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Abstract

Food system activities are inextricably linked with climate and weather, environmental resources and
human health. This article reviews the contribution of food system activities to climate change, the positive
feedback on food systems and the effects of dietary change on food system outcomes. It combines a
systematic literature review with analyses of publicly available international data. The article shows that
whereas emissions from food production continue to increase in most regions, emissions from land use
change have been decreasing. Despite these decreasing trends, emissions from land use change are huge
and in some regions are greater than emissions from food production. Climate change also affects food
system activities and there is strong scientific consensus that it negatively affects food production,
especially in Africa and Asia. However, from the available scientific evidence, the impacts of climate change
on post-production activities are unclear. The article also shows that dietary change as a transformation
strategy has large potential for reduction of greenhouse gas emissions but, regionally, is associated with
substantial environmental trade-offs. Despite its potential, the costs and feasibility associated with dietary
change are not well understood and require further research. Strategies to reduce emissions should focus
on further reduction in land use change or stopping land use change altogether, because the current rate of
reduction is inadequate to achieve a targeted reduction in greenhouse gas emissions. Strategies must also
address meat consumption in those world regions and social systems where it is excessive, to usher in
dietary changes away from animal products and towards consumption of plant products instead.

Keywords: climate change, food system, dietary change, greenhouse gas emission
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1. Introduction

Food system activities are inextricably linked with climate and weather, environmental resources and
human behaviour. Globally, food system activities contribute 21-37 per cent of total anthropogenic
greenhouse gas (GHG) emissions, compared with about 10 per cent from food production alone and 18-29
per cent from food production and land use change (Rosenzweig et al., 2020). On the one hand, food
system activities drive land use change; biodiversity loss; freshwater depletion; water, air and soil pollution;
and nitrogen and phosphorus runoff in water bodies (Springmann et al., 2018a). On the other hand, climate
change affects food system activities and threatens food security (Myers et al., 2017), especially in world
regions that are already vulnerable to hunger and malnutrition (Wheeler and von Braun, 2013). These
regions will experience the strongest increase in climatic variability and extremes (Bathiany et al., 2018),
and have little or no coping capacities (Vermeulen, Campbell and Ingram, 2012). In general, the Global
South, which contributes least to climate change, will face the largest climate change impacts.

Because food system activities contribute to and are affected by climate change, transformation is required.
Food system transformation faces a dual challenge: how to reduce the contribution of food system activities
to climate change and other detrimental impacts to the environment and human health, and how to cope
with climate change impacts on food system activities. Transformation strategies to address these
challenges need to address concurrently ongoing demographic and socio-economic changes and
developments around the world. If technological and behavioural changes do not occur, the impact of food
system activities on GHG emissions could increase by 50-90 per cent by 2050 (Springmann et al., 2018a).
Transformation strategies that integrate environmental and social sciences are needed to tackle these
contemporary and future multifaceted challenges (Bai et al., 2016). Trade-offs, synergies, lags and
feedbacks embedded within each transformation strategy must be identified and, if possible, quantified.

Strategies that increase synergies should be favoured, whereas potential adverse environmental and/or
socio-economic impacts and environmental trade-offs should be limited. In this regard, dietary change is
increasingly recognized as a major consumer-focused transformation strategy to reduce food systems’
GHG emissions and other environmental impacts (Springmann et al., 2018a; Springmann et al., 2016;
Springmann et al., 2018b; Tilman and Clark, 2014). Such transformation probably requires a substantial
reduction in consumption of animal-sourced foods (e.g. bovine meat and dairy products) in areas of
overconsumption and increases in plant-based foods (e.g. nuts, fruits, vegetables) to meet people’s energy
and nutritional demands with the lowest possible environmental impacts (Springmann et al., 2016). Despite
global efforts to promote this transformation strategy, local specificities cannot be neglected (Godfray and
Garnett, 2014) and regional insights on the environmental and health outcomes of dietary change are
essential.

In this article, we review the contribution of food systems to climate change, the positive feedback on food
systems and the effects of dietary change as a food system transformation strategy. Specifically, we identify
trends and regional patterns of GHG emissions by key food system activities and processes, highlight
impacts of climate change on food system activities and provide regional insights on the effects of dietary
change based on literature review. We primarily analyse publicly available international data and data from
peer-reviewed scientific publications focusing mostly on the operational regions of the International Fund for
Agricultural Development (IFAD). Available country-level data are reaggregated according to IFAD’s
regional classification (IFAD, undated) and interpreted within this context. IFAD’s regional classification
consists of Asia and Pacific (ASPA), East and Southern Africa (ESAF), West and Central Africa (WCAF),
Latin America and the Caribbean (LACB), and North Africa, Near East and Eastern Europe (NNEC).

