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Abstract

The water-energy-food (WEF) nexus concept has emerged over the last decade as a way of thinking about and analys-
ing natural resources. Each WEF sector has intimate feedback relationships with the other sectors, forming a coherent,
complex system. Through analysis of these relationships and of the impact of policy on the system, more integrated and
sustainable resources management is aimed for. The nexus concept is not without criticism, and a concern is that one
sector would come to be seen as ‘more important’ than the others. This paper attempts to break such ideas, describing
how each WEF sector is equally essential for the functioning of the other two, and that the WEF nexus is more than the
sum of its parts. Going further, the paper shows how the WEF nexus is supported/enabled by ‘ecosystems’. Without good
ecosystems functioning, the WEF sectors could be compromised with significant consequences. At the same time, ecosys-
tems are degraded by WEF demand and exploitation. Society depends upon ecosystems and the proper quantity, quality,
timing, and spatial availability of WEF resources. Societal demand impacts on WEF resources availability and security,
and on ecosystems integrity. The paper concludes by stating that the integrity of this WEF-ecosystems system is under
significant threat as planetary boundaries are exceeded, ecological overexploitation is accelerating, and global warming
impacts become acute. Nothing short of a wholesale societal behavioural and conceptual shift towards WEF sectors, their
use, exploitation, and management is required, and that a systems-thinking mentality is central to such a shift.
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Strategies, Japan. )
The water-energy-food (WEF) nexus has re-emerged since

the 2011 Bonn Nexus Conference (Hoff 2011) as a concept
aiming to promote the holistic management of critical nat-
ural resources for sustainable futures. Central to the WEF
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nexus concept is the idea that the underlying resources of
the nexus sectors, such as water, soil, fossil fuels, etc., are
tightly and inextricably linked to each other in a complex
system of systems. Throughout this paper, the ordering
‘WEF’ is used, being commonly used in European nexus
literature and studies (versus FEW in North American litera-
ture) and following the formulation of Hoff (2011). No hier-
archy of resources importance is implied in this ordering.
The WEF ordering is popular for a few reasons, namely:
(1) following from the Hoff (2011) re-popularisation; and/or
(2) sometimes being seen as an extension to the Integrated
Water Resources Management (IRWM) paradigm in which
water is placed as the central resource. Avellan and Roidt
(2022) present a timeline of the emergence of the WEF
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nexus, showing that the Hoff (2011) background paper was
a pivotal moment in the use of the term. There are stud-
ies in which the ordering ‘FEW’ is used rather than WEF
(see D’Odorico et al. 2018; Gragg et al. 2018; Zhang et al.
2019; Liang et al. 2020; Huntington et al. 2021; Clasen et al.
2022; Simonvic and Breach 2023). This paper argues that
no single sector should be given centrality and proposes a
new framework in which the WEF nexus sits within a wider
system comprised of ecosystems and societal system.

In this paper the term ‘resource’ is used to denote the
supply of ecosystem services (e.g. water resources, energy
resources, soil resources) that feed the WEF nexus sectors,
seen as the productive elements that produce societally
desired goods and services. A balanced demand and sup-
ply of these resources enable their sectoral securities. The
resources that sustain the WEF nexus are themselves con-
ditioned on a healthy, functioning ecosystems base,' which
in turn is impacted by their demand and extraction. It is
recognised that resource security is a much broader issue
than merely a provisioning service, encompassing quantity,
quality, accessibility, timing, and equity of the resources
(e.g. Biggs et al. 2015), and that regulating and cultural ser-
vices are vital. WEF nexus sectors provide outputs which
are products and amenities (raw and derived) demanded,
exploited, and used by society for development (e.g. drink-
ing water supply, food provision, electricity generation).
Over-demand and exploitation of WEF sectors strains WEF
sector security, which degrades ecosystems, hampering their
ability to provide resources to the WEF sectors. Ecosystem
restoration and maintenance can act to improve resources
provisioning and security. At the same time, the WEF sec-
tors are tied to each other through socio-economic connec-
tions, for example as the food sector depends on energy and
water generation, acquisition, and supply for the generation
of food products, which are ultimately governed through
interconnected governance systems and policies. Figure 1
demonstrates this coupling, showing how each sector is
dependent on the others for its own functioning. Society in
its broadest sense (e.g. population, demographics, indus-
try, commerce, health, development opportunities, etc.),
depends on the security of the WEF sectors, the underlying
resources, and the ecosystems base, which are impacted by
societal needs and behaviour (Merz et al. 2023).

While the water community focuses on the IWRM para-
digm as the main way forward for sustainable water use and
management, experience has shown that there are no one-
size-fits-all solutions or blueprints. There are wide debates
about how to put IWRM into practice due to its apparent lack
of focus and bias towards water (Rogers and Hall 2003; La
Jeunesse and Quevauviller 2016). Moreover, with climate

! See https://www.stockholmresilience.org/research/research-news/2
016-06-14-the-sdgs-wedding-cake.html.
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and global change increasing the level of complexity to be
considered for sustainable resources management, a more
holistic and comprehensive systems approach is needed
(Pahl-Wostl 2007). The nexus concept has been seen as an
improvement over other resources management paradigms
(e.g. Brouwer 2022) such as IWRM (Lalawmpuii 2023),
Integrated Natural Resources Management and others as
it intends to be more holistically integrative (Roidt and
Avellan, 2019) and is focused on the three resources most
important to societal well-being and the underlying ecosys-
tems. Choosing the WEF sectors simplifies the complexity
of managing the whole system and focuses on development
of those resources in a sustainable way. The most impor-
tant connections and sustainability issues then become clear.
At the same time, the nexus concept has come under criti-
cism for not delivering reproducible tools, falling short of
capturing nexus interactions fully, favouring quantitative
assessment at the expense of social science approaches and,
ironically, being confined to disciplinary silos (Albrecht et
al. 2018). A recent ‘review of reviews’ has shown that while
the multi-resource aspect of the nexus concept is still rel-
evant, there are a myriad of challenges in advancing nexus
awareness and research, including conceptual, operational,
scale-related, governance, and contextual issues (Brouwer et
al. 2024; Mooren et al. 2024). There is the potential danger
of falling back to sectorally-biased viewpoints on the nexus
if certain natural resources or WEF sectors are deemed more
‘important’ than others (Susnik et al. 2023).

