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Abstract

The water-energy-food (WEF and its variants) nexus addresses the intricate linkages
between human and natural systems to ensure sustainable management of natural
resources without compromising economic, social, and environmental well-being.
Despite this, the WEF nexus has been mainly approached as a focused biophysical
system connecting those three dimensions. This review maps the extent to which
the WEF nexus has been conceptualised and the consideration of additional dimen-
sions linked to environmental and social outcomes. The aim is to broaden the WEF
nexus concept to enhance its applicability to human, planetary, and sustainable
development outcomes. Of the identified nexus frameworks, approximately 50%
are sectorally unbalanced, as they centralise one or more resource node(s). Water
and energy are key nexus nodes in most frameworks. The second most popular
framing is water-energy-food-climate, followed by water-energy-land (WEL) and
water-energy-food-land-ecosystems. In addition, the current WEF nexus approach
is biased towards input-oriented conceptualisation. It fails to make explicit linkages
to outcome- and impact-based dimensions, such as politics, gender, environment,
planetary health and the economy. This limits its relevance and practical application
in decision-making and policymaking for addressing sustainability and developmen-
tal challenges. Models and tools should be improved to be more holistic, including
WEF resources and other linked resources, and should be useful for monitoring all
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sustainability outcomes (economic, social, and environmental). We propose a con-
ceptual broadening of the WEF nexus to a WEF+ nexus, with the “plus” representing
added outcomes-based dimensions such as environment, climate, people, planet and
health. This conceptual broadening balances WEF resource securities with human,
planetary and sustainable development outcomes.

Introduction

Population growth, accelerated economic development, global trade, rapid urban-
isation, dietary changes, migration, and cultural and technological advances exert
pressure on already-depleted water, energy, and food (WEF) resources [1]. More-
over, climate change and sectoral management of the WEF sectors are aggravat-
ing the scarcity of water, energy and food, together with other drivers, including
pollution, biodiversity loss, rapid urbanisation and the emergence of novel diseases
[2,3]. Addressing these multidimensional and interconnected global sustainability
challenges requires systems thinking and integrating coupled human and natural
components across multiple dimensions to address complex and dynamic intercon-
nections, identify sustainable solutions, and develop effective policies and strategies
that promote sustainable development and environmental and human wellbeing
outcomes [4].

In its conceptualisation, the water-energy-food (WEF) nexus intends to transcend
sectoral management approaches, promising to promote integrated natural resource
management through understanding and quantifying the synergies and trade-offs
within the WEF sectors [5]. This can be used to formulate coherent policies that are
a win-win for all sectors [6]. This will, in turn, improve resource-use efficiency and
promote sustainable, inclusive and equitable use of resources to satisfy all demands
without depleting natural resources or destroying the natural environment [7].

The WEF nexus is more than just a biophysical system of water, energy, and
food, as it is also a multi-scale complex of people, institutions, infrastructure, and the
physical environment [8—11]. The three resources are central to sustainable develop-
ment, as they are vital to socio-ecological, socio-economic, human, and environmen-
tal well-being. Consequently, there has been a growth in frameworks and narratives
seeking to broaden the WEF nexus approach to include other dimensions such as
environment, health, and socio-economic outcomes, shifting the approach from
resource-centric to outcome-based [12]. This has resulted in various iterations of the
WEF nexus, such as WEFE (including environment/ecosystems/biodiversity) [13,14],
WEFL (including land) [7,15], WEFC (including climate change) [16], and WEFH
(including health) [17].

Considering the intricate interlinkages between WEF resources, their nexus, and
socio-economic and environmental outcomes, it begs the question of whether there is
a need to deliberately and explicitly incorporate other dimensions into the WEF nexus
conceptualisation, frameworks, and tools to improve the relevance of outcomes
across these dimensions. Literature shows that various iterations and nexus themes
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have emerged [18,19]; hence, there is a need to map these themes to serve as a starting point on why and how the nexus
can be broadened. In addition, it is necessary to identify how framings, frameworks, and tools have incorporated and
addressed other social and environmental dimensions, and how they can be improved to promote purpose, adaptability,
and implementation. Against this backdrop, this narrative review is aimed at: i) identifying the breadth of existing nexus
framings and the extent to which socio-economic (e.g., gender, human health, livelihoods) and environmental dimensions
[e.g., climate, biodiversity, ecosystems) are considered, ii) highlighting gaps to broaden the scope of the WEF nexus to
address environmental, economic and social sustainability outcomes, and iii) identifying opportunities to aid the transition
of the WEF nexus from the current theoretical growth stage to practical implementation and operationalisation, including
for the achievement of the environmental, economic and social sustainability outcomes. The review is narrative, and it
uses published literature that was not identified systematically, but that is relevant to the water-energy-food nexus and the
advancement of the nexus for improved environmental, economic and social sustainability outcomes.

Definition of terms

For clarification, this study has adopted the standard definitions of terms used in WEF nexus research. As this review
unpacks the applications of the WEF nexus in research, it draws on three key WEF nexus methodologies: conceptual
frameworks, analytical tools, and discourse [20]. WEF nexus conceptual frameworks provide a structured conceptual
representation of WEF linkages to promote coherence in policy-making and enhance sustainability, and are typically
expressed as diagrams or conceptual models [21]. As an analytical tool, the WEF nexus approach systematically uses
quantitative tools and/or qualitative methods to highlight and understand interactions among WEF systems [21]. Decision
support tools and systems, which are commonly employed when using the WEF nexus as an analytical tool, are analytical
or modelling platforms specifically designed to inform policy and management decisions across nexus dimensions [22].
As discourse, the WEF nexus approach initially facilitates framing of WEF nexus issues, i.e., WEF nexus framing, which
encompasses establishing the lens or perspective, as well as setting boundaries, through which WEF nexus issues are
understood [20,23]. This framing role, which also serves as a foundation for WEF nexus conceptual frameworks and ana-
lytical tools, enables the emergence of new discourses that shape perceptions and the management of WEF interactions
(Keskinen et al., 2016).