2. Greenhouse gas emissions from food system activities

Food system activities continue to drive anthropogenic GHG emissions. The quantities of and trends in
GHG emissions across different food system activities vary strongly in different regions of the world. This
section presents regional (IFAD operational regions) trends in GHG emissions from land use change and
food production, transportation and processing.
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Data describing country-level GHG emissions from enteric fermentation, manure, rice cultivation, synthetic
fertilizer and land use change for the period 1990 to 2017 were obtained from the Food and Agricultural
Organization’s Corporate Statistical Database emission database (FAOSTAT, 2022; Tubiello et al., 2013).
The FAOSTAT emission database was preferred over other emission databases, e.g. the Emissions
Database for Global Atmospheric Research (EC, 2022; Crippa et al., 2020) because it provides best
coverage of the relevant sectors. Despite being based on activity data reported by countries and the lack of
independent verification, GHG emission data from FAOSTAT cover a considerably longer period (1961-
2017) compared with the other databases, and all data follow at least the Intergovernmental Panel on
Climate Change (IPCC) 2006 Tier 1 guidelines (Roman-Cuesta et al., 2016; Tubiello et al., 2015). The
FAOSTAT database is also transparently documented by providing elaborated metadata (Roman-Cuesta et
al., 2016).

2.1 Land use change

Land use change, especially deforestation, forest degradation and peatland conversion, contributes to
substantial GHG emissions (Figure 1). Except for NNEC, all other IFAD regions are net carbon dioxide
(CO2) emitters into the atmosphere. Deforestation in the LACB region produces more emissions than
deforestation in the other regions. Emissions from deforestation in LACB accounted for half of the total
gross forest emissions worldwide between 1990 and 2017. Brazil alone contributed about 60 per cent of the
total emissions. Commercial agriculture (specifically agribusiness or commercial cattle ranching, soybean
farming and plantation agriculture) and, to a lesser extent, smallholder agriculture are the main drivers of
deforestation (FAO and UNEP, 2020). Emissions from deforestation and forest degradation, however,
decreased between 2005 and 2016. These reductions are a result of a series of interconnected factors that
include retractions in soy and cattle production, increased monitoring and punitive measures for illegal
deforestation, and the creation of new protected areas (Nepstad et al., 2014).

Like LACB, emissions from deforestation and forest degradation in WCAF and ESAF have decreased by
almost one third over the past 30 years, despite increasing deforestation. This decreasing emission trend
(Figure 1) is a result of substantial increases in carbon storage in intact African forests offsetting some of
the deforestation emissions. Carbon storage in tropical African forests increased by 0.63 megagram per
hectare per year between 1968 and 2007 as old-growth forests developed (Lewis et al., 2009). Enhanced
productivity in these forests is, however, insufficient to offset all deforestation emissions and to convert
Africa’s forests into a net carbon sink. Forests in WCAF and ESAF are still net emitters of GHGs (Keenan et
al., 2015; Lewis et al., 2009). From 1990 to 2017, net emissions from African deforestation and forest
degradation accounted for 38 per cent of the global total. Deforestation in Africa is driven largely by
expanding smallholder agricultural production and to a lesser extent by commercial agriculture (FAO and
UNEP, 2020).

Forests in ASPA are also net emitters, although they emit considerably lower amounts of GHGs than the
other regions. However, ASPA’s forest emissions continue to increase. The bulk of ASPA’s emissions come
from Indonesia. The forests in the other ASPA countries are probably a net carbon sink. Increasing trends
in GHGs are therefore determined by Indonesian deforestation rates, which are driven by commercial
agriculture (i.e. expansion of tree plantations such as oil palm, rubber and rubber monocultures) and to a
lesser extent by smallholder agriculture and mining (FAO and UNEP, 2020). For instance, almost all oil
palm plantations planted in Kalimantan between 1990 and 2010 were previously forested areas (Carlson et
al., 2012).

2.2 Food production

Here, we focus specifically on regional emissions from four key food production processes: enteric
fermentation from livestock, manure application, synthetic fertilizer application and rice cultivation. These
activities and processes account for 85 per cent of GHG emissions from food production, excluding land
use change (Tubiello et al., 2013).
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2.2.1 Enteric fermentation

In the IFAD operational regions, LACB contributes the most methane (CHa4) emissions (Figure 1). This
region produces an annual average of 324 million tonnes of carbon dioxide equivalent (MtCO:2-eq) and
exceeds the emissions from any other region by a factor of two. CHs4 emissions are also increasing and the
annual rate of increase is among the highest across all IFAD regions. LACB'’s substantial CH4 emissions
are best attributed to the specialized production of beef in large production systems. The emission intensity
of specialized beef herds is about four times greater than that produced by dairy herds, probably because
the dairy herds produce both milk and meat, and are fed more grains (Gerber et al., 2013). Despite the
relatively low CHa4 emissions in ASPA, WCAF and ESAF, these emissions have also increased over the
past 30 years. In WCAF, for example, total CH4 emissions have increased by 160 per cent since 1990. The
major factor explaining these increasing trends is expanded production to meet increasing demand driven
by rising incomes and population growth. Also, these regions are probably dominated by grazing livestock
productions systems. Grazing cattle, which directly consume permanent pasture, produce considerably
more emissions per kg of meat or milk than cattle fed on concentrated grain feeds (Harper et al., 1999).
This is attributed to the high fibre content and consequently lower digestibility of pasture feed.

