:' frontiers ‘ Frontiers in Environmental Science

PERSPECTIVE
published: 11 August 2022
doi: 10.3389/fenvs.2022.918085

OPEN ACCESS

Edited by:
Samuel Asumadu Sarkodie,
Nord University, Norway

Reviewed by:
Andrea L. Pierce,

University of Delaware, United States

Anik Bhaduri,

Australian Rivers Institute, Griffith

University, Australia

*Correspondence:
Zarrar Khan
Zzarrar.khan@pnnl.gov

TORCID:

Zarrar Khan
orcid.org/0000-0002-8147-8553
Edo Abraham
orcid.org/0000-0003-0989-5456
Srijan Aggarwal
orcid.org/0000-0002-9141-9936
Ricardo Arguello
orcid.org/0000-0002-6251-722X
Meghna Babbar-Sebens
orcid.org/0000-0001-8140-563X
Jeffrey M. Bielicki
orcid.org/0000-0001-8449-9328
Pamela Collins
orcid.org/0000-0002-0914-8832
Bassel Daher
orcid.org/0000-0002-0096-6783
Fabio A. Diuana
orcid.org/0000-0003-1981-4824
Amin A. Elshorbagy
orcid.org/0000-0002-5740-8029
Solomon H. Gebrechorkos
orcid.org/0000-0001-7498-0695
Tailin Huang
orcid.org/0000-0001-7767-3930
Maria Jodo Ferreira dos Santos
orcid.org/0000-0002-6558-7477
J. Leah Jones
orcid.org/0000-0002-8529-6503
Elke Kellner
orcid.org/0000-0003-2474-0938
Jonathan Lamontagne
oreid.org/0000-0003-3976-1678
Angelique Lansu
orcid.org/0000-0001-6905-8751
Ruopu Li
orcid.org/0000-0003-3500-0273
Pedro Linares
oreid.org/0000-0002-0572-1937
Diego Marazza
orcid.org/0000-0001-9870-56559
Ryan A. McManamay
orcid.org/0000-0002-5551-3140
Fernando Miralles-Wilhelm
orcid.org/0000-0001-5812-1014
Raphaél Payet-Burin
orcid.org/0000-0001-6403-3985
Jon Sampedro
orcid.org/0000-0002-2277-1530
Kelly T. Sanders
orcid.org/0000-0003-4466-0054
Jennifer Schmidt
orcid.org/0000-0002-0945-3204

Check for
updates

Emerging Themes and Future
Directions of Multi-Sector Nexus
Research and Implementation

Zarrar Khan'*", Edo Abraham®?, Srijan Aggarwal®’, Manal Ahmad Khan*, Ricardo Arguello®,
Meghna Babbar-Sebens®’, Julia Lacal Bereslawski’, Jeffrey M. Bielicki®®T,

Pietro Elia Campana'®, Maria Eugenia Silva Carrazzone !, Homero Castanier'?,

Fi-John Chang '3, Pamela Collins *f, Adela Conchado "6, Koteswara Rao Dagani’’,
Bassel Daher'®%, Stefan C. Dekker®, Ricardo Delgado?°, Fabio A. Diuana®'",

Jonathan Doelman?®?23, Amin A. Elshorbagy?*f, Chihhao Fan'3, Rossana Gaudioso?’,
Solomon H. Gebrechorkos?%?, Hatim M. E. Geli?”, Emily Grubert®®, Daisy Huang®,

Tailin Huang?®*, Ansir llyas®°, Aleksandr Ivakhnenko®', Graham P. W. Jewitt3%3334,

Maria Jodo Ferreira dos Santos®®', J. Leah Jones %", Elke Kellner®”387,

Elisabeth H. Krueger®, Ipsita Kumar“°, Jonathan Lamontagne®'?, Angelique Lansu*?,
Sanghyun Lee*®, Ruopu Li**', Pedro Linares**", Diego Marazza*®", Maria Pia Mascari*’,
Ryan A. McManamay *®, Measrainsey Meng“°, Simone Mereu®%°,

Fernando Miralles-Wilhelm®%53t, Rabi Mohtar®#4°°, Abubakr Muhammad®’,

Adenike Kafayat Opejin’®, Saket Pande®®, Simon Parkinson®’, Raphaél Payet-Burin®®T,
Meenu Ramdas®®, Eunice Pereira Ramos®°, Sudatta Ray®’, Paula Roberts %2,

Jon Sampedro ', Kelly T. Sanders“°*, Marzieh Hassanzadeh Saray®, Jennifer Schmidt®*,

Margaret Shanafield %", Sauleh Siddiqui®®, Micaela Suriano®”, Makoto Taniguchi®?,

Antonio Trabucco®®?, Marta Tuninetti”°f, Adriano Vinca®?!, Bjérn Weeser”"?,
Dave D. White®2, Thomas B. Wild ', Kamini Yadav ™, Nithiyanandam Yogeswaran ",

Tokuta Yokohata”™ and Qin Yue”"

