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ABSTRACT
Compound climate- and non-climate-related events exert tremendous pressure on food 
systems, yet the complex environmental-human-societal mechanisms remain unclear. 
Given the complexities of interlinkages in food systems, impacts may be exacerbated 
when feedback loops magnify through vicious cycles. To meet future food demands, 
increase production stability, minimize environmental impacts, and adapt to 
socio-ecological fluctuations, a complete metacoupling framework is suggested to 
identify hotspots of climate sensitivity, flows, and related feedback in order to develop 
co-benefit solutions that optimize food availability and promote climate resilience by 
leveraging advanced technologies and collaborative efforts. This framework should 
revisit the supply chain activities, drivers, stakeholders, and feedback, thus helping 
detect hidden socioecological tradeoffs and synergies phenomena. This perspective 
identifies the agrarian production-consumer-research extension (PCR) nexus as a 
fundamental tool to enable the development of coherent and sustainable policies in 
food production, processing, distribution, consumption, storing, and disposing or 
recycling, which will ultimately lead to long-term sustainable and resilient food systems.

1.  Introduction

Since the 1960s, the global food production has tripled, yet this has resulted in negative externalities of 
environmental degradation, reduced micronutrient density, weakened climate resilience, and declined 
nutritional quality (Liu et  al., 2026). Food systems are responsible for about one-third of global green-
house gas (GHG) emissions (Crippa et al., 2021), and the need to reduce these emissions is urgent. Tackling 
the world’s greatest challenges – with warming set to pass the critical 1.5 °C limit, halting biodiversity loss, 
and building an equitable economy – requires rapid adaptation of all major systems (IPCC & 
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Intergovernmental Panel on Climate Change, 2023). The world is warming faster than at any point in 
recorded history, resulting in more frequent extreme weather events (Hansen et  al., 2025). If current 
trends continue, the growing frequency and severity of extreme weather events will have devastating 
consequences for the planet, leading to more frequent droughts, heatwaves, wildfires, erratic precipitation 
patterns, floods, hurricanes, and other climate-related hazards (Meinshausen et  al., 2022), and eventually 
destabilized food systems by reducing crop yields, disrupting supply chains, and spiking food prices 
(Mirzabaev et  al., 2023). Consequently, food and nutrition security will be impaired, significantly intensify-
ing undernutrition and micronutrient deficiencies (Fanzo et  al., 2025). Across the world, the economy and 
food systems in different regions have recently experienced ups and downs due to coupled shocks (e.g. 
pandemics, conflicts, and extreme weather events) and long-term stressors (e.g. climate change, inequity, 
and environmental degradation). Climate change impacts food systems, and the subsequent economic, 
social, and environmental consequences of contemporary agriculture require agricultural stakeholders – 
farmers, consumers, food processing industries, legislators, researchers, and others – to revisit the domi-
nant agricultural paradigm of highly specialized and subsidized production systems that lacks resilience 
(Prokopy et al., 2020). Insofar, simplified framing is used to isolate major factors affecting, or being affected 
by food systems, such as economic and trade policies, wars, political upheavals (e.g. Ukraine-Russia con-
flicts and US-Iran war through the Strait of Hormuz) (Lin et  al., 2023; Naja et  al., 2026), pandemics (e.g. 
COVID-19) (Kakaei et  al., 2022), plant pests (e.g. desert locusts in the Great Horn of Africa) (Wyckhuys 
et  al., 2023), and other macro-level influences on national, regional, and global levels (Krystal et  al., 2023). 
The impact of climate change on food supply has led to simultaneous pressures on food and health 
systems at global and regional levels. In both low- and high-income economies, populations are under-
going rapid transformation, resulting in ‘nutritional and ecological transition’ (Kraak et  al., 2024). The 
diverse nature of these transitions is the result of the differences in socio-demographic factors and other 
consumer patterns. With the increase of population, rapid urbanization, and subsequent increased food 
demands as well as ongoing environmental change, it is expected that unhealthy diets will become more 
prevalent, imposing additional economic and public health challenges.

On one hand, the Midwest uses a variety of resources and farms in ways that may degrade its natural 
capacity to produce food for global demands. According to Basso et  al. (2019), 10 Midwest states waste 
nearly $1 billion on fertilizers and emit 6.8 million metric tons of GHGs annually. Healthy diets from 
sustainable agrifood systems are an effective means to combat climate-driven environmental changes, 
which can reduce the costs by up to $1.3 trillion (Herrero et  al., 2023). With its potential portion as an 
‘epicenter/breadbasket/food bowl’ of the U.S. and the world, the Midwest thus faces significant chal-
lenges in terms of sustainability and inequality, rising from climate change and other pressures on the 
landscape (Myers et  al., 2017). Notwithstanding notable rises in temperatures and wetter springs are 
expected to reduce corn and soybean yields in the coming decades, which will lead to increased food 
prices and energy costs by 4.5% and 3.9% over the years, respectively (Spangler et  al., 2020). Studies 
showed that extreme heat degraded agricultural yields, disrupted refrigerated cold chains, and triggered 
price volatility, food wastes and losses across the broader US food supply. On the other hand, the 
Russia-Ukraine conflict has disrupted global food systems. Initial economic models indicated that the 
Russia-Ukraine conflict pushed up to 276 million people into acute hunger and impacted 1.7 billion 
individuals worldwide (Agboklou et al., 2025). The export disruptions and trade restrictions pushed global 
grain (e.g. wheat) prices up by as much as 50% (Mottaleb et  al., 2022). In addition, the crisis significantly 
restricted fertilizer exports, causing price surges of 10% to 30% for essential agricultural inputs, and 
reducing overall economy in regions relying on Black Sea imports (Lin et  al., 2023). Meanwhile, the close 
of the Strait of Hormuz has reduced tanker traffic by more than 95%, resulting in higher prices of agri-
cultural inputs (Hinz et  al., 2026). The consequences extended beyond agriculture, threatening higher 
food prices, higher energy prices, higher food inflation, reduced economic growth, and increased hunger 
worldwide. The metacoupling approach can address systemic inefficiencies and highlight the opportunity 
to enhance regions’ sustainable food systems, which would strengthen resilience against multiple shocks.

In this perspective, we demonstrate the need of metacoupling approach as a holistic framework that 
connects different systems and their flows and feedback across local, regional, and global scale over time. 
We focus specifically on soft paths and safeguarding food systems using the strategic horizon model to 
provide a visual and structured way to map out existing challenges in terms of data and uncertainty, 



Cogent Food & Agriculture 3

impact and value, and timescale. Based on other frameworks (e.g. One Health, water-energy-food nexus, 
and water-energy-food-biodiversity-health nexus), we extend the logics of these systems to metacoupling, 
a transformative and integrative analysis that links economic, health, ecological, financial, and social sys-
tems. Furthermore, we synthesize current evidence linking producer-consumer-research (PCR) nexus to 
illustrate feedback among knowledge transfers, production, and consumption, thereby reinforcing current 
efforts and creating novel approaches. Ultimately, this perspective presents a multi-system-level research 
agenda for operationalizing and developing sustainable food systems.

2.  Metacoupling framework

Metacoupling framework is a systematic and comprehensive framework for holistic analysis of coupled-system 
research related to human-natural systems across spatial and temporal scales (Manning et  al., 2023). Within 
each coupled systems, three components – agents, causes, and effects – are identified; flows connect dif-
ferent coupled systems, which, according to the direction of flows and feedback loops, can be classified 
into sending, receiving, and spillover systems. To fully understand the processes, flows, feedback loops, and 
advance adaptation strategies across various distances and scales, metacoupling framework is of urgent 
need to identify key socioeconomic and environmental factors influencing structural changes in food sys-
tems, while integrating localized activities, adjacent trade, and distant global dynamics and helping 
researchers uncover hidden interdependencies and transboundary impacts (Jiang et  al., 2026). This multi-
scale and cross-system interdependence and its influence exist not only locally, but also regionally and 
globally (Liu, 2017), meaning that local food system sustainability interventions can have far-reaching 
regional and global sustainability outcomes and vice versa (Lázaro et al., 2025; Xiao et al., 2024). The frame-
work (Figure 1) comprises four major systems – focal system, adjacent system, distant system, and spillover 
system. The systems and their respective components are interconnected by drivers, fluxes, feedback, and 
outcomes that magnify changes involved in the sustainability and resilience of the system.

For example, global food system sustainability index (GFSSI) allows cross-country comparisons across 
low-, middle-, and high-income regions (Figure 2). However, the metacoupling framework can help 
low-income countries analyze food systems across three linked scales: within local communities (intracou-
pling), between neighboring regions (pericoupling), and with distant national or global systems (telecou-
pling). Additionally, metacoupling approach would map flows of food, labor, water, money, information, 
and environmental impacts to identify where resilience is weak and where intervention is most effective 
or needed. Further, recent African food system research also emphasizes the need for context-specific 

Figure 1.  Metacoupling framework and food systems.
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frameworks that account for equity, culture, vulnerable communities, and transformation (May et al., 2025).  
The study of Herzberger et  al. (2019) revealed that international demand reshaped agricultural land, 
ecosystems, and food security across distant places.

Socio-ecological and economic changes are thornily interrelated. Tangibly, one such advancement was 
the green revolution (i.e. 1950s–1970s) that vastly improved food security and reduced hunger through 
the upscaled production of high-yield staple grain varieties, leading to plateaued impacts on food sys-
tem transformations (Krystal et  al., 2023). This also resulted in differences in food consumption, thus 
impacting the economy, public health, and environmental stewardship. More concerns about health (e.g. 
obesity and cancers) and food risks (e.g. new genetic modification, pesticide, and herbicide uses) emerge 
(Veeck et  al., 2020). In addition, food systems face significant challenges from climate change. For 
instance, the flooding in 2019 and derecho in 2020 and the consequent devastation demonstrated the 
fragileness of our farming systems (Barten et  al., 2022). Nonetheless, the range of barriers persistently 
hinders the development of solutions to these challenges. There is a need to focus on collaborative 
actions to overcome the entrenched key challenges confronting our agricultural systems – inputs, pro-
cesses, and outputs – in a system approach (Herrero et  al., 2020). Notable innovations in food science 
and technology are well-positioned to address many existing food system challenges from seeds to 
plate, all the way to improve ecosystem health, economic profitability, and social equity.

Global human-induced carbon emissions reached a record high of 36 billion tons in 2022 and it 
remain arduous to reduce the emissions. In the U.S., tremendous increase in CO2 emissions that started 
from 1990 plummeted rapidly after 2005, with the peak value projected to further decrease by 14% by 
the end of 2019 (Simbi et  al., 2023). Still, the U.S. is a major contributor to global GHG emissions with ~ 
6340.2 million metric tons of CO2 eq. in 2021 (6.2%, 11.5%, and 79.4% of N2O, CH4, and CO2, respec-
tively), among which transportation, electric power (energy), industry, commerce and residence, and agri-
culture contributed roughly 28%, 25%, 23%, 13%, and 10%, respectively (Oreggioni et  al., 2021). By 
harnessing just 2% of renewable energy, we could power the entire planet while significantly reducing 
carbon emissions (Bouckaert et  al., 2021). Through metacoupling, humans can coordinate interactions 
across the water-energy-biodiversity-health nexus to improve food security while reducing carbon 
emissions.

