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Introduction

Population growth, human development, climate change, and global economic interdependence
have all played a significant role in altering the form and function of modern food, energy and water
systems (Khan and Hanjra, 2009; Steffen et al., 2015). In changing how resources are acquired and
used, all three sectors have become tightly coupled and interdependent for continued productivity
(Perrone and Hornberger, 2014). For instance, in many areas management for agricultural priorities
through large-scale, mechanized farming has significantly increased agricultural yields but requires
substantially higher water and energy inputs to grow, harvest, process and distribute food (Hoff, 2011).
In other regions, increasing water demands have intensified competition between sectors needing water
for hydropower, irrigation and in-stream flow requirements for maintaining healthy fish and shellfish
populations (Feldman, 2008; Kareiva et al., 2000).
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As concerns over food, energy and water security grow, it has become increasingly apparent that the
complex biophysical, economic, and social interactions that shape food-energy-water (FEW)
systems will require coordinated and integrated management if future human and environmental
demands for resources are to be met. Currently, a poor understanding of the biophysical feedbacks
(Bazilian et al., 2011; Lawford et al., 2013; Villarroel Walker et al., 2012) and institutional
disconnects between and within FEW sectors (Lele et al., 2013; Stein, 2013) means there is no clear
strategy for dealing with the emerging externalities or increasing complexity of the integrated FEW
nexus (Hoff, 2011; Liu et al,, 2015). Effectively addressing these profound and problematic
transformations at the FEW nexus remains a major challenge (Adnan, 2013; Hoff, 2011). Therefore,
as research on FEW nexus issues expands, it is crucial that the role and impact of human
management be thoroughly understood in relation to the cultural, economic, political and
environmental security of the whole FEW system.

Looking Ahead- FEW Nexus Challenges and Opportunities

In addressing the FEW nexus challenge it is imperative that future research and development no
longer focus only on solitary sectors, but explicitly confront the broad array of problematic nexus
interdependencies across the multiple sectors and scales of the FEW system. Implicit within this
challenge is determining an appropriate balance between technological (e.g. products or processes)
and institutional (e.g. legal or policy-based) approaches for improving the efficiency and
productivity of food, energy and water systems. Recognizing how these two approaches
complement, substitute for, or conflict with each other within and between sectors will play a key
role in determining appropriate strategies to manage trade-offs and resolve resource conflicts.
Until then, resource managers, policy makers, consumers and researchers will continue to struggle
to keep up with the changing conditions and availability of resources while navigating the various
technologies and institutional structures controlling resource access and use across multiple user
and management groups (Lele et al,, 2013; Liu et al., 2015; Stein, 2013).

Given the breadth of the FEW nexus challenge, it is expected that scientific opportunities to advance
and support sustainable FEW management will be ample and varied. However, central to all future
FEW research will be the need for a greater understanding of those factors driving both
technological and institutional innovations and their adoption within and across FEW sectors. To
accomplish this, more information must be generated in the form of increased monitoring and
sampling, improved scientific models, and through better methods for interdisciplinary data
analysis. In turn, this information could support the development of a new roadmap for successful
collaborations between researchers, managers and stakeholders within the cultural, socio-
economic and biophysical domains of the FEW nexus so that this scientific evidence can be used to
advance productive technological developments and support clearly articulated laws and policies
that institutionalize fair and sustainable use of resources.

Given these FEW system challenges and opportunities, the following cross-cutting areas have been
identified as fundamental for framing productive, integrative and insightful FEW solutions: 1)
defining the FEW nexus; 2) coordinating across sectors and scales; 3) facilitating data intensive
research, and 4) understanding resilience in FEW systems.



1) Defining the FEW Nexus

A poor or narrow understanding of the critical linkages between the FEW sectors can lead to
inaccurate and imprecise science and modeling outcomes, counter-productive technological
developments and ineffective policies. Therefore, new research on the FEW nexus will require a
better overall understanding of FEW interdependencies, both in terms of the way nexus research is
pursued, and in the vocabulary, metrics and indicators used to describe, assess and discuss these
critical links between science, technology and governance in FEW systems.