"Joint Global Change Research Institute (JGCRY), Pacific Northwest National Laboratory (PNNL), College Park, MD, United States,
2Department of Water Resources Management, Delft University of Technology, Delft, Nethertands, *College of Engineering and Mines,
University of Alaska Fairbanks, Fairbanks, AK, United States, “National Geographic Partners, Washington, DC, United States, SUnidad de
Planificacién Rural Agropecuaria (UPRA), Bogotd, Colombia, ®School of Civil and Construction Engineering, College of Engineering,
Oregon State University, Corvallis, OR, United States, “Consultant, Banco Interamericano de Desarrollo, Buenos Aires, Argentina,
8Department of Civil, Environmental, and Geodetic Engineering, The Ohio State University, Columbus, OH, United States, °John Glenn
College of Public Affairs, The Ohio State University, Columbus, OH, United States, 7"Depaznmem‘ of Sustainable Energy Systems,
Mélardalen University, Visteras, Sweden, "’ Consultora Bioeconomia Sostenible en FAO, Roma, ltaly, "Empresa Publica Metropolitana
de Agua Potable y Saneamiento de Quito, Quito, Ecuador, "SDepartment of Bioenvironmental Systems Engineering and Hydrotech
Research Institute, National Taiwan University, Taipei, Taiwan, "*Conservation International, Arlington, VA, United States, "°Environmental
Missions, The Overview Effect, Madrid, Spain, ’GSusta/habflity and Circular Economy, Universidad Pontificia Comillas, Madlrid, Spain,
Indlian Institute of Technology Hyderabad, Kandi, Indla, "®Texas A&M Energy Institute, Texas A&M University, College Station, TX,
United States, "®Copernicus Institute of Sustainable Development, Utrecht, Netheriandss, *°Universidad de los Andles, Bogotd, Colombia,
2"Universidade Federal do Rio de Janeiro, Janeiro, Brazi, “’Department of Climate, Air and Energy, PBL Netheriands Environmental
Assessment Agency, The Hague, Netherlands, Canada, 23Copernicus Institute for Sustainable Development, Utrecht University, Utrecht,
Nethertands, 2*Department of Civi, Geological and Environmental Engineering, College of Engineering, University of Saskatchewan,
Saskatoon, SK, Canada, 2°Secretaria Nacional de Ambiente, Agua y Cambio Climatico, Montevideo, Uruguay, “°University of
Southampton, Southampton, United Kingdom, 2’ Department of Animal and Range Sciences and New Mexico Water Resources
Research Institute, New Mexico State University, Las Cruces, NM, United States, 28(3&~orgiaz Institute of Technology, Atlanta, GA,
United States, 2NCKU School for Sustainabilty, National Cheng Kung University, Tainan City, Taiwan, *°Centre for Water Informatics and
Technology, Lahore University of Management and Sciences (LUMS), Lahore, Pakistan, ' Department of Petroleum Engineering,
Kazakh-British Technical University, Aimaty, Kazakhstan, **Centre for Water Resources Research, University of KwaZulu-Natal, Durban,
South Africa, IHE Delft Institute for Water Education, Delft, Nethertands, **Faculty of Civil Engineering and Geosciences, Technical
University Delft, Delft, Netheriandss, *°Department of Geography, University of Zurich, Zurich, Switzeriand, *°Global Institute of
Sustainability and Innovation, Arizona State University, Tempe, Switzerland, 3 7Wyss Academy for Nature, University of Bern, Bemn,
Switzeriand, 38School of Sustainability, Arizona State University, Tempe, AZ, United States, Institute for Biodiversity and Ecosystem
Dynamics, Department of Ecosystem and Landscape Dynamics (IBED-ELD), University of Amsterdam (UvA), Amsterdam, Netheriands,

Frontiers in Environmental Science

www.frontiersin.org 1

August 2022 | Volume 10 | Article 918085


http://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2022.918085&domain=pdf&date_stamp=2022-08-11
https://www.frontiersin.org/articles/10.3389/fenvs.2022.918085/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.918085/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.918085/full
http://creativecommons.org/licenses/by/4.0/
mailto:zarrar.khan@pnnl.gov
https://orcid.org/0000-0002-8147-8553
https://orcid.org/0000-0003-0989-5456
https://orcid.org/0000-0002-9141-9936
https://orcid.org/0000-0002-6251-722X
https://orcid.org/0000-0001-8140-563X
https://orcid.org/0000-0001-8449-9328
https://orcid.org/0000-0002-0914-8832
https://orcid.org/0000-0002-0096-6783
https://orcid.org/0000-0003-1981-4824
https://orcid.org/0000-0002-5740-8029
https://orcid.org/0000-0001-7498-0695
https://orcid.org/0000-0001-7767-3930
https://orcid.org/0000-0002-6558-7477
https://orcid.org/0000-0002-8529-6503
https://orcid.org/0000-0003-2474-0938
https://orcid.org/0000-0003-3976-1678
https://orcid.org/0000-0001-6905-8751
https://orcid.org/0000-0003-3500-0273
https://orcid.org/0000-0002-0572-1937
https://orcid.org/0000-0001-9870-5559
https://orcid.org/0000-0002-5551-3140
https://orcid.org/0000-0001-5812-1014
https://orcid.org/0000-0001-6403-3985
https://orcid.org/0000-0002-2277-1530
https://orcid.org/0000-0003-4466-0054
https://orcid.org/0000-0002-0945-3204
https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2022.918085

Khan et al.