With globalized markets, decisions by distant governments and global agenda setting (e.g. in light of 
global change) are in force, with an ever-increasing level of influence on local food system decisions. 
Under these circumstances, the global food systems have taken up the challenge to enhance our under-
standing of the interaction of coupled human-environmental systems in a metacoupled world, providing 

Figure 2. G lobal food system sustainability index (GFSSI) for selected main exporters and importers of cereals. The blue 
line represents the cereal grain flows from exporting to importing countries. The black line represents the cereal grain 
flowing from importing to exporting countries. The red line represents the flow inside the country. Data source: 
Achicanoy et  al. (2019).
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new frameworks and concepts to aid in evidence-based decision-making and food-farming policies. 
Globally, 1.29 billion people worked in agrifood systems in 2021 (Davis et  al., 2026). In the U.S., agricul-
tural workforce increased 20% in crop support services and 10% in livestock sectors from 2012 to 2020 
(USDA-ERS, 2023). At the same time, new agricultural practices, machinery, and technologies reduced the 
costs of food and non-food goods, which changed the rural and urban community’s habitual dietary 
patterns (Dominick et  al., 2018; Monchuk et  al., 2007). Prior studies confirmed that unhealthy diet was a 
major risk factor for chronic diseases (e.g. cardiovascular disease and type 2 diabetes) (Althoff et  al., 2022; 
Benjamin et  al., 2017; DeBoer et  al., 2017). For instance, among older adults, obesity was highest (≥38%) 
in the Midwest and South regions, compared to the Mountain division (27.1%), resulting in a high met-
abolic syndrome prevalence (42–47%) (Gurka et  al., 2018).

Intensive farming degrades the carbon-rich topsoil (i.e. rich A-horizon layer) of roughly one-third of 
cropland, leading to the loss of ecosystem services (Thaler et  al., 2021). The Corn Belt has lost nearly 57.6 
billion metric tons of soil since the start of farming in this region 160 years ago at a rate 10 to 1000 
times greater than that of pre-agriculture (Quarrier et  al., 2023). Based on the current business-as-usual 
method (i.e. 40–100% adoption of no-till), approximately 8.8 billion metric tons of soil and 170 million 
metric tons of soil organic carbon will be lost over the next century alone if the U.S.’s current agricultural 
practices remain unchanged (Kwang et  al., 2023). Furthermore, this region will lose an average of 1.12 
Tg N/year from stable and unstable low yield areas, corresponding to $485 million of fertilizer costs, 79 
TJ of energy, and 6.8 MMT CO2 eq of greenhouse gas emissions (Basso et  al., 2019). Thus, cropland farm-
ing in this region faces significant challenges in order to keep up with the food demands, while prevent-
ing economic losses and environmental externalities (Borrelli et  al., 2017). As evidenced in the Midwest 
of the U.S., agricultural adaptation could have major aftermaths for everything from domestic agricultural 
policy to global food security corresponding to the implementation of climate change mitigation 
strategies.

In much of the globe now, industrialized agricultural practices have been expanded by converting 
forests and grasslands into croplands, which disrupts landscape connectivity, accelerates biodiversity loss, 
promotes migration of wild species, lowers the function of protected areas (Lark et  al., 2020; Meng et  al., 
2023), and discourages the selection of new microbial strains (Rivera-Ferre et  al., 2021), thus contributing 
to significant global food insecurity owing to the lack of resilience and sustainability. At the same time, 
the less diverse food will also lead to unhealthy diets, a leading cause of disease worldwide that is 
responsible for an estimated 26% of global preventable mortality (Haddad et  al., 2016; Miller et  al., 2022). 
The U.S. has been a hotspot of unhealthy diets that accounts for roughly 20% of healthcare costs from 
heart disease, stroke, and diabetes (Jardim et  al., 2019), which is triggered by shifts toward calorific and 
fatty foods and increase in food portion sizes, combined with lower intake of fruit, vegetables, and 
high-fiber foods (Kearney, 2010). Many low- and middle-income economies (e.g. Sub-Saharan African 
countries) are experiencing nutritional transition and shifts in food systems due to demographic change, 
poverty, rapid urbanization, limited food selection, supermarket expansion, globalization of agricultural 
markets and trade, and climate change (Karanja et  al., 2022). Next to the appearance of emerging food 
system disruptions (i.e. pests, diseases, and weed outbreaks), intensive farmland production is unlikely to 
continue at the same pace, which will lead to increased use of chemical pesticides (Maxmen, 2013) and 
impose high costs to agrarian commodities (Grünig et  al., 2020; Han et  al., 2023).

3.  Soft paths for safeguarding food systems against undesirable effects

Amidst all the challenges and feedback stated above, balancing the components of the U.S. Midwest 
food systems is paramount given the wide scale and importance of its impact locally, regionally, and 
internationally. The food system components are insofar intricately forming ‘metacoupled’ human and 
natural systems with effects across distances (Liu, 2023). Research demonstrated that multi-level perspec-
tives on food system functions affected each other as a non-linear process with uncertainty (Wood et  al., 
2023), while prioritizing short-term reactive strategies often failed in addressing the underlying causes 
and vulnerabilities, thereby untangling contradictory efforts to promote long-term sustainability. 
Unfortunately, these strategies often perpetuate a vicious cycle, further exacerbating pressures on food, 
natural, and human systems, as well as amplifying the risks of social and political instability, geographical 
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conflict, food and nutrition insecurity, and irreparable environmental damage. We propose adopting a 
metacoupling paradigm approach to the food systems that integrates multifaceted food supply chain 
system components, thus enhancing sustainable and resilient food systems and reducing cross-sectoral 
externalities with regard to human health and the environment. To reach ‘sustainable and resilient food 
systems’, interaction networking between human beings and their natural environment forms a 
multi-spatiotemporal scale perspective, which considers the food-human-earth nexus within the region, 
between the region and surrounding regions, between non-adjacent regions, and simultaneously beyond 
the current food supply chain management. Soft paths, a more sustainable and resilient approach to 
managing and producing food, will thus be promoted. Soft path approaches prioritize flexibility, sustain-
ability, and adaptability over the conventional ‘hard or rigid’ systems by encompassing a range of effec-
tive human-led strategies and principles designed to enable necessary change and address environmental, 
social, and economic challenges while ensuring future sustainability rather than jeopardization 
(Ramankutty & Dowlatabadi, 2021). Safeguarding food systems will be achieved by protecting and ensur-
ing the resilience, sustainability, and security of the global food supply.

Any organization of the food systems should be involved in the short-term, mid-term, and long-term 
at any point in time as illustrated in Figure 3. This means that the actors need to have eyes on different 
horizons at the same time. The organization cannot only focus on the short term because it is not pre-
pared for the future. On the contrary, the actors cannot focus on the long term, because they cannot 
manage the current situation. To balance the focus and equity on effective decisions, there are four 
strategic actions each with a specific orientation. Horizon 1 (H1): Tactics: The incremental improvement 
with minimal action or investment. The focus is on the optimization of the existing core by involving 
operational steps that can be taken with relatively high certainty. Horizon 2 (H2): Strategy: Typical time-
line for strategic plans. The focus is on ‘step change’ and investment of available opportunities. Data and 
evidence still have their place, but uncertainty starts to creep in. Horizon 3 (H3): Vision: Venturing into 
the unknown. The focus is on blue-sky thinking to create viable options for the future. The high-level 
vision has no linear way to attain the highest target. Horizon 4 (H4): System change or Transformation: 
Changing the rules of the game. The focus is on achieving food system changes together with others. 
Instead of prediction and planning, all the actors prepare to enlarge the realm of possibilities.

Figure 3. T he strategic horizons (H) model. There are four strategy horizons (H), each with a different purpose and 
timeline. All four horizons (H) function together in an explorative and collaborative approach, but for very different 
reasons like helping the actors to prepare for concrete actions and allowing for linear, step-by-step planning. Adapted 
from McKinsey&Company (2009).
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In line with soft path and safeguarding food systems, dominant industrial and globalized food systems 
in favor of more locally adapted approaches should prioritize the well-being of people and the planet 
by taking proactive and comprehensive measures to ensure that the food supply chain remains secure 
in the face of threats and challenges. Understanding of ‘who, what, when, how, and to whom’ will trans-
form the global food systems in terms of socioeconomic, environmental, and food security outcomes. 
Despite the tight interconnectedness, current resource management and allocation in the food supply 
chain are predominantly conducted using a sector-based siloed approach (Leeuwis et  al., 2021), and food 
security is interpreted in multiple ways. For instance, food security is interpreted as nutrition security for 
developed countries (e.g. Australia, Canada, Europe, New Zealand, the United Kingdom, and the United 
States of America) (Pollard & Booth, 2019). However, in the developing countries, it often refers to abun-
dant food supply (Stevens & Madani, 2016). Besides, safeguarding the entire food system requires nur-
tured and targeted socioeconomic and ecological management practices, policies, and governance. 
Increasing crop diversification, building soil health through practices like no till-farming and cover crops 
(Plastina et  al., 2020), soil erosion control practices and nutrient management, livestock integration, 
implementing water-efficient irrigation techniques, adoption of more climate-resilient crop varieties and 
sustainable farming practices (e.g. variable rate application), and incentivizing economic practices and 
regulations to reduce GHG emissions can help steer the food systems in a more sustainable direction.