FEW research should focus on the interdependencies between FEW sectors. Historically, both
management and research have focused on dynamics and solutions within a sector. Given the
tightly coupled nature of the FEW system, it is clear that improved efficiencies and processes within
one sector inevitably alter the productivity of one or more other sectors. For example, improved
water efficiency in a crop is an important innovation in itself, but it does not necessarily result in
more water availability for other water users, depending on both the relevant hydrology and the
water governance structure (Simons et al, 2015). It is therefore important that research explicitly
consider how new scientific information can be produced and used to inform technological or
institutional solutions that span nexus interdependencies and improve the overall sustainability of
FEW systems. To facilitate this change, funding agencies will need to provide clear guidance on how
to address nexus issues by framing calls for new research proposals around issues of FEW

system interdependencies and externalities, rather than sectoral issues, and research institutions
will need to smooth the path so collaborative, interdisciplinary research is easier to execute.

An interdisciplinary conceptual framework of the FEW nexus is needed to provide a common
language and facilitate communication between systems. A refined conceptual model is needed
to better reflect how environmental needs and human decisions impact the availability, flow and
quality of FEW resources. Key to this conceptual framework will be clearly identifying and
mapping both the important biophysical processes and the way in which information and signals
are being transmitted, detected, translated, and responded to by actors within the FEW system.
Such a conceptual model will require thoroughly integrating information across multiple science
disciplines- including those not traditionally included in FEW research (e.g. political ecology,
anthropology)- to create a standard, interdisciplinary vocabulary for describing and discussing
different technology and policy solutions for meeting common goals and objectives within an
integrated FEW system. Such a model will also provide a strategic roadmap into the nexus for many
researchers whose training lies primarily within one sector.

Specific indicators and metrics need to be defined to describe the interconnections between

FEW sectors. To analyze the FEW system, knowledge gaps and data needs must be addressed at

the boundaries of water-energy, water-food, and energy-food. Standardized, quantifiable

indicators, such as those listed below, could serve as useful tools for describing sectoral inter-

relationships.

o  Whole FEW System: Relative prices among FEW goods and services are important to

characterize the economic tradeoffs for the production and consumption of FEW resources,
and are critical links between each sector through markets.



o Water for Food: Water productivity and water accounting methods to measure the
efficiency of water use, either as nutrients or profit per unit of water use (Molden, 2007).

e Food for Water: Virtual water flow via food trade for assessing and mitigating regional
water stress (Chapagain and Hoekstra, 2008)

o  Water for Energy: Water withdrawals or consumption per unit of energy for describing
water intensity for energy production (e.g., a thermal or nuclear power plant, a hydropower
plant, or from biofuel and natural gas sources).

o Energy for Water: Energy required per unit of water used (e.g. desalination, water delivery,
treatment, and withdrawal) to represent energy efficiency in the water sector (Hoff, 2011).

e Energy for Food: Energy use accounting for direct (e.g. food production, storage, shipment
and cooking) and indirect requirements of food production (e.g. producing and delivering
agricultural materials/facilities such as fertilizer, pesticides or machinery.

e Food for Energy: Indicated by bioenergy feedstock, especially the so-called “1st generation”
of bioenergy crops such as corn, soybean and sugar cane, which are also food crops.

2) Coordinating Across Sectors and Scales

The FEW nexus is multi-dimensional, integrating a wide array of actors, institutions, geographies,
scales, timeframes and disciplines. In a world where technologies and institutions can present both
conduits and barriers for transformation and improved system governance, clear strategies for
integrating science across bottom-up and top-down management are needed to bridge existing
gaps between scales and sectors to ensure that technological innovation occurs in concert with
institutional and social change.

Better coordination and integration of scientific knowledge and data at the boundaries of
overlapping FEW sectors is needed. Improved knowledge and models of how information is
processed, shared and used across FEW systems will be needed to identify the key players within
and across systems, where and how information is being exchanged, and who the important
boundary-spanning agents are. Such models would be powerful instruments for identifying
“friction spots” along these boundaries where opportunities for improved, coupled, technological
and institutional development can occur, and where facilitating enhanced coordination and
cooperation among institutions and the scientific community may be valuable. Shared
communication strategies that facilitate public engagement and education about the “friction spots”
are critical to deescalate emerging conflicts and build consensus.

Efforts to better incorporate adaptive strategies into FEW management are needed. Current
FEW management frameworks would benefit from integrating key concepts of adaptive
management- ongoing monitoring, modeling, experimentation and assessment- into existing
strategies and policies. To facilitate such integration, FEW research should produce and share data
and models that clearly capture changes in the state of the system at timescales aligned with
regulation, impact assessment, and planning. Information collected on these system changes should
incorporate and reflect not only an updated, collective scientific understanding of FEW systems

but those technological advances, institutional mandates and social expectations generated

by those embedded within the FEW system.