Margaret Shanafield
oreid.org/0000-0003-1710-1548
Makoto Taniguchi
orcid.org/0000-0001-7416-0275
Antonio Trabucco
oreid.org/0000-0002-0743-3680
Marta Tuninetti
orcid.org/0000-0003-2619-8783
Adriano Vinca
orcid.org/0000-0002-3051-178X
Bjoérn Weeser
orcid.org/0000-0001-7400-319X
Thomas B. Wild
oreid.org/0000-0002-6045-7729
Nithiyanandam Yogeswaran
orcid.org/0000-0002-4089-9247
Qin Yue
orcid.org/0000-0003-1664-4516

Specialty section:

This article was submitted to
Environmental Systems Engineering,
a section of the journal

Frontiers in Environmental Science

Received: 12 April 2022
Accepted: 15 June 2022
Published: 11 August 2022

Citation:

Khan Z, Abraham E, Aggarwal S,
Ahmad Khan M, Arguello R,
Babbar-Sebens M, Bereslawski JL,
Bielicki JM, Campana PE,

Silva Carrazzone ME, Castanier H,
Chang F-J, Collins P, Conchado A,
Dagani KR, Daher B, Dekker SC,
Delgado R, Diuana FA, Doelman J,
Elshorbagy AA, Fan C, Gaudioso R,
Gebrechorkos SH, Geli HME,
Grubert E, Huang D, Huang T, llyas A,
Ivakhnenko A, Jewitt GPW,

Ferreira dos Santos MJ, Jones J,
Kellner E, Krueger EH, Kumar |,
Lamontagne J, Lansu A, Lee S, Li R,
Linares P, Marazza D, Mascari MP,
McManamay RA, Meng M, Mereu S,
Miralles-Wilhelm F, Mohtar R,
Muhammad A, Opsjin AK, Pande S,
Parkinson S, Payet-Burin R,

Ramdas M, Ramos EP, Ray S,
Roberts P, Sampedro J, Sanders KT,
Saray MH, Schmidt J, Shanafield M,
Siddiqui S, Suriano M, Taniguchi M,
Trabucco A, Tuninetti M, Vinca A,
Weeser B, White DD, Wild TB,
Yadav K, Yogeswaran N, Yokohata T
and Yue Q (2022) Emerging Themes
and Future Directions of Multi-Sector
Nexus Research and Implementation.
Front. Environ. Sci. 10:918085.

doi: 10.3389/fenvs.2022.918085

Multi-Sector Nexus Perspectives

“ODepartment of Geographical Sciences, University of Maryland, College Park, MD, United States, *' Department of Civil and
Environmental Engineering, Tufts University, Mediford, MA, United States, ““Open University of Nethertands, Open University, Heerlen,
Nethertands, “*Department of Agricultural and Rural Engineering, Chungbuk National University, Cheongju, South Korea, **School of
Earth Systems and Sustainability, Southern llinois University, Carbondale, IL, United States, “Universidad Pontificia Comillas, Instituto de
Investigacidn Tecnoldgica (IIT), Madid, Spain, “°Universita o Bologna, Bologna, Italy, *’Oficina de Planeamiento y Presupuesto (OPP) -
Presidencia de la Republica Oriental del Uruguay, Montevideo, Uruguay, “Department of Environmental Science, Baylor University,
Waco, TX, United States, “*Faculty of Agricultural and Food Sciences, American University of Beirut, Beirut, Lebanon, *°Consiglio
Nazionale delle Ricerche, Istituto per la Bioeconomia, CNR-IBE, Sassari, Italy, S1CMCC - Centro Euro-Mediterraneo sui Cambiamenti
Climatici, IAFES Division, Sassar, Italy, **College of Science, George Mason University, Fairfax, VA, United States, **The Nature
Conservancy, Arlington, VA, United States, **Biological and Agricultural Engineering and Zachry Department of Civil Engineering, Water
Energy Food Research Group, Texas A&M University, College Station, TX, United States, *®Faculty of Agricultural and Food Sciences,
American University of Beirut, Beirut, Lebanon, *°Department of Hyarology, Delft University of Technology, Delft, Netherfands,
57International Institute for Applied Systems Analysis (IASA), Laxenburg, Austria, *®Department of Environmental Engineering, Technical
University of Denmark, Lyngby, Denmark, *°Indlian Institute of Technology Bhubaneswar, Indlian Institute of Technology Bhubaneswar,
Khoraha, India, ®Division of Energy Systems, KTH - Royal Institute of Technology, Stockholm, Sweden, 57 Emmett Interdiisciplinary
Program in Environment & Resources (EIPER), Stanford University, Stanford, CA, United States, %?Organismo Reguiador de la Seguridad
de Presas (ORSEP), Buenos Aires, Argentina, 85Department of Process and Environmental Engineering, University of Oulu, Oulu, Finland,
SUniversity of Alaska Anchorage, Anchorage, AK, United States, ®®College of Science and Engineering, Flinders University, Bedford Park,
SA, Australia, ®®Department of Environmental Science, American University, Washington, DC, United States, % Instituto Nacional del Agua
(INA), Buenos Aires, Argentina, %8Research Institute for Humanity and Nature (RIHN), Kyoto, Japan, SSFondazione Centro Euro-
Mediterraneo Sui Cambiamenti Climatici (CMCC), Lecce, Italy, “’Department of Environment, Land, and Infrastructure Engineering,
Politecnico dii Torino, Turin, ltaly, ”'Center for Intemational Development and Environmental Research (ZEU), Justus Liebig University,
Giessen, Germany, ">ORISE Fellow, USDA Forest Service, Riverside, CA, United States, "*National Forensic Sciences University, Ministry
of Home Affairs, Government of Indlia, Delhi, Indlia, “*National Institute for Environmental Studiies, Center for Global Environmental
Research, Tsukuba, Japan, 7 5Co/lege of Environmental Science and Engineering, Peking University, Beijing, China

Water, energy, and food are all essential components of human societies. Collectively, their
respective resource systems are interconnected in what is called the “nexus”. There is
growing consensus that a holistic understanding of the interdependencies and trade-offs
between these sectors and other related systems is critical to solving many of the global
challenges they present. While nexus research has grown exponentially since 2011, there
is no unified, overarching approach, and the implementation of concepts remains
hampered by the lack of clear case studies. Here, we present the results of a
collaborative thought exercise involving 75 scientists and summarize them into 10 key
recommendations covering: the most critical nexus issues of today, emerging themes, and
where future efforts should be directed. We conclude that a nexus community of practice
to promote open communication among researchers, to maintain and share standardized
datasets, and to develop applied case studies will facilitate transparent comparisons of
models and encourage the adoption of nexus approaches in practice.