Scaling up the soft paths in the lens of regenerative agricultural practices also requires a paradigm 
shift from intensive production and soil-depleting monocultures toward context-specific and locally 
adapted production systems that deliver simultaneously economic, environmental, nutrition, health, 
social, and cultural benefits. A recent landmark study showed that intercropping could deliver competi-
tive yields, while producing more nourishing food with less inputs (Li et  al., 2023). Intercropping could 
also insulate farmers against losses from extreme weather events and disease, while reducing chemical 
costs and downstream nitrogen pollution by runoffs (Chai et  al., 2021; Gu et  al., 2023). Strategies can be 
borrowed from the United Nations 2030 Climate Action Plan with a focus on 25% reduction of net car-
bon emissions by 2025 and 45% reduction of per capita by 2030, targeting to reach a net zero by 2050 
(Soergel et  al., 2021). Under such a global plan, the U.S. can cut its emissions in half by 2030 by spurring 
domestic economic activity, advancing environmental justice, and improving human health and security 
of communities (World Resources Institute, 2022). From our perspective, over the past century, the 
nation’s food systems radically transformed from those sustained by family farms to industrialized ones 
that depended on large scale agricultural farming, centralized food processing operations, and 
well-managed distribution through farm consolidation. The development of the holistic and intersectoral 
soft path approach to achieve sustainable and equitable food systems was initiated with case studies as 
promising models that communities across the country could adopt as climate mitigation strategies 
(National Academies of Sciences, Engineering, and Medicine 2020). To address major vulnerabilities of 
food systems and enhance the transformation, a broader scope must be focused on major aching points 
of local food systems, including interconnected environmental and nutritional decline, food insecurity 
and trade, inequity and governance, education and extension services (i.e. food system illiteracy), finance, 
etc. (Wood et  al., 2023). In this case, resilience-based transformative investments in integrated 
farm-livelihood approaches – together with systemic forms of regenerative agriculture – could improve 
the health of soil that was highly degraded, and symbiotically enhance the quality of water, vegetation, 
and land productivity (Newton et  al., 2020; Rhodes, 2017). Such a transformation will improve long-term 
farmer livelihood through reduced costs, improved crop yields and crop quality, and greater resilience to 
market volatility and extreme climate. It will also open new green revenue streams for farmers, such as 
rewarding them for carbon capture and sustaining soil health.

Based on the soft path and safeguarding principles, more obvious ecological and socioeconomic con-
cepts need to be introduced to the critical novel approaches of agricultural practices, which may go 
beyond climate-smart agriculture (CSA), including organic farming, biodynamic agriculture, sustainable 
intensification, regenerative agriculture, and novel practices such as integrated farming systems, digital 
and precision agriculture, integrated nutrient management and pest management, etc. (Muhie, 2022). To 
cut the matter short, regulating food systems is not enough. The entire food systems need a tapestry 
restructuring to reverse the alarming trend of rising food insecurity with an explicit focus on the most 
vulnerable and fragile regions. These should be in line with cutting the edges of food losses at the farm 
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level, enhancing resource use efficiency and promoting a circular and human well-being mindset (Queiroz 
et  al., 2021). Many innovations in food systems are derived based on crisis responses from global to local, 
private to public, labor to capital intensity, large to smallholder farmers, short to long-run, and staples 
to perishable. The heroic notions such as the end-to-end green innovation provide promising opportu-
nities for agriculture to build resilience priorities with low emissions, which also assist decision-making 
in the U.S. and beyond. Yet, these notions need to be cross-sectoral widened to include compounding 
technological advances with sociocultural and policy changes to address pressing climate, economic, 
environmental, health, and social challenges.

4.  Transformative and integrative metacoupling analysis

The global food systems consist of interlinked economic, health, ecological, financial, technological, and 
social subsystems, with multi-scalar elements interlinked across time and space (van Bers et  al., 2019). 
Food systems exist on a global, regional, national, and local scale. Transitions and changes in the food 
systems can be triggered by environmental and socio-economic drivers (i.e. internal and/or external driv-
ers) and feedback mechanisms in, between, and within the systems. Due to complex interactions of 
feedback and cascading effects, the food systems are subjected to non-linear dynamics and unpredict-
ability, such as the COVID-19 pandemic (Swinnen & McDermott, 2020), Russia-Ukraine conflict (Ben 
Hassen & El Bilali, 2022), and escalation of tensions in the Middle East. These events generated substan-
tial volatility in both oil prices and food markets, highlighting the vulnerability of global food systems to 
disruptions originating in the energy sector. However, the empirical evidence covering these events 
within a unified analytical framework remains limited. Profound pressures, governance, scenario develop-
ment, innovation, and policy-making processes can be impacted by actors, system drivers, political power, 
outcomes, flows, and feedback (Figure 4).

Analyzing the long-term and large-scale effects of shocks and disruptions in global food systems is 
crucial for understanding the overall impact on food and nutrition security. Metacoupling approach can 
be used to assess potential systemic virtual drivers of change and synergies and trade-offs across sys-
tems. Understanding of the interconnections, interrelations, and interdependencies among, within, and 

Figure 4.  An overview of hypothetical food system hub. The food system hub plays a central role of binding materials 
for all the interactions with the food systems, while environmental drivers (e.g. climate change) and socioeconomic 
drivers (e.g. economic growth) are the foremost driving factors in the food systems. The food system enablers include 
governance, finance, technology and innovation, negotiations, strategic policy, etc. Sustainability and resilience repre-
sent the balance between synergies and trade-offs in the food systems.
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with coupled systems provides the foundation to develop coherent and effective policy and planning 
strategies (Hejnowicz et  al., 2022) The metacoupling context is a credible boundary-spanning framework, 
which is prominent in research and policy, but still emergent. However, adopting this approach allows 
the opportunity to consolidate a body of discourse while helping shape the next stage of its evolution. 
In addition, the lens of sustainable and resilient food systems provide opportunities for policy-relevant 
insights applicable to global development contexts.

5.  Reordering production-consumer-research extension (PCR) nexus planning

Recent developments in food systems research frequently exhibit systemic blind spots, primarily focusing 
heavily on agricultural production while under-researching production and consumption balance, pro-
gressive policy and actual on-the-ground implementation, and interconnection between sectors 
(Chrisendo et  al., 2026; van Leeuwen et  al., 2024). Scholars investigated different linkages between 
resources using diverse frameworks, including water-energy-food (WEF) nexus (Ingabire et  al., 2026; 
Muhirwa et  al., 2021, 2022, 2023, 2025), climate change-drylands-food security (CDF) nexus (Hirwa et  al., 
2022), and One Health (Garcia et  al., 2020; Hirwa et  al., 2022). The PCR challenges are complex, con-
tested, and plagued by uncertainties, and often confront socio-ecological, socio-technical, socio-political, 
and socio-institutional threats (Loorbach et  al., 2017). As such, breaking the silos of knowledge, policy, 
and incubators requires the involvement of the entire food systems’ stakeholders and rightsholders, both 
in the private and public sectors. The grand food challenges segregate policy domains, scientific disci-
plines, sectors, institutions, and borders (Fresco et  al., 2021). However, within a food system perspective, 
there is often a lack of metacoupled attention to decision-making processes by hidden actors (Hoek 
et  al., 2021). Consumers often suffer from the knowledge-action and intention-behavior gaps when 
involved in the food systems (Grunert et  al., 2014). Therefore, producers, consumers, and researchers face 
similar complexities in decision-making processes as retailers, highlighting that cultural, political, and 
economic changes are needed on top of a better supply-chain transparency to enable PCR components 
to play a stronger role in shifting current production and consumption behaviors (O’Rourke & Lollo, 
2015). Ideally, by taking a reactive and proactive stance, PCR nexus can help develop important transfor-
mative and integrated approaches to guide other contemporary transformative systems, such as circular 
economy, sustainable food systems, scenario planning, SDGs progress assessment, and livelihoods trans-
formation. The PCR nexus does not intend to create a giant polycentric structure but allow for more 
equitable and effective cross-sectoral partnerships, technology transfer, collaboration, and multi-stakeholder 
coordination, including the use of more multi- and transdisciplinary approaches. Rather, it aims to build 
a strong, binding coordination mechanism that facilitates other nexus policy dialogues – water-energy-food 
(WEF) nexus (Naidoo et  al., 2021), water-energy-food-environment (WEFE) nexus (Correa-Cano et  al., 
2022), water-energy-food-biodiversity-health (WEFBH) nexus (Hirwa et  al., 2021), food-energy-water-CO2 
nexus (Xu et  al., 2020), crop-water-land nexus (CWL) (Cao et  al., 2023), and more – involved in food 
systems, whereby key stakeholders can better identify and prioritize systematic solutions. Science and 
policy aiming at contributing to solving all types of nexuses should therefore go beyond the production 
and/or value chain level but also take into account the wider drivers, activities, and outcomes of the 
food systems. In this context, rethinking and reinventing research and development interventions in food 
systems using emerging technologies such as Internet of Things (IoT) and smart sensors, AI-powered 
computer vision, intelligent packaging and biosensors, blockchain and digital traceability, and spectro-
scopic analysis, could also contribute to food security and nutrition.

For reordering PCR nexus toward the food systems, certain practices need to be changed to simulta-
neously discover the hidden cultural, socioeconomic, environmental, and health externalities as well as 
other factors in the food systems. The differences between the knowledge systems and quasi-systems 
are compared to categorize curiosity-driven research and problem-solving-driven research (Fresco et  al., 
2021). Science is crucial for each of these systems to effectively transform production-consumer systems. 
From this categorization, extension of research on food systems is of necessity, which is at the crossroads 
of pluralism and multiplicity (Figure 5).

The knowledge arena brings diverse perspectives together to develop a common vision, integrate 
knowledge, implement actions, and acquire skills from experience. The knowledge system relationships 



10 H. HIRWA ET AL.

shape the flows of knowledge, credibility, and power within those systems (i.e. production-consumer-re-
search relationship) (Wyborn et al., 2019). In this flow context, we need to conceive improved roles of each 
component toward solving unsustainability. Food system scientists have a responsibility to collaborate 
democratically in knowledge from producers to consumers. This transformation includes inter alia: societal 
agenda setting, collective problem framing, a plurality of perspectives, integrative research processes, new 
norms for handling dissent and controversy, better treatment of uncertainty and diversity of values, 
extended peer review, broader and more transparent metrics for evaluation, effective dialog processes, and 
stakeholder participation (Cornell et al., 2013). The complexity of reshaping the food systems entails mono-, 
intra-, inter-, trans-, and multidisciplinary research teams (i.e. academic and non-academic actors) that fos-
ter concerted efforts between old disciplines and new entities to facilitate the collaboration in different 
dimensions, including food and nutrition security, right to food, environmental performance, poverty and 
inequality, and socio-ecological resilience. A new kind of policy thinking is needed, underpinned by new 
evidence of what can work, and how to manage transition, in which science, technology, business, and 
governance are united toward a common goal of achieving sustainable and resilient food systems.

6.  Reinforcing current efforts and creating new approaches

Due to the lack of precedent and low applicability of existing resolutions, current efforts require rein-
forcement while new approaches need to be created from farmers and consumers to policymakers and 
industry leaders. Considering the urgent actions for transforming the food systems with limited resources 
and multiple shocks, education and research outreach should generally support key innovative efforts 
and strategies by amending the existing solutions and exploring the knowledge transfer techniques. The 
pool of promising strategies includes, for example, supporting the development and adoption of 
climate-resilient crop varieties that enhance crop resilience and nutritional value (Acevedo et  al., 2020), 
and providing incentives, technical support, and training for small-scale and diversified farming opera-
tions (Piñeiro et  al., 2020). Finally, we plan to research and validate complementary/additional research 
activities that are consistent with implementing water-efficient irrigation systems and practices (Levidow 

Figure 5. E xpanding the producer-consumer-research nexus. Food system research was among the first and largest 
agricultural disciplines to use farm management and agrarian policies. Therefore, this field has expanded in scopes, 
theories, methodology, and focal areas. The critical activities of food system research should include generating, collect-
ing, and integrating multidisciplinary knowledge, supporting forward-looking efforts, creating multi-partner dialogues, 
facilitating transferable knowledge and skills across the food systems, and catalyzing local, regional, and global capacity 
building (Singh et  al., 2021).
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et  al., 2014; Liu et  al., 2023) by using data-driven approaches to monitor and manage crop health, irri-
gation, and nutrient application (e.g. variable rate application) (Chen et  al., 2021), and promoting regen-
erative agriculture practices that focus on soil health (e.g. no/reduced tillage), crop diversity (e.g. cover 
cropping), and reduced use of synthetic agricultural inputs (Giller et  al., 2021; Ranganathan et  al., 2020).