To maintain a central tenet of the nexus concept, it is
imperative that the WEF sectors stand on an equal footing.
In practice this may not be possible due to wider socio-
economic/geopolitical drivers and priorities. However,
prioritising one sector over others will inevitably lead to
trade-offs. The WEF nexus is greater than the sum of its
parts as a result of complexity, feedback, delays, and inter-
actions with other systems (ecosystems, societal system,
climate system, etc.). It is crucial to understand and appreci-
ate that the WEF nexus is not an isolated system, operating
outside the influence of other global systems. Taking this
approach, a much wider systems perspective is promoted
(cf. Capra and Luisi 2014), which should: (i) recognise and
account for planetary boundaries (Rockstrom et al 2009),
some of which have already arguably been crossed (Stef-
fen et al. 2015a; Richardson et al. 2023); (ii) avoid ‘trag-
edy of the commons’ behaviour regarding natural resources
and ecosystems (Hardin 1968) by stimulating multilevel
(Ostrom 1998) and inter-sectoral governance (Lalawmpuii
2023); and (iii) seek for wholesale shifts in societal behav-
iour and economic models.

A major shortcoming of most WEF nexus conceptu-
alisations is that they neglect ecosystems and/or society
and/or their interplay with natural resources. Against this
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background, this paper sets out to demonstrate how each
WETF sector contributes to the functioning of the other sec-
tors and its interactions with overarching environmental
and social systems, using significant literature to support
ideas and make the major points. This is done by consid-
ering each WEF sector in turn. The contribution of each
sector to the others is outlined. In this way, the mutually
self-supporting nature of the WEF nexus system is shown.
This paper aims to show how no sector should be seen as
more important than the others (cf. Mooren et al. 2024).
Following from this, extensive literature and nexus think-
ing ideas are utilised and expanded upon to put forward a
new, holistic framework emphasising the placement of the
WETF nexus as interacting with ecosystems and society. The
argument in this paper shows how the WEF nexus is sup-
ported by healthy ecosystems functioning, without which
WEF resources could become compromised with signifi-
cant consequences. In turn, demands from society on WEF
resources feeds back to impact upon the ecosystems sup-
porting them, also compromising WEF sector security.
Being supported by ecosystems and the WEF nexus is soci-
ety which depends on proper functioning, timing, quantity,
accessibility, stability, and quality of WEF sector outputs
(e.g. water, electricity, food products). Thus, this paper con-
ceptualises the WEF-ecosystems-society system as a much
broader system along the lines of Lucca et al. (2025), which
itself is modulated by demographic, climate, and socio-eco-
nomic developments. As global changes affect the supply of
good quality resources, the demand for these resources to
support WEF sector functioning is dramatically increased
through socio-economic developments, population rise
and urbanisation. This causes friction in the allocation of
WETF resources on the one hand but also to society at large
and the environment, leading to debates about social and
environmental justice (e.g. Malin et al. 2019; Gupta et al.
2024). The paper starts by examining the role of each WEF
sector on the other sectors, highlighting interdependencies.
Following this, the new holistic WEF-ecosystems-societal
framework is proposed.

Watering the nexus

It has been argued that water forms a ‘centrality’ to the WEF
nexus (Susnik et al. 2023). Water is shown to be essential in
almost all aspects of energy generation, being critical in raw
fuels extraction and processing (Gleick 1994; Olsson 2021),
and subsequently for liquid fuels production and electric-
ity generation. The electricity generating sectors in Europe
and the USA account for c. 40% of freshwater withdraw-
als (United Nations World Water Assessment Programme
2014), in contrast with the global average where 70% of

freshwater withdrawals are for irrigated agriculture. Note-
worthy is that the water withdrawn for electricity produc-
tion is often much larger than the amount consumed (i.e.
lost from supply locally in space and time; Macknick et al.
2012), with most of the extracted water eventually returned
back to the environment, and only a small fraction ‘lost’
through evaporation. The evaporative loss in hydropower
reservoirs is globally significant, yet often overlooked
(Scherer and Pfister 2016). Improvements in carbon capture
and storage (CCS) technologies at thermal power stations,
while potentially beneficial for reducing greenhouse gas
emissions and concentrations in the atmosphere, could lead
to water use increases of up to 90% (Hoff 2011; Lalawmpuii
2023), leading to an unexpected trade-off emblematic of the
WEF nexus. On the other hand, the operational water use of
solar and wind electricity generation technologies is close
to zero, although water is consumed in raw minerals extrac-
tion and processing (Ding et al. 2018). Of note here is the
recent growth in green hydrogen. While offering a relatively
clean source of energy, the water demand consequence of
its production is significant, thus creating new nexus-wide
interactions, although there is the potential to use seawa-
ter or wastewater in the electrolysis process (Beswick et al.
2021; Newborough and Cooley 2021). Overall, it is shown
that the water used to generate electricity varies between
about 2-7.5 m> kWh™! depending on the location and tech-
nology (Feng et al. 2014). It is estimated that globally about
1500 km® water is withdrawn every year for energy produc-
tion, with about 300 km? of this being consumed, with these
values expected to double by 2100 (Bijl et al. 2016). An
additional area where water is used in energy production is
in the cultivation of crops for biofuel production. In some
countries, (e.g. China, India, South Africa), the stress on
water resources as a consequence of cultivating such crops
may lead to policy makers being unlikely to pursue biofuel
options (de Fraiture et al. 2008; Jewitt and Kunz 2011). This
demonstrates the crucial, intimate role that water plays in
powering modern society: without it, or with water short-
ages, energy availability could be curtailed, threatening
economic opportunity, transport, infrastructure, communi-
cations, and human development.

