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Abstract

Without rapid changes to agriculture and food systems the goals of the 2015 Paris Agreement on climate
change will not be met. Food systems are one of the most important contributors to greenhouse gas (GHG)
emissions, but they also need to further adapt to climate change impacts. Although many options exist to
reduce GHG emissions in the food system, efforts to develop implementable transformation pathways are
hampered by a combination of structural challenges such as fragmented decision making, vested interests,
and power imbalances in the climate policy and food communities, all compounded by a lack of joint vision.
New processes and governance arrangements are urgently needed for dealing with potential trade-offs

among mitigation options and their food security implications.

Climate change poses one of the greatest threats to human societies, demanding immediate and coordinated
actions across all sectors (1). Food systems are one of the most important contributors to climate change (2),
and could compromise efforts to achieve the 2015 Paris Agreement targets (3). At the same time, food
systems themselves will also need to further adapt to climate change impacts. The latest IPCC report shows
that climate change has already negatively impacted food production across the world and contributed to
malnutrition (4). Temperature rises beyond 1.5°C are expected to transform terrestrial land ecosystems and
shift climate-zones (5), pressuring food security and livelihoods by affecting the productivity of crops and
livestock (4), while warming of the oceans will reduce productivity of fisheries and aquaculture (6). Together
with more extreme weather events and sea level rise, this level of temperature increase will exacerbate

inequities in food access as food prices are likely to increase too (7).

Simultaneously, food systems are responsible for about a third of the global anthropogenic
greenhouse gas (GHG) emissions (2), presenting a major challenge (and opportunity) for climate change
mitigation (8). There are three significant pathways through which the food system contributes to GHG
emissions and that present entry points transformative change. The first pathway is through crop and
livestock production, including all the activities required to ensure raw products leave the farm. These
activities generate GHG emissions mainly through methane and nitrous oxide emissions largely from enteric

fermentation by domestic ruminants (cows, sheep, and goats) and their manure, fertilizer applications on
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crops, and methane production from flooded rice fields (9, 10). Together, crops and livestock systems
currently contribute 10 - 14% of total GHG emissions, which could increase up to 40 percent of emissions by
2050 under some scenarios (7, 9). The second major pathway is land-use change, which contributes to GHG
emissions mainly through deforestation and destruction of peatlands for agricultural purposes. Agriculture
related land use emissions are estimated to be between 5 — 14 percent of total emissions (7, 9). The third
pathway is through food related activities beyond the farmgate, ranging from food processing and transport
to food consumption. Food system related emissions beyond the farmgate are estimated at 5 — 10 percent of

total emissions (9).

Coordinated and successful implementation of a ‘menu’ of mitigation and adaptation options for
agriculture and food systems on a global scale is suggested to reduce GHG emissions to a safe level and
support transformation to sustainable food systems (10). Mitigation options in the food system are generally
organised around four key areas, which include improvements in the management of crops and livestock, land
use change, and food value chains, as well as by altering food consumption patterns (including reducing food
waste). While agricultural activities and land use change are leading to a higher proportion of food system
emissions than post farm gate activities it needs to be noted that consumer dietary choices are a substantial
factor for driving decisions made on farm. That said, post farm emissions (e.g. from energy use in food
processing, food transport, food storage, cooking) have been rising substantially in recent years, requiring a
rethink of mitigation strategies for the food sector (11). A look across the whole food system therefore

becomes important for finding the biggest levers of change.

Designing a menu of mitigation (and adaptation) measures

While mitigation and adaptation options are plentiful in the food system (12), their implementation remains
fragmented and uncoordinated, risking trade-offs with other food system outcomes such a food security or
livelihood outcomes (13, 14). Harnessing the climate change mitigation and adaptation potential in food
systems will require a critical system perspective (15) to understand pros and cons of these options, as well as
relations among different actors that might impact the implementation of an intervention. This approach
could also help to look beyond mitigation and adaptation options that target agriculture - which until now has
been a dominant focus in literature and practice (8) - to better include other activities down the food chain.
For this, the diverse and interrelated activities that make up the food chain, as well as the wider social-
ecological context and driving forces it is situated in, need to be considered (15). A food system approach
(Figure 1) can illuminate several intervention points along the chain by modifying the drivers of food system

activities (16). For example, farm activities can either contribute to GHG emissions, or sequester carbon,
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depending on production practices (17). Similarly, dietary choices at the household level can result in

significant gains in reducing meat-related emissions (18).