In 2015, United Nations (UN) proposed 17 Sustainable Development Goals (SDGs) to promote global 
sustainable development, including food access and nutrition (SDG 2.1 & 2.2), food waste and losses 
(SDG 12.3), water use efficiency (SDG 6.4), affordable energy (SDG 7.1), climate resilience (SDG 13.1), and 
multi-stakeholder partnerships (SDG 17.16) (Schmidt-Traub et  al., 2017). Metacoupling is a framework 
used to analyze complex human-nature interactions across local, regional, and global scales. When 
applied to food systems and UN SDGs, it helps farmers, stakeholders, and policymakers understand how 
agricultural production, trade, and consumption as well as flows in one location can positively or nega-
tively impact food security, economies, and ecosystems (Liu, 2023). In fact, telecoupling ensures that food 
supply chains adequately link surplus-producing regions with vulnerable populations, stabilizing global 
food prices and preventing nutrient deficiencies (Waloven et  al., 2025). Metacoupling highlights the hid-
den environmental costs – such as water usage and GHG emissions – associated with transporting food 
across long distances (Qu et  al., 2026). Concurrently, by mapping the interconnected flows, scholars can 
track how agricultural expansion in one region might drive environmental change (e.g. deforestation or 
biodiversity loss elsewhere), allowing for more holistic land management policies (Jiang et  al., 2026). 
Thus, there is a need to operationalize a framework that can connect all policies and systems, as well as 
SDG synergies and trade-offs from community to global scale in separate timeframe, while helping to 
manage complex feedback and hidden flows.

On the research side, we need more field research and integrated landscape modeling of diversifica-
tion on soil, water, energy, atmosphere, climate change, health, and economic and community resilience 
with a bottom-up view. Therefore, we also need integrated research and engagement to understand the 
motivation and support changes along the agricultural supply chain and environment. Hence, this 
avowed perspective can inform policy changes that will be necessary to facilitate a transition to a more 
resilient food system. A range of initiatives and innovations in food systems are being developed to 
address the interlinked crises of agrobiodiversity loss, climate change, and food insecurity. However, 
these initiatives largely remain theoretical, contested, and/or niche. We need to develop stakeholder- and 
rightsholder-informed landscape scenarios at local, state, national, and global levels that consider who 
we want to be as a society and what we value most. Future research should prioritize developing 
interoperable, supply chain-specific smart systems and enhancing their scalability, cost-effectiveness, and 
adaptability (Dhar et  al., 2026). Further investigation is needed to address the following questions: (1) 
What blocks innovations across the food value chain from production to consumption and disposal? (2) 
What constitutes a plan or project for scaling up? (3) How can we accelerate this process? (4) What roles 
do behaviors, cultural diversity, and values play in scaling up agrobiodiversity-positive food systems? (5) 
What are the synergies and trade-offs for value chains, producers, consumers, researchers, financial sec-
tors, and/or rightsholders in achieving sustainable and resilient food systems?

7.  Concluding remarks

Food systems are affected by compound events, which are becoming more common and increasingly 
critical to understand and address. This situation often results in more unsustainable systems from farm 
to folk and beyond. However, there are existing resilience gaps that require technological inputs, educa-
tion, and community engagement. We established the need of metacoupling approach as a holistic 
framework that integrates different systems and their flows and feedback across human-natural interac-
tions from local, regional, and global scale over time. This perspective conducted key transformative and 
integrative analysis and synthesized the relationship between producer-consumer-research nexus. 
Although significant progress has been achieved, substantial challenges remain and further efforts are 
still required. Collectively, these efforts (e.g. nexus planning, nature-based solutions, precision farming 
techniques, Internet of Things, community-led initiatives, etc.) establish a robust foundation for address-
ing interconnected challenges, leveraging emerging opportunities and accelerating progress toward sus-
tainable and resilient food systems under growing threat of multiple shocks.



12 H. HIRWA ET AL.

Acknowledgments

The authors would like to thank the editors and the anonymous reviewers for their careful reading of the manu-
script and their constructive comments, which greatly improved the quality and clarity of this article. The authors 
acknowledge the support of the Sustainability Institute, School of the Environment at Florida Agricultural and 
Mechanical University for logistical support. The first author thanks colleagues from the Center for Systems 
Integration and Sustainability (CSIS), Department of Fisheries and Wildlife, Michigan State University, for their valu-
able comments.

Author contributions

CRediT: Hubert Hirwa: Conceptualization, Data curation, Formal analysis, Resources, Validation, Visualization, Writing – 
original draft, Writing – review & editing; Léonidas Hashakimana: Writing – original draft,  
Writing – review & editing; Jules Ngango: Writing – original draft, Writing – review & editing; Fabien Muhirwa:  
Writing – original draft, Writing – review & editing; Claudien Habimana Simbi: Writing – original draft, Writing – review 
& editing; Giulio Castelli: Writing – original draft, Writing – review & editing; Alphonse Kayiranga: Writing – original 
draft, Writing – review & editing; Sylvestre Habimana: Writing – original draft, Writing – review & editing;  
Martin Vincent Nsanzumukiza: Writing – original draft, Writing – review & editing; Gang Chen: Writing – original draft, 
Writing – review & editing.

Disclosure statement

No potential conflict of interest was reported by the authors.

Data available statement

The original contribution presented in the study are cited in the article, further inquiries can be directed to the 
corresponding author.

Funding

This work has not been funded by any agents.

ORCID

Hubert Hirwa  http://orcid.org/0000-0002-9038-0822
Léonidas Hashakimana  http://orcid.org/0000-0001-5010-0892
Jules Ngango  http://orcid.org/0000-0002-9584-5318
Fabien Muhirwa  http://orcid.org/0000-0002-2647-9502
Claudien Habimana Simbi  http://orcid.org/0000-0002-6110-8555
Giulio Castelli  http://orcid.org/0000-0002-0209-0869
Alphonse Kayiranga  http://orcid.org/0000-0002-4669-8024
Sylvestre Habimana  http://orcid.org/0000-0003-2773-295X
Martin Vincent Nsanzumukiza  http://orcid.org/0000-0002-6200-7457
Gang Chen  http://orcid.org/0000-0002-6476-7812

References

Acevedo, M., Pixley, K., Zinyengere, N., Meng, S., Tufan, H., Cichy, K., Bizikova, L., Isaacs, K., Ghezzi-Kopel, K., & Porciello, 
J. (2020). A scoping review of adoption of climate-resilient crops by small-scale producers in low- and middle-income 
countries. Nature Plants, 6(10), 1231–1241. https://doi.org/10.1038/s41477-020-00783-z

Achicanoy, H., Alvarez, P., Béné, C., Prager, S., Lamotte, L., & Bonilla, C. (2019). Sustainable food systems global index. 
Harvard Dataverse V7. https://doi.org/10.7910/dvn/gyeg59, UNF:6:zuzP2HATd4dkLLHN08orog== [fileUNF]

Agboklou, K. E., Özkan, B., & Gujrati, R. (2025). Geopolitical instability and the challenge of achieving zero hunger: 
The impact of the Russo-Ukrainian war on global food security. Journal of Sustainable Institutional Management, 
12, e0177. https://doi.org/10.37497/jsim.v12.id177.2025

Althoff, T., Nilforoshan, H., Hua, J., & Leskovec, J. (2022). Large-scale diet tracking data reveal disparate associations 
between food environment and diet. Nature Communications, 13(1), 267. https://doi.org/10.1038/s41467-021- 
27522-y

http://orcid.org/0000-0002-9038-0822
http://orcid.org/0000-0001-5010-0892
http://orcid.org/0000-0002-9584-5318
http://orcid.org/0000-0002-2647-9502
http://orcid.org/0000-0002-6110-8555
http://orcid.org/0000-0002-0209-0869
http://orcid.org/0000-0002-4669-8024
http://orcid.org/0000-0003-2773-295X
http://orcid.org/0000-0002-6200-7457
http://orcid.org/0000-0002-6476-7812
https://doi.org/10.1038/s41477-020-00783-z
https://doi.org/10.7910/dvn/gyeg59
https://doi.org/10.37497/jsim.v12.id177.2025
https://doi.org/10.1038/s41467-021-27522-y
https://doi.org/10.1038/s41467-021-27522-y


Cogent Food & Agriculture 13

Barten, T. J., Kosola, K. R., Dohleman, F. G., Eller, M., Brzostowski, L., Mueller, S., Mioduszewski, J., Gu, C., Kashyap, S., 
Ralston, L., Renaud, A., Hall, M., Mack, D., & Gillespie, K. (2022). Short-stature maize reduced wind damage during 
the 2020 midwestern derecho, improving yields and greenhouse gas outcomes. Crop Science, 62(6), 2439–2450. 
https://doi.org/10.1002/csc2.20823

Basso, B., Shuai, G., Zhang, J., & Robertson, G. P. (2019). Yield stability analysis reveals sources of large-scale nitrogen 
loss from the US Midwest. Scientific Reports, 9(1), 5774. https://doi.org/10.1038/s41598-019-42271-1

Ben Hassen, T., & El Bilali, H. (2022). Impacts of the Russia-Ukraine war on global food security: Towards more sus-
tainable and resilient food systems? Foods (Basel, Switzerland), 11(15), 2301. https://doi.org/10.3390/foods11152301

Benjamin, E. J., Blaha, M. J., Chiuve, S. E., Cushman, M., Das, S. R., Deo, R., de Ferranti, S. D., Floyd, J., Fornage, M., 
Gillespie, C., Isasi, C. R., Jiménez, M. C., Jordan, L. C., Judd, S. E., Lackland, D., Lichtman, J. H., Lisabeth, L., Liu, S., 
Longenecker, C. T., … Muntner, P., American Heart Association Statistics Committee and Stroke Statistics 
Subcommittee. (2017). Heart disease and stroke statistics—2017 update: A report from the American Heart 
Association. Circulation, 135(10), e146–e603. https://doi.org/10.1161/CIR.0000000000000485

Borrelli, P., Robinson, D. A., Fleischer, L. R., Lugato, E., Ballabio, C., Alewell, C., Meusburger, K., Modugno, S., Schütt, B., 
Ferro, V., Bagarello, V., Oost, K. V., Montanarella, L., & Panagos, P. (2017). An assessment of the global impact of 
21st century land use change on soil erosion. Nature Communications, 8(1), 2013. https://doi.org/10.1038/
s41467-017-02142-7

Bouckaert, S., Pales, A. F., McGlade, C., Remme, U., Wanner, B., Varro, L., D’Ambrosio, D., & Spencer, T. (2021). Net zero 
by 2050: A roadmap for the global energy sector. IEA Publications. International Energy Agency (IEA).

