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Abstract

Society is currently facing an unprecedented challenge in terms of achieving food
and nutrition security for a rapidly expanding global population while also minimis-
ing and reversing damage to the natural environment. Compounding this issue is cli-
mate change, which adversely affects the four pillars of food security: availability,
access, utilisation and stability. This study aims to quantify the potential impact of
future climate and societal change on food and nutrition security under a range of
plausible scenarios. Malawi is used as a case study given it is one of the most food
insecure countries in the world. Using the Food Estimation and Export for Diet and
Malnutrition Evaluation modelling framework, the quantity and quality of the national
food supply are assessed under a suite of future (2050) climate and socioeconomic
scenarios. The results indicate that undernourishment prevalence could be reduced in
Malawi under a best-case scenario; however, undernourishment is likely to increase
assuming either a business-asusual or a pessimistic scenario. On the other hand, the
quality of the food supply in Malawi (in terms of micronutrient provision) is likely to
decrease even under a best-case scenario. Moreover, projected dietary change in the
form of nutrition transition in Malawi is unlikely to improve micronutrient provision
sufficiently to meet requirements. This is a consequence of the already low supply
of micronutrient dense foods in Malawi, the negative impact of climate change on
micronutrient dense crops and an insufficient increase in micronutrient dense foods
associated with nutrition transition. This study highlights the importance of moving
beyond the focus on dietary energy supply as a measure of food security since nutrient
adequacy of diets may be a more pressing issue in the future than simply the quantity

of food and supply of energy.
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1 | INTRODUCTION

1.1 | Background

Society currently faces an unprecedented challenge of meet-
ing human nutritional needs in the context of natural resource
scarcity and the rapid transformation of Earth’s natural envi-
ronment. The global population is projected to reach around
9.7 billion by 2050, rising to approximately 11 billion by the
end of the century (UN, 2017). Coupled with the increasing
demand for nutritious food are the issues of climate change
and other environmental stressors (soil degradation, water
scarcity, etc.) on the supply side. Climate change is likely
already affecting food security across the globe (Kotir,
2011; Ray et al., 2019) and is projected to significantly af-
fect our ability to meet future food demands (Myers et al.,
2017). Despite major increases in food production over the
past century which has largely kept up with demand, levels
of food and nutrition insecurity remain high. An estimated
821 million people worldwide are undernourished (calorie
intake below minimum requirements), two billion people
suffer from a deficiency in one or more micronutrients, and
22% of children are stunted (shorter than average height for
age) (FAO et al., 2018). Nowhere are these problems more
pertinent than sub-Saharan Africa (SSA), where one in four
people are undernourished (FAO et al., 2018).

Malawi is one of the most food-insecure countries in the
world (Sahley et al., 2005). The most recent figures from the
Food and Agriculture Organisation of the United Nations
(FAO) estimate that 18.8% of Malawi’s population were un-
dernourished in the period 2017-19 (which equates to around
3.4 million people) (FAOSTAT, 2020). Micronutrient defi-
ciencies are also common, particularly iron, zinc and vitamin
A. For example, anaemia prevalence was estimated to be 42%
in pregnant women and 34% in women of reproductive age
(15-29 years) in 2016 (WHO GHO, 2019). Likewise, anae-
mia prevalence in children under five was estimated at 65% in
2011 (WHO GHO, 2019). Prevalence of zinc deficiency was
estimated at 40% of the total population in 2005, which was
considerably higher than the average for SSA for the same
period (26%) (Wessells and Brown, 2012). Furthermore,
prevalence of vitamin A deficiency was estimated at 14%
in pregnant women and 59% in children under five during
the period 1995-2005 (WHO, 2009). Malawi also ranks as
‘alarmingly high’ on the Global Hidden Hunger Index, which
is calculated as the average of three nutritional indicators af-
fecting children under five: prevalence of stunting, anaemia
from iron deficiency and vitamin A deficiency (Muthayya
et al., 2013).