Water is likewise essential to providing the food that
we eat (i.e. the water sector provides water resources used
in the food sector to derive a product demanded by soci-
ety), accounting for 70% of global freshwater withdrawals
(Gleick 2011). Currently, over 7000 km® are consumed in
crop production annually (blue and green water combined,;
Falkenmark and Rockstrom (2006), where blue water is that
abstracted from freshwater supplies such as rivers, lakes,
and groundwater, and green water is that stored in soil
moisture; grey water, i.e. reused wastewater not from toi-
lets, was not included in the assessment), a figure that may
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rise to over 13,000 km® by 2050 (de Fraiture et al. 2018).
At the same time, irrigated agriculture is shown to pro-
duce a vastly disproportionate amount of the world’s food
relative to the amount of land used for irrigation (Hanjra
and Qureshi 2010), demonstrating its outsized importance
in feeding over eight billion people and the criticality of
ensuring water supply for irrigation. In addition to direct
water consumption, the global food trade means that water
is moved, being embedded within food products (‘virtual
water’, or the water footprint; Allen 1993; Hoekstra et al.
2009), known as the virtual water trade (Chen et al. 2018).
Without this global trade, society and development would
arguably not have reached the level currently seen: water
is an integral, although often overlooked, part of this. It has
been shown that due to demand increases, there could be
global competition between water for agriculture and water
for cities, however improving agricultural water use could
free-up sufficient water for urban use (Florke et al. 2018).

Water is essential to nexus integrity and resources supply,
production, utilisation, and sustainability. Despite this, the
safe planetary boundary for freshwater withdrawals (4000
km?® yr!; Steffen et al 2015a) is already very close to being
surpassed, if not already surpassed (Susnik 2018; Richard-
son et al. 2023). It is expected that the demand for freshwa-
ter withdrawals will increase up to 20-30% (United Nations
World Water Assessment Programme 2019), with even
higher rates of demand increase in urban areas in which the
global population is expected to double by 2050 (UN DESA
2019). This is expected to put water resources sustainabil-
ity for cities, and indeed all users, under intense pressure,
potentially leading to water security issues (Ahmadi et
al. 2020). It is also shown that humanity is driving water
scarcity changes across all the IPCC-defined shared socio-
economic pathways (SSPs; O’Neill et al. 2015), suggesting
that water security issues will become more acute under
almost all development trajectories (Graham et al. 2020).
This is important as it has been shown that water is a ‘safe’
Sustainable Development Goal (SDG) to achieve, meaning
it will have very few negative impacts or trade-offs on the
attainment of other SDGs (Pham-Truffert et al. 2020), and
is arguably an ‘enabler’ for the achievement of many SDGs
(Bhaduri et al. 2016). Other studies have demonstrated the
globally-important role of water services access to enabling
human development (Amorocho-Daza et al. 2023), some-
thing that is shown to be significant over the twenty-first
century. Taking the role of water one step further, Susnik et
al. (2023), suggest that water has been historically impor-
tant for the development of agriculture, cities, and civili-
sations, and played a central role in the emergence of the
Industrial Revolution and subsequent technological and
societal advances. All these facets demonstrate that water
plays a crucial role in the WEF nexus.

@ Springer

Powering the nexus

Energy forms an integral nexus sector, ‘powering’ the WEF
nexus. The energy sector and its derived outputs enable
the production, processing, movement, waste treatment,
and consumption of water and food, as well as allowing
massive gains in the scale, efficiency, and replicability of
work (Smil 2018). Energy supply and demand is critical to
every aspect of life, with the shift to electricity being trans-
formational, from providing electricity for homes, hospi-
tals, communications, refrigeration, vehicles, computers,
schools, navigation, supply chains, factories, and lighting,
taking off exponentially from the advent of the Industrial
Revolution. While energy production, consumption, and
access have increased dramatically, energy insecurity is
still experienced across multiple scales, especially in the
Global South (Hostettler et al. 2015). This insecurity ham-
pers economic, social, and human development (Kanagawa
and Nakata 2008; Dodds et al. 2009; Phoumin and Kimura
2019). A major global challenge is how to meet current and
future energy needs using clean energy while at the same
time ensuring equitable access to this energy for all. Sachs
(2015) believe, given the global reliance on fossil fuels, that
reconciling development with planetary boundaries, is most
urgent and most complicated in the world’s energy systems.
Energy security is fundamental to achieving water and food
security. Clean energy sources improve cooking conditions
with consequent improvements in household air quality and
human health (Odo et al. 2021). Therefore, clean energy
contributes to improving health and well-being.

Energy is essential throughout the agricultural produc-
tion chain, from planting and fertilising to water pumping
and irrigation, harvesting, storage, processing, automation,
and transportation (FAO 2017; Paris et al. 2022). It is used
to refrigerate food, increasing the shelf life of food, being
essential in modern society. It has been estimated that 16%
of US energy use is food-related (Canning et al. 2010). As
a global average, between about 2-2.5% of all energy con-
sumption is in the agricultural and forestry sectors (FAO
2017), a proportion that belies the importance of that energy
use. In the EU, the average energy use in 2008 in the agri-
cultural and forestry sectors was 2.2% (c. 1000 PJ), varying
from a low of 0.4% (42 PJ) in Germany to a high of 6.2%
(132 PJ) in the Netherlands (Gotaszewski et al. 2012). How-
ever, according to Gotaszewski et al. (2012), these numbers,
derived from the EUROSTAT database, are underestimates
as the energy required for fertiliser production is counted
in the transport sector and not in agriculture, and the myr-
iad forms of energy required in agricultural production are
often not accounted for. More recent analysis suggests that,
in the EU, 3.7% of total EU annual energy consumption
is related to open-field agriculture (Paris et al. 2022). The
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total therefore may be even higher once non-field agricul-
ture (e.g. greenhouses) are factored in. The production of
synthetic fertilisers (nitrogen, phosphorus) requires consid-
erable amounts of energy, yet this facilitates extraordinarily
high yields of staple crops that feed billions (Smil 2018;
Olsson 2021; Daramola and Hatzell 2023).

The importance of energy in agriculture provides a coun-
terpoint contrasting with the common view that water is the
limiting factor in enhancing agricultural production, espe-
cially in Africa (FAO 1995; Salem et al. 2022; Simpson et
al. 2023). Water transfers from sources to agricultural areas
require a lot of energy, with greater intensity during drought
events. Energy insecurity can negatively impact the effi-
cient and productive deployment of natural resources (e.g.,
water, land) and human capital (e.g., due to disease, lack of
training, lack of power) for producing food and fibre for the
continent and beyond (through trade networks). Farthing et
al. (2023) suggest that at least 2% of the total electricity
generation in Africa is utilised in agriculture, though with
significant variations between nations (FAO 1995; Farthing
et al. 2023). Kebede et al. (2010) place agricultural energy
use over the continent at about 1% of the total energy con-
sumption. Similarly, other rapidly developing regions and
countries also find energy consumption in agriculture rap-
idly increasing (Bekhet and Azlina 2010). While many
speak broadly of a link between energy access and food
security, especially in the sub-Saharan African context, a
recent literature review failed to comprehensively support
such a hypothesis owing to a lack of data to make a robust
assessment (Sola et al. 2016).