Cao, X., Wu, N., Adamowski, J., & Wu, M. (2023). Assessing the contribution of China’s grain production during 2005–
2020 from the perspective of the crop-water-land nexus. Journal of Hydrology, 626, 130376. https://doi.org/10.1016/j.
jhydrol.2023.130376

Chai, Q., Nemecek, T., Liang, C., Zhao, C., Yu, A., Coulter, J. A., Wang, Y., Hu, F., Wang, L., Siddique, K. H. M., & Gan, Y. 
(2021). Integrated farming with intercropping increases food production while reducing environmental footprint. 
Proceedings of the National Academy of Sciences, 118(38), e2106382118. https://doi.org/10.1073/pnas.2106382118

Chen, J., He, S., & Li, X. (2021). A study of big data application in agriculture. Journal of Physics: Conference Series, 
1757(1), 012107. https://doi.org/10.1088/1742-6596/1757/1/012107

Chrisendo, D., Heikonen, S., Piipponen, J., Banafa, T., Deryng, D., El Wali, M., Heino, M., Irz, X., Jalava, M., Láng-Ritter, 
J., Mazac, R., Niva, V., Pihlajamäki, M., Roitto, M., Tuomisto, H. L., & Kummu, M. (2026). A systematic review of sus-
tainable food systems identifies socio-economic pathways driving food systems transformations. Nature Food, 7(3), 
234–246. https://doi.org/10.1038/s43016-026-01317-0

Cornell, S., Berkhout, F., Tuinstra, W., Tàbara, J. D., Jäger, J., Chabay, I., de Wit, B., Langlais, R., Mills, D., Moll, P., Otto, 
I. M., Petersen, A., Pohl, C., & van Kerkhoff, L. (2013). Opening up knowledge systems for better responses to 
global environmental change. Environmental Science & Policy, 28, 60–70. https://doi.org/10.1016/j.envsci.2012.11.008

Correa-Cano, M. E., Salmoral, G., Rey, D., Knox, J. W., Graves, A., Melo, O., Foster, W., Naranjo, L., Zegarra, E., Johnson, 
C., Viteri-Salazar, O., & Yan, X. (2022). A novel modelling toolkit for unpacking the Water-Energy-Food-Environment 
(WEFE) nexus of agricultural development. Renewable and Sustainable Energy Reviews, 159, 112182. https://doi.
org/10.1016/j.rser.2022.112182

Crippa, M., Solazzo, E., Guizzardi, D., Monforti-Ferrario, F., Tubiello, F. N., & Leip, A. (2021). Food systems are respon-
sible for a third of global anthropogenic GHG emissions. Nature Food, 2(3), 198–209. https://doi.org/10.1038/
s43016-021-00225-9

Davis, B., Mane, E., Gurbuzer, L. Y., Caivano, G., Piedrahita, N., Schneider, K., Azhar, N., Benali, M., Chaudhary, N., Rivera, 
R., Ambikapathi, R., Winters, P., Boero, V., & Laske, E. (2026). A new estimate for global and country-level employ-
ment in agrifood systems. World Development, 203, 107296. https://doi.org/10.1016/j.worlddev.2025.107296

DeBoer, M. D., Gurka, M. J., Golden, S. H., Musani, S. K., Sims, M., Vishnu, A., Guo, Y., & Pearson, T. A. (2017). Independent 
associations between metabolic syndrome severity and future coronary heart disease by sex and race. Journal of 
the American College of Cardiology, 69(9), 1204–1205. https://doi.org/10.1016/j.jacc.2016.10.088

Dhar, P., Bhowmik, A., Nath, P. C., Patel, D., Shankar, A., Tomar, P., & Sinha, A. (2026). Smart technologies in food 
safety and quality monitoring: a review of technological advances, opportunities and challenges. Journal of Food 
Process Engineering, 49(2), e70367. https://doi.org/10.1111/jfpe.70367

Dominick, S. R., Widmar, N. J. O., Ruple, A., Weir, J. Z. G., & Acharya, L. (2018). The intersection of food insecure pop-
ulations in the Midwest U.S. and rates of chronic health conditions. Agriculture & Food Security, 7(1), 43. https://doi.
org/10.1186/s40066-018-0195-z

Fanzo, J., Carducci, B., Louis-Jean, J., Herrero, M., Karl, K., & Rosenzweig, C. (2025). Climate change, extreme weather 
events, food security, and nutrition: Evolving relationships and critical challenges. Annual Review of Nutrition, 45(1), 
335–360. https://doi.org/10.1146/annurev-nutr-111324-111252

Fresco, L. O., Geerling-Eiff, F., Hoes, A.-C., van Wassenaer, L., Poppe, K. J., & van der Vorst, J. G. A. J. (2021). Sustainable 
food systems: Do agricultural economists have a role? European Review of Agricultural Economics, 48(4), 694–718. 
https://doi.org/10.1093/erae/jbab026

Garcia, S. N., Osburn, B. I., & Jay-Russell, M. T. (2020). One health for food safety, food security, and sustainable food 
production. Frontiers in Sustainable Food Systems, 4(1). https://doi.org/10.3389/fsufs.2020.00001

https://doi.org/10.1002/csc2.20823
https://doi.org/10.1038/s41598-019-42271-1
https://doi.org/10.3390/foods11152301
https://doi.org/10.1161/CIR.0000000000000485
https://doi.org/10.1038/s41467-017-02142-7
https://doi.org/10.1038/s41467-017-02142-7
https://doi.org/10.1016/j.jhydrol.2023.130376
https://doi.org/10.1016/j.jhydrol.2023.130376
https://doi.org/10.1073/pnas.2106382118
https://doi.org/10.1088/1742-6596/1757/1/012107
https://doi.org/10.1038/s43016-026-01317-0
https://doi.org/10.1016/j.envsci.2012.11.008
https://doi.org/10.1016/j.rser.2022.112182
https://doi.org/10.1016/j.rser.2022.112182
https://doi.org/10.1038/s43016-021-00225-9
https://doi.org/10.1038/s43016-021-00225-9
https://doi.org/10.1016/j.worlddev.2025.107296
https://doi.org/10.1016/j.jacc.2016.10.088
https://doi.org/10.1111/jfpe.70367
https://doi.org/10.1186/s40066-018-0195-z
https://doi.org/10.1186/s40066-018-0195-z
https://doi.org/10.1146/annurev-nutr-111324-111252
https://doi.org/10.1093/erae/jbab026
https://doi.org/10.3389/fsufs.2020.00001


14 H. HIRWA ET AL.

Giller, K. E., Hijbeek, R., Andersson, J. A., & Sumberg, J. (2021). Regenerative agriculture: An agronomic perspective. 
Outlook on Agriculture, 50(1), 13–25. https://doi.org/10.1177/0030727021998063

Grunert, K. G., Hieke, S., & Wills, J. (2014). Sustainability labels on food products: Consumer motivation, understand-
ing and use. Food Policy, 44, 177–189. https://doi.org/10.1016/j.foodpol.2013.12.001

Grünig, M., Mazzi, D., Calanca, P., Karger, D. N., & Pellissier, L. (2020). Crop and forest pest metawebs shift towards 
increased linkage and suitability overlap under climate change. Communications Biology, 3(1), 233. https://doi.
org/10.1038/s42003-020-0962-9

Gu, B., Zhang, X., Lam, S. K., Yu, Y., van Grinsven, H. J. M., Zhang, S., Wang, X., Bodirsky, B. L., Wang, S., Duan, J., Ren, 
C., Bouwman, L., de Vries, W., Xu, J., Sutton, M. A., & Chen, D. (2023). Cost-effective mitigation of nitrogen pollution 
from global croplands. Nature, 613(7942), 77–84. https://doi.org/10.1038/s41586-022-05481-8

Gurka, M. J., Filipp, S. L., & DeBoer, M. D. (2018). Geographical variation in the prevalence of obesity, metabolic 
syndrome, and diabetes among US adults. Nutrition & Diabetes, 8(1), 14. https://doi.org/10.1038/s41387-018-0024-2

Haddad, L., Hawkes, C., Webb, P., Thomas, S., Beddington, J., Waage, J., & Flynn, D. (2016). A new global research 
agenda for food. Nature, 540(7631), 30–32. https://doi.org/10.1038/540030a

Han, D., Yoo, D., & Kim, T. (2023). Analysis of social welfare impact of crop pest and disease damages due to climate 
change: A case study of dried red peppers. Humanities and Social Sciences Communications, 10(1), 378. https://doi.
org/10.1057/s41599-023-01873-x

Hansen, J. E., Kharecha, P., Sato, M., Tselioudis, G., Kelly, J., Bauer, S. E., Ruedy, R., Jeong, E., Jin, Q., Rignot, E., Velicogna, 
I., Schoeberl, M. R., von Schuckmann, K., Amponsem, J., Cao, J., Keskinen, A., Li, J., & Pokela, A. (2025). Global 
warming has accelerated: Are the United Nations and the public well-informed? Environment: Science and Policy 
for Sustainable Development, 67(1), 6–44. https://doi.org/10.1080/00139157.2025.2434494

Hejnowicz, A. P., Thorn, J. P. R., Giraudo, M. E., Sallach, J. B., Hartley, S. E., Grugel, J., Pueppke, S. G., & Emberson, L. 
(2022). Appraising the water-energy-food nexus from a sustainable development perspective: A maturing para-
digm? Earth’s Future, 10(12), e2021EF002622. https://doi.org/10.1029/2021EF002622

Herrero, M., Hugas, M., Lele, U., Wirakartakusumah, A., & Torero, M. (2023). A shift to healthy and sustainable con-
sumption patterns. In J. von Braun, K. Afsana, L. O. Fresco, & M. H. A. Hassan (Eds.), Science and innovations for 
food systems transformation (pp. 59–85). Springer International Publishing.