As with the sub-Saharan region as a whole, there are
biophysical, socioeconomic and political drivers of food in-
security in Malawi, which operate at the national, commu-
nity, household and individual levels (Fisher & Lewin, 2013;

Hajdu et al., 2009). On the demand side, Malawi has a young
and rapidly growing population, expected to increase from
17.6 million in 2015 to 41.7 million by 2050, under a me-
dium growth trajectory (UN, 2017). Thus, continued popula-
tion growth increases the pressure on demand for agricultural
products. At the same time, the agricultural sector struggles
to keep pace with demand as it is dominated by smallholder
farmers who grow mostly maize under rainfed conditions,
leaving them vulnerable to climate shocks (Aberman et al.,
2018). For example, severe flooding in 2000/2001 caused
maize production to fall by 30%, leading to a shortfall of
around 600,000 mega-tonnes and maize price increases of
over 300% (Devereux, 2002). The situation caused wide-
spread famine, with around one third of the population reli-
ant on food aid at the peak of the crisis (Hajdu et al., 2009).
Moreover, Malawi is one of the poorest countries in the
world, with a Human Development Index of 0.477, position-
ing it 171 out of 189 countries and territories (UNDP, 2018).
Both inequality and poverty are high, with more than 70%
of the population living below the poverty line of 1.90 USD
per person per day (World Bank, 2016). Thus, issues with the
agricultural sector affect food availability, while persistent
high levels of poverty and inequality affect people’s ability
to access food.

Despite the vulnerability of Malawi’s food and agricultural
system to external shocks, there is considerable uncertainty
surrounding the nature and scale of future climate impacts
which remains a barrier to adaptation planning (Warnatzsch
& Reay, 2018). Due to the inherent uncertainty of climate
projections at more local scales, most studies have projected
climate impacts for Africa at the regional level, but a few
have looked specifically at Malawi. For example, Mittal et al.
(2017) projected climate change impacts in Malawi using re-
sults from recent climate model simulations. Using data from
34 Global Climate Models (GCMs) under the Representative
Concentration Pathway (RCP) 8.5 (which is the most severe
of the greenhouse gas (GHG) trajectories adopted by the
IPCC), the study found a clear warming trend in annual tem-
peratures since the 1970s (approximately 0.02°C per year),
with strong agreement on continued future warming. The
same study also found that more than half of the GCMs pro-
jected reductions in precipitation in Malawi to the 2070s, but
results were much more uncertain.

A small number of studies have projected the future
impact of climate change on crop production in Malawi
(Adhikari et al., 2015; Saka et al., 2012; Stevens & Madani,
2016; Thornton et al., 2009). Adhikari et al. (2015) reviewed
160 studies that projected the impact of climate change on
important food and cash crops in eight African countries,
including Malawi. Using data synthesised from the studies,
Adhikari et al. (2015) estimated yield losses of up to 13% for
maize, 11% for rice, 7% for wheat, 34% for sorghum and 8%
for soybean in Malawi by the 2090s relative to current levels.
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However, using the DSSAT crop model and four GCMs, a
study by Saka et al. (2012) projected maize yield increases
in some parts of Malawi as a result of climate change. Under
two of the GCMs, yield increases of between 5% and 25%
were projected for the northern and central regions, with
mixed results in the southern region (gains of more than 25%
and losses of between 5% and 25% depending on the pro-
jected rainfall patterns). However, using the other two GCMs,
DSSAT projected yield declines across most parts of Malawi,
with the exception of the Shire Highlands in the south, which
were projected to see increased yields of more than 25% by
2050. The yield increases projected for the northern and cen-
tral regions were consistent with an earlier study by Thornton
et al. (2009), which projected maize and bean crop yield
changes in East Africa as a whole. The results of the Thornton
et al. (2009) study are particularly noteworthy given that
maize yields were projected to increase in Malawi despite an
overall decrease in eastern Africa by 2050. Furthermore, a
study by Stevens and Madani (2016) projected both increases
and decreases in maize yields in Malawi as a result of climate
change by 2050. Using the FAO’s AquaCrop model, maize
yield increases of between 4.6% and 5.4% were projected by
the 2020s relative to a baseline period (1971-2000). These
yield gains were attributed to the projected elevated atmo-
spheric CO, concentrations and a marginal warming trend
which could promote crop growth.