Energy is implicitly needed to grow the food that we
eat, is of crucial importance in agri-regions globally, and
is rapidly growing in criticality developing regions such
as sub-Saharan Africa. Although globally and regionally
the proportions of energy used in agriculture are relatively
small, being of the order of a few percent, the importance is
outsized. That energy use ‘feeds’ the nexus, providing eco-
nomic, health, and development opportunities to hundreds
of millions of people worldwide.

Energy plays a core role in the provisioning, access, and
treatment of water. Water needs to be pumped from raw
sources, filtered, treated, distributed to consumers at differ-
ent times and in different locations, and often stored if it is
to be used beneficially for human development. Wastewater
then needs removing from the source location, pumped to
a treatment plant, treated to varying degrees, and then be
properly and safely disposed of or reused. In some cases,
treated wastewater is then pumped back to certain consum-
ers for re-use. All these processes require various amounts
of energy (Plappally and Leinhard 2012; Olsson 2021). For
example, global wastewater treatment consumes at least 200
TWh or 1% of total electricity consumption, of which 51%

is for secondary treatment (International Energy Agency
2016). This relationship is increasingly recognised, with
many utilities seeking to make use of “hidden hydro” oppor-
tunities to generate energy within their systems and move
towards multipurpose reservoirs (Quaranta et al. 2023).
Increased access to energy can enhance domestic water sup-
ply, sanitation and hygiene services, with positive impacts
on human health and development (Dodds et al. 2009;
Zakari et al. 2022). Energy, like water, is a crucial human
development enabler, supporting socio-economic gains.

The amount of energy used in the water sector can be sig-
nificant. For example, in the USA, the energy used for water
in the domestic, industrial, commercial, and power sectors
was evaluated at over 12% of the total national energy con-
sumption (Sanders and Webber 2012). Similarly, Wang et
al. (2017) show that significant quantities of energy are used
in the Beijing water sector (supply, heating, and treatment).
In a global analysis, Liu et al. (2016) estimate that between
1.7 and 2.7% of all global primary energy consumption is
related to the water sector, with water resources sourcing
and conveyance making up a significant proportion of the
total (40%). Heating and cooling are significant end-user
water-related energy consumers. At the time of the analysis,
China, the Middle East, and India represented the regions
with the highest proportions of energy used for water, driven
by large populations, desalination, groundwater pumping,
and large irrigated agricultural areas. Significant global
variations are apparent through the analysis.

As with energy’s importance in food production, energy
is likewise central in delivering clean, safe water for users,
heating/cooling that water for multiple purposes, and treat-
ing wastewater, either to be returned to the environment,
or for reuse. Energy is increasingly used for desalination in
many parts of the world, helping secure potable and non-
potable water for millions of people (Nassrullah et al. 2020)
and in some parts, and increasingly so, for the production of
green hydrogen. This section has demonstrated that energy,
like water and food, is an essential sector within the WEF
nexus, without which the other sectors would fail to meet
the needs of humanity.

Feeding the nexus

Potentially the ‘weakest’ of the nexus links in Fig. 1, the
food sector nevertheless plays a crucial role in the WEF
nexus, especially in relation to contributing to energy pro-
duction and in sustaining humanity through the provision
of food. Of importance is the role of biofuels, biomass, and
biofuel crops in providing energy sources (i.e. a food sector
resource contributing to energy sector security). A thorough
review of the role of biofuels for (transport) fuel production
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Water forirrigated agriculture
NB: food production leads to water quality issues

Other uses

e.g. domestic, industrial,
14 %

commercial, municipal water
demand

Water for thermal power plant
cooling, in hydropower production.

Energy for water treatment, supply, 15%
wastewater treatment, and desalination.

. Other uses
e.g. heating, lighting 62%
transport

Fig. 1 Global proportions of flows between WEF sectors, with some
interlinkages highlighted. These globally-averaged figures have signif-
icant regional and national variability, and will change in the future as

is given in D’Odorico et al. (2018). There is debate around
first-generation biofuels (e.g. from crops directly) compet-
ing with land for food. Despite this, analysis has shown that
potentially 26-55% of liquid fuel consumption could be
supplied from biofuels without competing for land for food
production through the use of marginal agricultural lands
of relatively limited value for food crops (Cai et al. 2011).
However, this would compete with ecosystems services and
biodiversity on these lands (Jewitt and Kunz 2011). Second
generation (e.g. from crop and/or food residues) and third
generation biofuels (e.g. from algae, Gerbens-Leenes et al.
2014) cause less concern as they do not compete with land
for food production. Rulli et al. (2016) found that approxi-
mately 4% of transport fuels globally and 0.2% of all global
energy use is utilised from biofuels/biomass.

Liquid fuels are just one energy source from bio-materi-
als. Residues can be burned directly to generate heat/elec-
tricity or digested to produce biogas, which is then burned
to generate heat/electricity (Kocar and Civas 2013). Kocar
and Civas (2013) show that corn, soy, sugarcane, beet, and
rapeseed are common staples with which to obtain energy,
however they all have the disadvantage of competing with
land for food. While liquid biofuels have been popular for
some time, the use of biogas to generate electricity is rapidly
growing in popularity globally. The potential is consider-
able, with estimates suggesting that the energy stored in bio-
mass annually produced by plants is 3—4 times total energy
demand (Guo et al. 2015), though not all of this could be
sustainably exploited. It is estimated that bioenergy will
provide 30% of global energy demand by 2050. Biofu-
els are not expected to contribute more than about 5% of
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33%
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of synthetic fertilisers.
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GENERATION

socioeconomic and energy transitions take place. Adapted after Simp-
son and Jewitt (2019a, b)

transport-related energy in the near-future (Timilsina 2014),
especially as the electrification of vehicles accelerates. Food
crops and biomass derivatives are widely used for cooking
fuel globally, with biomass being especially prominent in
developing nations and in sub-Saharan Africa (Stoner et al.
2021), this being another important contribution of food
and food-related products to global energy provision and
utilisation.