2.2.2 Manure

GHG emissions from manure include manure deposited by grazing livestock, manure applied to crops as
organic fertilizer and emissions from manure handling, storage and processing (i.e. manure management).
Across all IFAD regions, more than half of emissions from manure are from manure deposited on pastures
(Tubiello et al., 2013). This can be attributed to grazing livestock production systems, which are the
dominant system across IFAD regions (Gerber et al., 2013). Additionally, low emissions from manure
fertilizers are a result of the lack of agronomic awareness, appreciation and capacity to utilize manure as
fertilizer by extension officers and farmers in most of these regions (Teenstra et al., 2014). Manure
application is, for example, considered too labour intensive. This discourages its large-scale adoption and
use by farmers (Ketema and Bauer, 2011). The LACB region produces most (i.e. 80 per cent) of all such
manure emissions in the IFAD regions. Over the past 30 years, emissions from manure deposited on
pastures increased in all regions (Figure 1) despite a reduction in emission intensity of livestock.

2.2.3 Synthetic fertilizer

GHG emissions from synthetic fertilizers increased substantially in the ASPA region driven mostly by
increases in China and India. In China, emissions increased by two thirds between 1990 and 2017, and
more than doubled in India. Increased emissions were stimulated by policies that subsidized fertilizer use,
reduced fertilizer prices and enhanced affordability (Li et al., 2013). These GHG emissions from the ASPA
region constituted 60 per cent of worldwide anthropogenic emissions from synthetic fertilizer with China
being responsible for half of them, i.e. 30 per cent of global nitrous oxide (N20) emissions, and India for a
quarter (i.e. 15 per cent).

Generally, N2O emissions from synthetic fertilizers follow national income status. Low-income countries emit
relatively few N2O emissions, compared with middle- and high-income countries. Nonetheless, the past
developments in China and India show that effective government subsidy programmes could stimulate
fertilizer use, and this is likely to result in excessive fertilizer use that produces sub-optimal yields and
surplus N20O emissions. On the other hand, Cui et al. (2018) showed that adoption of enhanced
management practices involving increased fertilizer use efficiency in these same countries can reduce N2O
emissions considerably while simultaneously ensuring optimal yields. Furthermore, emissions decreased in
the European Union, which shows that public policies have the potential to slow down or reduce N20O
emissions. Between 1990 and 2017, European Union N2O emissions were halved (Tubiello et al., 2013)
following successive reforms of the Common Agricultural Policy, which shifted from price support to
targeted decoupled payments.

2.2.4 Rice cultivation

GHG emissions related to rice stem from anaerobic decomposition of organic matter in wet paddy fields.
ASPA, especially China, contributes most to these emissions. This region emits twice the combined
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emissions of the other IFAD regions. ASPA’s emissions increase is also accelerating faster than elsewhere.
Adding organic material, such as green manure, animal waste and crop straw to rice fields drives these
increases, depending on the timing of the addition, and often doubles them (Yan, 2003). The flooding
regimes of rice fields are also a major factor. Average CH4 emissions from intermittently irrigated rice fields
are only half the amount of those from continuously flooded rice fields (Yan, 2003). Flooding regimes also
affect N2O emissions in addition to CH4. N2O emissions from intermittently flooded paddy fields could also
be 30-45 times higher than those from continuously flooded fields (Kritee et al., 2018).
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Figure 1: GHG emissions from 1990 to 2017. A) Average annual GHG emissions from major food
production activities, deforestation, burning and organic soil land use change. Positive values indicate
emissions and negative values indicate sequestration. B) Rate of change in greenhouse gas emissions.
Positive values indicate increasing emission trends and negative values i ndicate decreasing emission
trends. Categories without values have no significant trend. Asia and Pacific (ASPA), East and Southern
Africa (ESAF), West and Central Africa (WCAF), Latin America and the Caribbean (LACB) and North
Africa, Near East and Easter n Europe (NNEC).
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2.3 Post-production activities

Post-production food system activities contribute to GHG emissions, albeit to a lesser extent compared with
production-related and land use activities. Post-production food system activities account for 18 per cent of
total GHG emissions from the global food system compared with 58 per cent from food production and 24
per cent from land use change (Poore and Nemecek, 2018). Unlike GHG emissions produced during
agricultural production, country-level emissions data of food system activities post-production are poorly
documented. Hence, we focused specifically on food transportation and processing, and food loss and
waste.