Keywords: nexus, water, energy, food, multi-sector

INTRODUCTION

International literature clearly shows the benefits of integrated management of resources across
sectors to capitalize on synergies and avoid conflicts (Lazaro et al., 2021; van den Heuvel et al., 2020;
Imasiku and Ntagwirumugara, 2020; Elagib and Al-Saidi, 2020; Bakhshianlamouki et al., 2020;
Susnik, 2018; Karabulut et al., 2018; de Strasser et al., 2016; Payet-Burin et al., 2021). This concept of
the interconnected nature of the water, energy, food, and other related systems is categorized in the
literature as “nexus” research. The nexus discourse was highlighted at the World Economic Forum in
2011 (Hoff, 2011; Leck et al., 2015) in response to the recognition of the need for better global policy
coordination to manage the relationships between multi-sector commodity prices and resource
scarcity. The event was followed by an exponential increase in research associated with defining,
scoping, and modeling nexus interactions which have important implications across human and
earth systems at variable scales ranging from the globe to cities and from centuries to hours.
Decisions to meet one goal in one sector can have serious implications for the attainment of other goals
in other sectors. Examples include how choices between different power generation mixes to lower
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Discipline
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- Humanities & Social Science - 15.2% Less than Five - 21.4%

. Formal Science - 6.1% Degree in progress - 25%

FIGURE 1 | Results of the author diversity surveys on disciplinary background, institution type, career-stage, ethnicity, gender and geographical area of residence

and focus. Respondents could select more than one choice for these questions, as well as provide their own custom answers if desired. Note that disciplinary
backgrounds in the survey were defined as: Professional & Applied (Engineering, Law, Business, Medicine, Journalism etc.); Natural Science (Physics, Chemistry,
Biology, Earth Sciences, Space etc.); Humanities & Social Science (Anthropology, Sociology, Psychology etc.); and Formal Science (Math, Logic, Computer

Ethnicity
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Intergovernmental - 1%
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W Research - 30%
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emissions can affect water withdrawals and consumption
(Parkinson et al., 2016; Liu et al., 2017a; Larsen et al., 2019; Liu
et al,, 2019); how expansion of biofuels and BECCS (Bio-Energy
with Carbon Capture and Storage) competes with food production
and other land uses (Rulli et al., 2016; Stoy et al., 2018); how the
choice between rainfed or irrigated crops impacts both water and
energy needs (FAO, 2014; El-Gafy, 2017; Khan et al., 2021); and
how the choice between pumping groundwater, using streamflow,
or transferring water from other regions affects both energy needs
and agricultural productivity (Bakhshianlamouki et al., 2020;
Payet-Burin et al., 2021; Wu et al,, 2021). While the theoretical
benefits of the nexus have been demonstrated in several modeling
exercises and example case-studies, there remain several challenges
and hurdles in implementation of these ideas in real policy and
governance mechanisms which require securing strategic and
financial support from leadership to modify long-established
single-sector institutional and administrative structures. These

challenges partially arise from a lack of clear and measurable
evidence of the benefits of actual nexus integration efforts.

The fundamental concept of the “nexus” calls for a holistic
collaborative approach if we are to understand complex co-
dependent systems that have inherently different characteristics
and that are traditionally managed at different spatial, temporal,
and jurisdictional boundaries. Despite this need for a fuller
perspective, however, most nexus studies are conducted by
individual institutions or research groups that, regardless of
their intention, explore the nexus through the lens of their
particular expertise and professional experience. While several
literature reviews bring together recommendations from these
various studies, they remain as compilations of ideas from
individual perspectives (Fernandes Torres et al., 2019
Johnson et al., 2019; Newell et al., 2019; Simpson and Jewitt,
2019; Tashtoush et al., 2019; Abdi et al., 2020; Endo et al., 2020;
Stylianopoulou et al., 2020; Purwanto et al., 2021). Thus, there
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remains the need to incorporate the central essence of the
“nexus” and collaboratively reflect on the lessons learned in
order to inform future directions by collecting and listening to
opinions from members of the diverse range of sectors involved
(Howarth and Monasterolo, 2017; Liu et al., 2018; Staddon et al.,
2021). This study addresses this need by bringing together
75 co-authors from a wide range of disciplines,
demographics, and career stages to converge on what the
most critical water—-energy-food nexus issues today are and
how they should be tackled in the future.