Herrero, M., Thornton, P. K., Mason-D’Croz, D., Palmer, J., Benton, T. G., Bodirsky, B. L., Bogard, J. R., Hall, A., Lee, B., 
Nyborg, K., Pradhan, P., Bonnett, G. D., Bryan, B. A., Campbell, B. M., Christensen, S., Clark, M., Cook, M. T., de Boer, 
I. J. M., Downs, C., … West, P. C. (2020). Innovation can accelerate the transition towards a sustainable food sys-
tem. Nature Food, 1(5), 266–272. https://doi.org/10.1038/s43016-020-0074-1

Herzberger, A., Chung, M. G., Kapsar, K., Frank, K. A., & Liu, J. (2019). Telecoupled food trade affects pericoupled trade 
and intracoupled production. Sustainability, 11(10), 2908. https://doi.org/10.3390/su11102908

Hinz, J., Mahlkow, H., Sogalla, R., & Willmann, G. (2026). The cost of closing the Strait of Hormuz: Energy bottlenecks and 
global food security. Kiel Policy Brief.

Hirwa, H., Li, F., Qiao, Y., Measho, S., Muhirwa, F., Tian, C., Leng, P., Ingabire, R., Itangishaka, A. C., Chen, G., & Turyasingura, 
B., (2022). Climate change-drylands-food security nexus in Africa: From the perspective of technical advances, chal-
lenges, and opportunities. Frontiers in Environmental Science, 10, 851249. https://doi.org/10.3389/fenvs.2022.851249

Hirwa, H., Zhang, Q., Qiao, Y., Peng, Y., Leng, P., Tian, C., Khasanov, S., Li, F., Kayiranga, A., Muhirwa, F., Itangishaka, A. 
C., Habiyaremye, G., & Ngamije, J. (2021). Insights on water and climate change in the greater horn of Africa: 
Connecting virtual water and water-energy-food-biodiversity-health nexus. Sustainability, 13(11), 6483. https://doi.
org/10.3390/su13116483

Hoek, A. C., Malekpour, S., Raven, R., Court, E., & Byrne, E. (2021). Towards environmentally sustainable food systems: 
Decision-making factors in sustainable food production and consumption. Sustainable Production and Consumption, 
26, 610–626. https://doi.org/10.1016/j.spc.2020.12.009

Ingabire, R., Chen, X., Hirwa, H., & Shen, Y.-J. (2026). Quantifying the coordination of the water-energy-food nexus 
and its drivers in Africa. Energy Nexus, 22, 100714. https://doi.org/10.1016/j.nexus.2026.100714

IPCC. (2023). Weather and climate extreme events in a changing climate. In Intergovernmental Panel on Climate 
Change (Ed.), Climate change 2021 – The physical science basis: Working group I contribution to the sixth assessment 
report of the intergovernmental panel on climate change (pp. 1513–1766). Cambridge University Press.

Jardim, T. V., Mozaffarian, D., Abrahams-Gessel, S., Sy, S., Lee, Y., Liu, J., Huang, Y., Rehm, C., Wilde, P., Micha, R., & 
Gaziano, T. A. (2019). Cardiometabolic disease costs associated with suboptimal diet in the United States: A cost 
analysis based on a microsimulation model. PLoS Medicine, 16(12), e1002981. https://doi.org/10.1371/journal.
pmed.1002981

Jiang, Q., Xu, Z., Bhattarai, N., Lin, Y., Xiao, H., Ren, J., Pahlow, M., Jiang, Z., Liu, Y., Wu, X., Ye, G., Zhang, H., Li, J., Zhu, 
P., Liang, S., Cui, Y., Liao, C., Dong, L., & Liu, J. (2026). Promoting sustainable development worldwide in the 
metacoupled anthropocene. Nature Communications, 17(1), 1491. https://doi.org/10.1038/s41467-026-68653-4

Kakaei, H., Nourmoradi, H., Bakhtiyari, S., Jalilian, M., & Mirzaei, A. (2022). Chapter One - Effect of COVID-19 on food 
security, hunger, and food crisis. In M. H. Dehghani, R. R. Karri, & S. Roy (Eds.), COVID-19 and the sustainable devel-
opment goals (pp. 3–29). Elsevier.

Karanja, A., Ickowitz, A., Stadlmayr, B., & McMullin, S. (2022). Understanding drivers of food choice in low- and 
middle-income countries: A systematic mapping study. Global Food Security, 32, 100615. https://doi.org/10.1016/j.
gfs.2022.100615

https://doi.org/10.1177/0030727021998063
https://doi.org/10.1016/j.foodpol.2013.12.001
https://doi.org/10.1038/s42003-020-0962-9
https://doi.org/10.1038/s42003-020-0962-9
https://doi.org/10.1038/s41586-022-05481-8
https://doi.org/10.1038/s41387-018-0024-2
https://doi.org/10.1038/540030a
https://doi.org/10.1057/s41599-023-01873-x
https://doi.org/10.1057/s41599-023-01873-x
https://doi.org/10.1080/00139157.2025.2434494
https://doi.org/10.1029/2021EF002622
https://doi.org/10.1038/s43016-020-0074-1
https://doi.org/10.3390/su11102908
https://doi.org/10.3389/fenvs.2022.851249
https://doi.org/10.3390/su13116483
https://doi.org/10.3390/su13116483
https://doi.org/10.1016/j.spc.2020.12.009
https://doi.org/10.1016/j.nexus.2026.100714
https://doi.org/10.1371/journal.pmed.1002981
https://doi.org/10.1371/journal.pmed.1002981
https://doi.org/10.1038/s41467-026-68653-4
https://doi.org/10.1016/j.gfs.2022.100615
https://doi.org/10.1016/j.gfs.2022.100615


Cogent Food & Agriculture 15

Kearney, J. (2010). Food consumption trends and drivers. Philosophical Transactions of the Royal Society of London. 
Series B, Biological Sciences, 365(1554), 2793–2807. https://doi.org/10.1098/rstb.2010.0149

Kraak, V., Kapur, M., Thamilselvan, V., & Lartey, A. (2024). Policy insights from high-income countries to guide safe, 
nutritious, and sustainable alternative proteins for low- and middle-income countries. Current Developments in 
Nutrition, 8(Suppl 1), 101995. https://doi.org/10.1016/j.cdnut.2023.101995

Krystal, K. R., Christine, E. B., Edward, A. F., & Joseph, M. (2023). Why understanding food choice is crucial to trans-
form food systems for human and planetary health. BMJ Global Health, 8(5), e010876. https://doi.org/10.1136/
bmjgh-2022-010876

Kwang, J. S., Thaler, E. A., & Larsen, I. J. (2023). The future of soils in the Midwestern United States. Earth’s Future, 
11(5), e2022EF003104. https://doi.org/10.1029/2022EF003104

Lark, T. J., Spawn, S. A., Bougie, M., & Gibbs, H. K. (2020). Cropland expansion in the United States produces margin-
al yields at high costs to wildlife. Nature Communications, 11(1), 4295. https://doi.org/10.1038/s41467-020-18045-z

Lázaro, A., Delnoij, J., Alpízar, F., van Leeuwen, E., & Cremades, R. (2025). Policy entry points and associated interven-
tions for sustainably transforming urban food systems. Environmental Science & Policy, 171, 104186. https://doi.
org/10.1016/j.envsci.2025.104186

Leeuwis, C., Boogaard, B. K., & Atta-Krah, K. (2021). How food systems change (or not): governance implications for 
system transformation processes. Food Security, 13(4), 761–780. https://doi.org/10.1007/s12571-021-01178-4

Levidow, L., Zaccaria, D., Maia, R., Vivas, E., Todorovic, M., & Scardigno, A. (2014). Improving water-efficient irrigation: 
Prospects and difficulties of innovative practices. Agricultural Water Management, 146, 84–94. https://doi.
org/10.1016/j.agwat.2014.07.012

Li, C., Stomph, T.-J., Makowski, D., Li, H., Zhang, C., Zhang, F., & van der Werf, W. (2023). The productive performance 
of intercropping. Proceedings of the National Academy of Sciences of the United States of America, 120(2), e2201886120. 
https://doi.org/10.1073/pnas.2201886120

Lin, F., Li, X., Jia, N., Feng, F., Huang, H., Huang, J., Fan, S., Ciais, P., & Song, X.-P. (2023). The impact of Russia-Ukraine 
conflict on global food security. Global Food Security, 36, 100661. https://doi.org/10.1016/j.gfs.2022.100661

Liu, D., Cong, W.-F., Davis, K. F., Singh, B. K., Chen, Q.-L., Courty, P.-E., Ali, T., Pan, B., Siddique, K. H., & Zhang, F. (2026). 
Unlocking microbial potential to advance nutritious and sustainable food systems. One Earth, 101714. https://doi.
org/10.1016/j.oneear.2026.101714

Liu, J. (2017). Integration across a metacoupled world. Ecology and Society, 22(4), 29. https://doi.org/10.5751/ES-09830-
220429

Liu, J. (2023). Leveraging the metacoupling framework for sustainability science and global sustainable development. 
National Science Review, 10(7), nwad090. https://doi.org/10.1093/nsr/nwad090

Liu, M., Liang, F., Li, Q., Wang, G., Tian, Y., & Jia, H. (2023). Enhancement growth, water use efficiency and economic 
benefit for maize by drip irrigation in Northwest China. Scientific Reports, 13(1), 8392. https://doi.org/10.1038/
s41598-023-35611-9

Loorbach, D., Frantzeskaki, N., & Avelino, F. (2017). Sustainability transitions research: Transforming science and prac-
tice for societal change. Annual Review of Environment and Resources, 42(1), 599–626. https://doi.org/10.1146/
annurev-environ-102014-021340

Manning, N., Li, Y., & Liu, J. (2023). Broader applicability of the metacoupling framework than Tobler’s first law of 
geography for global sustainability: A systematic review. Geography and Sustainability, 4(1), 6–18. https://doi.
org/10.1016/j.geosus.2022.11.003

Maxmen, A. (2013). Crop pests: Under attack. Nature, 501(7468), S15–S17. https://doi.org/10.1038/501S15a
May, J., Swanepoel, F., Quinn, C. H. H., Mentz-Coetzee, M., Mkandawire, E., & Dougill, A. J. J. (2025). A framework for 

researching African food systems. Frontiers in Sustainable Food Systems, 9, 1504312. https://doi.org/10.3389/
fsufs.2025.1504312

McKinsey&Company. (2009). Enduring Ideas: The three horizons of growth. https://www.mckinsey.com/capabilities/
strategy-and-corporate-finance/our-insights/enduring-ideas-the-three-horizons-of-growth#

Meinshausen, M., Lewis, J., McGlade, C., Gütschow, J., Nicholls, Z., Burdon, R., Cozzi, L., & Hackmann, B. (2022). 
Realization of Paris Agreement pledges may limit warming just below 2 °C. Nature, 604(7905), 304–309. https://doi.
org/10.1038/s41586-022-04553-z

Meng, Z., Dong, J., Ellis, E. C., Metternicht, G., Qin, Y., Song, X.-P., Löfqvist, S., Garrett, R. D., Jia, X., & Xiao, X. (2023). 
Post-2020 biodiversity framework challenged by cropland expansion in protected areas. Nature Sustainability, 6(7), 
758–768. https://doi.org/10.1038/s41893-023-01093-w