The rapid development of photovoltaic projects is
impacting on agriculture production, both positively and
negatively. The advent of small solar powered pumps has
been a boon for smallholder farmers globally. However,
major photovoltaic projects require large areas, sometimes
on agricultural lands. The agrivoltaic concept, which pro-
vides use of land for both agriculture and electricity pro-
duction, tries to reconcile agriculture and photovoltaic
production. Many countries are proposing rules maintaining
or improving crop production under these systems (Dupraz
et al. 2011; Dupraz 2023).

Clearly, food, crops grown on food-productive lands,
food/crop residues, and woody products do play a globally
important role in energy provision for transport, heat, cook-
ing, and electricity generation. The food — water relation-
ship is asymmetric. Food is not used in the water sector,
but food production has a major impact on water quality, in
particular via nitrogen, phosphorus, and pesticides run-off
and water quantity for the local water cycle, thus impacting
the integrity of the water sector. The changes in land use
from natural grasslands or forests to agricultural production
have shown to enhance runoff into river systems, reduce
infiltration rates into groundwater, and cause altered flood
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regimes (Dale et al. 2015; Deng et al. 2015; Jin et al. 2015).
This is a significant and growing global challenge (Lu and
Tian 2017; Wang and Liu 2019), along with the food sector
contribution to greenhouse gas emissions (Bennetzen et al.
2015, 2016; Liu et al. 2019). Changes in diets towards more
meat-based diets, a result of economic development and
affluence, are driving land use changes globally thus show-
ing the importance of societal changes on food production
and resources pressure (Alexander et al. 2015).

A new water-energy-food nexus framework:
a mutually self-supporting system, and
relationships with ecosystems and societal
functioning

The WEF sectors are mutually dependant (Fig. 1), often in
very tightly coupled ways (Susnik 2018). For many of the
interactions discussed, this coupling is so strong that sig-
nificant alteration in any of the links can disrupt the supply
and security of the others. For example, a severe shortage
or disruption in the supply of adequate quantities of water
would threaten not just irrigated food production, but also
energy generation where that is applicable (e.g. with con-
siderable water demand for cooling or with significant
hydropower infrastructure). Indeed, this was the case in
Europe during the unprecedented 2022 drought (JRC 2022;
Toreti et al. 2022; Tripathy and Mishra 2023), when vari-
ous countries saw either food production decreases and/or
power production curtailment (Susnik et al. 2023). Health
and human development can also be impacted, especially
over the long term through increased prevalence of water-
borne transmissible diseases in floodwaters (e.g. Cann et
al. 2013), and during droughts (Lee et al. 2020). Long-term
and widespread power outages (energy as a resource) could
lead to problems supplying sufficient freshwater for mul-
tiple purposes, and could lead to problems with wastewa-
ter treatment capacity, even in the short term. As energy is
consumed to produce synthetic fertilisers, it would not be
inconceivable that prolonged power reductions could lead
to reduced output of synthetic fertilisers, leading to knock-
on impacts on food yields. On the food side, major changes
in crops grown for biofuels production could lead to impacts
on biofuels availability, especially in nations that rely heav-
ily on biofuels (Nass et al. 2009; Antunes et al. 2019) or bio-
mass for energy generation, potentially impacting on energy
accessibility/security. Yet significant shifts towards bioen-
ergy crops can impact national food security ambitions. The
mismatch in spatial and temporal scales between resources
availability and demand makes matters more complicated
(resources may not be where they are needed or when they
are needed in sufficient quantity and/or quality and/or price;

Geijzendorffer et al. 2015; Gonzalez-Garcia et al. 2020;
Zhang et al. 2021).

These examples and Fig. 1 serve to demonstrate that
the WEF nexus forms a mutually self-supporting system,
in which the security and sustainable functioning of each
sector depends explicitly on the functioning, availability,
quality of, access to, and supply of resources and outputs
from the other sectors. This idea of a mutual self-supporting
system represents fundamental tenets of the WEF nexus
(Hoff 2011): that WEF sectors are reliant on each other;
that changes/shocks to one impacts all others and; that the
system is greater than the sum of its parts due to complex-
ity and feedbacks. Quantification and assessment of WEF
nexus behaviour under various scenarios (e.g. hypotheti-
cal development scenarios, implementation of plausible
development policies) at a range of scales have been widely
published in the literature (Hussein et al. 2017; Bakhshi-
anlamouki et al. 2020; Nhamo et al. 2020; Sridharan et al.
2020; Susnik et al. 2021; Yates et al. 2021; Brouwer 2022;
Zeng et al. 2022; Wang et al. 2023; Mirindi et al. 2024).
Many studies however, while using climate change and
socio-economic pathways as scenarios, rarely examine the
wider implications of nexus resource use on ecosystems or
other sectors, and rarely discuss the importance of ecosys-
tems or societal development in a nexus context. This is
where this paper makes its major contribution.

If any WEF sector or their underlying resources, sup-
plied by ecosystems, that fuel outputs on which society is
dependent were to collapse or fail, it could mean a cascade
failure, with catastrophic societal and ecosystems conse-
quences. This wider systems idea is conceptualised in Fig. 2
in the new framework, whereby the WEF nexus sectors
are shown to be mutually interacting with each other and
with ecosystem and societal systems. Figure 2 shows that
ecosystems supply resources to the WEF sectors and that
society places demands on the WEF sectors, exploiting and
degrading underlying resources. This demand can threaten
WETF sector security and ecosystems functioning, which in
turn hampers ecosystems’ ability to supply resources to the
WEEF sectors, further threatening WEF security and impact-
ing societal development—a detrimental positive feedback
loop. Climate change impacts the supply of resources that
ecosystems provide, whereas societal behaviours and con-
sumption patterns driven by socio-economic worldviews,
political agendas and conflicts impact on resource demand.