Using projections of future yield changes, some studies
have attempted to quantify the future impact of climate change
on food supply and resultant undernourishment in Malawi.
For example, the aforementioned study by Saka et al. (2012)
projected the change in numbers of malnourished children
(under 5 years old) in Malawi by the 2050s, under multiple
income and climate scenarios. Under a pessimistic scenario
(i.e. high population growth, slow GDP growth and severe
climate impacts), the number of malnourished children in
Malawi was expected to increase from 850,000 in 2010 to
around 1.15 million in 2030, and then gradually decline to-
wards 2050. However, the dramatic increase in malnourish-
ment from 2010 levels does not reflect the actual proportion
of malnourished children, as population rises at a similar rate
during those years. Under a more optimistic scenario (i.e.
lower population growth, higher economic growth and less
severe climate impacts), the number of malnourished chil-
dren was expected to peak at around one million in 2030, and
then decline rapidly towards 2050, falling to well below 2010
levels by the end of the century. The improvement towards
the end of the century was due to the projected increase in
calorie availability for the general population, reaching nearly
2,800 kcals capita_1 day™" in the optimistic scenario by 2050.
On the contrary, Stevens and Madani (2016) projected maize
shortages in the Lilongwe district of Malawi by the 2080s.
Yield reductions as a result of climate change, coupled with
population growth, were expected to put between 0.1% and
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12% of the population in Lilongwe at risk of food insecurity
in the future.

1.2 | Rationale and research questions

This study aims to quantify the impact of climate and soci-
etal change on both food and nutrition security in Malawi. In
order to move beyond the traditional focus on food security
in terms of food supply quantity (dietary energy), we also
examine quality of the food supply by including protein and
key micronutrients in order to assess nutrition security. In
this sense, the study extends the previous work by Hall et al.
(2017) by using more recent climate and socioeconomic sce-
narios and assessing food supply quality (nutrient supplies)
as opposed to just food quantity (undernourishment preva-
lence). Very few studies to date have examined the impact of
climate change on future nutrient supplies as dietary energy
intake remains the most common measure of food security,
leading to a focus on staple crops. Yet, understanding the fu-
ture impacts on a broad range of foods (as well as staple crops)
is essential if micronutrient deficiencies, and their associated
health risks are to be mitigated in the future. Indeed, the UN
Sustainable Development Goals (SDGs) outline the aim to
end hunger in all its forms—which includes both undernour-
ishment and micronutrient deficiencies and their associated
health problems. Given the already high rates of micronutri-
ent deficiencies in Malawi, adverse climate change impacts
could have serious nutritional consequences in the future.

Three key research questions are addressed in this study;

1. What is the potential impact of climate and societal
change on the quantity of Malawi’s food supply (and
thus, undernourishment prevalence) under a range of
future scenarios?

2. What is the potential impact of climate and societal change
on the quality of Malawi’s food supply (in terms of pro-
tein and micronutrients) under a range of future scenarios?

3. Could projected dietary changes help to mitigate the im-
pacts of climate and societal change on the quantity and
quality of Malawi’s food supply?

2 | METHODS

2.1 | The FEEDME modelling framework

In order to assess the impact of future change on Malawi’s
national food supply, we used the Food Estimation and
Export for Diet and Malnutrition Evaluation (FEEDME)
modelling framework (Dawson et al., 2016). A detailed de-
scription of the FEEDME model is provided by Dawson et al.
(2016) and Hall et al. (2017). In summary, the FEEDME

25U8017 SUOLLIOD BAIERID B|ed1 ke U} A PURA0B 3 SBPIE YO 98N J0 SN Jo} ARG 1T BUIIUO AB|IA O (SUONIPUGO-PL-SLLLIYLIOD" A3 1M ARGl PUI O/ /'SAiL) SUOTIPUOD) PUE SWL | 8U1 95 *[720Z/0/TT] U0 ARiqiTauIluo Ao1im ‘M oS Bullinis J0 AIsienun Aq 062 €S34/Z00T 0T/10p/u0"Aa| 1w AReiq1Bu|Uo//:SdnY oA Fapeolumoq ‘g ‘TZ0Z V6988702



HALL ET AL.

MW] LEY— Food and Energy Security _

model uses FAO food balance sheets (FBSs) (which provide
estimates of food supply at the national level) in combination
with the FAO methodology for estimating the prevalence
of undernourishment. The country level statistics provided
by FAOSTAT relating to food production, imports, exports,
etc., can be varied within the FEEDME model depending on
the research questions.