That said, transformation of food systems around the globe is urgent, not only because of their GHG
emissions but also because they fall completely short in equitably distributing food and providing food and
nutrition security (19), resulting in hunger, malnutrition, and overconsumption (20). In addition, their wider
environmental footprint related to biodiversity loss, deforestation, soil degradation and water pollution is a
key driver of environmental degradation (21). As currently organized, the food system also falls short on
providing equal economic opportunities to food system actors and social equity outcomes (15, 22) (see Figure

1).

Here we review key food system climate change mitigation options and take a systems perspective to
explore interactions with the main food system outcomes. We then examine some of the key stumbling blocks
to achieving necessary mitigation efforts in food systems and point to new ideas for overcoming these to bring

about tangible food system change with mitigation benefits.
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Figure 1. A food system perspective of climate change interactions with the food system: a two way street

Climate change mitigation options in food systems

Climate change mitigation strategies across the entire food system fall into four main categories. We review
some of the most important options, which range from improvements to cropping systems, livestock
production, and supply chain activities, as well as changing demand for products high in GHG emissions (Table

1). While all these options have GHG emission reduction benefits they also have implications for other food



Climate change and the urgency to transform food systems

system outcomes by creating potential synergies and trade-offs. Table 1 presents a few illustrations of these

interactions, which need to be analysed in their specific contexts to be able to assess their benefits.

Fostering synergies can offer a multitude of co-benefits. For example, agroforestry practices have
major benefits not only for the environment by fixating nitrogen, and enhancing soil carbon sequestration, but
also benefit society by increasing crop productivity by enhancing soil nutrients and organic matter. However,
the adoption of agroforestry practices is often complicated by obstacles specific to the farming system
context, such as managing the risk of an unsuccessful transition (e.g. lack of safety nets in case new practices

don’t work), needing different inputs or new knowledge to change practices.

Adoption of a mitigation measure can nevertheless be complicated by associated trade-offs with food system
outcomes. For example, closing yield gaps (i.e., the difference between the potential yield for a particular crop
under optimal conditions and average farmers' yields in a particular location) has a significant role to play in
climate mitigation through reduction of demand for new land. However, closing the yield gap requires resource
inputs, such as water and fertiliser (23), which might not be locally available and their use could have other,
possibly negative, environmental impacts (24). Similarly, strategies for reducing GHG emissions from enteric
fermentation in ruminants, which produces methane and is the biggest contributor to food related GHG
emissions, by for example incorporating seagrass into cattle feed has a large mitigation potential, but large scale
seagrass harvesting will likely result in negative effects on marine ecosystems and also reduce their carbon

sequestration potential (30).

While options for mitigating climate change in agriculture and the wider food system exist, it is still
not clear how these can be combined to achieve the needed GHG emissions reductions to contribute best to
the targets of the Paris Agreement. Wollenberg et al. (41) were the first to calculate a potential target for
agricultural emissions reductions by 2030 so that the sector could contribute sufficiently to the 2°C goal of the
Paris Agreement. The authors then analysed if this target could be reached using various currently available
agricultural mitigation technologies (for examples see Table 1) and concluded they would only deliver 21 — 40
percent of the needed GHG emission reductions. Far reaching efforts to develop further transformational
technological and policy options are essential if agriculture and food systems are to play the significant role

they should in achieving the Paris Agreement goals.
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Table 1. Climate change mitigation strategies across the food system

Mitigation
Areas

Food systems responses

Examples of potential interactions with other food system outcomes (food and nutrition security, economic,
environmental, and social)

Improved Reducing nitrous oxide emissions  Synthetic fertiliser applications are critical to the food system, especially as often manure and legumes can only provide a portion of
crop synthetic fertiliser applications total nitrogen demands of crop production. They have contributed to substantial gains in productivity of food crops and will
management continue to be important going forward, as demand for food is expected to increase. But overapplication of fertilizer have led to
major environmental impacts (21).
Reducing methane emissions from Implementation of new agricultural management practices (e.g. Alternative Wetting and Drying) to the many (small holder) farmers
paddy rice globally requires massive inputs from extension services (25), which brings uncertainties about the effectiveness of
implementation.
Improving land use management  The potential of carbon sequestration in agricultural lands is debated though it could be (with global variations) considered a co-
for carbon sequestration [and benefit of improving cropland and grazing land management (26). Restoration of peatlands and the reforestation of marginal and
reducing its losses . . - . . .
g ] unimprovable agricultural lands should be a priority, but conflicts with the increased demand for food (27).
Closing yield gaps (differences Yield gaps have a significant role to play in reducing land needed for food. Improving yield gaps relies primarily on nutrients
between yields under optimal (fertiliser) and water management (23). In some areas, water required to close the yield gap might not be locally available (24). In
conditions and those attainable in  terms of nutrients, some areas, and regions of the world such as Sub-Saharan Africa will need to increase their fertiliser use (28),
farmers’ fields) and this will further increase the GHG emissions, while many other parts of the world need to reduce fertilizer overapplication.
Agroforestry Agroforestry is a land sharing strategy that accommodates both agricultural production with biodiversity protection, resulting in
improved nitrogen fixation, land and ecosystem health, and soil carbon sequestration, among other benefits. However, the
implementation of this strategy depends on landowners and managers on the ground to accept and adopt these practices and faces
various socio-economic barriers to adoption. Based on lessons from challenges related to conservation agriculture (29),
agroforestry is facing the similar challenges of low adoption. To be successful, it will require investment on the ground to facilitate
uptake, in a way that is beneficial to landowners and managers.
Improved Better grazing land management
livestock Improved manure management
management