This research also aims to address the socio-economic and environmental dimensions within the WEF nexus
research. According to Marselle, Lindley [24], and Haahtela [25], biodiversity refers to the variety of living organ-
isms within ecosystems, which is fundamental for sustaining WEF systems, as well as human health and wellbeing.
Ecosystem services are defined as the benefits obtained by humans from the ecosystem [26]. Planetary health,
which is a young, emerging holistic health field, denotes the pursuit of the highest possible standard of global
health, wellbeing, and equity through addressing both the human systems (political, economic, and social) that
influence humanity’s future, and the Earth’s natural systems that set the environmental boundaries within which
human life can thrive [27].

The case for a broadened WEF nexus — a WEF+ nexus

Since the WEF nexus became prominent in 2011, debates have continued to broaden the configuration and conceptuali-
sation beyond the three sectors of water, energy, and food resources [28,29]. While these three strategic WEF resources
and sectors are sometimes presented as the main systems that form an “ultimate” nexus [28,30], there are arguments
for deliberate widening to broader nexus framings and frameworks [31-35] to meet certain narratives and interests [11].
According to Wichelns [36], the arbitrary selection of WEF as the key nexus nodes fails to explicitly consider many criti-
cal variables and interactions related to soils, plant nutrients, farm chemicals, agricultural land tenure, population, labour,
human capital, health, welfare/livelihoods, finance, risk, and uncertainty. From a sustainable development perspective,
Qureshi [29] questions the selection of the three main WEF resource dimensions, arguing that other dimensions, such as
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climate change, livelihoods, governance, and urbanisation, are equally important for consideration and inclusion in the
nexus.

WEF systems and their nexus do not exist and operate in isolation or a vacuum, but rather within global economies
wherein they are interconnected to other critical non-WEF systems such as climate change, the environment and human
health, among others [37]. For example, geopolitical and health shocks such as conflicts and pandemics disrupt WEF
systems and exacerbate WEF resource insecurity [38]. The WEF nexus is an open system supporting integration with
additional components, including health, soil, land, climate, nutrients, and waste [39]. Although climate is not considered
a resource system, it affects WEF resources. It intensifies their interconnections, while WEF systems impact the climate
system through greenhouse gas emissions that exacerbate climate change [40,41]. Consequently, there is a growing
focus on climate change, greenhouse gas emissions, and land-use changes in studies relating to the WEF nexus and the
environment [42]. The application of WEF tools addressing the link between the WEF nexus and the environment primarily
focuses on achieving food security, with environmental sustainability concerns receiving comparatively less attention [43].
This is paradoxical because the environment, ecosystems, biodiversity, and ecology are an irreplaceable foundation that
underpins the security of WEF resources [5,28].

The State of Food Security and Nutrition in the World 2020 report defines health as a“ state of complete physical,
mental and social wellbeing” [44]. Human health is not a resource component of the WEF nexus, but a human wellbeing
outcome [45] that is intrinsically connected to WEF resources through, among others, (a) access to i) clean water, ii) ade-
quate nutritious food, and iii) reliable, clean and green energy; (b) the efficient use of WEF resources; and (c) the resil-
ience of communities in the face of climate change [45]. Ecosystem health mediates the interconnections between WEF
systems and human health [45]. Similarly, water quality is a cross-cutting nexus sub-pillar and indicator of ecosystem
services, biodiversity and environmental integrity [46], and it is a key determinant of ‘clean’ water availability and human
health [47]. On the other hand, food, nutrition and environmental integrity jointly affect human health [48].

Although water quality mediates between the WEF systems and ecosystem services and human health [49], broad-
ening the scope of health in WEF nexus research requires thinking beyond just water quality. Firstly, there is a need to
integrate more dimensions of water security, such as water availability, access, risk and variability, equity and livelihoods,
and water governance [50]. More importantly, there is a significant gap in research on the energy sector’s influence on
the WEF and health nexus. There is a need for studies that link energy use and production to human and aquatic health,
especially from an environmental pollution perspective. Other sectors interconnected with the WEF nexus and health
should also be explored. For instance, rising food prices drive people into poverty, hunger and malnutrition [51]. There
remains a dearth of research on the economic effects of WEF resources on human health. From a circularity perspective,
the impacts of human health on population growth are another avenue in which the WEF nexus and health can be broad-
ened, given the already-proven influence of population growth on urban development and the issues driven by urban
development on planetary health [29].

The breadth of existing nexus framings and frameworks

Literature abounds with diverse nexus framings and frameworks: constructs, conceptualisations and configurations depict-
ing nexus dimensions/pillars/nodes and interconnections, sometimes with drivers of change, indicators, inputs, outputs,
and processes [52].