As the standard FBSs only provide estimates of dietary
energy (kcals), protein and fat supply for each food commod-
ity, this was extended to include estimates of micronutrients
in order to project how the quality of Malawi’s food supply
might change in the future. It is important to emphasise that
the intention of this study was to estimate the supply of nu-
trients at the national level. An estimation of consumption
at the individual level is not possible using the FAO data.
The data sets used to create the nutrient data set included the
FAO trade data for the year 2010 (FAOSTAT, 2018), FAO
production data for the year 2010 (FAOSTAT, 2018) and
three food composition tables (FCTs) (Leung et al., 1968;
Stadlmayr et al., 2012; USDA, 2014). The methodology
used to estimate additional nutrients replicated that used by
Macdiarmid et al. (2018), and is summarised in Figure 1. A
detailed description of this methodology is provided in the
Supplementary material (Section A). It is important to note
that while we estimated nutrient supply, these values were
adjusted to represent the edible amount (i.e. by subtracting
inedible portions and household level waste) in order to avoid
over-estimation of supply.

2.2 | Future scenarios
In order to quantify how climate and societal change might
impact Malawi’s food supply, we used crop yield projections
under a range of socioeconomic and emissions scenarios as
outlined by the International Food Policy Research Institute
(IFPRI). While it is recognised that climate change will likely
impact all dimensions of food security (availability, access,
stability and utilisation of food), this study focuses on the
availability dimension in terms of crop yields. We include
a wide range of food crops in our analysis (including fruits
and vegetables) in order to move beyond the focus on staple
grains which are not always of significance at the more local
level.

The crop yield changes for Malawi were based on a study
by Wiebe et al. (2015) which examined the impacts of climate

Disiircoation of Matching of food
ggreg | items with nutrient

change on agriculture under a range of socioeconomic and
emissions scenarios in 2050, relative to a 2010 baseline.
Results for Malawi were provided for three scenarios which
combined shared socioeconomic pathways (SSPs) with
RCPs. The full range of SSPs are described by O’Neill et al.
(2015) and Kriegler et al. (2012) and are intended to reflect
how society might develop in the future in terms of demo-
graphics, economic development, technological develop-
ment and policy change. RCPs describe four plausible future
climate scenarios in terms of GHG emissions and radiative
forcing (van Vuuren et al., 2011). Wiebe et al. (2015) com-
bined each SSP with climate impacts for a unique RCP, based
on the SSPs specific levels of emission mitigation efforts.
Results for Malawi were provided for three scenarios: SSP1
with RCP 4.5, SSP2 with RCP 6 and SSP3 with RCP 8.5. The
first of these can be described as an optimistic scenario as it
assumes low population growth and high levels of economic
growth, education, governance, globalisation, technological
development and international cooperation (O’Neill et al.,
2015) as well as the less severe climate impacts of RCP 4.5.
The second scenario is a middle-of-the-road scenario as it
assumes moderate population and economic growth as well
as technological development, but with considerable hetero-
geneities between and within countries (O’Neill et al., 2015).
Likewise, it is combined with the moderate emissions sce-
nario RCP 6.0. The third scenario is a pessimistic scenario
that assumes very high levels of population growth, low eco-
nomic growth, low levels of environmental awareness and a
push towards nationalism (O’Neill et al., 2015). This pessi-
mistic socioeconomic pathway is combined with the severe
emissions pathway RCP 8.5. A detailed description of how
the crop yield projections were calculated is provided by
Wiebe et al. (2015).

2.3 | Modelling the impacts on food and
nutrient supply

The socioeconomic assumptions of the alternative future
scenarios are embedded within the crop yield changes
which were added into the FEEDME model, with the ex-
ception of population growth which was adjusted manually
for each scenario. All food commodities in the FBSs were
first assigned to one of eight reference crops (wheat, maize,
rice, soybean, sugarcane, groundnuts, sunflower seed and
other oilseeds) as presented by Wiebe et al. (2015). Given

Adjustment of final
values for edible
portions,

Calculation of
_ | supply quantities

FBS commodities data from FCTs

\J

| and weighting of

nutrient data household waste

and fortification

FIGURE 1 Flow chart summarising the methods used to update the standard FBSs with additional nutrient data
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that the FBSs comprise 91 food commodities, all foods were
mapped to one of the eight reference crops, or a ‘meat’ or
‘aquatic’ category. Food commodities were mapped to the
reference crops using information provided by van Meijl
et al. (2018) (Table S1 in the Supplementary material).
While some food commodities were simply mapped to a
reference crop that directly described them (i.e. wheat was
mapped to wheat), the majority of food commodities were
mapped to a ‘generic’ C3 crop (an average of wheat, rice
and soybeans) in line with van Meijl et al. (2018). This is
because no reference crop directly related to any of these
commodities, and so an average was a best estimate of how
climate change will affect them, for example all fruits and
vegetables were mapped to this ‘generic’ crop. ‘No change’
was assumed for sweeteners, honey, wine, beer, fermented
beverages and alcoholic beverages as no climate change
estimates could be sourced for these items. ‘No change’
was also assumed for all meat and aquatic products because
climate and socioeconomic impacts on these commodities
are very uncertain. Once all of the FBS commodities were
mapped to a reference crop or a ‘no change’ category, the
FEEDME model was updated in order that yield changes
of the reference crops would adjust the food supply values
for all corresponding commodities.