Higher quality feed

Reduction of enteric fermentation

There are various new options for reducing methane emissions via new changed feeding practices for ruminants. For example,
Roque et al. (30) suggested that introducing seaweed into the diets of cattle can reduce their methane emissions by up to 80%
through changing the bacterial conditions in their guts. But upscaling seaweed harvesting would have large scale implications for
marine ecosystems, including their carbon sequestration potential.

Two main strategies for reducing enteric fermentation include feed additives and improving feed digestibility. Feed additives, while
beneficial, have also been highlighted to have negative human health (31) and environmental impacts. Given the increasing health
and other risks of antibiotic and pesticide resistance, feed additives are not a clear strategy for mitigation without their negative
impacts (32).
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manure management

Sequestering carbon in pastures

Implementing best animal
husbandry and management
practices
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Integrated Decoupling livestock from land use Consumption of animal protein is likely to continue and grow into the future and will likely compete for land with human food
approaches to through feed demand (33).
c'rop and Non-animal protein sources
livestock
Microbial protein as feedstuff
Improved Improved food transport and Mitigation options here take two general forms. In low- and middle-income countries where storage and processing facilities may
supply chain distribution be lacking, mitigation is geared towards reducing food loss through innovations and technology (e.g., cool storage options at the
Improved efficiency and last mile) (34). In upper middle- and high-income countries where use of technology and infrastructure is widespread, mitigation is
sustainability of food processing, geared towards improving energy use efficiency, and transitioning towards renewable energy sources (8). A potential trade-off with
retail and agrifood industries the food system outcomes depends on the type of renewable energy sources used - the discussion about the potential impacts of
Improved energy efficiencies of biofuels, when not done right, on food security is well documented (35).
agriculture
Reduction of food loss A large share of the total produced food is never consumed and is lost in the pre- or postconsumption stage. Reducing the amount
of food loss would allow for a smaller yield to meet the global food demand, resulting in reduced emissions related to food
production. Mitigation measures to address this often come in the form of innovations to improve the efficiency of food harvesting
and processing. To reach the middle and smallholder farmers that have little to no access to such facilities, these innovations need
to be both accessible and affordable (10, 34).
Demand Dietary changes towards Reduction in meat (especially beef and lamb) consumption is expected to have the biggest outcome for climate change and the
management sustainable consumption and environment (9, 33), especially as general food demand and meat in specific are projected to increase.

healthy diets

Reduce food waste

Transparency of food chains and
external costs

Many current dietary choices have negative impacts on environmental sustainability and health (36). The growing number of upper
and middle-income consumers on average over-consume food, contributing to an increased food demand, GHG emissions, and
food waste (33). Switching to healthy diets and following food guidelines has the potential to improve environmental sustainability
(including mitigation of climate change), and improvement in health outcomes (37, 38). However, these diets have also been found
to be unaffordable and not accessible to the majority of the world’s poor and marginalised (39).

The Food Waste Index report estimates that nearly a billion tonnes of food was wasted in 2019. Over 60% of this waste was due to
household’s level waste, with food service and retail respectively contributing 26% and 13% (40). Reducing food waste has multiple
co-benefits and provides synergistic outcomes for both people (e.g., improving food security, regulating prices) and planet (e.g.,
reducing pressure on land, biodiversity, and climate change).
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What are systemic challenges to reducing food-related emissions?