Nexus framings consist of the three founding nexus dimensions of water, energy and food, all or in part combined with
other interconnected dimensions [53,54]. For water, energy and food dimensions, different sectoral disciplines frame
them according to their preferred entry point, i.e., the energy, water and food/agriculture sectors prefer and use energy-
water-food (EWF), water-energy-food (WEF), and food-energy-water (FEW) nexus, respectively [29,55], usually from an
input-centric perspective (S1 Table). Several frameworks have been developed and used as conceptual models, out-
lines, skeletons and “organisational diagrams” to highlight, collate, explain and visualise the nexus interconnections and
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problems or situations for understanding the complexity of the nexus and assisting with planning, solving and regulating
these nexus sectors and resources [53,56]. These frameworks assist in bringing together and summarising nexus infor-
mation and insights in a standard, logical, and hierarchical way, including system specifics such as the changes in model
state, scope/boundary, how the simulated system should work, the entities that it contains, as well as the interactions, and
sometimes the rules and equations that govern its behaviour [28]. Existing nexus frameworks have different centrality and
focus [39,57] (S1 Table).

The central element in nexus conceptual frameworks is perceived to be highly important in prioritisation, policy develop-
ment, and implementation [58]. Some key features, including the key and central nodes of 26 major nexus frameworks in
the literature, are presented in the S1 Table. Nexus frameworks range from simple conceptualisations with a few elements
(e.g., water-energy-food, WEF) to complex conceptualisations with multiple elements [11]. Although the nexus approach
is polycentric and seeks to weigh and prioritise the multiple sectors equally [59,60], almost half of the 26 nexus frame-
works are sectorally unbalanced as they centralise one or some resource node(s). However, the majority of the 26 nexus
frameworks are sectorally balanced from a WEF nexus perspective. While water and energy nodes are key nexus nodes
in all 26 nexus frameworks, food is not explicitly a key node in two [61,62]. Similarly, nexus frameworks are solely centred
on water [5,63—65] and food [66] but none on energy. The WEF integration is the most popular nexus framing and core or
central component in the 26 nexus frameworks [54,67] (Table 1).

The second most popular nexus framework is water-energy-food-climate [79,81,85], followed by water-energy-land
(WEL) [61,62] and water-energy-food-land-ecosystems [83,86] (Table 1). The least popular nodal integrations in the
26 nexus frameworks include the combinations of WEF with land and minerals/materials [80], land [66], livelihoods
[82] and forests [64,65]. Land, ecosystems, and climate are included in approximately 42%, 33%, and 20% of the
26 nexus frameworks, respectively, while livelihoods are explicitly included in two nexus frameworks [57,59,82].

Only one nexus framework includes explicit nodes for forests [64,65], minerals/materials [80,87,88], and capital and
labour [74,75]. The second most popular central components in the 26 nexus frameworks are ecosystems, water,
climate, water-energy-land and people (Table 1). Water-centric nexus frameworks focus on water security [64,65]
and available water resources [5], ecosystems-centric nexus frameworks focus on resources [76,77] and ecosys-
tem services [78,86], people-centric frameworks focus on livelihoods [57,59,82], stakeholder dialogue [74] and
humankind [52,58,60]. Nexus frameworks centred on climate focus on climate change [79] and adaptation [85]. The
least popular central components in the 26 nexus frameworks are ecosystems-resources-livelihoods-land [57,59],
ecosystems-resources [78], resources [84], WEF-climate [89], food [66], and WEF-land-minerals/materials [80,87,88]
(Table 1). Thus, most existing nexus frameworks focus more on biophysical resource dimensions [65%] than the
planet [46%], socio-economic and sociopolitical, i.e., people [15%], while few have specific linkages to Sustainable
Development Goals (SDGs), targets and indicators [3,53,57,90]. This centrality of biophysical resources in existing
nexus frameworks renders them insufficiently integrated and cross-sectoral to improve the integration and coordina-
tion of resource-sector policies, create and strengthen synergies, and manage trade-offs across WEF sectors, all key
elements of the sustainable development agenda [21].

Placing people and the planet at the centre of the WEF nexus

The founding guiding principles for the WEF nexus approach prioritise sustainable development pillars, namely: (a) the
planet through investing in sustaining ecosystem services; (b) prosperity through creating more with less; and (c) people
through i) accelerating access, and ii) integrating the poorest [5]. People are the principal drivers within the WEF system
through production and growing consumption of WEF resources, and influence on governance and policies that determine
how the environment and interconnected resources are managed [60]. People and the planet are core themes and pillars
of the sustainable development agenda and its goals and targets [91]. There is a need to base the nexus on people and
their basic human rights [92].
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Table 1. Nexus framings, central elements and main/key nexus pillars in 26 major WEF nexus frameworks.

Nexus Framing
(Either Explicitly Stated or Presented)

Central Element(s)

Main/Key Nexus Pillars
(Explicit Interconnections)

Water-Energy-Food Water-Energy-Food Water

[5,52,59,63,68-78] [68-73] [5,52,59,61-66,68-86]
Water-Energy-Food-Climate Climate Energy

[79,81,85] [79,85] [5,52,59,61-66,68-86]
Water-Energy-Food-Land- Minerals/Materials Water Food

[80] [5.63-69] [5,52,59,61,63-66,68-86]
Water-Energy-Land Water-Energy-Food-Land- Climate