2.3.1 Transportation

GHG emissions from transportation depend on several factors, including mode of transport, travel distance
and the volume of product that is traded locally, nationally or internationally. Poore and Nemecek (2018)
reported that sea or inland water transport has the least GHG emissions. For every tonne-kilometre
(transport of 1 tonne of goods over a distance of 1 km), air transport emits over 100 times more GHG
emissions than sea transport; road transport emits 10-33 times more; and rail transport emits only 3-5 times
more. International supply chains considerably affect GHG emissions and are driven by demand for specific
food items. Poore and Nemecek (2018) also present the GHG emission intensities of various food products
during different post-production activities (Figure 2). the most sustainable mode of transport overall. Thus in
reality emissions are likely to be substantially larger than reported in Figure 3 if different modes of
transportation are used.

I Processing [ Transport
Lamb & Mutton
Beef (beef herd) . ]
Beef (dairy herd)
Palm Oil I
Olive Oil I
Tofu |
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Poultry Meat I
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Pig Meat ]
Soybean Oil -
Groundnuts L]
Bananas
Sunflower Qil L]
Rapeseed Qil L]
Wheat & Rye (Bread) I
Dark Chocolate -
Soymilk L]
Other Vegetables
Shrimps (farmed)
Tomatoes
Berries & Grapes
Wine
Other Fruit
Rice
Milk
Maize (Meal)
Root Vegetables
Brassicas
Citrus Fruit
Nuts
Apples
Peas
Other Pulses
Cassava
Potatoes
Oatmeal
Barley (Beer)
Eggs
Fish (farmed)
Onions & Leeks
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GHG emission intensity (kg CO; eq. per kg of food item)

Figure 2: GHG emission intensities of various food products during food transportation and processing.
Data obtained from Poore and Nemecek (2018).
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The high emission rates that are associated with the transportation of some products, such as cane sugar,
result from the long distances associated with the international supply chains and the huge volumes of trade
between countries. For example, Figure 3 presents the estimated GHG emissions produced by exporting
cane sugar from Brazil to the rest of the world in 2017. Cane sugar has the highest GHG emissions during
the transportation phase, i.e. for every 1 kg cane sugar transported, 0.8 kg CO2-eq is emitted, which is twice
the emissions from the transportation of beef (Figure 2; Poore and Nemecek, 2018). The figure also shows
the international supply chain of cane sugar from Brazil. GHG emissions produced from trade with India,
Bangladesh and Malaysia were twice that of emissions from trade between Brazil and the entire African
continent. For illustration purposes, we assumed that mode of transport between Brazil and its trade
partners in South America was by rail, which is the most sustainable land-based travel, and between Brazil
and the rest of the world was by ship, which is the most sustainable mode of transport overall.
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Figure 3: Greenhouse gas emissions from international trade of cane sugar between Brazil and the rest of
the world for 2017. Emission factors for the various modes of transport were obtained from Poore and
Nemecek (2018). Detailed trade data were obtained from the FAOSTAT Database. Travel distan ces
between countries were calculated using the g eodesic distance, which is defined as the shortest distance
between two points on the Earth’s spheroid. For the computation, the centroids of the countries were

used as reference points.

2.3.2 Processing

Food processing produces GHG emissions as a result of energy use. Emissions from energy use are
determined mainly by the type of processing and the food item. For instance, canning requires twice as
much energy as freezing (Brodt, 2007). Poore and Nemecek (2018) reported that processing of beef and
palm oil have the highest emission intensities. For instance, for every kg of beef or palm oil processed, the
GHG emitted is more than twice that for olive oil. Food safety policy and regulation also probably influence
energy used for processing. In Europe, for example, the energy used to process a tonne of meat increased
from 14 to 48 per cent between 1990 and 2005 as a result of stricter food hygiene and safety regulations
(Ramirez, Patel and Blok, 2006). Beyond energy use, wastewater generated during food processing,
especially slaughterhouse effluent, emits CH4 and N2O (Poore and Nemecek, 2018).

2.3.3 Food loss and waste

Food loss and waste account for between a quarter and a third of total global primary production (Guo et
al., 2020; Gustavsson et al., 2011), and a 75 per cent reduction is likely to result in a 10 per cent decrease
in GHG emissions (Springmann et al., 2018a). Vegetables and fruits make up almost half of the global total
food lost and wasted. The resulting GHG emissions, however, are relatively small, accounting for 16.8 per
cent of total emissions from food loss and waste. On the other hand, bovine meat accounts for less than 1
per cent of food lost and wasted. The resulting GHG emissions are almost the same as those for
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vegetables and fruits, i.e. 16.3 per cent (Guo et al., 2020). Dairy also accounts for about 7 per cent of food
lost and wasted, with the resulting GHG emissions making up 10 per cent of the global total. Apart from the
consumer stage, the ASPA region generates the most GHG emissions from food loss and waste in all post-
production activities. At the consumer stage, however, most GHG emissions are produced in North America
and Oceania (Guo et al., 2020).