Miller, V., Webb, P., Cudhea, F., Shi, P., Zhang, J., Reedy, J., Erndt-Marino, J., Coates, J., Mozaffarian, D., Bas, M., Ali, 
J. H., Abumweis, S., Krishnan, A., Misra, P., Hwalla, N. C., Janakiram, C., Liputo, N. I., Musaiger, A., … Tudorie, C., 
Global Dietary Database. (2022). Global dietary quality in 185 countries from 1990 to 2018 show wide differenc-
es by nation, age, education, and urbanicity. Nature Food, 3(9), 694–702. https://doi.org/10.1038/
s43016-022-00594-9

Mirzabaev, A., Bezner Kerr, R., Hasegawa, T., Pradhan, P., Wreford, A., Cristina Tirado von der Pahlen, M., & Gurney-Smith, 
H. (2023). Severe climate change risks to food security and nutrition. Climate Risk Management, 39, 100473. https://
doi.org/10.1016/j.crm.2022.100473

https://doi.org/10.1098/rstb.2010.0149
https://doi.org/10.1016/j.cdnut.2023.101995
https://doi.org/10.1136/bmjgh-2022-010876
https://doi.org/10.1136/bmjgh-2022-010876
https://doi.org/10.1029/2022EF003104
https://doi.org/10.1038/s41467-020-18045-z
https://doi.org/10.1016/j.envsci.2025.104186
https://doi.org/10.1016/j.envsci.2025.104186
https://doi.org/10.1007/s12571-021-01178-4
https://doi.org/10.1016/j.agwat.2014.07.012
https://doi.org/10.1016/j.agwat.2014.07.012
https://doi.org/10.1073/pnas.2201886120
https://doi.org/10.1016/j.gfs.2022.100661
https://doi.org/10.1016/j.oneear.2026.101714
https://doi.org/10.1016/j.oneear.2026.101714
https://doi.org/10.5751/ES-09830-220429
https://doi.org/10.5751/ES-09830-220429
https://doi.org/10.1093/nsr/nwad090
https://doi.org/10.1038/s41598-023-35611-9
https://doi.org/10.1038/s41598-023-35611-9
https://doi.org/10.1146/annurev-environ-102014-021340
https://doi.org/10.1146/annurev-environ-102014-021340
https://doi.org/10.1016/j.geosus.2022.11.003
https://doi.org/10.1016/j.geosus.2022.11.003
https://doi.org/10.1038/501S15a
https://doi.org/10.3389/fsufs.2025.1504312
https://doi.org/10.3389/fsufs.2025.1504312
https://www.mckinsey.com/capabilities/strategy-and-corporate-finance/our-insights/enduring-ideas-the-three-horizons-of-growth#
https://www.mckinsey.com/capabilities/strategy-and-corporate-finance/our-insights/enduring-ideas-the-three-horizons-of-growth#
https://doi.org/10.1038/s41586-022-04553-z
https://doi.org/10.1038/s41586-022-04553-z
https://doi.org/10.1038/s41893-023-01093-w
https://doi.org/10.1038/s43016-022-00594-9
https://doi.org/10.1038/s43016-022-00594-9
https://doi.org/10.1016/j.crm.2022.100473
https://doi.org/10.1016/j.crm.2022.100473


16 H. HIRWA ET AL.

Monchuk, D. C., Miranowski, J. A., Hayes, D. J., & Babcock, B. A. (2007). An analysis of regional economic growth in 
the US Midwest. Review of Agricultural Economics, 29(1), 17–39. https://doi.org/10.1111/j.1467-9353.2006.00328.x

Mottaleb, K. A., Kruseman, G., & Snapp, S. (2022). Potential impacts of Ukraine-Russia armed conflict on global wheat 
food security: A quantitative exploration. Global Food Security, 35, 100659. https://doi.org/10.1016/j.gfs.2022.100659

Muhie, S. H. (2022). Novel approaches and practices to sustainable agriculture. Journal of Agriculture and Food 
Research, 10, 100446. https://doi.org/10.1016/j.jafr.2022.100446

Muhirwa, F., Li, L., Liu, M., Yang, J., Laspidou, C., Mperejekumana, P., Tuyishime, A., Hirwa, H., Bikorimana, G., Nzabarinda, 
V., Izere, D., Maniraho, A. P., & Niyomugabo, P. (2025). Satisfying clean and secured water and energy for all 
Africans: Quantity, efficiency, and sustainability analysis. Renewable and Sustainable Energy Reviews, 215, 115621. 
https://doi.org/10.1016/j.rser.2025.115621

Muhirwa, F., Shen, L., Elshkaki, A., Chiaka, J. C., Zhong, S., Bönecke, E., Hirwa, H., Seka, A. M., Habiyakare, T., Tuyishimire, 
A., & Harerimana, B. (2023). Alert in the dynamics of water-energy-food production in African countries from a 
nexus perspective. Resources, Conservation and Recycling, 194, 106990. https://doi.org/10.1016/j.rescon-
rec.2023.106990

Muhirwa, F., Shen, L., Elshkaki, A., Velempini, K., Hirwa, H., Zhong, S., & Mbandi, A. M. (2021). Decoupling energy, 
water, and food resources production from GHG emissions: A footprint perspective review of Africa from 1990 to 
2017. Energies, 14(19), 6326. https://doi.org/10.3390/en14196326

Muhirwa, F., Shen, L., Elshkaki, A., Zhong, S., Hu, S., Hirwa, H., Chiaka, J. C., Umarishavu, F., & Mulinga, N. (2022). 
Ecological balance emerges in implementing the water-energy-food security nexus in well-developed countries in 
Africa. The Science of the Total Environment, 833, 154999. https://doi.org/10.1016/j.scitotenv.2022.154999

Myers, S. S., Smith, M. R., Guth, S., Golden, C. D., Vaitla, B., Mueller, N. D., Dangour, A. D., & Huybers, P. (2017). Climate 
change and global food systems: Potential impacts on food security and undernutrition. Annual Review of Public 
Health, 38(1), 259–277. https://doi.org/10.1146/annurev-publhealth-031816-044356

Naidoo, D., Nhamo, L., Mpandeli, S., Sobratee, N., Senzanje, A., Liphadzi, S., Slotow, R., Jacobson, M., Modi, A. T., & 
Mabhaudhi, T. (2021). Operationalising the water-energy-food nexus through the theory of change. Renewable & 
Sustainable Energy Reviews, 149, 111416. https://doi.org/10.1016/j.rser.2021.111416

Naja, F., Hazim, K., & Alameddine, M. (2026). Food security amid the US Iran war: A food system analysis and a 
framework for coordinated multilevel action. Global Food Security, 49, 100919. https://doi.org/10.1016/j.
gfs.2026.100919

National Academies of Sciences, Engineering, and Medicine. (2020). Building a more sustainable, resilient, equitable and 
nourishing food system: Proceedings of a workshop—In brief. The National Academies Press.

Newton, P., Civita, N., Frankel-Goldwater, L., Bartel, K., & Johns, C. (2020). What is regenerative agriculture? A review 
of scholar and practitioner definitions based on processes and outcomes. Frontiers in Sustainable Food Systems, 4, 
577723. https://doi.org/10.3389/fsufs.2020.577723

O’Rourke, D., & Lollo, N. (2015). Transforming consumption: From decoupling, to behavior change, to system chang-
es for sustainable consumption. Annual Review of Environment and Resources, 40(1), 233–259. https://doi.org/10.1146/
annurev-environ-102014-021224

Oreggioni, G. D., Ferraio, F. M., Crippa, M., Muntean, M., Schaaf, E., Guizzardi, D., Solazzo, E., Duerr, M., Perry, M., & 
Vignati, E. (2021). Climate change in a changing world: Socio-economic and technological transitions, regulatory 
frameworks and trends on global greenhouse gas emissions from EDGAR v. 5.0. Global Environmental Change, 70, 
102350. https://doi.org/10.1016/j.gloenvcha.2021.102350

Piñeiro, V., Arias, J., Dürr, J., Elverdin, P., Ibáñez, A. M., Kinengyere, A., Opazo, C. M., Owoo, N., Page, J. R., Prager, S. 
D., & Torero, M. (2020). A scoping review on incentives for adoption of sustainable agricultural practices and their 
outcomes. Nature Sustainability, 3(10), 809–820. https://doi.org/10.1038/s41893-020-00617-y

Plastina, A., Liu, F., Miguez, F., & Carlson, S. (2020). Cover crops use in Midwestern US agriculture: Perceived benefits 
and net returns. Renewable Agriculture and Food Systems, 35(1), 38–48. https://doi.org/10.1017/S1742170518000194

Pollard, C. M., & Booth, S. (2019). Food insecurity and hunger in rich countries—It is time for action against inequal-
ity. International Journal of Environmental Research and Public Health, 16(10), 1804. https://doi.org/10.3390/
ijerph16101804

Prokopy, L. S., Gramig, B. M., Bower, A., Church, S. P., Ellison, B., Gassman, P. W., Genskow, K., Gucker, D., Hallett, S. G., 
Hill, J., Hunt, N., Johnson, K. A., Kaplan, I., Kelleher, J. P., Kok, H., Komp, M., Lammers, P., LaRose, S., Liebman, M., 
… Ulrich-Schad, J. D. (2020). The urgency of transforming the Midwestern U.S. landscape into more than corn and 
soybean. Agriculture and Human Values, 37(3), 537–539. https://doi.org/10.1007/s10460-020-10077-x

Qu, L., Zhang, Y., Liu, X., & Li, Y. (2026). Impacts of climate adaptation on food production and environmental sus-
tainability across metacoupling systems. NPJ Sustainable Agriculture, 4(1), 20. https://doi.org/10.1038/s44264-026- 
00129-w

Quarrier, C. L., Kwang, J. S., Quirk, B. J., Thaler, E. A., & Larsen, I. J. (2023). Pre-agricultural soil erosion rates in the 
midwestern United States. Geology, 51(1), 44–48. https://doi.org/10.1130/G50667.1