[61,62] Minerals/Materials [562,78,79,81,85]
[801
Water-Energy-Food-Land Water-Energy-Land Ecosystems
[66] [61,62] [52,59,71,76-78,83,86]
Water-Energy-Food-Livelihoods Food Land
[82] [66] [52,59,61,62,66,74—77,80,83,86]
Water-Energy-Food-Land-Ecosystems People Minerals/Materials
[83,86] [52,74,75] [80]
Water-Energy-Food-Resources Water-Energy-Food-Climate Capital
[84] [81] [74,75]
Water-Energy-Food-Forests Livelihoods Labour
[64,65] [82] [74,75]
Ecosystems Resources
[76,77,83,86] [59,74,75,78,84]
Resources People
[84] [52,74,75,78]
Ecosystems-Resources Livelihoods
[78] [59,82]
Ecosystems-Resources- Forests
Livelihoods-Land [64,65]
[59]
Income
[78]
Environment
[52]

https://doi.org/10.137 1/journal.pwat.0000516.t001

While it is justifiable that one of the main objectives is to improve resource management and increase efficiency and
access, this perspective risks making the WEF nexus input-centric rather than outcomes-based [93]. In this manner,
dynamic interactions between society, politics [power relations], economics, technology, and nature are poorly and insuf-
ficiently represented and understood, including ownership, property rights, and tenure [11,94]. Failure to embed gender
equality and social inclusion considerations, through the recognition and representation of diverse individuals in WEF
nexus debates, may lead to an inequitable redistribution of resources. These shortcomings are evident in the relatively
abundant existing WEF nexus frameworks, which, in the majority, explicitly include and centralise resource dimensions
such as water-energy-food, water-energy-land, and water [5, 61-63] and food [64], but are silent on people and planet
dimensions. For example, out of the 26 major nexus frameworks we reviewed, about 65% are centred on biophysical
resources, while about a third and a tenth are centred on the planet and people, respectively. A South African study estab-
lished quantitative relationships among WEF sectors, illustrated sector performance relative to others, and highlighted
priority areas for intervention [95]. The study acknowledged that it considered only indicators related to the security of
water, energy, and food resources. It fell short of addressing people-related aspects, especially given the high inequality
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in South Africa [96]. Similarly, a water-, economy-, and techno-centric hydro-development in Ethiopia’s Upper Blue Nile
successfully increased food and energy production but led to multiple undesirable socioeconomic and cultural effects

on local populations and to the deterioration of wetland and forest ecosystems in the area [31]. As Biggs et al. [82] note,
existing nexus frameworks have failed to explicitly or adequately incorporate sustainable livelihoods perspectives, which
is counterintuitive and counterproductive given the key role of livelihoods in achieving sustainable development. Among
the few WEF nexus frameworks that consider people, they do so through humanity [52,60,97], livelihoods [57,59,82] and
stakeholder dialogue [74,75].

To bridge the identified gaps, WEF nexus frameworks should focus on people and planet dimensions, including gen-
der, human, and environmental wellbeing [98]. Where these are implied or embedded as constraints or other externalities
[28,30] or external factors [63] or drivers of change [99]. The people and planet dimensions should be made explicit to
accentuate their interconnections, including inputs, processes, and outputs in the nexus matrix. Muller-Mahn, Gebreyes
[31] call for the broadening of nexus perspectives beyond systemic WEF interconnections to i) better acknowledge social
complexities in local contexts, ii) understand the political construction of scarcity, and iii) combine different knowledge at
the science-practice interface. Qureshi [29] argues that people should be the primary focus in the WEF nexus because
population growth drives challenges to sustainable development, including climate change and environmental concerns.
Biggs and Boruff [100] addressed the need for explicit inclusion and centralisation of livelihoods through integration with
the WEF nexus within an environmental livelihood security framework.

On the other hand, Beisheim [32] emphasizes that while access to water, food and energy for all must be guaranteed,
the nexus must be broadened and widened systemically by integrating planetary boundaries [33,34]. Centralising eco-
system services [regulating, provisioning] in the nexus emphasises and facilitates prioritising the key support functions
ecosystems provide for WEF systems [28]. Explicitly including biodiversity in the nexus approach can inform sustainability
transitions and increase stakeholder interest in conservation and sustainable management of natural resources towards
reversing biodiversity loss [101]. Melo, Parry [102] advocate for ‘forest security’ to form a fourth, foundational dimension of
a novel WEF and forest security nexus framework, given that forest and landscape restoration is a promising strategy for
improving WEF securities [102].

Inclusion and accentuation of the planetary dimension in the WEF nexus expands and harmonises the mutual inter-
linkages among WEF systems to the entire social-ecological systems for the acknowledgement of social-ecological
processes that dynamically interact with the WEF nexus [39]. Explicit accentuation and centralisation of people and planet
outcome dimensions humanise WEF nexus dialogues [45]. Such people- and planet-centred frameworks add value and
purpose to the application of the WEF+ nexus approach across various cases, regions, and scales [103] by translating the
nexus into a people-centric and outcome-based approach [104] that builds transformational pathways towards sustainabil-
ity through the integration of ecological integrity, social equality and security, and human rights and wellbeing [98]. Priori-
tising people in communities and government as principal actors can potentially strengthen governance of the WEF nexus
and amplify stakeholder participation and agency [105]. Policies, governance structures, and finance models should cre-
ate an environment that enables gender transformation by including women as participants and integrating gender issues
into all WEF resource programs, policy conceptualisation, development, implementation, and evaluation.

