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Abstract

Safe, reliable, and equitable water access is critical for sustaining healthy livelihoods. Climate water stress is a growing challenge
internationally making it difficult to achieve sustainable management of river basins. Addressing the problem requires integrated
multi-sector water management strategies for climate resilience. The Water-Energy-Food-Ecosystems (WEFE) nexus offers
promise as a comprehensive framework to guide science-based plans to achieve sustainable development goals. Several nexus
approaches have been proposed in previous works. However, none to date has conceptualized, formulated, tested, validated, and
applied a comprehensive dynamic optimization framework that includes several water-using sectors including ecosystems for a
significant river basin supporting livelihoods of large numbers of people. The original contribution of this paper is to make
headway on filling these gaps, taking Spain’s Ebro Basin as a case study, providing evidence to guide science-based policy reform.
This work’s innovations illustrate the previously untested use of information to guide proposed water allocations among several
economic sectors including protection of key ecological assets. Results provide a rigorous framework for measuring the level and
distribution of benefits and costs among sectors and stakeholders. Findings reveal a range of policy choices that improve the
hydrologic and economic performance of water management compared to the current policy for addressing climate change.
Policy options that systematically account for the full range of benefits of environmental flows guide science-informed strategies
for guiding climate resilience planning. They can increase stream flows in rivers, enhance water security and biodiversity, and
reduce the economic burdens imposed by climate risks.

1. Introduction

Communities internationally face hard choices to sustain supplies of water, energy, land, and food, while protecting key ecological
assets (Gupta et al. 2023). Pressure on these resources is driven by the growing global population, wealth, urbanization, and
consumption (Zhang et al. 2018). The question remains how to meet sustainable economic and environmental goals with the
current or potential natural resources, which have been stressed by poorly-informed management in recent decades. The response
has been a growing international call for a ‘nexus approach’ linking development, conservation, and use of natural resources
(Finley and Seiber 2014). The Bonn Conference addressed the interaction of sectors, focusing on how a nexus approach if
implemented could grow water, energy, and food security if a science-informed framework could be established to promote cross
sector complementarities (Hoff et al. 2010). The Food and Agriculture Organization of the United Nations has investigated the
potential gains from applying the nexus approach (FAO 2013), and the European Commission has included food-energy-water-
climate linkages among challenges facing its Horizon research and innovation program (EC 2021).

The nexus is a systems-based approach representing links among water, energy, food, and environmental systems. This cross-
sectoral integration if implemented systematically when underpinned by rigorous science has the potential to achieve sustainable
development (Endo et al. 2017). The nexus approach can have the capacity to discover latent synergies among sectors, to light
the path to improve water, energy, food and environmental security. A few works have implemented elements of the nexus
approach to identify some sector interactions in basins. The hydropower sector has been examined to assess the effects of
energy taxes and prices (Sun et al. 2021), as well as links among energy, water and ecosystems (Amjath-Babu et al. 2019; Chen et
al. 2020). Still others have implemented a nexus approach to advance Sustainable Development Goals (Yoon et al. 2021).

The integration of ecosystem services as an element of the nexus approach has been proposed recently for sustainable resource
management, although environmental services have to date been weakly addressed in nexus studies (Liu et al. 2018). Both the
global 2030 Agenda for Sustainable Development and the European Green Deal with an aim of making Europe climate neutral by
2050 have called for including ecosystem services in nexus studies. Works by Carmona-Moreno et al. (2021) and Kebede et al.
(2021) accounted for ecosystems in their nexus implementation. Also, several authors and institutions (ICIMOD 2012; UNECE
2018; Yuan and Lo 2020) indicate the pivotal role played by ecosystems in nexus interconnections: ecosystem services are pillars
to maintain biodiversity and support availability of food, water, land, and energy. The problem for including the environment in the
nexus is information to systematically account for ecosystem benefits at the basin scale is rarely available at present.

In spite of significant advances in nexus analysis at the basin scale, there remain numerous challenges to develop comprehensive
and reliable nexus model implementations capable of representing the basin hydrological network, resource user behavior by
sector and location, and ecosystem responses to variations in streamflow. One recent work (Bekchanov et al. 2019) propose using
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the hydroeconomic modeling framework to address the water-food-energy-environment nexus at the basin scale. However,
reviews of the peer-reviewed hydroeconomic literature conclude that feedbacks across nexus elements remain incomplete,
institutional and policy features are weakly-included in modeling, and nexus principles are disconnected from decision tools
provided by hydroeconomic modeling, precluding practical and integrated policy guidance. There are many nexus studies dealing
with different sectors in several locations. Still, few have presented an integrated hydroeconomic optimization framework that
assesses the spatial and temporal interconnections among water, food, energy, and ecosystems, under climate change scenarios
to guide selected climate adaptation policies.

The journal Water Resources Management has published a number of important works investigating nexus elements of water
resources as connected to other strategically-important resources like food and energy (de Vito et al. 2019; Dong et al. 2019; El-
Gafy et al. 2017; Hatamkhani and Moridi 2019; Karnib 2018; Molajou et al. 2021; Moore et al. 2015). Other scientific journals have
also published some similarly motivated works (Herath et al. 2011; Karlberg et al. 2015; Pokhrel et al. 2018; Rasul 2014;
Shumilova et al. 2018; Vanham 2016). Despite the high level of professional excellence of these contributions, we were unable to
find any published work that conceptualizes, formulates, implements, and assesses an integrated framework in an important river
basin to identify affordable and sustainable climate adaptation strategies.

This paper addresses these gaps by conceptualizing, formulating, applying, and assessing an integrated and unified
hydroeconomic modeling framework addressing future climate risks to discover and empirically track and sustainable and
affordable climate adaptation strategies. The framework systematically accounts for nexus elements among competing and
complementary sectors (agriculture, energy, urban supply and ecosystems) for gaining a better understanding of a series of water
management strategies under climate water stress scenarios in 2070 (CC-2070) and 2100 (CC-2100), taking Spain’s Ebro River
Basin as a case study (online supplementary material section 1 [SM1]). A cross sectoral integration, after developing the
conceptual framework, is applied to discover synergies among sectors and spatial locations, uncovering insights into connections
among the elements. This analysis shows interactions and potential compensations among groups of stakeholders as well as
workable interventions that could bring about improved resilience and adaptation to future climate change.