Recent work has highlighted the important role of ecosys-
tems and ecosystems services and functioning as supporting
the provisioning of WEF resources and the security of the
WEF sectors (e.g. De Groot et al. 2010; Hiilsmann et al.
2019; van den Heuvel et al. 2020; Mooren et al. 2024), and
the WEF nexus plays an often-overlooked role in low flows,
or environmental flows, supporting such services (LeRoy
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Demographic change
Climate change

Socio-economic development

Societal demand
pressures WEF
sector security

WEF demand driven |
by socio-economic |
changes

WEF exploitation
and climate change
degrade ecosystems

Ecosystems

Supply of WEF
resources from !
ecosystems

Fig. 2 Conceptualisation of the WEF nexus set within the wider
spheres of ecosystems and their services, and society. The WEF nexus
is supported by, and supports, these wider spheres. Ecosystems ensure
the supply of resources to the WEF sectors maintaining their function-
ing and security, from which resources are demanded by society (e.g.
water, food products, electricity). The WEF sectors depend intrinsi-
cally on each other for their own functioning and security (denoted
by the dashed black lines around the WEF ‘columns’; e.g. the energy
sector is dependent on both the water and food sectors to enable energy
provision to society). Societal demand pressures lead to challenges
regarding WEF sector security through resources overexploitation and
degradation. WEF exploitation and climate change impacts on eco-
systems. This entire system, bounded by the dashed red box, is pres-
sured by demographic changes, climatic changes, and socio-economic
development, which themselves are mediated to some extent by the
WEF-ecosystem-society system

Poff and Matthews 2013; Acreman et al. 2014). Further
examples of the services that ecosystems provide include,
but are not limited to: enabling water cycling, including
water purification, which contributes towards freshwater
provisioning and pollution reduction and control; maintain-
ing the health of landscapes and soils, contributing towards
crop growth for food provision and energy crops; biodi-
versity provision, pollinating insects for crop growth and
yield and forest and floodplain ecosystems provide biomass
that act as a global carbon sink and oxygen supply (Bell
et al. 2016; Martinez-Hernandez et al. 2017) as well as a
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fuel source and building material but also for hunting and
gathering of food stuff for people around the world. The
importance of ecosystems services in urban settings can be
significant, and should not be overlooked (Ding et al. 2023),
though are often not considered fully.

This dependency of the WEF sectors upon ecosystems,
and their integrity and ability to provide the requisite ser-
vices and functions for WEF resources provisioning to soci-
ety is conceptualised in Fig. 2, with ‘ecosystems’ positioned
at the bottom of the WEF nexus (green circle, Fig. 2), sup-
porting and underpinning WEF functioning by providing
resources to the WEF sectors. In this anthropogenic view,
if ecosystems were removed, or if their functioning should
significantly differ or diminish, it is possible that the subse-
quent availability of WEF resources could be compromised,
with global consequences. It is essential to maintain ecosys-
tems integrity (Shepherd et al. 2016). Lucca et al. (2025)
show that Water-Energy-Food-Ecosystem nexus conceptu-
alizations need to move beyond an anthropocentric view
towards a holistic perspective where ‘nature’ is allowed
to exist in its own right without being valued or used for
human purposes and needs. This is particularly important
as humanity has overstepped many planetary boundaries,
and is close to overstepping others, especially some very
relevant in a WEF nexus context such as nitrogen and phos-
phorus flows, freshwater changes, and land system changes
(Steffen et al. 2015a; Richardson et al. 2023; Fletcher et al.
2024).

WEEF resources demand (utilisation, quality, spatial dis-
tribution, etc.) also feedback to impact upon ecosystems
via the WEF sectors, forming another mutually dependent
link (Fig. 2). For example, degradation of forest lands by
converting forests to (monocultured) agricultural land in
an effort to secure a WEF-related resource (food), could
have a detrimental impact on the corresponding support-
ing ecosystem(s), potentially impacting on biodiversity, soil
quality and soil erosion, water quality, carbon sequestration
potential, local near-surface air temperature, etc. Indeed,
tropical forests were the primary source for new agricul-
tural lands through the 1980s and 1990s (Gibbs et al. 2010).
Such ecosystems changes could influence the viability of
agricultural activities in that region, due to, for example,
lower water availability, lower quality soils, and lower
insect diversity, leading to lower crop yields (Bindraban
et al. 2012). Further, it has been suggested that deforesta-
tion in the Amazon is so great that the basin is now a net
carbon source, with planet-wide implications (Gatti et al.
2021). It is suggested that global warming could lead to con-
straints on crop yields of maize, rice, and soybean (Wang
et al. 2020), another indication of how reliant the WEF
sectors, humanity, and their underlying resources are on a
well-functioning ecosystems base. Global soil erosion due
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to land use changes is significant (Borelli et al. 2017), with
impacts directly on crop yields, demonstrating how ecosys-
tems support food production via maintenance of soils qual-
ity (a resource), but also how massive changes to land use
impact on the underlying ecosystem base, negatively affect-
ing that food production.

At the top of Fig. 2 (beige circle), being supported by
both ecosystems and by WEF security, sustainability, pro-
visioning, quality, quantity, is ‘society’ or societal func-
tioning (similar to ecosystems, the term is used here in a
broad sense to include, for example, health, development,
economic activity). Society conditions demand for WEF
resources and ecosystems services. The implication is
that the inability to secure and distribute sufficient WEF
resources for a multitude of societal purposes at the required
time and space, in the required quantity and at the required
quality, could hinder societal development and functioning
or, at worst, jeopardize WEF security for people in a cer-
tain region. As an example, it is shown that access to water
services directly and significantly contributes to enabling
human development gains (Amorocho-Daza et al. 2023).
By altering the availability of freshwater resources and their
access, and/or by impacting the underlying ecosystem ser-
vices supporting water resources availability, this important
societal benefit diminishes, impacting on the livelihoods of
millions of people globally. Food production and availabil-
ity is another supporting link from the WEF nexus and the
concomitant supporting ecosystem services to the enabling
of societal functioning and human development (Oliver
and Gregory 2014; Crist et al. 2017). Insufficient food has
detrimental impacts on human health and development, but
loss of soil integrity (an ecosystems-provided resource to
the food sector) leads to reductions in crop yields and pro-
ductivity as well as grain quality and thus quality of food
intake, with far-reaching consequences. Energy, and energy
access, have likewise been shown to have significant soci-
etal benefit, contributing to human development, especially
in lesser-developed parts of the world (Smith et al. 2013;
Acheampong et al. 2021). However, it is shown by Smith
et al. (2013) that all energy sources entail human health
risks to some degree, especially solid fuels, coal, and bio-
mass. Therefore, it is not just energy quantity and access
that count, energy ‘quality’ should also be considered (cf.
ESMAP 2015). Of concern related to energy is depletion of
raw resources, especially in the case of fossil-based energy
sources, but also for biomass sources. Depletion of these
sources, without substitution for renewable sources not rely-
ing on a finite source, may lead to energy sector insecurity
and potential energy blackouts, leading to knock-on impacts
for human and societal well-being and development. While
the abundance, security, and quality of WEF resources act to
support and enhance societal development, socio-economic

development acts to drive WEF demand, with many studies
suggesting a strong positive correlation between (economic)
development and resources demand extraction (Krausmann
et al. 2009; Steffen et al. 2015b; Wiedenhofer et al. 2020). It
is critical to keep this demand under check because society
depends on the availability on those very resources and on
the underlying ecosystems base (Fig. 2).