METHODOLOGY

This article was developed over a period of 2 years where the
thematic structure and organizational layout were an organic
process, emergent from interactions across a series of sequential
surveys with members of the energy-water nexus community.
The paper uses the principles of the Delphi Method (Okoli and
Pawlowski, 2004) (i.e., arriving at a group opinion based on
multiple iterations of surveys) to arrive at the final arguments
presented. The initial idea for the paper was the result of
discussions between several presenters and conveners of
multisector nexus sessions at the American Geophysical Union
(AGU) conference in December 2019. This group then solicited
expressions of interest from other researchers actively working on
multi-sector nexus research based on their participation in
relevant nexus sessions at major conferences such as the
European Geophysical Union (EGU) and American
Geophysical Union (AGU) as well as by reaching out to
authors of recent relevant publications. Over the course of
2 years each participant was asked to reach out to their own
networks to solicit additional interest. All co-authors of the
paper served as a panel of experts for nexus studies and
together designed and answered a series of survey
questionnaires. The answers to the survey questions were all
anonymous and public, with respondents being able to submit
multiple opinions, view the responses of all other participants,
as well as update their own responses as desired. The earlier
questionnaires investigated authors’ diversity, as well as how
this paper should be structured including the format, outline,
and layout of the paper.

Given the core concept of “nexus” studies and the
corresponding  implications across socio-economic and
geographic boundaries, the need for a diverse authorship is all
the more compelling. A key feature of this study has been the
attempt at documenting the diversity of the many co-authors.
Both intellectual diversity (diversity of cognitive approach and
disciplinary background) as well as demographic diversity
(diversity of gender, race, geography) have been clearly shown
to improve problem-solving, creativity, and scientific outcomes
(Hackett and Rhoten, 2009; Herring, 2009; Joshi and Roh, 2009;
Kalev, 2009; Woolley et al., 2010; Mauser et al., 2013; Freeman
and Huang, 2014; Smith-Doerr et al., 2017). In spite of the proven
value of diversity, progress on diversity in the sciences has been
slow (Bernard and Cooperdock, 2018). A summary of the
diversity statistics determined via an anonymous survey sent

Multi-Sector Nexus Perspectives

out to all co-authors is provided in Figure 1. While the results
show an imbalance in the representation across disciplines,
institution types, ethnicity, and regions of focus, they provide
insights into where efforts should be made to further diversify
future studies such as these.

An initial list of 82 questions was collected and then combined
into the four themes that form the subsequent sections of this
paper: Scope and Definition, Nexus Methodologies, Applying the
Nexus in Practice, and Challenges and Future Directions. Raw,
unedited responses to all surveys are provided as part of the
Supplementary Material. These responses were collated and
then synthesized into the sections that follow.

Scope and Definition

The number of studies on the nexus has grown exponentially
since 2011 (Bazilian et al., 2011; Cairns and Krzywoszynska, 2016;
Wichelns, 2017; Newell et al., 2019; Opejin et al., 2020) with
various definitions of the nexus, covering different sectors,
stakeholders and spatio-temporal scales (Siddigi and Anadon,
2011; Karlberg et al., 2015; Keskinen et al., 2015; King and Jaafar,
2015; Susnik, 2018; Roggema and Yan, 2019; Wada et al.,, 2019;
Bakhshianlamouki et al., 2020; Imasiku and Ntagwirumugara,
2020; Khan et al., 2020; Benites-Lazaro et al., 2021; Elagib et al,,
2021; Lazaro et al, 2021; Wild et al, 2021). The resulting
ambiguity of the definition and scope of the nexus has been
identified as a key barrier to operationalizing nexus methods in
practice (Endo et al.,, 2017; Weitz et al., 2017; Wichelns, 2017;
Albrecht et al., 2018; Urbinatti et al., 2020a; Urbinatti et al., 2020a;
Hogeboom et al., 2021). While delimiting the scope of the nexus
with formal definitions may help in its adoption by decision
makers, it could also hamper the field of studies by putting
boundaries around a concept that should not have intrinsic
boundaries. While there is no way to truly map all of the
interactions between physical, ecological, biological, economic,
social, and other systems, the essence of nexus studies is to try and
capture the relevant trade-offs and feedbacks that may influence
their outcomes. Several nexus review papers (Endo et al., 2017;
Dai et al., 2018; Newell et al., 2019; Tashtoush et al., 2019; Abdi
et al., 2020; Stylianopoulou et al., 2020; Purwanto et al., 2021;
Vinca et al,, 2021) show that existing nexus methodologies are
unable to equally or appropriately weigh the different systems
considered, because there is a lack of data, a lack of knowledge, or
a lack of interest. Caution should be taken not to draw system
boundaries arbitrarily or out of convenience simply to address
methodological or data-availability constraints. There is also
ambiguity in the status of “nexus research” as its own
discipline and what sets it apart from similar fields of study
such as systems dynamics and integrated resource management.
While still unclear, together with the evolution of its scope, nexus
research as a discipline is adopting its own characteristics by
combining methodologies from these other fields of studies with a
focus on inform multi-sector policy and governance.