The potential of systematic science-informed water management strategies to achieve water, food, and energy security and
ecosystem protection is assessed. Findings reveal affordable choices that have a measured potential to limit water sector
vulnerability, reduce costs of water stress, and improve climate resilience (Rausser and Zilberman 2022). Results provide
information on water reallocations among economic and environmental sectors, locations, and time periods and the associated
distribution of benefits and cost of proposed polices for those same dimensions. Findings, used properly, can inform improved
management to enhance water, food and energy security as well as ecosystems protection through improved environmental
flows.

2. Modeling Framework
2.1. Model structure

Figure 1 depicts the main features of a novel integrated hydroeconomic modeling framework and the configuration among nexus
elements, including input data and outputs. The WEFE (Water-Energy-Food-Ecosystems) nexus assessment is based on an
empirical hydroeconomic model developed using the GAMS® (General Algebraic Modeling System) software. The GAMS code
with the data can be accessed in online material GAMSNexusCode. The model is an extension and advancement of previous
modeling work (Baccour et al. 2021; Baccour et al. 2022). The model is specified as a dynamic optimization problem with
multisector benefits as the objective function, and with biophysical, technical, resource availability and institutional information
embedded in the constraints. The objective function maximizes total economic benefits over time summed over economic sectors
across basin locations, under current and future climate conditions for a series of proposed climate adaptation policies. There are
three components in the model; the hydrological, economic, and environmental.

The hydrological component is a reduced form hydrological representation of the Ebro basin. It characterizes flows between
supply and demand nodes, using the hydrological principles of water mass balance to protect flow continuity throughout the
basin. The hydrological component shows the spatial distribution of water between economic sectors and environmental flows,
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and the model dynamics accounts for reservoir storage This component is calibrated introducing additional variables for river
reaches, so that predicted gauged flows are consistent with observed flows at each river gauge.

The economic component consists of optimization problems for water allocated to irrigation districts, hydropower plants, and
urban settlements. The optimization model accounts for agricultural activities in every irrigation district, based on the farm
objective of income maximization from crop production subject to technical and resource constraints. The objective for urban
water use maximizes economic surplus, the sum of consumer and producer surpluses in the basin’s main cities. The objective of
hydropower is revenue minus costs of electricity production. Positive Mathematical Programming (PMP) is used to calibrate
agriculture and urban sectors at the baseline observed data of water allocations, extending methods originally developed in
Baccour et al. (2022) .

The environmental component includes the ecosystem health levels and associated environmental benefits. The environmental
benefits of ecosystem in the basin depend on the health status of ecosystems, where the relationship between the status of river
habitat and stream flows is portrayed by the Weighted Usable Area (WUA). WUA is a measure of the habitat potential to host a
specific species given the characteristics of the river streamflow (Tharme 2003). The WUA methodology accounts for the
hydrological, hydraulic (physical and mechanical properties), and biological relationships in order to evaluate environmental flow
requirements.

Future climate water stress scenarios are developed to discover the potential of water management strategies in reducing climate
risks. The impacts of water scarcity on the interlinked water-energy-food-environmental systems are analyzed for calculating
trade-offs, synergies and welfare effects across sectors and locations. Welfare effects by stakeholder group are important for
assessing the efforts and related break-even compensations for social justice and acceptability of policy interventions. Several
supply and demand water management strategies have been assessed for improving climate resilience and adaptive capacity of
irrigated agriculture, energy production, urban use, and the environment (Arnold and Fohrer 2005; Elliott et al. 2014; Garcia-Ruiz et
al. 2011; Green et al. 2011; Haddeland et al. 2014; Vorosmarty et al. 2000).

2.2. Mathematical formulation: Optimization of the Ebro model

The optimization problem in the hydro-economic model maximizes the discounted net present value of economic benefits
summed over sectors and periods. Economic benefits are the sum of private and environmental benefits coming from water
withdrawals at nodes for irrigated agriculture and urban centers, by water flowing through turbines that generate energy, and by
environmental flows in river reaches that support aquatic ecosystems. The objective function takes the following form:

Urb HP ecos

(%)
MaX E‘ﬁ;i&k,t +Zu,tBu,t +ZHPplant,tBHPpl(mt,tJrZe,zBe,t

Irr . . .. . . . Urb . . JHP .
where By} is private benefit from irrigation district k B, ; is urban economic surplus from urban center u, Byp,jqs 1 i

hydropower benefit from hydropower plant HPplant, and Bszs is environmental benefit from river reach e. The discount rate r
used in the analysis is 2%.

The optimization problem includes several constraints, including mass balance, supply-demand balance, reservoir capacity, land
constraints, labor constraints, and hydropower plants capacities. More details about data, the mathematical formulation of each
model component and the different constraints, and model calibration are described in online supplementary material section 2
and 3 [SM2; SM3].

2.3. Generation of future climate scenarios

Future climate scenarios through the year 2100 are developed based on the Ebro basin inflow projections under climate change
estimated by CEDEX (2017). The basin's headwater flows are generated using the statistical delta change downscaling method
(Escriva-Bou et al. 2017; Fowler et al. 2007) The CEDEX projections are derived from a set of Global Climate Models (GCM). These
projections are arranged in four time periods between 1960 and 2100, including two scenarios of Representative Concentration
Pathways (RCP4.5 and RCP8.5). This study focuses on the worst-case scenario RCP8.5 from the projections of CEDEX based on
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the GCMs by the Centre National de Recherches Meteorologiques and the Max Planck Institute. Future monthly inflow series are
generated for each headwater node in the Ebro basin. Thirty series of future basin inflows are simulated for each headwater node
covering a horizon of 30 years for periods 2040-2070 (CC-2070) and 2070-2100 (CC-2100). The procedure consists in
randomizing the historically observed monthly series between 1986 and 2016, by using the CEDEX information to generate future
basin inflows for climate water scenarios (online supplementary material section 4 [SM4]).