2.4 | Estimating undernourishment
prevalence and the quality of the food supply

Prevalence of undernourishment was estimated using the
FAO measure of food deprivation (FAO, 2002) by compar-
ing estimated energy supply (kcals capita™' day™") with a per
capita minimum daily energy requirement (MDER) value for
Malawi. The MDER value for the baseline period of 2010
was extracted from the FAO statistics division (1,730 kcals
capita_1 day_l). A MDER was also calculated for the year
2050 in order to account for projected changes to popula-
tion structure between 2010 and 2050 (1,807 kcals cap-
ita™! day_l). Protein adequacy was calculated by comparing
the supply at the per capita level (from FBSs) with recom-
mended intakes which were calculated using the FAO et al.
(1981) report on human energy and protein requirements. A
weighted average was calculated based on requirements of
different age and sex groups in the population (including a
pregnancy allowance) to give an average per capita require-
ment (similar to the MDER).

In order to estimate the adequacy of iron, zinc and vitamin
A supplies in 2050, recommended nutrient intakes for each
micronutrient were sourced from WHO (2004). For iron, a
low bioavailability factor of 5% was assumed as Malawian
diets are typically low in animal sources of iron (i.e. haem
iron from animal products have a higher bioavailability
than non-haem iron from plant-based foods) (IOM, 2001).
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Likewise, a low bioavailability factor of 15% was assumed for
zinc as Malawian diets are predominately plant-based foods,
which are high in phytates known to inhibit zinc absorption
(Manary et al., 2000). Assuming low bioavailability results in
a higher required intake. For vitamin A, ‘recommended safe
intake’ values were used as the indicator of adequate supply
(WHO, 2004). To calculate the extent of nutrient adequacy
in the baseline period and the future scenarios, nutrient re-
quirements were compared with the supply, and a percentage
deficit or surplus was calculated for each nutrient. Energy
and nutrient requirements in the 2010 baseline scenario are
different from requirements in the 2050 scenarios due to the
different population structures which were factored into all of
the requirement estimates.

2.5 | The impact of dietary change

Malawi is expected to experience continued nutrition transi-
tion over the coming decades, whereby diets shift away from
traditional starchy staples towards higher value commodities,
such as animal products and processed foods (Popkin et al.,
2012; Robinson et al., 2015). In order to assess the impact of
these projected changes on future nutrient supplies, food sup-
ply estimates from a study by Wiebe et al. (2017) were incor-
porated into the FEEDME model for six major food groups:
cereals, meat, fruits and vegetables, oilseeds, pulses, and roots
and tubers. Dietary change projections for Malawi were ex-
tracted from the IFPRI IMPACT database (https://dataverse.
harvard.edu/dataverse/impact) for a 2050 scenario that com-
bined SSP2 with RCP 8.5 (HadGEM GCM). In the FEEDME
model, the SSP2/RCP 6 scenario was used as a baseline from
which to adjust the supply quantities to account for dietary
change as both scenarios shared the SSP2 scenario family.
Thus, the future scenario with dietary change was compared
against the future scenario that assumed diets remained the
same as in 2010. Despite the fact the dietary change scenario
assumed RCP 8.5 climate impacts (as opposed to RCP 6.0 as
these data were not available); the two scenarios were felt to
be comparable as both sets of projections are quite severe.

3 | RESULTS

Projected yield changes of all reference crops are displayed
in Table 1. Values represent the percentage yield gains (+)
or losses (—) between the 2010 baseline and 2050 under the
three future scenarios. Total yield gains were highest in the
SSP1/RCP4.5 scenario and lowest in the SSP3/RCP 8.5 sce-
nario in line with expectations. Although not shown in the
results, the three future scenarios were first examined in the
absence of climate change in order to assess the relative im-
pact. In each scenario, the addition of climate change reduced
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the yields of most crops. However, this was not the case for
maize and sugarcane yields which increased as a result of
the addition of climate change. This is because temperature
and precipitation changes as a result of climate change were
expected to create more favourable growing conditions for
these crops in Malawi. For example, the additional yield
gains in maize that can be attributed to climate change were
31%, 30% and 32% in the SSP1, SSP2 and SSP3 scenarios,
respectively. Similarly, the additional gains in sugarcane as-
sociated with climate change were 14%, 12% and 11% in the
SSP1, SSP2 and SSP3 scenarios, respectively.