Despite scientific validation of possible mitigation options and strategies for addressing climate change,
society has collectively failed to implement options or to ‘bend the curve’ towards lower emissions. Several
systemic and power-related issues, such as lack of coordinated climate action and vested interests in fossil
fuel industries, are in part to blame. But also, unbalanced power relations within food systems hinder progress
in adoption of mitigation strategies (42, 43). Besides obstructing the lowering of emissions, these issues have
also exacerbated inequities between high and middle-and-low-income countries, as climate impacts have thus
far mostly impacted the latter (20). Stoddard et al. (42) set out the structural issues that have prevented any
‘bending of the curve’, and in this section we will also explore how these structural issues result in trade-offs

between equity and climate change mitigation in food systems.

Addressing climate change is to a large extent a political matter, which involves negotiations between
governments and other stakeholders about how to coordinate action on a global scale (44). By coordinating
and giving shape to climate action, the so-called ‘climate change regime’ (42, 45, 46) has provided the
dominant structure for such negotiations. It is this dominant governance arrangement that also decides about
the allocation of responsibility for mitigation of climate change between states, amidst North-South
geopolitics (44). However, this is not an equal playing field and concerns have been raised about how
powerful countries have undue influence on the process. Furthermore, hindering coordinated action in this
governance arrangement are the lack of binding targets for emissions, requirements for technology transfer,
and funding for low-income countries (42) These issues directly influence food-related mitigation strategies in
low-and-middle income countries that are most vulnerable to climate impacts (13). In addition, the consensus-
based decision-making approach might block the approval of mitigation options that benefit low-middle

income countries, but that disadvantage high income countries (42).

Although global climate governance has developed targets for the reduction of fossil fuel use and GHG
emissions at a national level, wealthy countries nevertheless often outsource their environmental footprint
and GHG emissions to other, poorer countries while also using land elsewhere for carbon offsetting at the
expense of the people who live there (47, 48). In addition, vested interests from fossil fuel and dependent
industries intervene on the decision-making processes at national level (42), often pushing for non-
transformative solutions that include technological optimism (49). Influence from such vested interests tends
to lead to the adoption of the least disruptive changes often leaning on future technological breakthroughs
that ultimately justify business as usual (49, 50). Similarly, in the debate on the role of food systems in climate
change mitigation, more narrow technological solutions have received much attention, often overlooking
unintended or hidden social justice consequences (51, 52), for example, when innovative solutions are
inaccessible to vulnerable food system actors, thus further widening the gap between rich and poor (13). In

addition, the focus on tech-based solutions has side lined debate on the role of alternative, innovative
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solutions that are more place-based and scale appropriate for small scale farmers, such as agroecology (50).
The financial sector has also played an important role in shaping today's food economy by financing fossil-fuel
reliant industries and business practices and that have now become a vital part of their business model. Large-
scale conventional agricultural practices are made possible by private-sector finance and investments (53). By
investing in responses and solutions that are preferred from a financial perspective, financial actors have been
influential in determining how climate risks are managed by food system actors, for example by proposing
various carbon trading mechanisms (54). However, because of the close relation between fossil fuel
dependence and economic growth, scholars are concerned about the feasibility of combining the current
growth paradigm with the successful implementation of mitigation options (55). Scholars call for more
transformative and just climate governance, which calls for the ‘polluter elite’ and transnational companies to
take responsibility (43). In this scenario, financial capital institutions should develop and implement more

innovative finance mechanisms to support more transformative food system practices (56).

While justice has been a core motivation for governing climate change at a global level, it is primarily
understood in terms of equitable responsibility for climate change or just responses to climate change. This
notion assumes that nation-states can protect and enforce climate justice, which overlooks the multiple
dimensions of justice associated with climate change and narrows down action to north-south or developed-
developing divides (43). This interpretation has obstructed the implementation of more transformative
mitigation options. First, the focus on the nation-state has overlooked the role of private sector actors — such
as the food industry — in climate mitigation. While innovation of alternative and more sustainable practices
and products is considered key for climate mitigation, decreased public spending has left their development
primarily in the hands of private actors who often pursue for-profit aims rather than the common good (13).
Second, much of the debate on climate mitigation is viewed from a global scale, somewhat disconnected from
the local level and what consequences mitigation measures might have on small communities and individuals
(57, 58). Not ignoring potential incompatibility between the mostly globally defined mitigation options and the
locally oriented adaptation measures, arguing that even if a mix could be found it would be extremely difficult

to implement (59).