2.4. Water management options

Cross-sectoral water management and enhanced climate resilience plans are needed to limit future economic losses. Several
recent contributions in the literature address climate resilience in river basins. The range of intervention measures found in the
literature deal mostly with the agricultural sector, because irrigation represents 70% of withdrawals and 90% of water
consumption internationally and in the Ebro basin. Recommendations include reducing demand, increasing supplies, dam storage
and water transfers (Scanlon et al. 2017), better management and improved irrigation practices to reduce losses (Hoff et al.
2010), irrigation area expansion in water abundant regions (Elliott et al. 2014), and development and use of unconventional
sources such as treated urban wastewater and desalinated seawater in coastal areas. As indicated above, protection of
environmental flows has become an important issue in nexus studies to advance sustainable management.

Institutional cooperation is the current Ebro water management that is based on the effective involvement and cooperation of
stakeholders. Under drought conditions, the basin authority reduces water allocations to irrigation districts in proportion to the fall
in inflows. Selected water management policies are assessed, including alternative water allocation approaches, advanced
irrigation technologies, and enlargement of the reservoir storage capacity (Table 1). A detailed description of these management
strategies (IC, EIC, IM, EDS, WM) are presented in the online supplementary material section 5 [SM5].

Table 1
Description of water management options
Water Description
management
options

Current management (Maximization of private benefits)

Institutional It is the present water management strategy of the Ebro basin authority, based on the involvement and
cooperation cooperation of stakeholders. Under drought, water allocations are reduced in proportion to the fall of inflows
(IC) first to irrigation districts and environmental flows, and if scarcity is severe to hydropower and urban supply.

The model maximizes the private benefits of agriculture, urban supply and hydropower.
WEFE Nexus (Maximization of social benefits)

Environmental Itis the IC policy combined with a stronger protection of ecosystems by accounting for the benefits of

institutional environmental flows. The basin authority increases stream flows acquiring water for the river. The procedure
E:oo eration is to maximize social benéefits, the sum of both private and environmental benefits.

EIC

Irrigation Investments in modernization involve upgrading irrigation technologies, with gains in irrigation efficiency.

Eno)dernization Irt:vestment costs used in the study are 250 €/ha/year (Guardia 2010). The basin authority buys water for
IM the river.

Enlarging The increase in water storage in the basin is set at a 50% increase in dam storage capacity, and an increase
dam storage of 25% in hydropower production. The investment costs for additional storage are estimated at 0.5 €/m3,
capacity based on the costs of the recent Yesa and Itoiz reservoirs. The amortization costs are included in the

(EDS) calculation of social benefits (42 M€ per year). Water for the river is acquired by the water authority.

Water markets  The reduced water allocations during droughts can be exchanged among sectors, creating market-motivated

(WM) trading to efficiently move water to where it could minimize economic losses caused by water stress. Water
trading takes place not only between economic activities, but also with the environment with purchases by
the water authority

3. Results
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3.1. Enhancing environmental flows with improved institutional
cooperation

Adjusting the current Institutional cooperation (IC) in the Ebro basin augmented by Environmental institutional cooperation (EIC)
is prescribed by more fully accounting for the benefits of environmental flows in river reaches. In this light, EIC achieves better
ecosystem protection than the existing IC, delivering more environmental flows even with reduced cultivated land (-13%) and
energy generation (-5%) (Fig. 2a). The EIC policy generates a significant increase of environmental flows in all rivers reaches,
enlarging the streamflow at the Ebro mouth by about 180 Mm? per year. That EIC policy reveals a significant improvement of
ecosystem status across the full range of watersheds in the basin (Fig. 2c).

Water use in agriculture under EIC compared to IC is reduced by 14%, although impacts on agricultural economic benefits are
modest (-2%) because farmers reduce cultivation of field crops, which have high water requirements and minimal income
generating capacity. Economic benefit gains remarkably complement gains in environmental benefits of €170 million, for which
some economic benefits are lost at a level of about €20 million both energy and agriculture (Fig. 2b). These results reveal trade-
offs between the environment and the economic sectors, if decision makers implement protection of environmental flows.

Reduced withdrawals by the largest water consuming sector (agriculture) increase stream flows in rivers across the basin. The
increase is an important buffer during droughts for protecting ecosystems and economic activities. Therefore, relative to
unadijusted IC, EIC enhances both economic water security and aquatic biodiversity during periods of water scarcity and
represents a risk management policy to advance.

3.2. Sectoral responses and competition: Tradeoffs analysis under future
climate scenarios

Understanding the complex relationship among water, energy, food and ecosystems provides essential insights for development
of future sustainable water planning. Tradeoffs among competing water uses in the Ebro basin by policy and climate scenario
(CC-2070 and CC-2100), for which results are presented in Fig. 3.

Information from the tradeoff analysis guides the design of water management strategies. These strategies have the capacity to
address challenges of future elevated water vulnerability by identifying workable and science-informed benefit-sharing schemes.
Climate change reduces considerably baseline inflows, by 1500 and 3000 Mm3 for CC-2070 and CC-2100 scenarios, respectively.
The agriculture and urban water consuming sectors would curtail water withdrawals with only modest economic losses,
depending on the policy option. An unadjusted IC policy (status quo) is the weakest-performing strategy for adapting to climate
change, for which there is a poor economic benefit outcome, largely explained by lower ecosystem benéefits, driven by smaller
environmental flows as a result of high irrigation withdrawals (Table 2).
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Table 2

Land use, energy production, water use, and benefits by climate change scenario and management policy. Figures for climate
change scenarios are yearly averages of 30 simulation runs over the 30 years periods 2040-2070 and 2070-2100.

Climate
scenarios

Policies

Land (1000
ha)

Field crops
Fruits trees
Vegetables
Flood
Sprinkler
Drip

Hydropower
GWh)

Reservoir
Run-of-river
Water use
(Mm?)
Agriculture’
Urban
Energy
Streamflow

at Ebro
mouth

(Mm?)
Social
benefits
(M¢€)
Agriculture
Urban
Energy

Ecosystems

Expenses
by CHE?