Estimated supplies and population-level requirements of
energy, protein, and micronutrients for the baseline period
and future scenarios are summarised in Table 2. As expected
and in line with the projected yield changes, energy and nu-
trient supplies were highest in the SSP1 scenario and lowest
in the SSP3 scenario. Estimated supplies of energy, protein,
iron and zinc were higher in the SSP1 scenario than the 2010
baseline, whereas vitamin A supplies were lower than the
baseline. Energy and nutrient supplies in the SSP2 and SSP3
scenarios were all lower than the 2010 baseline. Thus, despite
the considerable yield increases projected for some crops be-
tween 2010 and 2050, per capita supply of energy and nu-
trients actually decreases in the SSP2 and SSP3 scenarios,

TABLE 1 Percentage change in yields of all reference crops from
the 2010 baseline period to 2050 under each future scenario

SSP1/RCP SSP2/ SSP3/

4.5 RCP 6 RCP 8.5
Groundnuts +12.9 +1.7 -5.8
Maize +159.1 +128.7 +114.5
Rice +89.6 +71.5 +62.9
Sunflower seed +3.6 -7.6 —11.4
Soybean -3.2 -20.7 -259
Sugarcane +23.5 +16.7 +10.1
Other oilseeds +2.8 —4.7 -9.9
Wheat +56.5 +33.1 +23.8

largely due to population growth which offsets increases in
supply. It should also be noted that while average supplies
of energy and nutrients were higher than the requirement
in some scenarios, this does not take into consideration the
unequal distribution of national food supplies and people’s
access to food.

Using the projected energy supplies provided in Table 2,
as well as a gini coefficient which accounts (to some extent)
for inequalities in food distribution in Malawi, projected un-
dernourishment prevalence in the baseline and future scenar-
ios is illustrated in Figure 2. Undernourishment prevalence in
2010 was estimated at 12%, which was around 5% lower than
the FAO estimate for the same period (17.3%) (FAOSTAT,
2020). This was due to the higher average energy supply esti-
mated for the baseline period (Table 2). Of the future scenar-
ios, undernourishment risk was lowest in the SSP1 scenario
(5.1%), followed by the SSP2 scenario (30.8%), and was
highest in the SSP3 scenario (62.4%).

Protein and micronutrient adequacy in the baseline sce-
nario and three future scenarios is illustrated in Figure 3.
Values represent the percentage difference between the per
capita supply and requirement of each nutrient. Protein sup-
plies were adequate in all scenarios. Supplies of iron, zinc
and vitamin A were inadequate in all scenarios, with the ex-
ception of zinc in the SSP1 scenario.

The impact of dietary change on the supply of the six food
groups is shown in Table 3. Supply of cereals and roots and
tubers are projected to decrease as a result of future dietary
change, while supply of meat, fruits and vegetables, oilseeds
and pulses are expected to increase. Meat and fruits and veg-
etables are projected to experience the highest increases, at
130% and 61%, respectively.

The effect of dietary change on per capita food supply is
summarised in Figure 4. The scenario with dietary change
resulted in slightly less but adequate energy supply and
adequate and slightly greater protein supply, although the
changes were marginal in both cases (—1% and +2%, respec-
tively). Dietary change made very little difference to the ex-
tent of iron and zinc inadequacy, leading to a reduction of less

TABLE 2 Estimated supplies and requirements of energy, protein and micronutrients capita~' day ™" in the baseline scenario and the three

future scenarios

2010 2050
Supply (SSP1/  Supply (SSP2/  Supply (SSP3/

Supply Requirement  RCP 4.5) RCP 6) RCP 8.5) Requirement

Dietary energy (kcals 2,604.8 1,730.0 3,163.5 2,218.7 1,718.3 1,807.0
capita_1 day_')