Pressures on limited natural resource systems are currently
increasing, and these are coupled with climate change, more
frequent extreme events, migration, urbanization, demographic
growth, and ecosystem tipping points, amongst other dynamic
and intersectoral changes (Canyon et al., 2015; Siri et al., 2016;
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Allen et al,, 2019; Hameed et al., 2019; Mabhaudhi et al., 2019;
Olawuyi, 2020; Zarei, 2020). These changes are presenting
themselves with an urgency that calls for nexus concepts to be
put into practice. To achieve this goal, pathways for transforming
existing, siloed systems must be developed to overcome
institutional and legal barriers and to enable the transfer of
nexus approaches into decision making, policy, and
infrastructure development. To move in this direction—and
keeping in mind the restrictions posed by an absolute, fixed
definition that we discussed above—we support the establishment
of a nexus community of practice (Snyder and Wenger, 2010;
Reed, 2014; Mohtar and Lawford, 2016; Smith et al., 2017) to
maintain a fluid, working, and evolving definition, scope, and
framework of the nexus that can be mapped to a range of
situations and scales. The idea here is to give some structure
to a flexible concept. Any major paradigm calls for a group of
experts to lay the foundation upon which research is built. For
example, the term “ecosystem” has evolved over the past
150 years as researchers define and revise it to fit our
changing scientific understanding (Naeem, 2002; Chaudhary
et al, 2015). Such a framework would encourage different
communities to get in touch and work on developing common
conventions, standards, and benchmarks (Snyder et al., 2004;
Snyder and Wenger, 2010; Reed, 2014; Smith et al, 2017;
IChemE, 2021; SIWI, 2021). As discussed in the following
sections, this nexus community of practice would provide a
central open-source and accessible platform to host, curate
and manage nexus-related data, definitions, metrics, case
studies, standards, and policy instruments, amongst other
items. The nexus community of practice can be a new effort
or build upon existing efforts such as the Multisector Dynamics
(MSD) community (https://multisectordynamics.org/) or the
United Nations Development Programme’s Sustainable
Development Goals Integration project (https://sdgintegration.
undp.org/). Care should be taken to ensure that the community of
practice maintains a diverse membership from different regions,
backgrounds, and disciplines to capture the voices of a broad
spectrum of stakeholders.

Nexus Methodologies

While several literature reviews compare nexus models and
methods (Endo et al., 2017; Kaddoura and El Khatib, 2017;
Albrecht et al., 2018; Dai et al., 2018; Liu et al., 2018; Zhang
etal.,2018; Abdietal., 2020; Endo et al., 2020; Stylianopoulou
et al., 2020; Purwanto et al., 2021; Vinca et al., 2021) and
while new models and methodologies are necessary to
advance any discipline, we found that there is a lack of
and a strong need for quantitative comparison, validation,
and assessment of the suitability of the large number of
existing and upcoming nexus models. A good summary
from Vinca et al. (2021) shows the range of methodologies
across several nexus models. The methodological approaches
differ in a range of ways, including types of linkages between
sectors (hard linked vs. soft linked), optimization vs.
simulations, number of sectors included, as well as both
temporal and spatial scales (local, state/province, river
basin, national, continental to global). It is recommended

Multi-Sector Nexus Perspectives

that the nexus community of practice hosts an ongoing multi-
model comparison exercise and platform in which suitable
nexus models can participate in a series of controlled case
studies. Results, strengths, weaknesses, and relevance to
different situations can then be compared. The case studies
should be transparent, reproducible, and open to the public to
increase trust and understanding of the different
participating models. The multi-model intercomparisons
can follow the format of existing efforts such as the
Agricultural Model Intercomparison Project (AGMIP)
(Rosenzweig et al., 2013; Rosenzweig et al., 2018) and the
Coupled Model Intercomparison Project (CMIP) series
(Eyring et al., 2016).

In addition to the lack of any mechanism to empirically
compare existing and new nexus methodologies, another key
issue faced in the nexus discipline has been the availability and
compatibility of data across scales and sectors (Liu et al., 2017b;
Larsen et al., 2019; Abdi et al., 2020). The hurdles to accessing
data include incomplete and missing data, access restrictions
imposed by governments and data hosting organizations,
inconsistent formats and resolutions across sectors,
inconsistent units, and the lack of a central database to host
the data. We recommend that an open-source central database
repository should be maintained with standardized units,
formatting, and metadata requirements. While collection,
maintenance and re-structuring of datasets may require a level
of effort and resources not easily achievable, a first step in this
direction could be a collection of relevant meta-data that provides
links to original resources and that catalogues availability,
formats, units, resolution, and scales. Such a collection could
be hosted on existing open-source platforms such as Zenodo
communities (https://zenodo.org/communities/). The collection
should be accompanied by a data map summarizing the existing
datasets in the database and which sectors, areas and scales
continue to be sparsely represented. The data map can be used
to identify areas where more efforts are needed to improve data
collection and to establish justification for future research in
those areas.

Finally, to increase awareness and acceptability of nexus
approaches, both input data and inter-model comparison
results should be made easily accessible to allow the
community and decision makers to assess these across scales
and sectors for their specific needs. The visualization of results
and communication to the public are key to increasing the success
of the implementation of the nexus, as also highlighted in other
studies (Bucchi and Trench, 2014; Brownell et al., 2013; McNutt,
2013). Several existing platforms and dashboards (e.g., WRDI's
Aqueduct Water Risk Atlas (WRI, 2021), IIASA’s Global
Hotspots Explorer (ITASA, 2021), Nexus Tool 2.0 (Daher and
Mohtar, 2015)) can be used as examples to communicate results
to the broader community including researchers, policy makers,
industry practitioners and other non-governmental organizations
(Moallemi, 2021).

Applying the Nexus in Practice
While several studies continue to show the benefits of integrated
planning (Mirzabaev et al., 2015; Pittock et al., 2015; Rasul and
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Sharma, 2016; Dhaubanjar et al., 2017; Kurian, 2017; Stoy et al.,
2018; Munoz Castillo et al., 2019; Payet-Burin et al.,, 2021; Wu
et al,, 2021), explicit implementation of nexus considerations at a
decision-making level—and particularly across multiple
scales—has been limited (Cremades et al., 2019; Johnson et al.,
2019; Simpson and Jewitt, 2019; van Gevelt, 2020). The few
examples of operational nexus implementation seem to be a
response to shared resource conflicts rather than a result of
long-term nexus foresight (Abbott et al, 2017; de Amorim
et al, 2018; Kalair et al, 2019; Olawuyi, 2020; Weinthal and
Sowers, 2020). Similarly, water needs for power plant cooling
have prompted several energy ministries to take the water-energy
nexus into serious consideration at an operational level.