Generally, the causes of food loss and waste vary between low-income and high-income countries. Food
loss dominates in low-income countries and is caused by inefficient supply chains. These include
managerial and technical limitations in harvesting techniques, storage, transportation, processing, cooling
and packaging (Gustavsson et al., 2011). In medium- and high-income countries, food waste dominates.
Efficient supply chains reduce post-production losses considerably. But food waste at the consumer stage
is substantial and is greatly influenced by consumer behaviour (Gustavsson et al., 2011).

3. Impacts of climate change on food system activities

Food system activities are directly and indirectly affected by climate change. The effects are complex and
largely variable across the globe (Thornton et al., 2014). Understanding these variations is critical for
developing tailored agricultural practices to cope with local stresses caused by climate change (Hatfield et
al., 2011).

3.1 Land use

Climate change is likely to affect land use for food system activities and processes in several ways. Among
these are the increasing spatial extent of drylands and the frequency of wildfires. In recent decades, aridity
has been increasing globally. There are uncertainties in the attribution of the causes as well as the
projected changes; nevertheless, increasing aridity is being attributed to land evaporation growing faster
than precipitation increases (Berg et al., 2016). Temperatures in drylands are reported to be increasing at
twice the rate of the global average, leading to increased frequency of droughts (Lickley and Solomon,
2018). As a result, large areas of temperate drylands are projected to shift to subtropical drylands with a
consequent reduction in soil moisture availability and reduction in length of the growing season (Jia et al.,
2019; Schlaepfer et al., 2017). Prolonged drought and heat stress are likely to substantially increase the
frequency and intensity of wildfires in Australia, Central Asia, North America, South America, southern
Europe and southern Africa (Liu, Stanturf and Goodrick, 2010). Jolly et al. (2015) reported that between
1979 and 2013, the fire weather season increased by 18.7 per cent globally. About 25 per cent of the global
land surface covered with vegetation experienced increases in fires, whereas only 11 per cent experienced
decreases. Huang, Wu and Kaplan (2015) also reported that the frequency of fires will increase by 27 per
cent globally by 2050 relative to 2000. Increasing temperatures and declining precipitation are expected to
be the most important drivers, in addition to land cover changes.

3.2 Food production

3.2.1 Crop production

Climate change will affect all components of crop production (e.g. crop yields, areas suitable for crop
production and cropping intensity). The impact on crop production is a function of several interacting
factors, some of which probably neutralize or accelerate the final impacts (Knox et al., 2012; Myers et al.,
2017).

Climate change scenarios applied to crop models indicate that crop productivity in higher latitudes is likely
to increase as a result of increased atmospheric CO2 concentrations and warmer temperatures (Myers et
al., 2017). In temperate regions, temperature increases initially (i.e. up to 2050) favour crop growth and
increase yields (Solomon et al., 2007). Increased frequency and intensity of extreme weather conditions are
also likely to decrease crop productivity, particularly in the tropics (Solomon et al., 2007). Water stress will
probably also increase in the tropics and this could reduce crop yields even further (Solomon et al., 2007).
In Africa (WCAF and ESAF) and Asia (large parts of ASPA), crop production will thus be substantially
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reduced. This affects food security and the livelihoods of many people (Battisti and Naylor, 2009; Lipper et
al., 2014; Lobell, Schlenker and Costa-Roberts, 2011; Springmann et al., 2016).

In tropical regions, rainfall patterns and to a lesser extent temperature sensitivity are the dominant climatic
factors that determine agricultural production levels (Battisti and Naylor, 2009). Knox et al. (2012)
conducted a meta-analysis of climate impact studies that involved eight major African and Asian food and
commodity crops (covering over 80 per cent of total crop production). They reported that crop yields could
be reduced by up to 40 per cent depending on the climate change scenario, crop type and applied crop
model. For example, maize yields could reduce by more than one half in south Asia, one half in eastern
Africa, one third in central Africa, one quarter in southern Africa, one fifth in western Africa and one tenth in
northern Africa. Sorghum yields could reduce by one quarter in southern Africa, one third in western Africa
and one half in India. Very small changes in rice yield are expected across Africa, but the impacts in
southern Asia are likely to be varied. In India, rice yields are very likely to decrease, whereas in Sri Lanka,
they are likely to increase (Knox et al., 2012). However, very few studies included in the meta-analysis
reported yield increases, with only maize grown in eastern, western and northern Africa likely to increase.