Developing tools to support a broadened WEF nexus

A WEF tool (model or application) is an intellectual construct of relationships, including mathematical ones, that cap-
ture, simplify and represent the reality of WEF spatial and/or temporal dynamics and feedback [106]. Such tools perform
integrated nexus assessments through quantification, analysis and visualisation of WEF interconnections [21]. At least 46
nexus tools have been developed worldwide since 2009 [106]. Although nexus framings and frameworks have gradually
broadened, nexus tools have remained relatively narrow, and the development of integrated, cross-sectoral, comprehen-
sive quantitative or mixed quantitative/qualitative nexus tools lags [53,107]. Similar to the existing nexus framings and
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frameworks, some of which are used to conceptualise WEF nexus tools, the nexus tools tend to be more quantitative than
qualitative. Nexus tools have remained in the biophysical and technical realms [14,108] while excluding outcome- and
impact-based dimensions such as socioeconomics, politics, gender, environment, ecosystems, human health, economy
and livelihoods [29,88]. For example, a review of 46 WEF nexus tools [106] showed that a minority explicitly include non-
WEF dimensions of technology, environment, and economics [109-111], land and climate [112—-114], and ecosystems and
socioeconomics [115,116]. The lack of nexus frameworks and tools with a local governance perspective detaches them
from the reality of challenges and implementation, and disconnects the nexus concept from the decision-making and poli-
cymaking processes [103].

While there is neither a one-size-fits-all nexus tool nor a single cookbook method for modelling the nexus [28,107,117].
There is room to improve the capabilities of existing WEF nexus tools, mainly by broadening their scope of dimensions
and methods. This would include promoting open access to broadened WEF nexus tools in user-friendly formats to
increase their application and improve nexus-friendly policies and decisions [118]. The robustness and utility of such tools
can be enhanced by integrating environment and development scenario planning to explore the uncertain future supply
and use of, and interconnections between, resources [5,53].

Beyond the input- and resource-focused WEF dimensions, incorporating outcome- and impact-based dimensions
in WEF nexus tools enables them to centralise people and planet in the nexus approach and reflect the dynamic inter-
actions between society, technology, and nature [14,119]. Integrating socio-economic, socio-political, biophysical, and
policy processes into nexus tools would make them more applicable to the real world, while aligning and integrating
them with the SDGs, targets, and indicators would accelerate SDG achievement [39,103]. Improved representation of
climate interactions in nexus tools at all scales facilitates evidence-based integrated climate action that optimises syner-
gies and co-benefits and minimises maladaptation [120]. This enhancement and broadening of WEF nexus tools can be
achieved through cooperation in multi-model frameworks across disciplines, for integrated assessments to make explicit
and not implied [e.g., constraints or other externalities] expression of environment/ecosystems, sustainable resource
use, socio-politics, equality, human development/wellbeing and governance [5,53]. Integrating qualitative analysis, quan-
titative modelling, and indigenous and traditional/local ecological knowledge into nexus tools promotes mixed-method
research designs and interdisciplinarity that overcome the limitations of disciplinary silos and modelling-based quantitative
approaches, facilitating adaptive integrated governance and management processes [11,31,53].

From a methodological perspective, Hejnowicz and Thorn [11] proposed expanding WEF nexus research through
transdisciplinary plural methods and community engagement. The continued engagement of stakeholders who live (e.g.,
communities) and work [e.g., government] in the systems builds relationships, trust and a shared understanding while
strengthening methods and processes with increased chances of validation, adoption and implementation of outputs for
adapting to alternative states and futures of WEF systems [105,121]. In the same vein, Calder and Grady [122] emphasise
the urgent need for enhanced quantitative WEF and health models to address future pandemics from an integrated nexus
perspective. Similarly, Slorach and Jeswani [123] proposed a methodology for guiding the interpretation of the environ-
mental impacts of products, technologies, and human activities within the WEF-health nexus. Such improved WEF nexus
tools that better represent heterogeneity, policy instruments, and scales would respond to the needs of decision-making,
policymaking, and sustainable development [124,125]. While broadening the inputs, processes and outputs in nexus tools
greatly increases the number of cross-sectoral interactions and may increase the complexity of nexus tools, balancing the
trade-off between simplicity and complexity is a matter of the scale, scope and objective of analysis [11,53]. Thus, broad-
ening the nexus in methods and tools can benefit from a systems approach that seeks to dissect the complexity of inter-
connected contemporary challenges and develop contextualised and integrated solutions [126].

Combining multiple factors and outcomes increases computational effort and the difficulty of the solution. The field of
simulation and modelling is undergoing significant transformations, driven by advancements in technology and increasing
computational power. The integration of artificial intelligence (Al) and machine learning (ML) into simulation and modelling
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tools now makes it possible to analyse and optimise complex systems [127]. With modern cyber threats on the rise,
including in WEF-related systems, a robust, scalable, and reliable solution for securing Internet of Things (loT) networks,
ensuring effective defence against evolving cyber threats has also been developed [128].

Discussion

Ongoing debates question the need and means for broadening and deepening the conceptualisation of the nexus beyond
WEF resources [29,36]. While some treat WEF resources as the ultimate nexus wherein other relevant dimensions can be
implicitly and vaguely included as external factors, externalities, constraints, or drivers of change [63,99], some argue for
explicit inclusion of additional dimensions and their interconnections in nexus configurations and methods [11,31,32,35].
Although WEF nexus framings and frameworks appear relatively abundant, they are diverse and evolving, broadening
across multiple dimensions. Still, the inclusion of critical resource, non-resource, people and planetary dimensions related
to impact and human wellbeing outcomes in the WEF nexus is in its infancy, including climate, land, biodiversity, sail,
ecosystems, environment, human health, socioeconomics, governance, and the SDGs [11,53]. However, this evolution
towards a broader WEF nexus is slower in WEF nexus tools, with a relatively narrow set of dimensions, than in nexus
framings and frameworks [106]. In addition, the scope of existing WEF nexus framings, frameworks, and tools tends to be
narrower than that of the SDG framework. Similarly, existing WEF nexus tools tend to be technocentric and quantitative.