Queiroz, C., Norström, A. V., Downing, A., Harmáčková, Z. V., De Coning, C., Adams, V., Bakarr, M., Baedeker, T., Chitate, 
A., Gaffney, O., Gordon, L., Hainzelin, É., Howlett, D., Krampe, F., Loboguerrero, A. M., Nel, D., Okollet, C., Rebermark, 
M., Rockström, J., … Matthews, N. (2021). Investment in resilient food systems in the most vulnerable and fragile 
regions is critical. Nature Food, 2(8), 546–551. https://doi.org/10.1038/s43016-021-00345-2

https://doi.org/10.1111/j.1467-9353.2006.00328.x
https://doi.org/10.1016/j.gfs.2022.100659
https://doi.org/10.1016/j.jafr.2022.100446
https://doi.org/10.1016/j.rser.2025.115621
https://doi.org/10.1016/j.resconrec.2023.106990
https://doi.org/10.1016/j.resconrec.2023.106990
https://doi.org/10.3390/en14196326
https://doi.org/10.1016/j.scitotenv.2022.154999
https://doi.org/10.1146/annurev-publhealth-031816-044356
https://doi.org/10.1016/j.rser.2021.111416
https://doi.org/10.1016/j.gfs.2026.100919
https://doi.org/10.1016/j.gfs.2026.100919
https://doi.org/10.3389/fsufs.2020.577723
https://doi.org/10.1146/annurev-environ-102014-021224
https://doi.org/10.1146/annurev-environ-102014-021224
https://doi.org/10.1016/j.gloenvcha.2021.102350
https://doi.org/10.1038/s41893-020-00617-y
https://doi.org/10.1017/S1742170518000194
https://doi.org/10.3390/ijerph16101804
https://doi.org/10.3390/ijerph16101804
https://doi.org/10.1007/s10460-020-10077-x
https://doi.org/10.1038/s44264-026-00129-w
https://doi.org/10.1038/s44264-026-00129-w
https://doi.org/10.1130/G50667.1
https://doi.org/10.1038/s43016-021-00345-2


Cogent Food & Agriculture 17

Ramankutty, N., & Dowlatabadi, H. (2021). Beyond productivism versus agroecology: Lessons for sustainable food 
systems from Lovins’ soft path energy policies. Environmental Research Letters, 16(9), 091003. https://doi.
org/10.1088/1748-9326/ac1e3f

Ranganathan, J., Waite, R., Searchinger, T., & Zionts, J. (2020). Regenerative agriculture: Good for soil health, but lim-
ited potential to mitigate climate change. World Resources Institute. Retrieved November 14, 2023, https://www.
wri.org/insights/regenerative-agriculture-good-soil-health-limited-potential-mitigate-climate-change

Rhodes, C. J. (2017). The imperative for regenerative agriculture. Science Progress, 100(1), 80–129. https://doi.org/10.3
184/003685017X14876775256165

Rivera-Ferre, M. G., López-I-Gelats, F., Ravera, F., Oteros-Rozas, E., di Masso, M., Binimelis, R., & El Bilali, H. (2021). The 
two-way relationship between food systems and the COVID19 pandemic: Causes and consequences. Agricultural 
Systems, 191, 103134. https://doi.org/10.1016/j.agsy.2021.103134

Schmidt-Traub, G., Kroll, C., Teksoz, K., Durand-Delacre, D., & Sachs, J. D. (2017). National baselines for the sustainable 
development goals assessed in the SDG index and dashboards. Nature Geoscience, 10(8), 547–555. https://doi.
org/10.1038/ngeo2985

Simbi, C. H., Yao, F., Zhang, J., Lin, J., Seka, A. M., Magati, M. T., Hirwa, H., & Murekezi, J. S. (2023). Decoupling for a 
greener future: A spatio-temporal analysis of CO2 emissions and economic growth. Environmental Science and 
Pollution Research, 31(46), 56886–56900. https://doi.org/10.1007/s11356-023-29622-2

Singh, B. K., Arnold, T., Biermayr-Jenzano, P., Broerse, J., Brunori, G., Caron, P., De Schutter, O., Fan, S., Fanzo, J., Fraser, 
E., Gurinovic, M., Hugas, M., McGlade, J., Nellemann, C., Njuki, J., Sonnino, R., Tuomisto, H. L., Tutundjian, S., Webb, 
P., & Wesseler, J. (2021). Enhancing science–policy interfaces for food systems transformation. Nature Food, 2(11), 
838–842. https://doi.org/10.1038/s43016-021-00406-6

Soergel, B., Kriegler, E., Weindl, I., Rauner, S., Dirnaichner, A., Ruhe, C., Hofmann, M., Bauer, N., Bertram, C., Bodirsky, 
B. L., Leimbach, M., Leininger, J., Levesque, A., Luderer, G., Pehl, M., Wingens, C., Baumstark, L., Beier, F., Dietrich, J. 
P., … Popp, A. (2021). A sustainable development pathway for climate action within the UN 2030 Agenda. Nature 
Climate Change, 11(8), 656–664. https://doi.org/10.1038/s41558-021-01098-3

Spangler, K., Burchfield, E. K., & Schumacher, B. (2020). Past and current dynamics of U.S. agricultural land use and 
policy. Frontiers in Sustainable Food Systems, 4, 98. https://doi.org/10.3389/fsufs.2020.00098

Stevens, T., & Madani, K. (2016). Future climate impacts on maize farming and food security in Malawi. Scientific 
Reports, 6(1), 36241. https://doi.org/10.1038/srep36241

Swinnen, J., & McDermott, J. (2020). Covid-19 and global food security. EuroChoices, 19(3), 26–33. https://doi.
org/10.1111/1746-692X.12288

Thaler, E. A., Larsen, I. J., & Yu, Q. (2021). The extent of soil loss across the US Corn Belt. Proceedings of the National 
Academy of Sciences, 118(8), e1922375118. https://doi.org/10.1073/pnas.1922375118

USDA-ERS. (2023). Farm labor - size and composition of the U.S. agricultural workforce USDA-ERS. Retrieved 10 
November, 2023, from https://www.ers.usda.gov/topics/farm-economy/farm-labor/#size

van Bers, C., Delaney, A., Eakin, H., Cramer, L., Purdon, M., Oberlack, C., Evans, T., Pahl-Wostl, C., Eriksen, S., Jones, 
L., Korhonen-Kurki, K., & Vasileiou, I. (2019). Advancing the research agenda on food systems governance and 
transformation. Current Opinion in Environmental Sustainability, 39, 94–102. https://doi.org/10.1016/j.cos-
ust.2019.08.003

van Leeuwen, S. P. J., Verschoor, A. M., van der Fels-Klerx, H. J., van de Schans, M. G. M., & Berendsen, B. J. A. (2024). 
A novel approach to identify critical knowledge gaps for food safety in circular food systems. NPJ Science of Food, 
8(1), 34. https://doi.org/10.1038/s41538-024-00265-y

Veeck, G., Veeck, A., & Yu, H. (2020). Challenges of agriculture and food systems issues in China and the United 
States. Geography and Sustainability, 1(2), 109–117. https://doi.org/10.1016/j.geosus.2020.05.002

Waloven, S., Manning, N., Remer, M., Yu, X., Huang, J., Jia, N., & Liu, J. (2025). A metacoupled approach to analyzing 
multiple shocks affecting multiple systems. Frontiers in Sustainable Food Systems, 9, 1657103. https://doi.org/10.3389/
fsufs.2025.1657103

Wood, A., Queiroz, C., Deutsch, L., González-Mon, B., Jonell, M., Pereira, L., Sinare, H., Svedin, U., & Wassénius, E. 
(2023). Reframing the local–global food systems debate through a resilience lens. Nature Food, 4(1), 22–29. https://
doi.org/10.1038/s43016-022-00662-0

World Resources Institute. (2022). US government sets target to reduce emissions 50-52% by 2030. US Climate. WRI. 
Retrieved 11 March, 2023, from https://www.wri.org/outcomes/us-government-sets-target-reduce-emissions-50-52-2030

Wyborn, C., Datta, A., Montana, J., Ryan, M., Leith, P., Chaffin, B., Miller, C., & Kerkhoff, L. V (2019). Co-producing sus-
tainability: Reordering the governance of science, policy, and practice. Annual Review of Environment and Resources, 
44(1), 319–346. https://doi.org/10.1146/annurev-environ-101718-033103

Wyckhuys, K. A. G., Tang, F. H. M., & Hadi, B. A. R. (2023). Pest management science often disregards farming system 
complexities. Communications Earth & Environment, 4(1), 223. https://doi.org/10.1038/s43247-023-00894-3

Xiao, H., Bao, S., Ren, J., Xu, Z., Xue, S., & Liu, J. (2024). Global transboundary synergies and trade-offs among 
Sustainable Development Goals from an integrated sustainability perspective. Nature Communications, 15(1), 500. 
https://doi.org/10.1038/s41467-023-44679-w

Xu, Z., Chen, X., Liu, J., Zhang, Y., Chau, S., Bhattarai, N., Wang, Y., Li, Y., Connor, T., & Li, Y. (2020). Impacts of irrigat-
ed agriculture on food–energy–water–CO2 nexus across metacoupled systems. Nature Communications, 11(1), 5837. 
https://doi.org/10.1038/s41467-020-19520-3

https://doi.org/10.1088/1748-9326/ac1e3f
https://doi.org/10.1088/1748-9326/ac1e3f
https://www.wri.org/insights/regenerative-agriculture-good-soil-health-limited-potential-mitigate-climate-change
https://www.wri.org/insights/regenerative-agriculture-good-soil-health-limited-potential-mitigate-climate-change
https://doi.org/10.3184/003685017X14876775256165
https://doi.org/10.3184/003685017X14876775256165
https://doi.org/10.1016/j.agsy.2021.103134
https://doi.org/10.1038/ngeo2985
https://doi.org/10.1038/ngeo2985
https://doi.org/10.1007/s11356-023-29622-2
https://doi.org/10.1038/s43016-021-00406-6
https://doi.org/10.1038/s41558-021-01098-3
https://doi.org/10.3389/fsufs.2020.00098
https://doi.org/10.1038/srep36241
https://doi.org/10.1111/1746-692X.12288
https://doi.org/10.1111/1746-692X.12288
https://doi.org/10.1073/pnas.1922375118
https://www.ers.usda.gov/topics/farm-economy/farm-labor/#size
https://doi.org/10.1016/j.cosust.2019.08.003
https://doi.org/10.1016/j.cosust.2019.08.003
https://doi.org/10.1038/s41538-024-00265-y
https://doi.org/10.1016/j.geosus.2020.05.002
https://doi.org/10.3389/fsufs.2025.1657103
https://doi.org/10.3389/fsufs.2025.1657103
https://doi.org/10.1038/s43016-022-00662-0
https://doi.org/10.1038/s43016-022-00662-0
https://www.wri.org/outcomes/us-government-sets-target-reduce-emissions-50-52-2030
https://doi.org/10.1146/annurev-environ-101718-033103
https://doi.org/10.1038/s43247-023-00894-3
https://doi.org/10.1038/s41467-023-44679-w
https://doi.org/10.1038/s41467-020-19520-3

	Advancing food system sustainability: multi-systems integration and emerging knowledge gaps
	ABSTRACT
	1. Introduction
	2. Metacoupling framework
	3. Soft paths for safeguarding food systems against undesirable effects
	4. Transformative and integrative metacoupling analysis
	5. Reordering production-consumer-research extension (PCR) nexus planning
	6. Reinforcing current efforts and creating new approaches
	7. Concluding remarks
	Acknowledgments
	Author contributions
	Disclosure statement
	Data available statement
	Funding
	ORCID
	References