In addition to crop yield effects due to climate change, elevated CO: levels affect crop quality through the
so-called CO: fertilization effect. This effect alters the nutrient concentration of the edible portions of several
cultivars of rice, wheat and maize. Myers et al. (2014) showed that elevated CO:2 levels significantly
decreased the concentrations of zinc and iron in all C3 crops (C3 plants are those in which the initial
product of the assimilation of carbon dioxide through photosynthesis is 3-phosphoglycerate, which contains
three carbon atoms). For example, wheat kernels grown at elevated CO: levels had 10 per cent lower zinc
content and 5 per cent lower iron content than those grown at ambient CO: levels. McGrath and Lobell
(2013) and Loladze (2002) reported similar observations. Millions of people who have limited alternatives to
mineral supply, apart from staple foods, are likely to be at risk of mineral deficiency. Myers et al. (2015)
estimated that 138 million people worldwide (of which 80 million live in ASPA, 30 million in ESAF and
WCAF, 7 million in LACB and 15 million in NNEC) could be exposed to zinc deficiency by 2050.

3.2.2 Livestock production

Climate change directly affects the quantity and quality of feed, increases livestock heat stress and probably
promotes livestock diseases and vectors. Much research has focused on temperate regions, with few
studies conducted in the tropics and subtropics. Climate change impacts on livestock production are thus
poorly assessed in the IFAD regions.

Nonetheless, feed quantity and quality are sensitive to changes in temperature, precipitation and
atmospheric CO:2 levels and these changes affect pasture production. High temperatures cause low
accumulation of dry matter because the plant maturity period shortens and developmental stages are
completed earlier. As a result, grain crop and forage grass yields reduce (Giridhar and Samireddypalle,
2015). Coret et al. (2005), for example, reported that shortening the maturity period reduced spring wheat
seed yield by 18 per cent and maize grain yield by 29 per cent. In addition, increased temperature,
especially in arid conditions, increases lignin content in plants and this reduces digestibility. This process is
accelerated by CO: fertilization, which also decreases nutrient availability (Rojas-Downing et al., 2017;
Thornton et al., 2009).

Heatwaves, which will occur more frequently under a changing climate, also affect livestock production
through increased heat stress on livestock. The severity of this stress depends on the actual temperature,
humidity, species, breed, life stage and nutritional status. Generally, heat stress reduces feed intake. In
pigs, for example, feed intake can reduce by up to 50 per cent (Collin et al., 2001). In cattle, heat stress
affects beef more than dairy herds. Livestock in tropical and subtropical regions are more resilient to
drought and higher temperatures, and probably cope better with heat stress than livestock in temperate and
boreal regions (Thornton et al., 2009).
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3.3 Post-production activities

The climate change impacts on food systems are not limited to crop, feed and livestock production, but are
also experienced across the entire food supply chain. Here, because of the lack of available data and/or
literature, we focus on the impacts on food transportation and processing.

3.3.1 Transportation

Sustained high temperatures and frequency of extreme events such as sea-level rise, storm surges and
flooding as a result of climate change are expected to severely affect transportation activities and
infrastructure, and consequently food access. Transportation infrastructure is particularly vulnerable to
freeze-thaw cycles. Sustained high temperature is likely to result in road and rail buckling. In coastal areas,
sea-level rise, and the associated increase in frequency and intensity of storm surges and flooding,
seriously threatens transportation infrastructure and networks. For example, Jacob, Gornitz and
Rosenzweig (2007) estimated that a global sea-level rise of 1 metre would increase the frequency of
coastal storm surges and flooding incidences in the New York metropolitan area by a factor of 2-10.
Currently, about 40 per cent of the global population lives within 100 kilometres of the coast, with food
transportation in most of these areas subject to similar risks. Increased frequency of heavy rainfall is likely
to lead to road submersion and underpass flooding. For example, increased flooding events could well
reduce transportable road networks by one quarter by the middle of this century in Mozambique (Arndt et
al., 2011). Even in a no-flooding scenario, increasing temperatures probably damage road infrastructure
and this reduces accessibility to markets and production needs, which probably leads to higher food prices.
However, decreased frequency of cold days is expected to have positive effects on transportation,
especially in temperate regions. These include reduced winter maintenance costs for road and rail. It is also
expected to have positive effects on marine transportation in these regions.