Baseline

IC

541

384
121
36
203
158
90
8710

6401
2309

4248

454
32082
9287

4951

1008
2655
400
888

CC-2070

IC

503

351
116
35
265
151
87
8288

5987
2301

3948

401
30935
7827

4772

1006
2617
382
767

EIC

425

277
115
33
214
125
86
8060

5835
2225

3282

401
32437
8014

4896

980
2617
368
944
-13

431

282
115
34
17
268
146
8064

5837
2227

2953

401
32487
8124

4923

1027
2617
369
951
41

EDS

424

276
115
33
213
125
86
9975

7130
2845

3285

401
31930
8156

5002

981
2617
463
955
14

WM

416

268
115
33
208
122
86
8068

5840
2228

3206

454
32465
8028

4931

980
2654
368
948
-19

CC-2100

IC

441

299
109
33
225
133
83
7553

5425
2128

3459

346
28905
6983

4494

981
2502
349
662

EIC

371

229
111
31
180
107
84
7361

5286
2075

2831

346
29980
7183

4596

956
2502
337
826
-25

377

233
112
32
14
222
141
7373

5296
2077

2539

346
30017
7312

4615

1005
2502
338
834
-65

EDS

371

228
111
32
180
107
84
9263

6574
2689

2830

346
29610
7406

4697

957
2502
429
835
-26

WM

353

211
111
31
168
101
84
7384

5298
2086

2665

452
30028
7238

4741

963
2647
338
834
42

IC: Institutional cooperation, EIC: Environmental institutional cooperation, IM: Irrigation modernization, EDS: Enlarging dam
storage capacity, WM: Water markets.

T: Water use for agriculture is the sum of net withdrawals entering irrigation districts, without including losses of upstream

main canals.

2: Expenses by CHE are the public funds used by the basin authority to buy water for the river.
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Under the EIC, IM, EDS, and WM policy options, the water authority would assign water for the environment to improve ecosystem
status.[1] These policies deliver higher economic benefits than an unadjusted IC, reducing risks of water stress and improving
environmental sustainability under climate change. The EIC, IM, and WM policies deliver more environmental flows, while reducing
irrigated land and energy production, compared to IC (Table 2, Fig. 3a). The EDS policy increases energy production and
environmental flows over any other policy, while reducing cultivated acreage compared to IC (Fig. 3). These results show the
tradeoffs between environmental and economic activities under future climate scenarios. They also highlight the difficulties of
achieving win-win outcomes that jointly ensure water, energy and food security, together with ecosystem protection, a common
challenge faced by scientists, stakeholders, and water managers in large and complex basins.

Differentiating IC and EIC with climate change conditions is similar to that without climate change. Compared to the IC policy, the
EIC policy reallocates water among economic activities and the environment to maximize total economic welfare, while respecting
relevant constraints, by reducing irrigation withdrawals and increasing environmental flows, augmenting streamflow at the Ebro
system mouth by 300 and 200 Mm? for CC-2070 and CC-2100 scenarios, respectively. In both climate scenarios, an EIC program
increases environmental benefits by about €170 million and overall economic benefits by about €100 million, compared to the
base IC policy (Table 2). The water authority would also acquire 670 Mm? of water for the river at a cost of €13 million in CC-
2070, and 630 Mm? at a cost of €25 million in CC-2100 (online supplementary material section 6 [SM6]). The EIC policy requires
implementing resource and benefit sharing that would advance ecosystem biodiversity, water security, and resilience and improve
adaptation to climate change.

Achievement of the food security goal is elevated under the unadjusted IC and IM policies. However, IM has clear advantages over
IC because modernization investments involve upgrading irrigation technologies, which improve water use efficiency in irrigation,
boost ecosystem status, and increase private and social benefits. Compared to IC, modernizing irrigation systems could reduce
agricultural water withdrawals by around 1000 Mm? and increase streamflow at Ebro mouth by 300 Mm?3, with large gains in
social benefits between 120 and €150 million for future climate scenarios. The water authority purchases around 1000 Mm?
under the IM policy, spending €41 million in CC-2070 and €65 million in CC-2100 (online supplementary material section 6 [SM6]),
and increasing environmental benefits by around €170 million. The IM policy remains instrumental for achieving water and food
security goals and enhancing aquatic biodiversity in the Ebro basin.

EDS is an essential policy for adapting to periods of water scarcity during droughts. As a risk management strategy, it buffers
against fluctuations in water supply by permitting augmented water storage with greater reservoir storage capacity, with
optimized reservoir releases covering economic and environmental demands in a controlled manner which dampen the economic
costs of droughts when they occur. The EDS policy achieves improved results for economic benefits as well as producing top
performing result for energy security, in both CC-2070 and CC-2100 scenarios. For both scenarios, EDS supplies about 1700-1800
GWh of additional energy generation and about €100 million of additional energy benefits based on the power prices we used.
This policy also achieves better performing ecosystem protection, most noticeable in mountain and delta watersheds, by
delivering more water for the environment. The water authority purchases about 650 Mm? of water for the river, spending

€14 million in CC-2070 and €26 million in CC-2100. Compared to other policies, EDS increases streamflow at the Ebro system
mouth between 30 and 330 Mm? in CC-2070, and between 100 and 420 Mm?3 in CC-2100. EDS performs well for supplying clean
energy, protecting ecosystems, and augmenting both water and energy security. It is also a high-performing measure to build
resilience and adaptation to climate change.

The WM policy reallocates the available water among sectors from lower to higher economic valued uses. Water trading takes
place not only between economic activities but also with the environment, through water purchases for the river by the basin
authority. Market trading results in economic welfare gains by moving water among sectors, locations, and time periods,
mitigating economic impacts of future climate water stress. The WM policy enhances the economic performance of urban use,
the highest economically valued sector for water use, but generates moderate outcomes for agriculture and energy. Water
exchanges among irrigation districts are only 8 and 25 Mm? in CC-2070 and CC-2100, respectively. Water trading from irrigation
districts to urban centers is around 50 Mm?3 in CC-2070 and 100 Mm? in CC-2100. Purchases of water for the river by the basin
authority from irrigation districts amount to about 690 Mm?3, with costs at €20 million in CC-2070 and €40 million in CC-2100
(online supplementary material section 6 [SM6]). These efficient water reallocations between competing sectors achieve the
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highest economic returns in CC-2100 (€4741 million), and the second-highest economic returns in CC-2070 (€4931 million) only
behind EDS. This policy achieves the top performing urban economic benefit, which improves the performance of human water
security, while also providing ecosystems protection.