Centrality and prioritisation are unbalanced in WEF nexus framings, frameworks, and tools, with a tendency towards
biophysical resources rather than social, livelihood, environmental, and political dimensions. Thus, people and planet
dimensions are inadequately considered in WEF nexus conceptualisations. This may contribute to detachment from real-
ity, promoting siloes, misrepresentation, poor conceptualisation, misplaced priorities, mismatched guiding principles, slow
adoption and low relevance and utility of the WEF nexus approach in addressing contemporary challenges and human
wellbeing outcomes, including inequality, livelihoods and sustainable development. While acknowledging their irreplace-
able value in sustainable development, we echo that WEF resources and their inherent interconnections are systems/
sub-systems within larger interconnected systems, and advocate for integrative broadening and widening of the WEF
nexus, hereon referred to as the WEF+ nexus, as guided by context to deliberately and explicitly include other resource,
non-resource, people and planetary dimensions. Preferably, such broadening needs to centralise and prioritise the people
and planet, as guided by the founding principles of the WEF+ nexus approach [5,92].

Challenges and opportunities

Broadening the WEF+ nexus comes with challenges and opportunities, and its attainment requires, among others, an
enabling environment consisting of governance, technology, innovation, knowledge, and finance [11]. However, as out-
lined in Fig 1’s red reinforcing loop 1 (R1), the gaps in some critical enablers, including broadened WEF nexus tools and
frameworks, governance, capacity/knowledge, economics, and finance, continue to hamper the nexus approach’s imple-
mentation and operationalisation, as well as investments (red R1 in Fig 1) [11,129]. Thus, in translating the WEF+ nexus
approach from theory to practice, governance issues such as siloed legal structures, inadequate institutional coordination,
weak technological infrastructure and capacity gaps that stifle the development and application of hybrid and linked rules,
procedures and processes across the sectors will have to be comprehensively addressed [130]. Excluding the agency of
the people as principal actors in WEF systems leads to an incomplete representation of WEF interactions and trajectories
of change [105].

To align investments with the WEF+ nexus, circular economy planning and projects that optimise water, energy,
and land resources, reducing waste and enhancing productivity, need to be considered [6]. Initiatives that provide
cross-benefits across the water, energy, and food sectors are also central to the WEF+ nexus approach and should
be considered because they create and strengthen synergies, including system productivity and efficiencies, econ-
omies of scale, and cross-sectoral buy-in (blue R2 and stock and flow diagram in Fig 1) [124]. A notable example is
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Fig 1. Causal loop and stock-flow diagram of challenges, opportunities and outcomes relating to broadening the WEF+ nexus.
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hydropower development in parallel with smart irrigation technologies, which decreases agriculture’s energy and surface
water use, improves agricultural water productivity and access, and increases river flow to downstream users [131].
Ecosystem-based adaptation (EbA) and nature-based solutions (NbS) can simultaneously help achieve climate and biodi-
versity goals while mitigating duplication of efforts and inefficient utilisation of limited funds [132]. Co-locating solar pho-
tovoltaic panels and crops/livestock in agrivoltaics (or agrophotovoltaics), or floating solar photovoltaic panels on surface
water bodies, potentially accrue land, water, energy and food synergies and co-benefits [133]. WEF+ nexus projects and
investments must also ensure holistic consideration of their implications for promoting long-term sustainable development
across all sectors. Also, referring to the R2 in Fig 1, all relevant stakeholders, including local communities and govern-
ment workers, should actively participate in sustainable nexus planning to capture their agency, foster collaboration, and
address potential conflicts [130]. It is worth noting that business models that consider the WEF+ nexus and the circular
economy will have a competitive advantage in the near future, especially in international markets, as international stan-
dards for promoting sustainability, protecting biodiversity, conserving water and soil, reducing emissions, preventing defor-
estation, and mitigating climate change are becoming stricter. These standards are increasingly influencing supply and
demand [134]. However, there is a reported lack of viable, scalable business models, though the WEF nexus approach
can be used to design and screen them from an integrated nexus perspective [129].

Governance is a central enabler of current and future nexus systems [11], and a key challenge to integrated nexus
programs and projects is fragmented policies and the silo mentality of institutional and private organisations, which hinder
cross-sectoral coordination and cooperation [53,135]. Similarly, inadequate attention has been paid to governance as a
dimension of the WEF nexus thinking [136,137]. Siloed and misaligned governance approaches are partly blamed for the
slow progress, retrogressions and temporal and spatial variations in the achievement of sustainable development [138].
The institutions and policies of the nexus sectors should be harmonised to achieve the WEF nexus’s principal objective
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of promoting integrated resource management. Regarding supply and demand management, there is still an imbalance
and duplication of effort among the sectors due to the lack of vertical and horizontal linkages between sectoral institutions,
which is unsustainable [139]. Thus, there is a need for integration and harmonisation in governance for policy and insti-
tutional harmonisation towards coordinated, balanced strategies and collaborative planning and implementation of the
WEF+ nexus that can contribute to inclusive development and socio-economic security [140].