Finally, the new framework (Fig. 2) suggests that the
WEF-ecosystems-society system is itself driven by, and
affects, demographic change, climate change, and socio-
economic development. Such a coupling between societal
and economic development has been widely suggested in
the literature (Krausmann et al. 2009; Smil 2019; Wieden-
hofer et al. 2020). Of particular concern is to ‘decouple’
(economic) growth from resource demands, insofar that
(economic) growth may continue without a concomitant
increase in resources demand (Wiedenhofer et al. 2020).
There have been studies suggesting a potential decoupling
between GDP and water demand for the very richest nations
(Duarte et al. 2013; Katz 2015), where water demand does
not increase with GDP gains due to population stabilisation
or decline and/or rapid efficiency gains in supply infrastruc-
ture and water-using appliances. Such decoupling is partic-
ularly important regarding energy consumption, especially
when fossil-fuel derived. Despite this necessity and some
optimism, others have suggested that decoupling economic
growth from environmental impact is not possible (Ward
et al. 2016). This is important. If natural resources do con-
tinue to be exploited and depleted at increasing rates (e.g.
Richardson et al. 2023; www.footprintnetwork.org), then
the ecosystems supplying resource will be put under severe
pressure and could collapse.

WEEF resources quantity, quality, availability, accessibil-
ity, etc., act to mediate demographic change, climate change,
and socio-economic development. For example, changes in
the abundance, quality, and security of WEF resources may
result in demographic changes (e.g. Meadows et al. 1972;
Anderies 2003). Likewise, as postulated by Susnik (2018),
the bi-directional relationship between economic growth
and electricity consumption (does economic growth ‘cause’
changes in electricity consumption, or vice-versa?) is so tight
that a dominant causal direction in this relationship is all but
impossible to determine. As such, it is possible that reduc-
tions in the energy security of a nation/region could lead
to detrimental economic consequences, hampering overall
societal development, which then may feedback to influence
(energy) demand. Furthermore, an additional complication
is brought about by temporal dynamics, particularly of the
natural system. These relationships are highly variable in
both space and time. For example, during drought increased
energy may be needed to pump additional water for irriga-
tion to supply food while water availability in the situation/

@ Springer


http://www.footprintnetwork.org

Sustainability Science

system is lower due to the drought. During a drought,
hydropower is heavily impacted, leading to a reduction in
energy production as water is retained in dams to save and
rationalise water use for the duration of the drought.

The picture emerging from this discussion is that the
WEF nexus, while complex in itself, sits within a much
wider, much more complex context (Fig. 2), with multiple
connections and feedbacks, many of which are indirect
and/or poorly understood. One important outcome of this
is that policy should improve in coherence across sectors
and scales such that goals, objectives, and implementation
related to one sector do not impinge on the goals, objectives,
and implementation of policies in other sectors. Governance
arrangements should be adapted to promote policy coher-
ence by enabling cross-sectoral and cross-scale collabora-
tion. This collaboration should focus on managing trade-offs
and leverage synergies among policy goals, with provisions
in place (financial and human resources) for implementa-
tion. Such a need for policy coherence and nexus-oriented
governance arrangements has been alluded to by John et al.
(2023), Suda et al. (2024), and Pahl-Wostl et al. (2018).

Considering the mutually interacting nature of this com-
plex system, the fact that resources are already shown to be
overexploited (cf. Richardson et al. 2023), and that change
appears to be small-scale, slow, and/or incremental, leads to
the assertion that nothing short of a global societal shift in
thinking is required. It is suggested that it is human behav-
iour itself (economic growth focus, marketing, pronatalism;
Merz et al. 2023) that has resulted in the overshoot of natu-
ral resources extraction. A number of recent studies have
started to quantify the extent to which the planetary bound-
aries have been transgressed, or the extent to which human-
ity is on its way to approaching the boundaries (Rockstrém
et al. 2024; Schlesier et al. 2024; Tian et al. 2024), while
others have focused on quantifying whether or if humanity,
at current population and levels of resource demand, can
stay within certain boundaries and what it would take to
bring resources utilisation back within proposed boundaries
to preserve ecosystem integrity and support a just future for
all (Gupta et al. 2024). This demand increase, coupled with
climate related changes in resources supply, mean that gaps
between WEF supply and demand are increasing, putting
ever-greater pressure on resources, threating ecosystems
integrity, thereby compromising WEF sector security.

This demand—supply dichotomy is at the centre of the
sustainable development debate. On the one hand is the sup-
ply of resources from ecosystems to support the functioning
and security of the WEF sectors on which society depends
for the provision of WEF resources. Climate change and
demands from society degrade the resources and ecosys-
tems, threatening resource supply and WEF sector security
with societal implications. Demand for resources outstrips
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supply, that is the ‘carrying capacity’ (Monte-Luna et al.
2004) is exceeded, leading to the transgression of planetary
boundaries. To make matters worse, it is recently suggested
the SDGs are not providing the environmental or social
benefits intended (Fairbrass et al. 2024). As population con-
tinues to increase, and as socio-economic conditions gen-
erally improve, resource demand is expected to increase.
At the same time, resources supply is threatened by both
climate change impacts and ongoing ecosystems degrada-
tion, hence planetary boundary transgression and living
‘outside the doughnut’ (see Raworth 2018 for an explana-
tion of the resources doughnut concept). These competing
facets threaten WEF security. It is suggested that humanity
can live ‘within the doughnut’, but will require a signifi-
cant societal shift. Schlesier et al. (2024) show that 8 billion
and 10.4 billion people can live within planetary boundaries
with 81% and 73% probability respectively, though to do
so would mean fossil-free energy generation, a near-vegan
diet, and no additional cropland conversion, ‘prices’ that
many may not be willing to pay. In all this, there is talk of
‘optimising’ the nexus (e.g. Namany et al. 2019; Ogbolu-
mani and Nwulu 2021). Yet a question arises: to what extent
can the nexus be ‘optimised’? Given supply constraints and
demand increases, to what extent can the planets’ ability to
support humanity be stretched? What is the ‘carrying capac-
ity’ of the WEF nexus — where lies WEF security? These
questions echo those posed by Meadows et al. (1972), but
do not address equality or equity issues on resources access
and availability for all, especially over long timescales.
Related unresolved questions include what further insights
can be drawn about potential futures about how to make the
nexus sectors and their interrelations ‘resilient’? What may
future populations have to accept as reasonable demand
expectations to be able to live within planetary boundar-
ies (leading to questions of intergenerational environmen-
tal justice; Hiskes 2006)? These are tough questions, some
relating to the issue of the ‘tragedy of the horizon’ in which
current generations have little incentive to deal with the
cost of climate impacts, a cost therefore imposed on future
generations (BoE 2015; Espinoza et al. 2020), which future
research should urgently seek to address.