Policy choices for best adapting to future climate water stress depend on society’s goals. If the priority is food production, then
both unadjusted IC and IM deliver higher agricultural benefits, although IM secures higher stream flows across the basin and
enhances environmental benefits. The policy choice for energy priority is EDS, which delivers higher energy production with gains
in energy benefits close to 30% over other policies. The choice for urban supply priority is WM which augments urban water use
(+30%) and benefits (+ 6%) over other policies, but also reduces food production. If ecosystems are a priority, then all policies
deliver high environmental benefits except the current unadjusted IC.

3.3. Climate risk management: resilience and adaptation

There remains considerable interest by policymakers in discovering measures to improve the climate resilience of water sectors,
and to more effectively deal with shrinking water supplies in arid and semi-arid regions. A number of strategies can be undertaken
for reducing risks of water stress and its subsequent economic losses. Results in the Ebro under climate change indicate that
compared to IC (business as usual), all other management strategies (EIC, IM, EDS, WM) reduce agricultural water withdrawals
and increase stream flows across all watersheds in the basin (Fig. 4). Improving the resilience of water resources to adapt to
climate change involves more efficient use of water and larger environmental flows, while finding a workable balance between
food, energy and human water security.

The economic analysis of strategies assesses costs and benefits of policies which are tracked by sector, stakeholder group,
spatial location, and time period. The optimization model developed for this paper is a powerful framework for informing policy
debates and guiding adaptation to the ongoing evidence of climate change. The success or failure of policy interventions will
depend on the equitable sharing of costs and benefits among stakeholders (Segerson 2022), including compensations where
needed for losers. Findings indicate that all alternatives assessed to the current policy (IC) increase net economic welfare
(Table 2), despite the high investment and operating costs associated with some water management strategies, such as
investments required for irrigation modernization (IM) or to augment dam storage capacity (EDS). These gains in social benefits
could contribute to financing compensations to groups of stakeholders facing losses from policy changes. When the gains
exceed the losses, the result is the well-known Potential Pareto Improvement (Baah-Kumi and Ward 2020; Goulder and Williams
2012; Habteyes et al. 2015; Zheng et al. 2021).

[1] In all policy and climate scenarios, most water trading comes from Bardenas, RAA, Urgel and A&C irrigation districts (online
supplementary material section 1 [SM1], Fig. S1). These districts have low shadow prices of water (0.02-0.06 €/m3) and large
water sales (between 100 and 200 Mm?3) (online supplementary material section 6 [SM6], Tables S1-S3).

4. Discussion

The relevance of our work comes from its capacity to inform the science and policy dialogue among water, energy, food, and
ecosystems stakeholders to improve outcomes from multi-sectoral planning and to achieve equitable tradeoffs. Our results show
that the current Institutional cooperation (IC, business as usual) is the lowest performing policy option to deal with climate change
challenges. In contrast, the other management options (EIC, IM, EDS, and WM) increase water in rivers, enhance biodiversity, and
promote the resilience of sectors by lowering the costs adapting to climate stress. Therefore, integrated water management
shows considerable gains to support the mission of coordinating groups of stakeholders and to build adaptive capacity to face
climate change impacts (Jordan et al. 2022). Furthermore, considerable trade-offs between economic activities and the
environment are shown, when ecosystem benefits are considered in the allocation of water among sectors and locations in the
basin. The specification of those trade-offs fosters the design of innovative governance arrangements and practices that
decrease sectoral vulnerability (Alexandra 2023) and maximize social benefits constrained by the need to avoid jeopardizing
ecosystem sustainability.

The irrigation modernization policy has considerable potential for water conservation if gains in irrigation efficiency do not
increase water consumption, which requires reductions in water withdrawals and water reallocation to the environment. A

Page 9/18



successful IM strategy will support farm income and social benefits, delivering water and food security and better ecosystem
protection in the Ebro basin, which is in line with other studies such as Jagermeyr et al. (2015). According to Perez-Blanco et al.
(2020), irrigation modernization (“water conservation technologies”) increases water consumption but stabilizes agricultural
water productivity and increases farmers’ income. This has been called “the paradox of irrigation efficiency” (Grafton et al. 2018),
and the issue was already raised in earlier works by water economists (Hartman and Seastone 1965; Ward and Pulido-Velazquez
2008). However, water authorities could impose water measuring and enforcement when designing irrigation modernization
policies that usually involve public subsidies. More work is needed to uncover economically affordable measures for water
conservation, especially for technologies or polices in irrigated agriculture that could reverse depletion trends in water systems
and engage climate water stress (Ward 2022).

Enlarging dam storage capacity is another attractive management option to cope with the temporal variability of water resources
(Gaupp et al. 2015), enhancing energy and water security and boosting ecosystem status. Our work shows EDS is an
economically viable measure to confront water shortages, and improve climate resilience and adaptation (Ward 2022). However,
there is at present some opposition to building new dams from environmental NGOs. Setting up water markets enables trading
between economic activities by moving water from low to high valued uses that generate welfare gains, and also reduce
economic losses associated with climate water stress (Baccour et al. 2022; Wheeler et al. 2014). But experience with fully
developed water markets in Australia and Chile shows that protection of environmental flows faces implementation difficulties,
both with public buying of water for the river in Australia (Colloff et al. 2020; Grafton 2019), or with limitations of withdrawals in
Chile (Macpherson and Salazar 2020).

Future work can profitably focus on better hydrologic projections using sophisticated methodologies that could address spatial
and temporal variabilities, and better deal with uncertainties. The work in this paper can be considerably advanced by including
water quality in the analysis. Despite these limitations, our modeling approach presented the first step of a systematic framework
for informing multi-sector planning to jointly deliver water, food, energy, and environmental security, while promoting climate
resilience and adaptive capacity of sectors.