The WEF+ nexus approach faces challenges related to inadequate capacities to regulate/supervise and manage inte-
grated implementation and operationalisation [129]. One approach to deep-scale the WEF+ nexus is to incorporate it into
the curriculum of higher and tertiary learning institutions (purple R3 in Fig 1). Institutions involved in the implementation
of WEF+ nexus-based educational training should be the source of disseminating knowledge, thus playing an important
role in up- and out-scaling the WEF+ nexus, as well as participating in the generation of new and up-to-date knowledge to
provide the labour market with WEF+ nexus specialists who understand the holistic approach required to solve problems
in those sectors [141].

Implementing these transformations across governance, technology, innovation, and human capacity to create an
enabling environment for implementing a WEF+ nexus requires significant financial investments [11,142]. There is a belief
that the costs of nexus approaches may be generally higher than those of individual silo approaches [53]. However, there
is insufficient quantitative evidence to substantiate these claims of additional expertise, time, coordination, and financial
resources required [53,143]. Some recent studies have shown that nexus-based investment planning, for example, in the
shared transboundary Zambezi River Basin, accrues more intersectoral synergies and identifies relevant trade-offs, risks,
uncertainties and externalities than traditional silo sector-centred approaches that under- or overestimate the value of
investments [144]. By cooperating in nexus-based multi-sectoral collaborative mechanisms compared to country-focused
unilateral approaches in sustainable development investments, countries in the Indus basin countries could accrue multi-
ple biophysical and socioeconomic gains for all including improved water, energy and food security, improved sanitation,
reduced costs for development, and reduced pollution (air, land), greenhouse (GHG) emissions, irrigation water intensity
(ground, surface), and river depletion [145]. A recent report highlights that an integrated water-energy-food-ecosystem
(WEFE) nexus approach to planning water infrastructure multiplied investment returns in Africa, including improved eco-
nomic benefits, climate resilience, social inclusion, and environmental gains [146]. This was mainly through (i) increased
food production and economic returns and reduced conflict among riparian states in the Niger River Basin; (ii) reduced
drought vulnerability and flood damage costs [Kenyal]; (iii) optimized ecosystem services around major lakes [Upper
White Nile Basin]; (iv) job creation, women participation and increased household incomes [urban Senegal]; (v) provi-
sion of clean energy for domestic and productive uses [rural Ethiopia]; (vi) water savings, reduced water contamination,
treated wastewater irrigation and job creation [Olifants River, South Africa]; and (vii) faster project approvals, mobilization
of blended financing, and community engagement [Zambia], compared to conventional single-sector approaches [146].
However, investments and financing instruments for nexus-oriented sustainable resource management projects and ini-
tiatives have largely remained fragmented, reactive to emergencies, and complex, making it difficult to provide integrated
solutions and cross-sectoral funding streams, for example, in Africa and the Middle East and North Africa Region (MENA)
[129,143].

The WEF+ nexus presents opportunities for practitioners and policy- and decision-makers to plan, implement and
monitor cross-sectoral investment, harmonize cross-sectoral policies, align strategies across sectors and incentives, and
optimise investment portfolios for addressing multiple mutually dependent global resource security concerns in complex
socio-environmental systems (orange R4 and green R5 in Fig 1) [53,143]. For example, planning joint WEF+ investments
through the nexus approach can systematically analyse interactions between the sectors and sustainable development
pillars to reveal and inform the necessary degree of integration [11]. Similarly, a WEF+ nexus approach to investment
planning can reveal approaches and business models that consider and utilise interconnections to respond to pressing
needs, simultaneously increasing economic productive capacities, improving socio-economic welfare, sustaining the use
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of resources, and enhancing local communities’ resilience [147]. Other key investment-related benefits of the WEF+ nexus
approach include considering multi-tiered institutions, multistakeholder platforms [including public-private partnerships],
economically rational decision-making, cost recovery, minimising investment risk, avoiding conflicts, and maximising eco-
nomic returns [148].

A key challenge is the lack of integrated, systematic, cross-sectoral frameworks and analytical and decision-support
tools to inform evidence-based facilitation and screening of investments from a WEF+ nexus perspective [147,148].
Thus, comprehensive tools are required to facilitate the development of policies that optimise all synergies across the
nexus sectors and holistically identify investment opportunities in these areas. As the WEF+ nexus is inherently complex,
broadening nexus framings, frameworks and tools is perceived to add complexity, which will require advanced methods
and techniques, including for data collection, assessment, and integration [11,53]. Similarly, data requirements for nexus
assessments may multiply due to increased interconnections, data gaps, and inconsistencies, while new indicators,
metrics, and indices may need to be developed [6,54]. Scale heterogeneity and mismatches across sectors, dimensions,
pillars, and sub-pillars may present challenges to the WEF+ nexus [6,54].

Recommendations

An ideal starting point for broadening the WEF+ nexus is to expand the dimensions and sub-pillars in nexus fram-
ings, frameworks, and tools. These tools provide a basis and foundation for WEF+ nexus understanding, planning,
assessment and implementation [52]. In this regard, all contextually critical resource and non-resource dimensions,
sub-pillars, and interconnections should be deliberately made explicit and integrated into nexus framings, frameworks,
and tools, while ensuring that the latter three centralise and prioritise impact- and outcome-focused dimensions, such
as those for people (e.g., gender) and the planet. Here, an open-minded approach is recommended to reconfigure the
WEF+ nexus by first placing people and planet at the centre, building on governance and transdisciplinarity, and then
adding dimensions in an iterative, context-specific systems/sub-systems manner. People should be central in the WEF
nexus as producers and consumers of resources, and custodians of WEF governance and policies [60]. The dimen-
sions to be carefully and contextually considered for explicit inclusion in expanding the resource and non-resource
scope of the WEF+ nexus include climate, land, biodiversity, soil, ecosystems, environment, human health, socio-
economics, governance and their sub-pillars. Such a cross-sectoral polycentric nexus approach has the potential to
distinguish itself from sector-based approaches and succeed. The nexus approach addresses the limitations of other
predecessor integrated approaches, such as the water-centric Integrated Water Resources Management (IWRM), by
treating all sectors equally [149] and emphasising the role of water as a connector in a system of sectors, interconnec-
tions and interdependencies whose enhanced understanding and integrated management can improve outcomes for
the people and planet [133,150].