Protein (g capita™' day™") 64.6 36.3 77.6 547 425 39.0
Iron (mg capita™' day™") 23.9 33.0 28.7 20.1 155 343
Zinc (mg capita™' day™) 10.8 12.0 13.3 9.3 72 12.2
Vitamin A (RAE pg capita™" day ™) 468.3 534.9 366.2 248.9 191.9 5427
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than 1% in both cases. Extent of vitamin A inadequacy was
reduced by 11%. Thus, despite the projected increase in the
supply of foods that are high in micronutrients (mainly meat
and fruits and vegetables), dietary change did not increase
supply of micronutrients enough to meet population-level
minimum requirements.
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FIGURE 2 Estimated proportion of undernourishment in Malawi
(% of total population) as simulated by the FEEMDE model for the
baseline scenario and the three future scenarios
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FIGURE 3 Estimated nutrient adequacy in the baseline and future
scenarios. Values represent the percentage difference between supply
and requirement of each nutrient (capita™ day™")

The proportion of energy, protein and micronutrients
supplied by each food group in the future scenarios with
and without dietary change is displayed in Figure 5. In both
scenarios, cereals provided the majority of dietary energy,
protein and micronutrients, except for vitamin A which was
mostly supplied by roots and tubers, followed by fruits and
vegetables and then meat. Due to the projected reduction in
cereal supply as a result of dietary change, the share of nutri-
ents provided by cereals was lower in the dietary change sce-
nario compared to the baseline future scenario. Similarly, the
projected reduction in roots and tubers supply as a result of
dietary change reduced the quantity of vitamin A supplied by
this food group from 57% to 43%. The other nutrients were
largely unaffected by the change in the supply of roots and
tubers. Dietary change resulted in a marginal increase in the
percent supply of nutrients from pulses and oilseeds, while
fruits and vegetables and meat contribute considerably more
nutrients as a result of dietary change (due to the substantial
increase in supply of these foods). Indeed, the percent con-
tribution of meat to vitamin A supply doubled as a result of
dietary change.

4 | DISCUSSION

4.1 | Undernourishment and micronutrient
adequacy in the future scenarios

The results of this study suggest that food and nutrition se-
curity could be considerably worsened in Malawi depend-
ing on how the world develops over the coming decades.
Undernourishment prevalence could be reduced (relative
to 2010 levels) if the world develops in line with the SSP1
scenario. Under the SSP2 and SSP3 scenarios, undernourish-
ment was estimated to be considerably higher than 2010 lev-
els despite the projected increases in yields of major crops.
This is due to more pessimistic socioeconomic and climate
projections in these scenarios.

While energy and protein supplies exceeded requirements
in all scenarios (except energy in SSP3), micronutrient sup-
plies were inadequate in all scenarios (with the exception

TABLE 3 Change in the supply quantities (g capita™ day™") of six different food commodities as a result of projected dietary change by 2050

Supply quantities in 2050 assuming no dietary change

(g capita_1 day_l)

Cereals 467.4
Meat 9.3
Fruits & vegetables 113.3
Oilseeds 9.6
Pulses 16.2
Roots & tubers 340.5

Revised supply quantities in 2050 as a
result of dietary change (g capita_1 day_l)
4447

21.4
182.5

10.5

19.2
320.8
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of zinc in SSP1). What is particularly noteworthy is that in
SSP1, even when energy supply was more than 1,000 kcals
higher than the MDER and protein supply more than double
the requirement, supplies of iron and vitamin A were still in-
adequate. These results emphasise (a) the need to move be-
yond focusing on energy supply (and possibly protein supply)
as a measure of food security as adequate energy supply does
not ensure a nutritious food supply, and (b) the importance of
dietary diversity which is correlated with micronutrient in-
take (Galway et al., 2018; Johnson et al., 2013; Jones et al.,
2014). Malawian diets remain heavily dominated by maize
and lack diversity. Thus, the inadequate supplies of iron, zinc
and vitamin A can be attributed to the already low levels of
these nutrients in Malawi’s food supply (i.e. all three were in-
adequate in the 2010 baseline scenario). Similarly, the major
yield gains assumed for maize and sugarcane helped to mit-
igate undernourishment to some extent due to the provision
of energy, but did not alleviate micronutrient inadequacy as
these crops are low in the micronutrients of interest. Supplies
of foods that are more micronutrient dense (fruits and vege-
tables, roots and tubers, and animal products) were not pro-
jected to increase sufficiently to meet requirements by 2050.