5. Conclusion

The Water-Energy-Food-Ecosystems (WEFE) nexus is implemented by using an innovative integrated hydroeconomic modeling
framework, where water and its numerous services are spatially and temporally allocated between different sectors (agriculture,
urban, hydropower, and ecosystems), under a range of policy options and climate water stress scenarios. The challenge of
combining the use of water, energy, food and ecosystem services into one integrated planning and management framework is
demanding, calling for an intensive use of data and advanced methods.

Results provide a range of options that improve the hydrologic and economic performance of water management compared to
the current policy (IC, Institutional cooperation) for addressing climate change. Policy interventions that account for the full range
of benefits of environmental flows are more science-informed, furthering the strategies for climate resilience. They increase
stream flows in rivers, enhance water security and biodiversity, and reduce the burdens imposed by climate risks. Our study has
important policy implications because it demonstrates the difficulties of water management options in achieving win-win
outcomes that jointly ensure water, food, energy, and environmental security. A suitable mix of policy strategies could address
scarcity and droughts in highly-stressed basins with the support of stakeholders, preventing the risks of policy failure.

Declarations
Ethical Approval

Not applicable
Consent to participate

All authors consent to participate

Page 10/18



Consent to Publish
All authors consent to publish in the journal
Authors Contributions

S.B., J.A, and F.W. designed research; S.B., J.A,, FW,, TK,, and E.E. performed research; S.B., J.A, FW, TK, E.E., J.U,E.C,,and D.C.
analyzed data; and S.B., J.A, FW,, T.K, E.E., J.U,, and E.C wrote the paper.

Funding

This research was supported by the INIA RTA2017-00082-00-00 and PID2020-115495RA-I00 projects of the Spanish Ministry for
Science and Innovation, partly financed by European ERDF funds.

Data Availability

Data used for this work is available in the GAMS code provided in the supplementary material file GAMSNexusCode.gms.
Competing Interests Statement

The authors declare no conflict of interest.

Availability of data and materials

All data are included in the paper, the supplementary material, and the GAMS code file included as the attachment
GAMSNexusCode.docx

References

1. Alexandra J (2023) Climate risk assessment in the MDB - a review. Australas J Water Resour 13.
10.1080/13241583.2022.2157107

2. Amjath-Babu TS, Sharma B, Brouwer R et al (2019) Integrated modelling of the impacts of hydropower projects on the water-
food-energy nexus in a transboundary Himalayan river basin. Appl Energy 239:494-503. 10.1016/j.apenergy.2019.01.147

3. Arnold JG, Fohrer N (2005) SWAT2000: current capabilities and research opportunities in applied watershed modelling.
Hydrol Process 19(3):563-572

4. Baah-Kumi B, Ward FA (2020) Poverty mitigation through optimized water development and use: Insights from the Volta
Basin. J Hydrol 582:16

5. Baccour S, Albiac J, Kahil T et al (2021) Hydroeconomic modeling for assessing water scarcity and agricultural pollution
abatement policies in the Ebro River Basin, Spain. J Clean Prod 327:13

6. Baccour S, Ward FA, Albiac J (2022) Climate adaptation guidance: New roles for hydroeconomic analysis. Sci Total Environ
835:14.10.1016/j.scitotenv.2022.155518

7. Bekchanov M, Pakhtigian E, Sood A et al (2019) Hydro-Economic Modeling Framework to Address Water-Energy-Environment-
Food Nexus Questions at River Basin Scale. Working Paper. Sanford School of Public Policy. Duke University. Durham

8. Carmona-Moreno C, Crestaz E, Cimmarrusti Y et al (2021) Implementing the Water—Energy—Food—Ecosystems Nexus and
Achieving the Sustainable Development Goals. Retrieved from Agency of Natural Resources Department of Environmental
Conservation, UNESCO, European Union and IWA Publishing

9. CEDEX (2017) (Centro de Estudios y Experimentacion de Obras Publicas) Evaluacion del impacto del cambio climatico en los
recursos hidricos y sequias en Espafia. Anexo 1: Tendencias y cambio de estadisticos para cada proyeccion. MAPAMA,
Madrid

10. Chen L, Huang KD, Zhou JZ et al (2020) Multiple-risk assessment of water supply, hydropower and environment nexus in the

water resources system. J Clean Prod 268:15. 10.1016/j.jclepro.2020.122057

Page 11/18



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25

27.

28.

29.
30.

31.

32.

33.

Colloff M, Rocheta E, Hillman T et al (2020) Assessment of river flows in the Murray-Darling Basin: Observed versus expected
flows under the Basin Plan 2012-2019. Wentworth Group of Concerned Scientists. Sydney. https://wentworthgroup.org/wp-
content/uploads/2020/08/MDB-flows.pdf

de Vito R, Pagano A, Portoghese | et al (2019) Integrated Approach for Supporting Sustainable Water Resources Management
of Irrigation Based on the WEFN Framework. Water Resour Manag 33(4):1281-1295

Dong QJ, Zhang X, Chen YL et al (2019) Dynamic Management of a Water Resources-Socioeconomic-Environmental System
Based on Feedbacks Using System Dynamics. Water Resour Manag 33(6):2093-2108

EC (2021) (European Commission). Strategic Research and Innovation Agenda. European Partnership WATER4ALL "Water
Security for the Planet. Available online: http://www.waterjpi.eu/implementation/water-challenges-in-horizon-
europe/water4all-_2nd_draftsria_08022021_fordistribution.pdf."

