a key role to meet the irrigation water demand in the Mediterra-
nean Basin. Drip irrigation is already being applied in > 90 % of the 
irrigated agriculture in southeast Spain (Alcon et al., 2011; Fernández 
García et al., 2020), hence, the potential to improve irrigation efficiency 
is mostly limited to the implementation of reduced deficit irrigation 
(Martínez-Alvarez et al., 2014; Romero-Trigueros et al., 2020; Mir-
a-García et al., 2023). However, in many parts of the Mediterranean 
Basin lower efficient irrigation techniques, such as flood or sprinkler 
irrigation, are commonly applied (Fader et al., 2016). Hence, imple-
mentation of drip irrigation has the potential to significantly improve 
irrigation efficiency in these parts of the Mediterranean Basin (Malek 
and Verburg, 2018). However, drip irrigation is not suitable for all crop 
types, but is mostly restricted to orchards (e.g. citrus, olive, grape) and 
horticulture, i.e. the crops that are currently being cultivated in the 
Campo de Cartagena study area. The limited potential to implement drip 
irrigation in other crop types (e.g. cereal) urges to adopt soil-based 
adaptation strategies, such as reduced tillage and regenerative agricul-
ture, which have generally more potential to be implemented than drip 
irrigation in the Mediterranean Basin (Zagaria et al., 2023) and reduce 
the impact of rising temperatures on plant water stress, as shown in the 
results of the SSP1-4.5 scenario (Table 5). 

Irrigation was simulated in this study with a novel irrigation module 
for the SPHY-MMF model. The irrigation module was based on the root- 
zone soil moisture deficit approach, which adjusts the irrigation water 
demand based on simulated soil moisture and crop characteristics. 
However, it is likely that irrigation demand in the study area depends 
more on inter-annual changes in irrigation water supply, than on crop 
demand (Soto-García et al., 2013). Here we assume that the sum of 
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water supplied by the different irrigation water sources (Table 3) is 
constant throughout the simulation period. However, it is likely that 
inter-annual climate variation will affect water supplied by groundwater 
abstraction and by the Tagus-Segura Aqueduct. Ideally, the irrigation 
water supply in dry years should be compensated by non-conventional 
water sources that are unaffected by climate change, such as from 
desalination and treated urban waste water. 

Non-conventional water sources can provide important contribu-
tions to increase water supply, but are not without problems. While 
desalination of seawater is steadily increasing in Spain, it is still not a 
cost-effective alternative to other sources, because of its high-energy 
demand (Elimelech and Phillip, 2011; Morote et al., 2017b). It also 
comes with environmental issues, especially regarding the disposal of 
brine as a waste product of the desalination process (Morote et al., 
2017b) and the still high energy requirements and carbon footprint of 
desalination (Xue et al., 2023). Treated urban waste water is another 
important additional source, but also has quality concerns, because of 
the high concentration of salts, nitrogen and heavy metals (Chen et al., 
2013). It is, therefore, questionable if the irrigation water demand 
required for SSP5-8.5 can be met at an affordable price and without 
undesired externalities. An approach as implemented in the SSP1-4.5 
scenario, which relies less on irrigated agriculture, but more on 
Nature-based Solutions and efficient irrigation techniques to mitigate 
the negative impacts on water security, is expected to be more feasible 
regarding continued water supply under future global change. Further 
integrated cost-benefit assessments, including positive and negative 
externalities like environmental degradation, carbon footprints and 
impacts on other ecosystem services, are required to assess additional 
impacts and feasibility of the three socio-economic scenarios (de Groot 
et al., 2022). 

5. Conclusions 

Because of projected increase in temperature and decrease in pre-
cipitation, the Mediterranean Basin will face increasing water security 
issues affecting both rainfed and irrigated agriculture in the coming 
decades. Decreasing precipitation will cause a decrease in irrigation 
water supply from renewable water sources, such as surface- and 
groundwater sources, and increasing temperature will cause an increase 
in irrigation water demand. Here we show that different socio-economic 
pathways will lead to large differences in irrigation water supply, irri-
gation water demand, and impacts on water security. From the three 
socio-economic pathways considered here, the SSP2-4.5 scenario can be 
viewed as a business-as-usual scenario, without major changes in land 
use and only minor implementation of climate change adaptation 
measures in irrigated agriculture. This scenario projects the strongest 
negative impacts on water security for most indicators, especially 
regarding flood discharge, hillslope erosion and sediment yield. It is 
therefore indisputable that policymakers should make a decision on how 
to proceed towards the future. 

This study presents two diverging alternatives, pursuing a Sustain-
ability pathway (SSP1) and a Fossil-fueled Development pathway 
(SSP5). The SSP1-4.5 scenario provides an alternative that reduces the 
pressure on renewable water sources, reducing irrigated agriculture 
with 18 % with respect to the baseline scenario. Moreover, this scenario 
implements reduced deficit irrigation and Nature-based Solutions to 
avoid the negative impacts on water security. This would significantly 
decrease irrigation water demand, but comes at the price of lower spe-
cific crop yield, due to higher plant water stress, and a lower gross crop 
yield, due to a shift from high-productive irrigated agriculture to low- 
productive rainfed agriculture. However, the impacts on water secu-
rity will decrease with respect to the business-as-usual scenario (SSP2- 
4.5), most notably for flood discharge, hillslope erosion and sediment 
yield. The SSP5-8.5 scenario provides an alternative that pursues an 
increase in agricultural trade, in which rainfed agriculture is replaced by 
irrigated agriculture, with the aim to increase gross crop yields from 

high-productive irrigated agriculture in the study area. This would 
significantly increase irrigation water demand ( + 40 % with respect to 
the baseline scenario) and will urge a substantial increase in irrigation 
water supply, mainly from seawater desalination, to meet the irrigation 
water demand in the future, at higher economic and environmental 
costs. However, the SSP5-8.5 scenario also leads to decreasing impacts 
on water security, as compared to the SSP2-4.5 scenario. This study can 
provide policymakers with alternatives of how different future socio- 
economic pathways affect water security, considering the benefits and 
trade-offs for different agricultural practices. While we highlight po-
tential impacts on crop yield between the different scenarios, further 
integrated economic evaluations are required to assess the feasibility 
and impacts for society considering costs, benefits and externalities. 
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Séneca (Region of Murcia). We acknowledge the Spanish Ministry of 
Science and Innovation and ‘Agencia Estatal de Investigación’ for 
funding the XTREME project (PID2019-109381RB-I00/AEI/10.13039/ 
501100011033). Joris Eekhout was supported by a Juan de la Cierva - 
Incorporación fellowship (IJC2020-044636-I). Javier Martínez-López 
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Confederación Hidrográfica del Segura, Plan Hidrológico de La Cuenca Del Segura. 
2022–2027, Technical Report, Confederación Hidrográfica del Segura, Murcia, 
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