A holistic WEF+ approach can navigate, integrate, and balance multiple objectives, including climate action, environ-
mental protection, economic development, human wellbeing, and livelihoods, through the coordination, integration, and
harmonisation of resource-sectoral policies and institutions that create and strengthen synergies and minimise conflicts,
risks, and trade-offs [21,54]. Broadening the WEF+ nexus will improve its relevance, applicability, and value for increased
adoption, implementation, and purpose in decision-making and policymaking, while prioritising people and planet will
reset it to its original guiding principles, including accelerating access and integrating the poorest [5]. The inclusion of
dimensions related to drivers of change, including environmental and social, in WEF+ nexus tools will enhance their ability
to explore integrated scenarios for planning robust and resilient WEF+ systems [5]. Incorporating integrated mixed qual-
itative and quantitative methods can break silos and improve institutional coordination. Consideration of environmental
justice in broadening the WEF nexus can contribute to environmental livelihood security at multiple spatial scales and
institutional levels to achieve equitable and inclusive sustainable development targets, including for marginalised individu-
als and communities [82].
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There is a need to align the WEF+ nexus with global, regional, and national development frameworks. Explicit inte-
grative inclusion of the climate, land, and biodiversity dimensions in WEF+ nexus framings, frameworks and tools can
synergistically catalyse and advance the implementation of national biodiversity and climate commitments and strategies
[132]. These include the frameworks of the United Nations Framework Convention on Climate Change (UNFCCC), United
Nations Convention on Biological Diversity (UNCBD), and United Nations Convention to Combat Desertification (UNCCD),
including the Nationally Determined Contributions (NDCs), National Biodiversity Strategies and Action Plans (NBSAPSs)
and Long-Term Low Emission Development Strategy (LT-LEDS) [132,135]. Deliberate and explicit inclusion of the health
dimension in the nexus may facilitate the harmonisation of the WEF nexus with the One Health framework towards
improved and balanced collective health for people, animals and ecosystems [39]. Aligning the WEF+ nexus to the 2030
Agenda for Sustainable Development by i) prioritising people and planet and ii) integrating nexus framings, frameworks,
and tools (e.g., indicators) with SDGs, targets, and indicators will likely facilitate balancing synergies, co-benefits and
trade-offs in the multiple dimensions and pillars of SD towards the accelerated simultaneous achievement of the multiple
SDGs [35,53].

Conclusion

The Water-Energy-Food Plus (WEF+) nexus approach aims to systematically manage unsustainable competition for
limited resources across multiple sectors by addressing the complex synergies [benefits and co-benefits] and trade-
offs [damages and conflicting objectives] that arise between different development pathways pursued under diverse
values and interests. Although intricate interlinkages exist between WEF resources, their nexus, and socio-economic
and environmental outcomes, the latter two, along with other critical dimensions, are generally missing or implicit
rather than explicit in existing nexus frameworks and tools. Over time, the concept of the WEF nexus has evolved,
resulting in multiple interpretations and frameworks. Recent efforts have expanded the nexus perspective to include
additional pillars, such as climate change, land, environment, economy, and health, reflecting a broader, more inte-
grated approach.

This diversity in nexus framings highlights the approach’s ongoing evolution and underscores the interdependencies
among WEF sectors. The adaptability of the nexus framework enables tailoring to varying scopes, goals, and stake-
holder priorities, making it relevant to both people and the planet in the context of sustainable development. Ultimately,
the WEF nexus demonstrates significant utility, versatility, and flexibility, effectively supporting investment screening and
decision-making across various contexts and objectives.

We propose broadening the current WEF nexus framing to a WEF+ nexus, with people and planet at the centre. This
would allow for the deliberate and explicit incorporation of other dimensions into the WEF+ nexus, including framings,
frameworks, and tools, to improve clarity around outcomes on dimensions such as environment, human health, and gen-
der, without the need to create new acronyms at each instance. This broadening must be guided by the context, including
location, scope and objectives. An entry point for such broadening is to frame the WEF nexus conceptually, as well as to
develop frameworks and tools to address the unbalanced, limited dimensional scope, shifting priorities from biophysical
resource dimensions to people and planet dimensions. The planet, people, and their crucial roles should be centralised in
the WEF nexus, including people’s agency and governance aspects, such as actors, institutions, and actions within water,
energy, and food systems. Such contextual broadening of the WEF+ nexus ensures a representative conceptualisation,
relevance in implementation, responsiveness to policy- and decision-making needs, and the addressing of contemporary
challenges such as climate action, environmental protection, improved livelihoods, and sustainable development in an
integrated and balanced manner. This WEF+ nexus and its implementation and operationalisation can only be achieved in
an environment that enables governance, finance, technology, and capacity. Thus, more intentional institutional and policy
linkages are required to avoid trade-offs, as are increased, jointly planned investments and capacity-building to translate
the WEF+ nexus theory into practice.
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