El-Gafy I, Grigg N, Waskom R (2017) Water-Food-Energy: Nexus and Non-Nexus Approaches for Optimal Cropping Pattern.
Water Resour Manag 31(15):4971-4980

Elliott J, Deryng D, Mueller C et al (2014) Constraints and potentials of future irrigation water availability on agricultural
production under climate change. PNAS 111(9):3239-3244. 10.1073/pnas.1222474110

Endo A, Tsurita |, Burnett K et al (2017) A review of the current state of research on the water, energy, and food nexus. J Hydrol
Reg Stud 11:20-30. 10.1016/j.ejrh.2015.11.010

Escriva-Bou A, Pulido-Velazquez M, Pulido-Velazquez D (2017) Economic Value of Climate Change Adaptation Strategies for
Water Management in Spain's Jucar Basin. J Water Resour Plan Manag 143(5):13. 10.1061/(asce)wr.1943-5452.0000735
FAO (2013) (Food and Agriculture Organisation of the United Nations), An Innovative Accounting Framework for the Food-
Energy-Water Nexus—Application of the MuSIASEM Approach to Three Case Studies; FAO: Rome, Italy

Finley JW, Seiber JN (2014) The Nexus of Food, Energy, and Water. J Agric Food Chem 62(27):6255-6262.
10.1021/jf501496r

Fowler HJ, Blenkinsop S, Tebaldi C (2007) Linking climate change modelling to impacts studies: recent advances in
downscaling techniques for hydrological modelling. Int J Climatol 27(12):1547-1578. 10.1002/joc.1556

Garcia-Ruiz JM, Lopez-Moreno J, Vicente-Serrano SM et al (2011) Mediterranean water resources in a global change
scenario. Earth-Sci Rev 105(3-4):121-139

Gaudard L, Avanzi F, De Michele C (2018) Seasonal aspects of the energy-water nexus: The case of a run-of-the river
hydropower plant. Appl Energy 210:604-612. 10.1016/j.apenergy.2017.02.003

Gaupp F, Hall J, Dadson S (2015) The role of storage capacity in coping with intra- and inter-annual water variability in large
river basins. Environ Res Lett 10(12):12. 10.1088/1748-9326/10/12/125001

. Goulder LH, Williams RC (2012) The choice of discount rate for climate change policy evaluation. Clim Chang Econ 3(4):18
26.

Grafton RQ (2019) Policy review of water reform in the Murray-Darling Basin, Australia: the "do's" and "do'nots. AJARE
63(1):116-141.10.1111/1467-8489.12288

Grafton RQ, Williams J, Perry CJ et al (2018) The paradox of irrigation efficiency. Sci 361(6404):748-750.
10.1126/science.aat9314

Green TR, Taniguchi M, Kooi H et al (2011) Beneath the surface of global change: Impacts of climate change on groundwater.
J Hydrol 405(3-4):532-560

Guardia S (2010) Amortizar la modernizacion: un problema pendiente de resolucion. Boletin Inter Cuencas n°23

Gupta J, Liverman D, Prodani K et al (2023) Earth system justice needed to identify and live within Earth system boundaries.
Nat Sustain 9. 10.1038/s41893-023-01064-1
Habteyes BG, El-Bardisy H, Amer SA et al (2015) Mutually beneficial and sustainable management of Ethiopian and Egyptian
dams in the Nile Basin. J Hydrol 529:1235-1246
Haddeland I, Heinke J, Biemans H et al (2014) Global water resources affected by human interventions and climate change.
PNAS 111(9):3251-3256
Hartman LM, Seastone DA, EFFICIENCY CRITERIA FOR MARKET TRANSFER OF WATER (1965) Water Resour Res 1(2):165-.
10.1029/WR001i002p00165

Page 12/18



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

Hatamkhani A, Moridi A (2019) Multi-Objective Optimization of Hydropower and Agricultural Development at River Basin

Scale. Water Resour Manage 33(13):4431-4450

Herath I, Deurer M, Horne D et al (2011) The water footprint of hydroelectricity: a methodological comparison from a case

study in New Zealand. J Clean Prod 19(14):1582-1589

Hoff H, Falkenmark M, Gerten D et al (2010) Greening the global water system. J Hydrol 384(3-4):177-186.

10.1016/j.jhydrol.2009.06.026

ICIMOD (2012) (The International Centre for Integrated Mountain Development) Contribution of Himalayan ecosystems to

water, energy, and food security in South Asia: a nexus approach. URL https://lib.icimod.org/record/1898

Jagermeyr J, Gerten D, Heinke J et al (2015) Water savings potentials of irrigation systems: global simulation of processes

and linkages. HESS 19(7):3073-3091. 10.5194/hess-19-3073-2015

Jordan S, Quinn J, Zaniolo M et al (2022) Advancing reservoir operations modelling in SWAT to reduce socio-ecological

tradeoffs. Environ Model Softw 157:15. 10.1016/j.envsoft.2022.105527

Karlberg L, Hoff H, Amsalu T et al (2015) Tackling Complexity: Understanding the Food-Energy-Environment Nexus in

Ethiopia's Lake Tana Sub-basin. Water Alternatives-an Interdisciplinary. J Water Pol Dev 8(1):710-734

Karnib A (2018) Bridging Science and Policy in Water-Energy-Food Nexus: Using the Q-Nexus Model for Informing Policy

Making. Water Resour Manag 32(15):4895-4909

Kebede A, Nicholls R, Clarke D et al (2021) Integrated assessment of the food-water-land-ecosystems nexus in Europe:

Implications for sustainability. Sci Total Environ 768:12. 10.1016/j.scitotenv.2020.144461

Liu JG, Hull V, Godfray HCJ et al (2018) Nexus approaches to global sustainable development. Nat Sustain 1(9):466-476.

10.1038/s41893-018-0135-8

Macpherson EJ, Salazar PW (2020) Towards a Holistic Environmental Flow Regime in Chile: Providing for Ecosystem Health

and Indigenous Rights. Transnatl Environ Law 9(3):481-519. 10.1017/s2047102520000254

Molajou A, Pouladi P, Afshar A (2021) Incorporating Social System into Water-Food-Energy Nexus. Water Resour Manag

35(13):4561-4580

Moore BC, Coleman AM, Wigmosta MS et al (2015) A High Spatiotemporal Assessment of Consumptive Water Use and Water

Scarcity in the Conterminous United States. Water Resour Manag 29(14):5185-5200

Perez-Blanco CD, Hrast-Essenfelder A, Perry C (2020) Irrigation Technology and Water Conservation: A Review of the Theory

and Evidence. REEP 14(2): 216—239. doi:10.1093/reep/reaa004

Pokhrel Y, Burbano M, Roush J et al (2018) A Review of the Integrated Effects of Changing Climate, Land Use, and Dams on

Mekong River Hydrology. Water 10(3):25

Rasul G (2014) Food, water, and energy security in South Asia: A nexus perspective from the Hindu Kush Himalayan region.