We note that the Sustainable Development Goals (SDGs)
(UNDESA, 2021) are and will be an essential framework for
the adoption of nexus methodologies into practice. The SDG
framework, with its metrics for multiple individual sectors,
has already pushed decision makers in several countries
towards considering long-term integrated goals (Griggs
et al.,, 2013; Le Blanc, 2015; Costanza et al., 2016; Yillia,
2016; Fleming et al., 2017; Liu et al., 2018; Saladini et al., 2018;
Stephan et al., 2018; Mabhaudhi et al., 2019). A nexus
approach can be used to map out interdependencies and
identify plausible pathways for achieving different SDG
targets (Hiillsmann et al., 2018; Mitra et al., 2020). Given
the existence of trade-offs between sectors and actors, we
recommend an overarching “nexus” planning body to review
any region’s long-term cross-sectoral plans as a whole, to
communicate and justify trade-offs, to promote joint decision
making, and to help managers and policy makers consider the
situation beyond their individual sectoral boundaries (Boas
etal, 2016; Hagemann and Kirschke, 2017; Weitz et al., 2017;
Liu et al, 2018; Pahl-Wostl et al, 2021). For example,
increasing hydropower production can support SDG7 as a
clean energy source but can also impact downstream food
production (SDG 2) as well as the hydrological cycle (SDG6)
(Fader et al., 2018). In some countries, such a framework
could be integrated into existing overarching planning
bodies, but perhaps with a more specific focus on resource
management. Such an overarching body would be responsible
for monitoring individual SDG sector metrics combined with
new cross-sectoral nexus metrics that quantify the strength
and magnitude of interconnectivity and inter-dependencies
between sectors and actors. This overarching body would also
assess how the cross-sectoral inter-relations affect the need
for co-planning and integrated decision making (Willis, 2016;
El-Gafy, 2017; Byers et al., 2018; Arthur et al., 2019; Venghaus
and Dieken, 2019; Khan et al., 2021; Voelker et al., 2022).

Additionally, we recommend that the nexus community of
practice develop and maintain a set of nexus metrics that can
be used to complement the SDGs and keep track of the
interconnections across sectors. These metrics can build
upon existing frameworks (Arthur et al., 2019; Voelker
et al.,, 2022) such as the Willis et al., 2016 Pardee RAND
Food-Energy-Water Security Index (Willis, 2016), the El-
Gafy 2017 Water-Food-Energy Index (El-Gafy, 2017), the
Byers et al, 2018 global multisector exposure and
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vulnerability hotspot index (Byers et al, 2018), the
Venghaus and Dieken 2019 FEW Security Index
(Venghaus and Dieken, 2019), and the Khan et al., 2021
Interconnectivity Magnitude and Spread Indices (Khan
et al., 2021). The metrics can also be accompanied by
templates and reporting mechanisms to assist adoption
across governance bodies such as developed in: Weitz
et al, 2017 - Integrative governance applied to the
Water-Energy-Food nexus (Weitz et al.,, 2017); Rasul and
Neupane 2021 - Framework for water, energy and food policy
coordination (Rasul and Neupane, 2021); and White et al,,
2017 - Stakeholder analysis for nexus governance (White
et al., 2017). Additional metrics using Environmental,
Social and Governance (ESG) criteria can also be used to
identify stakeholder and policy-maker perspectives (Uen
et al., 2018; Huang and Chang, 2021). Once established,
we envision the nexus data reporting and metrics
mechanisms becoming best practice across sectors as well
as in the evaluation and appraisal of new large-scale projects.
These can then supplement and become part of other
evaluation frameworks such as the environmental and
sustainable impact assessments used by governments,
funding agencies, and multi-lateral banks (Singh et al,
2009; Bond et al., 2012; Morgan, 2012).

Finally, in addition to the metrics and reporting
mechanisms, a library of policy successes, wins, failures,
and examples is needed (Venkatesh et al., 2014; Liu, 2016;
Wicaksono and Kang, 2019) and can be built based on
existing efforts such as the Arizona State University’s
Social-Ecological Systems (SES) case study library (ASU,
2021) or the SIM4Nexus library of case studies
(SIM4Nexus, 2021). These should include clear cross-
sectoral benefits and trade-offs from economic, SDG, and
ecosystem perspectives. This library of real-world case
studies will provide others with motivation and examples
for adopting similar practices in other regions and under
other planning frameworks. Organized, transparent and
accessible results will also help inform societal viewpoints
which in turn are important in shaping those of elected
officials and for guiding future funding of research.