Interlocking decisions

Food systems, and in particular their agricultural production activities, which are often driven by consumer
food choices, are both a major source of global GHG emissions while also requiring concerted efforts to adapt
agriculture and all other food system activities to new temperature regimes, precipitation patterns or extreme
events in the future. Thus, policy and decision makers are faced with three interlocking decisions when

looking for how to mitigate climate change in food systems: 1) The mitigation options that are available to
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them in their specific contexts; 2) How much GHG emission reduction can be achieved by each measure or a
combination of different ones and 3) How these options interact with food and nutrition security, the
economic, and social outcomes of the food system, as well as with necessary climate adaptation measures?
Table 1 shows examples of the interlinkages between a range of mitigation options and food system
outcomes. Reducing the amount of ruminant meat in diets for example, discussed in many countries as the
main avenue for consumers to contribute to GHG emission reductions, can also help with the unwelcome
negative health impacts of meat overconsumption but will impact livestock farmers’ livelihoods directly by
reducing demand and will also have implications for land use and landscape management and thus

biodiversity.

Navigating these questions will require evidence on the pros and cons for each mitigation option
within a specific food system and eventually decisions must be made that will very likely not please everyone.
Due to the interconnected nature of food systems these choices will bring with them unintended and
unanticipated consequences, resulting in trade-offs for some actors within the system (e.g. reducing meat
consumption is likely to change livestock producers’ income) and trade-offs between food system outcomes
(e.g. environmental footprint versus income). Making these trade-offs better visible is important for finding
ways to address them from the start. This is where a food system perspective is essential as it connects the
activities of various stakeholders to food system outcomes. To change outcomes, activities need to change,
which is incentivized by changing food system drivers (e.g., governance structures, institutions, tax regimes,

available science and technology options).

Reforming current structures and vested interests

How decisions are taken and who takes them depends very much on the specific context of a food system and
how it is governed. Many governments for example are now including agricultural mitigation options in their
Nationally Determined Contributions to the Paris Agreement (NDCs), which are then meant to translate into
concrete incentives for farmers and/or food industry actors to implement mitigation actions. What input
these actors have when the decisions are taken depends on the institutional mechanisms available within
their respective country contexts. While many technical options are becoming available for both adaptation
and mitigation in different food system contexts it has not been straightforward to translate them into
tangible changes on the ground. And even more difficult is balancing these options with the main task of food
systems - to provide food and nutrition security, while also providing livelihoods and economic opportunities,
managing wider ecosystem outcomes, and making food systems more equitable. This is where understanding

vested interests on the one side and the current structures governing both climate change policy making, as
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well as the food system becomes important, especially if we want to reach a just transition of our economy

and our food systems that takes the needs for the vulnerable groups into consideration.

Although food systems differ so much across the world in their components and contexts, we will
nevertheless need to develop clear transformation pathways, so they can play their part in achieving the Paris
Agreement goals. How to decide on the right mix of mitigation and adaptation options within the specific food
system would benefit from developing positive visions specifying what mix of food system outcomes actors
want and what trade-offs between them they are willing to make. This requires some form of negotiation
between actors, acknowledging winners and losers of different options for change, to provide coordinated

innovation pathways and trade-off management. Several steps could be helpful for this:

e Map the food system in question with its dynamics and actors/activities, involving the relevant
stakeholders, while assessing its current outcomes to create a joint understanding of food system
process and boundaries (for an example of a food system map see (60)). For this a set of compatible,
integrated food system outcome metrics is also needed (9). Ideally, this should be done at the scale at
which decisions on mitigation actions are taken (e.g. the national level for the NDCs).

e Using participatory foresight methods, such as scenario planning or visioning, and based on the food
system map, develop food system scenarios to explore the implications and trade-offs of possible
mitigation (and adaptation) options. Here it is particularly important to engage multiple stakeholders
across the food system and include vulnerable groups and actors that might be negatively affected by
possible change options.

e Based on the scenario analysis, determine coordinated, systemic mitigation innovation pathways
(including various change options) with a view of the whole system.

e Translate the mitigation innovation pathways into tailored actions for different food system actors,
such as producers, value chain actors, consumers, or policy makers. This needs to include actions to
reduce or deal with trade-offs/unintended consequences.

e Evaluate and monitor food system outcomes based on selected food system metrics to determine if

and how well the implemented mitigation innovation pathways work.

o Adjust actions as needed based on the monitoring results.

Conclusion

The capacity to develop options for mitigating climate change in agriculture and food systems is available.
What is nevertheless difficult to achieve is deciding on the set of options that need to work together in a

specific food system to achieve multiple goals that societies care about and implement these in a consistent
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manner. For this we need to acknowledge and work with power imbalances, vested interest and fragmented

policy making and monitor outcomes to learn and adjust.

Food system change cannot wait, and neither can action on climate change mitigation, in which the

food system has an ever more important part to play.
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