Environ Sci Policy 39:35-48

Rausser G, Zilberman D (2022) Resource Economics and Modern Science to the Rescue. Annu Rev Resour Econ 14, V-XVI.

10.1146/annurev-re-14-072722-100001

Scanlon BR, Ruddell BL, Reed PM et al (2017) The food-energy-water nexus: Transforming science for society. Water Resour

Res 53(5):3550-3556. 10.1002/2017wr020889

Segerson K (2022) Group Incentives for Environmental Protection and Natural Resource Management. Annu Rev Resour Econ

14:597-619. 10.1146/annurev-resource-111920-020235

Shumilova O, Tockner K, Thieme M et al (2018) Global Water Transfer Megaprojects: A Potential Solution for the Water-Food-

Energy Nexus? Front Environ Sci 6:11

Sun YY, Zhang J, Mao XQ et al (2021) Effects of different types of environmental taxes on energy-water nexus. J Clean Prod

289:11.10.1016/j.jclepro.2020.125763

Tharme RE (2003) A global perspective on environmental flow assessment: Emerging trends in the development and

application of environmental flow methodologies for rivers. River Res Appl 19(5-6):397-441. 10.1002/rra.736

UNECE (2018) Methodology for assessing the water-food-energy-ecosystems nexus in transboundary basins and experiences

from its application: synthesis. URL https://unece.org/environment-policy/publications/methodology-assessing-waterfood-
Page 13/18



57.

58.

energy-ecosystems-nexus

Vanham D (2016) Does the water footprint concept provide relevant information to address the water-food-energy-ecosystem
nexus? Ecosyst Serv 17:298-307

Vorosmarty CJ, Green P, Salisbury J et al (2000) Global water resources: Vulnerability from climate change and population
growth. Sci 289(5477):284-288

59. Ward FA (2022) Enhancing climate resilience of irrigated agriculture: A review. J Environ Manage 302:15

60. Ward FA, Pulido-Velazquez M (2008) Water conservation in irrigation can increase water use. PNAS 105(47):18215-18220

61. Wheeler S, Loch A, Zuo A et al (2014) Reviewing the adoption and impact of water markets in the Murray-Darling Basin,
Australia. J Hydrol 518:28-41

62. Yoon J, Klassert C, Selby P et al (2021) A coupled human-natural system analysis of freshwater security under climate and
population change. PNAS 118(14):12. 10.1073/pnas.2020431118

63. Yuan MH, Lo SL (2020) Ecosystem services and sustainable development: Perspectives f1 rom the food-energy-water Nexus.
Ecosyst Serv 46:10. 10.1016/j.ecoser.2020.101217

64. Zhang C, Chen XX, Li Y et al (2018) Water-energy-food nexus: Concepts, questions and methodologies. J Clean Prod
195:625-639. 10.1016/j.jclepro.2018.05.194

65. Zheng SY, Fu XW, Wang K et al (2021) Seaport adaptation to climate change disasters: Subsidy policy vs. adaptation sharing
under minimum requirement. Transp Res E: Logist Transp Rev 155:21

Figures

Page 14/18



Water supply /diversions

Rgtl.lrn_ flow
- v
A . N Economic actnntles
Hydrological component) (L === = == & < /gfironmental componm

riculture, Urban’ [Ener
Water A_g_ ———n - 8y Ecosystems

Historic monthly flow | | Landin production The ecological status
control and distribution | | Crops type/water tg ¢ flows i
among  sectors  and requirement by month response to stream flows is
locations (basin level): and irrigation technology | |an indicator of ecosystems’

Mass balance Population by city potential to provide goods

nee Urban water use and services
Flow continuity .

L Energy production
\Instltutlonal rules / w:onomicdata / /

Water demand
A

Future Inflow ’—bf Ebro Optimization \ . Policies

Simulation Maximization of social benefits -

) * Environmental
covering all water sectors and institutional cooperation
spatial locations for each policy and || ¢ Irrigation modernization
climate water stress scenario [|* Enlarging dam storage

Simulation of future
inflows based on

historicinflows (30} ;ctoric; cc-2070; cc-2100). " Water markets
years)
Subject to:
l Resources constraints /C Optimal solut_ioh
Technical constraints Explicit information

on cost-effective

policies that improve

S.t ress S_cenarlos (30 WEFE Nexus = | vater, energy, and
simulations of 30 years .
food security and

under each scenario). protect ecosystems
’

Future Climate Water Policy constraints

*+ CC-2070 by increasing water
« CC-2100 efficiency, reducing
trade-offs, and
fostering cross-sector
synergies to achieve
@stainability. /
Figure 1

WEFE nexus modeling framework

Page 15/18



(a) Land, Energy production, Urban water use, and Streamflow at (b) Benefits (M€)
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Figure 2

IC and EIC under baseline inflows. (a) Land (1000 ha), energy production (GWh), urban water use (Mm?) and streamflow at the
Ebro mouth (Mm?), under IC and EIC. (b) Benefits (million Euro). (c) Ecosystem status in watersheds under IC and EIC.

IC: Institutional cooperation and EIC: Environmental institutional cooperation.
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Figure 3

(a) Boxplots of the distribution of land, energy production, urban water use, and streamflow at Ebro mouth, by policy and climate
scenario. (b) Parallel coordinate plot showing the tradeoffs between competing sectors under climate scenarios.

The average of sector indicators by policy and climate scenario is represented by lines (30 simulations of 30 years), and the area
is the interquartile range between the 25th and 75th percentiles. IC: Institutional cooperation. EIC: Environmental institutional
cooperation. IM: Irrigation modernization. EDS: Enlarging dam storage capacity. WM: Water markets.
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Figure 4

Average stream flow in selected gauges by policy alternative and climate scenario, and minimum environmental flows
(Mm3/year).

IC: Institutional cooperation. EIC: Environmental institutional cooperation. IM: Irrigation modernization. EDS: Enlarging dam
storage capacity. WM: Water markets. Averages from 30 simulations of 30 years length.
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