New economic models such as doughnut economics
(Raworth 2018; Schlesier et al. 2024), together with inte-
grated policy and governance (John et al. 2023; Suda et al.
2024), increased cooperation between all levels of stake-
holders, and a move towards a fully systems-thinking men-
tality (Capra and Luisi 2014) are required to prevent further
ecological and environmental deterioration and to ensure
society develops and thrives in a sustainable and equitable
manner for all. This may be somewhat idealistic, as recent
work has suggested that even with changes to food produc-
tion techniques, reductions in waste, lower consumption of
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meat products, and improved yields, some planetary bound-
aries will still be exceeded by 2050 (Conijn et al. 2018;
Ridoutt et al. 2021). Such a shift will require globally led
coordination and financing, but with local-level actions and
initiatives, which must work together such that local actions
do not clash with higher levels of coordination (cf. the Latin
American context; Cisneros et al. 2024). Such a drastic cul-
tural and societal paradigm shift to prevent ecological catas-
trophe and the corresponding viability of the WEF sectors
on which we depend has been recently called for by Fletcher
et al. (2024).

While there is little contestation that the WEF nexus
should be seen as an integrated whole, that ecosystems
form an integral part in supporting WEF sectors integrity,
and recognising that the ideas presented here are not neces-
sarily new per-se, the novel contribution here is in bring-
ing everything together and extending previous ideas into
one framework where no single sector is given primacy,
where the contribution of ecosystems is explicitly elabo-
rated, and where the demands from, and effects of, society
are accounted for. The WEF nexus is underpinned by eco-
systems from which resources are demanded and (over-)
exploited to meet societal needs, which in turn degrades
ecosystems and the WEF resources base. This extension
of current thinking is demonstrated through studies and
assessments of the WEF nexus that tend to overlook, either
explicitly or implicitly, the role of ecosystems in the support
of WEF resources provision and security and/or the role of
society in degrading both (Conway et al. 2015; Al-Saidi
and Elagib 2017; D’Odorico et al. 2018; Zhang et al. 2018;
Simpson and Jewitt 2019b; Avellan and Roidt 2022; Mpan-
deli et al. 2022; Simonovic and Breach 2023; Brouwer et al.
2024). This study thus brings together much recent research
and thinking to place explicit emphasis on the need for a
systems view of the WEF nexus (Capra and Luisi 2014),
ecosystems, and society (cf. Lovelock 1972).

Conclusion

The water-energy-food (WEF) nexus is a complex system
whose parts are mutually interacting, causing actions and
shocks in one sector to have an impact on the availability,
quality of resources, and security of the others. This paper
shows that each WEF sector relies strongly on the others
for its own security and sustainability, and that the abil-
ity to provide outputs (resources) from the respective sec-
tors would be greatly diminished if the functioning of the
other sectors was compromised. There is no ‘centrality’ to
the nexus: all sectors stand on an equal footing, though in
practice this may not be attainable due to socio-economic or
geopolitical drivers. In these situations, the nexus concept

may help minimize the negative impacts or help highlight
new opportunities to leverage change. Should any sector
fail or collapse, there would be a risk of the entire system
failing, with societal-wide consequences. The WEF nexus is
further conceptualised as a complex system within a much
wider system. It is supported by the integrity of ecosystems
and their services, and their ability to sustain the provision
of safe, plentiful, timely water, energy, and food resources
to enable WEF sector security. Ecosystems, forming the
‘base’ of the WEF nexus, are affected by exploitation of
WEF resources, with potentially detrimental impacts to
biodiversity, soil integrity, and water purification functions.
Nature and ecosystems have a right to exist on their own
unharmed from human interventions and without needing
to service human needs or being commodified. Human-
ity has already overstepped many planetary boundaries,
and change appears to be incremental and slow. Societal
development (population, health, economic activity, devel-
opment) is supported and dependent on the seamless func-
tioning of the WEF nexus. Society depends on secure WEF
resources in adequate quantity, quality, and at the appropri-
ate time in the appropriate place. WEF sector insecurity
could have detrimental impacts on human health and wider
societal development gains. Yet society places demand on
WEF resources. Remaining within planetary boundaries is
essential to our collective wellbeing and functioning, and is
morally indisputable. The entire WEF-ecosystems-society
system is pressured by but also affects demographic change,
climate change, and wider socio-economic development.
The WEF nexus, while not the widest-scale, or broadest
system, is integral to supporting good functioning of eco-
systems and society, and is itself mediated by the proper
functioning of those larger system elements. The WEF
nexus should be seen for what it has for a long time been
conceptualised as: a mutually self-supporting resources sys-
tem that is greater than the sum of its parts that demands
good functioning of each of the sectors to be sustainable.
No sector or resource holds centre-stage. The resources sup-
ply—demand dichotomy needs urgently addressing to secure
WEF resources for all, now and in the future, in an equi-
table manner. Nothing short of a wholesale, drastic shift in
societal thinking about resources use, abstraction, exploita-
tion, and the link to economic development is proposed, and
that a systems-thinking mentality is central to such a change
in global natural resources management. Future resource
should seek to better quantify these interactions, and deter-
mine, perhaps per-nation, where national resources bound-
aries and societal limits lie.
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