Research must aim to empower individuals and institutions to engage as full partners in
managing FEW resources and play an active role in addressing FEW challenges. Leadership
plays a key role in helping to remove barriers to new technological and institutional solutions in the
FEW system. Markets emerge and adapt to changes in resource availability and technology, but
operate within institutional contexts. Markets are usually imperfect, especially in relation to many
environmental goods and services, but information, technology, and innovative institutional design
can improve market effectiveness and facilitate effective resource allocation among competing
uses. Other incentives and creative metrics that support decision-making, increase community
learning and facilitate collective impact will also be needed to ensure that early and continued
engagement in management occurs at the individual, regional and national level. Information and
decisions tools that democratize and crowd-source innovation would help build researcher-
stakeholder trust, and ensure solutions are relevant to the area in which they're being applied.

3) Facilitating Data-Intensive Research

Recent improvements in technological and computing capabilities have allowed researchers to
collect or generate massive volumes of data that could be used to help better understand and
manage FEW connections. However, significant and fundamental institutional and technological
advances are needed to productively harness these data to advance fundamental understanding of
FEW systems and improve decision-making.

Technological advances in data management are needed to support the rapid and efficient
collection, organization and analysis of information. These advances may require new
infrastructure for storing, curating and managing large-volume and/or confidential data, improved
approaches for maintaining metadata standards across disparate types of data, or simply
identifying appropriate existing solutions. Most scientific fields have evolved using much smaller
data sets than will become available, so advances are needed in educating disciplinary students and
scientists in the use of big, multi-disciplinary data. Students and scientists must be taught
computational techniques for analyzing big data sets, and new analysis techniques must be
identified and developed that are more appropriate for - and make better use of - big data.

More social science research is needed to understand how people use information, especially
as new types and greater volumes of data become available. Appropriate and effective
visualization is a rich field for research and involves many disciplines (e.g. computer science,
communication, ethics researchers, statisticians, domain sciences). FEW research would greatly
benefit from understanding how different disciplinary researchers confront problems with large
data, and how trainees can be best taught to effectively work with and use these big data. These
new opportunities to re-evaluate the robustness of current methods, and to develop new
techniques, will play a key role in advancing scientific knowledge of the FEW system.

Strategies for collecting, utilizing and sharing within a data-rich environment will require
early and robust engagement with key stakeholders to ensure data are used and managed in
ethically and responsible ways. There is both fertile territory and great need for ethics scholars to
engage in FEW research. New science must be informed by best practices in evaluating and



responsibly addressing ethical dilemmas that arise at all stages of the research process such that
confidentiality and other issues of human welfare are dealt with rapidly and transparently. New
innovations in data collection technologies are needed to address potential privacy violations, while
FEW collaborative outputs and products will need to ensure they do not compromise the welfare of
the individuals embedded within the FEW system.

4) Understanding Resilience in FEW Systems

Management actions and resource user choices greatly influence the ability of a FEW system to
sustainably persist into the future. Further research should aim to more clearly identify how well
sectors are able to absorb- or transform in response to- major system shocks and whether these
changes will perpetuate or shift the system towards a more or less desirable state.

Understanding the adaptive capacity and transformability of a FEW system will be essential
where and when impacts from climate change and resource limitations become more acute.
FEW researchers and managers need better knowledge of how sectors and systems respond to
biophysical, technological and institutional perturbations. Identifying the key drivers of system
change, their tipping points (both positive and negative) and how systems transform in response to
these changes will be crucial for determining how to manage and optimize socio-ecological welfare
within these complex systems. The costs of system transformability or resilience should also be
considered to reduce the implementation of undesirable trade-offs and increase the capacity of the
system to manage uncertainty and reduce risk.

Optimizing resource allocation could play a key role in addressing system inefficiencies and
building resilience within and between FEW sectors. Greater diversification of FEW inputs,
processes and outputs could help buffer systems from uncertainty and increase their resilience to
biophysical or institutional shocks. To accomplish this, research needs to consider where and why
strong FEW system interdependencies occur, what social (political, economic, cultural) and
technological processes have led to existing practices, and how current sectoral inefficiencies could
be managed to enhance system redundancy without creating additional negative externalities.
Optimizing and capitalizing waste in one sector or point of time to buffer another will require the
development and use of technological, policy, and market instruments and infrastructure that can
identify and incorporate information about the costs, benefits, barriers, uncertainty, and impacts of
resource allocation decisions.
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