3.3.2 Processing

Climate change is expected to affect food processing requirements (i.e. stage and type of food processing)
as a result of its effects on food safety, quality and waste. Climate change affects the safety and quality of
staple products, especially during post-harvest storage (e.g. through attack by fungi). Fungi that naturally
occur on crops produce mycotoxins, which are likely to adversely affect health when consumed by humans
and animals. The most toxic mycotoxins are aflatoxins, which are produced by the fungus Aspergillus.
Increasing temperatures, especially in temperate and humid regions, are likely to increase aflatoxin
contamination in maize (Battilani et al., 2016). Temperature, aflatoxins and pest concentrations are also
clearly correlated, since increased temperature amplifies pest occurrence and increases condensation in
grain silos (Magan, Medina and Aldred, 2011). This results in wet pockets, which accelerates the production
of aflatoxins.

4. Dietary change as a food system transformation
strategy

We obtained simulated data on potential national effects of various dietary-change scenarios on GHG
emissions, nitrogen and phosphorus application, freshwater use, cropland use and premature deaths from
Springmann et al. (2018b). The obtained data were for the years 2030 (i.e. based on multiple scenarios of
dietary change under the second Shared Socioeconomic Pathway) and 2010 (i.e. based on current dietary
patterns). National-level data were reaggregated according to IFAD’s regional classification and
reinterpreted within this context. The defined nutrient levels in each dietary-change scenario from
Springmann et al. (2018b) were based on energy-balanced varieties of the flexitarian, pescatarian,
vegetarian and vegan dietary patterns defined by the EAT-Lancet Commission on Healthy Diets from
Sustainable Food Systems (Willett et al., 2019). We should emphasize that the dietary guidelines of the
EAT-Lancet Commission have been criticized for, among other reasons, unaffordability (Hirvonen et al.,
2019). Nevertheless, the analysis and data by Springmann et al. (2018b) following the EAT-Lancet dietary
guidelines are the most comprehensive yet to quantify the environmental footprint of dietary-change
scenarios.
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4.1 Effects of dietary change on environmental outcomes

Globally, dietary change offers substantially greater potential for GHG reduction than supply-side mitigation
strategies; however, the costs and feasibility of achieving this potential are not well understood. Shifting to a
solely plant-based diet more than halves GHG emissions compared with traditional diets, assuming no
additional land use change occurs (Springmann et al., 2018b). Dietary change also simultaneously reduces
the use of cropland and freshwater, and worldwide nitrogen and phosphorus emissions. Global GHG
mitigation potentials of dietary change are confirmed by several studies (e.g. Stehfest et al., 2009; Tilman
and Clark, 2014). Stehfest et al. (2009) concluded, for example, that global GHG emission reductions
generally are proportional to the magnitude of animal-based food restrictions. Hence, veganism produces
the largest reduction in GHG emissions. The same source shows that the cumulative emission reduction
with a worldwide vegan diet adds up to 17 per cent for COz2, 24 per cent for CH4 and 21 per cent for N2O
emissions reductions.

Regionally, dietary change also offers enormous potential for GHG reduction. However, effectiveness and
concurrent benefits in reducing other environmental impacts differ strongly regionally and are not always
guaranteed. At these levels, the impacts of dietary change on GHG emissions and environmental footprints
are generally determined by existing cultural and traditional diets, which change only slowly. Almost all
national and regional evidence stems from northern high-income countries (e.g. Laroche et al., 2020; Saez-
Almendros et al., 2013).

Evidence from low-income countries remains limited. Only Springmann et al. (2018a) provide evidence that
spans different income classes and country-specific details for more than 150 countries. They assessed the
national effects of dietary change scenarios on the environment and human health. Their scenarios include
replacing all animal-sourced foods with plant-based foods, while keeping the diets’ caloric balance constant
(ANI-100); 100 per cent reduction in underweight, overweight and obesity levels by creating proper caloric
balances (CAL-100); replacing all animal-sourced foods with either fish and seafood or legumes (PSC); and
replacing all animal-sourced foods with fruits and vegetables (VGN). The study spanned 2010 and 2030
and used IPCC'’s Shared Socio-economic Pathways (SSPs; O'Neill et al., 2014). These pathways assume
different future socio-economic developments but no climate policies. For our analysis, we reaggregated the
results from Springmann et al. (2018b) for the five IFAD regions and computed their relative changes. This
approach facilitated the identification of suitable dietary change strategies for each IFAD region.

Scenarios ANI-100 and VGN reduced GHG emissions by the greatest amount. Both scenarios reduced
GHG emissions by at least 80 per cent in all IFAD regions (Figure 4). In relative terms, LACB experienced
the largest reduction (96 per cent). Across the IFAD regions, LACB consumes the most bovine meat per
capita. On average, people in LACB consume three times as much meat as those in WCAF and twice that
of ESAF and ASPA. In absolute terms, however, the largest emission reduction is in ASPA, with 2,600
MtCO:2.eq reduction. This is caused by the reduction in demand for emissions-intensive animal-sourced
foods. This translates in the ASPA region into larger absolute numbers because of its relatively larger
population compared with other IFAD regions.