Challenges and Future Directions
One of the main challenges to the implementation of nexus
concepts continues to be the inertia in the continued segregation
of individual sector institutions and decision-making bodies
(Shannak et al., 2018; Cremades et al., 2019; Kurian, 2019;
Simpson and Jewitt, 2019; Payet-Burin et al., 2021). This
segregation is further strengthened by the lack of mutual
benefits across sectors, stakeholders, and geographical entities
competing for limited shared resources (Abbott et al., 2017; de
Amorim et al., 2018; Kalair et al., 2019; Urbinatti et al., 2020b;
Olawuyi, 2020; Weinthal and Sowers, 2020). Additionally,
insular, sector-specific training and expertise results in
ignorance about the broader picture and can result in apathy
towards system-wide losses in favor of individual sector gains.
Another challenge is that a nexus approach requires long-term
foresight because the maximum potential gains are often realized
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Summary of Key Challenges & Recommended Actions
Vo V 4
Scope & Definition Methodology Application Future Directions
Key Challenges Key Challenges Key Challenges Key Challenges
®  Vague definition can be barrier to ®  Lackof access to nexus data across *  Limited explicit nexus * Inertia & existing siloed structure
applications sectors and scales is an issue implementation in practice of institutions
®  Restrictive definition could hamper *  Numerous methodologies without a = Lackof nexus metrics & policy = Tradeoffs between sectors &
developments. comparison framework instruments stakeholders
= Lackof communication between = Short terms of policymakers
science, policy & public = lackof training & public
awareness
Recommended Actions Recommended Actions Recommended Actions Recommended Actions
= Establish nexus community of = Create open-source central nexus = Maintain nexus success stories and = Maintain list of short and long-
practice data repository with standardized failures in online platform to term nexus challenges and goals
= Establish online platform to data units promote applications with corresponding links to
maintain, curate and share nexus *  Organize inter-model comparison *  Establish clear nexus metrics and relevant actions, data, case studies
knowledge with controlled case studies reporting mechanisms to be used and knowledge on the nexus
= Hold expert workshops to discuss = Online dashboard to communicate by funders and governments as platform
scope & definition inter-model results to public well as for impact and project
= Maintain evolving nexus definitions assessments
& scope on nexus platform
Al N N
FIGURE 2 | Summary of key challenges and recommended actions based on responses from the surveys conducted for this paper.

only several years or decades after implementation. These sorts of
long-term plans may not be especially compelling to policy makers,
whose shorter-term appointments increase the appeal of immediate,
visible achievements. However, this short-versus-long-term
distinction is a false dichotomy. Given the increasing pressures
emerging from globalization, land degradation, and climate
change and the resulting increase in frequency and magnitude of
extreme events, as well as the worsening scarcity of resources, actions
that address long-term sustainability issues will be investments in
improving short-term security and resilience issues at the same time.

There is concern that nexus studies as a discipline may create a
generation of generalists without sectoral expertise. Similar to the
need for an overarching nexus body to connect individual sectoral
institutions, it is clear that such generalists are needed to help connect
the dots between the different sectors or to provide a holistic view of
the broader system. Like systems thinking, the nexus approach is an
important discipline in its own right and is necessary in order to
complement advancements in individual sectors.

The final part of the survey focused on identifying critical
research questions and directions in both the near and the long
term. In the near term (next decade), the following three areas
were identified as being the most critical:

1) Consolidate existing nexus models and efforts and carry out
quantitative inter-model comparisons and validation
exercises to identify research gaps, strengths, weaknesses
and suitability of models for different situations, scales, and
stakeholders.

Organize and curate data from across the various sectors and
make these accessible to facilitate transparent model
intercomparisons, as well as more robust and accessible analyses.
Focus on transfer of scientific concepts into real-world
implementation, decision making and stakeholder practice.

2)

3)

For the longer term (next 5 decades), the following key lines of
research were identified:

1) Understanding and leveraging analysis across multiple spatial,
temporal, and sectoral resolutions

Including major societal issues such as migration, pollution,
health, disease, biodiversity, poverty, inequality, and violence
More robust inclusion of shocks, disasters, and extremes into
the system

More robust uncertainty analysis

Adoption of artificial intelligence (AI) and Internet-of-Things
(IoT) into data reporting and analysis

Consideration of moving from metrics and reporting to nexus
regulation if seen as beneficial.

2)
3)

4)
5)

6)

DISCUSSION

The large and growing body of nexus literature shows that integrated
and holistic management of interconnected global systems is becoming
critical as the pressures on our limited and shared resources increase
(Canyon et al., 2015; Siri et al,, 2016; Allen et al., 2019; Hameed et al.,
2019; Mabhaudhi et al., 2019; Olawuyi, 2020; Zarei, 2020). Past reviews
of nexus literature (Cremades et al., 2019; Johnson et al., 2019; Simpson
and Jewitt, 2019; Opejin et al., 2020; van Gevelt, 2020; Vinca et al., 2021)
raised some of the same points highlighted in this study, such as the
need for applied case studies, the curation of standardized data, the
categorization of appropriate models for different use-cases, a shift
from analysis to implementation through policy and governance
mechanisms, and integration with existing multi-sector frameworks
such as the SDGs. The conclusions from this paper reiterate several of
these past recommendations but, in addition, highlight a concern that
the scope of the nexus discipline is increasing in complexity and
ambiguity as the number of new methodologies and studies grows.
Several other past studies have compared nexus methodologies
(Endo et al., 2017; Kaddoura and El Khatib, 2017; Albrecht et al.,
2018; Dai et al., 2018; Liu et al,, 2018; Zhang et al., 2018; Johnson
etal., 2019; Endo et al., 2020; Stylianopoulou et al., 2020; Purwanto
et al,, 2021; Vinca et al,, 2021), but to date these have been
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qualitative due to the lack of any organized mechanism for
quantitative comparisons. This perspective article highlights the
need for quantitative inter-model comparisons to allow for a better
understanding of the applicability of existing and new
methodologies to different scopes, sectors, and applications. The
overarching conclusion of the paper is that there is a need to push
towards organizing the discipline into a nexus community of
practice responsible for curating and maintaining nexus data,
methods, models, and case studies to improve the
understanding, accessibility, and transparency of nexus research
for real-world applications. To achieve this end, the
recommendations made in this paper have been summarized
into the list of 10 recommended action items as shown in Figure 2.
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