Across all IFAD regions, the CAL-100 scenario reduces GHG emissions least. This scenario reduces GHG
emissions by 16 per cent in ASPA, 17 per cent in LACB, and 1 per cent in ESAF. In NNEC, this scenario
had no substantial effect on GHG emissions, whereas in WCAF, this scenario increased GHG emissions by
3 per cent. In WCAF, the increase in GHG emissions is probably attributed to the current high levels of
undernourishment (FAO et al., 2020). It would require a substantial calorific increase to halt
undernourishment.
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Figure 4: Regional changes in GHG emissions and environmental impacts of dietary change. The

scenarios include diets in which all animal  -sourced foods have been replaced by plant  -based ones (ANI -
100), diets with optimal energy intake and weight levels (CAL-100), and diets based on public health
guidelines , i.e. pescatarian (PSC) and vegan (VGN ). These results are for SSP2. Data were obtained from
Springmann et al. (2018b). Asia and Pacific (ASPA), East and Southern Africa (ESAF), West and Central

Africa (WC AF), Latin America and the Caribbean (LACB), and North Africa, Near East and Eastern Europe
(NNEC).

4.2 Synergies and trade -offs

In addition to GHG emission reductions, dietary change is likely to produce concurrent health benefits in
regions with high beef consumption. Current dietary patterns strongly contribute to strokes, coronary heart
disease, cancer, type-2 diabetes mellitus and other weight-related diseases (Springman et al., 2018b;
Figure 5). Across all scenarios, mortality and disease burden attributable to dietary risk factors was
considerably reduced. In all scenarios, premature mortality was substantially reduced. The VGN scenario
reduced premature mortality by the greatest amoung. Under this scenario, by 2030, premature mortality is
reduced by over 6 million in ASPA, 2 million in NNEC, 1 million in LACB and 0.5 million in ESAF and
WCAF. Similar health benefits and ranges are expected with the PSC scenario. In ASPA, LACB and NNEC,
the health benefits of VGN and PSC relate to reduced coronary heart disease and stroke, whereas in ESAF
and WCAF they are mostly weight-related dietary risks.

Despite the reduction in GHG emissions and concurrent health benefits across almost all regions and all
scenarios, dietary change as a food system transformation strategy probably results in trade-offs between
different environmental objectives and food system outcomes. Dietary change affects nitrogen and
phosphorus runoff, freshwater demand and land use change associated with livestock production. Unlike
GHG emissions, freshwater use increases in all regions under the ANI-100 scenario, where the larger
dietary share of plant-based foods increased water use. Freshwater use increased least in ASPA (9 per
cent) and most in LACB (31 per cent). Freshwater use increased because of growing demand for thirsty
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crops such as legumes, vegetables and fruits. VGN and PSC scenarios also increased freshwater use in
ESAF, WCAF and NNEC, where increased consumption of plant-based foods is likely to increase the
demand for environmental resources, in part because of inefficient production systems and current diets
reliant on staple crops. Dietary change also increases cropland area, especially in low-income countries. In
these countries, the use of less intensive feeds and fertilizers, and less efficient production systems leads to
lower yields and thus probably requires expansion of cropland areas to meet calorific and nutritional
demands. Hence, cropland area increased the most in ESAF and WCAF. Cropland area increases because
of increased consumption of plant-based foods. Nitrogen and phosphorus application and their consequent
emissions are also affected by dietary change. The most affected region is ASPA where substantial
increases in nitrogen and phosphorus runoff are projected under all scenarios.
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Figure 5: Regional changes in premature mortality as a result of dietary change. The scenarios include

diets in which all animal -sourced foods have been replaced by plant  -based ones (ANI -100), diets with
optimal energy intake and weight levels (CAL  -100), and diets based on public health guidelines . i.e.
pescatarian (PSC) and vegan (VGN ). These results are for SSP2. CHD refers to coronary heart diseases;
T2DM is type -2 diabetes mellitus; Other refers to other weight  -related causes of death. Data were
obtained from Springmann et al. (2018b). Asia and Pacific (ASPA), East and Southern Africa (ESAF), West
and Central Africa (WCAF), Latin America and the Caribbean (LACB), and North Africa, Near East and
Eastern Europe (NNEC).

4.3 Drivers of dietary change

Several factors drive dietary change. These include incomes, food prices, technological innovation, trade
liberalization, nutritional diversity of food supply, health policy and education, and consumer behaviour (Kiff,
Wilkes and Tennigkeit, 2016). Incomes and food prices are the most important factors. In low-income
countries, especially ESAF and WCAF, dietary choices are far more sensitive to incomes and food prices
than in high-income countries (Muhammad et al., 2017). Income elasticities for processed meat
consumption in ESAF and WCAF, for example, are eight times larger than those in LACB. Consumption of
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