It should be noted that our estimate of undernourishment
prevalence in the baseline scenario was not in line with the
FAO estimate for the same year. This is due to the higher av-
erage calorie supply estimate for the baseline period (our esti-
mate was 2,605 kcals, while the FAO’s was 2,405 kcals). The
higher overall calorie supply was predominantly due to two
commodities: cassava and potatoes. Values for these com-
modities were estimated using the West African composition
tables, which were the best available data source for Malawi
(compared to the USDA tables for example, it is not clear
which composition tables the FAO used). Given our baseline
undernourishment estimates were lower than the FAOs, this
could mean that our future projections err on the optimistic

Vitamin A

FIGURE 4 Percentage adequacy of per
capita food supply with and without dietary
change assumptions

, ® No dietary change

With dietary
change

side, whereas if the FAO baseline had been used, future un-
dernourishment would likely have been more severe. This
should be considered when interpreting the results.

As was explained briefly in the results, climate change is
expected to increase yields of maize and sugarcane relative
to the same future scenarios in the absence of climate change
(outlined in detail by Wiebe et al., 2015). This is because for
those climate scenarios as modelled by the HadGEM GCM,
projected changes in temperature and precipitation in Malawi
are favourable for those crops. Indeed, maize yields in the
scenarios with climate change are approximately 30% higher
than the scenarios without climate change. Given that maize
makes up a large proportion of the diet in Malawi and there-
fore provides a large majority of key nutrients (despite not
being a micronutrient dense food), that is 45% of total calo-
ries, 45% of total protein, 44% of iron and 43% of zinc, pro-
jected yield increases have positive nutritional ramifications.
Maize is very low in vitamin A, hence why the projected yield
increases do not improve vitamin A supply. Indeed, vitamin
A supply is decreased by the impacts of climate change due
the reduction in yields of nutrient-dense crops (such as fruits
and vegetables and edible oils which are important sources
of vitamin A).

The impact of climate change on maize yields has been
well studied; however, projections vary widely depending
on the GCMs, crop models and climate scenarios used.
While GCMs converge well at the global scale, they tend
to show wide variation at more local scales (Connolley &
Bracegirdle, 2007; Schmittner et al., 2005; Whetton et al.,
2007; Giorgi & Mearns, 2003). There are a number of stud-
ies that suggest maize yields will decrease as a result of
climate change in the future (Lobell et al., 2011; Lobell &
Field, 2007; Schlenker & Roberts, 2009). However, it is
important to note that many of these studies only consider
the biophysical yield shocks caused by temperature and
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FIGURE 5 The proportion (% of total) of dietary energy and
nutrients supplied by each food group in the future scenarios with and
without dietary change

precipitation changes, whereas the yield projections used in
this study also considered factors such as food prices, trade
and market responses which affected final yield projections.
In a study by Thornton et al. (2009), some yield gains in
maize were projected in East Africa using the SRES A1FI
and Bl storylines and HADCM3 and ECHam4 models.
Using the same storylines and GCMs, Thornton et al. (2010)
projected maize yield gains in Kenya and Rwanda of 15%

Food and Energy Security

and 11% by 2030, respectively, and 18% and 15% by 2050,
respectively. Yield gains were attributed to increases in tem-
perature in these areas which resulted in optimal growing
conditions. However, yield losses were projected for some
countries (Tanzania and Uganda) which were attributed to
projected temperature increases higher than optimal growing
conditions for maize. Thus, the yield projections used in this
study are consistent with some studies in the wider literature,
despite considerable variation between methods and models
used which makes comparison difficult.

4.2 | The impact of dietary change
The results of this study suggest that projected future dietary
change in Malawi will not increase the supply of micro-
nutrients enough to meet per capita requirements in 2050.
This can be explained by the fact that supply quantities of
micronutrient dense foods were already very low in the ‘no
dietary change’ 2050 scenario. For example, in this baseline
scenario, estimated meat supply in Malawi was 9.3 g cap-
ita™! day_l, down from an estimated 20.5 g capita_1 day_1
in 2010 (due to population growth). Dietary change was pro-
jected to increase supply to 21.0 g capita_1 day_l, which was
only 0.5 g higher than 2010 levels. To put these figures into
perspective, in 2010, meat supply in the UK was estimated
at222 g capita_1 day_], while in the United States, this fig-
ure was 326 g capita”' day”' (FAOSTAT, 2019). Indeed,
animal-source foods make up a much larger proportion of
the diet in developed countries than in SSA countries. Global
average meat supply was estimated at 108 g capita_1 day_1
in 2010 and is projected to increase to 136 g capita™' day ™’
by 2050 assuming SSP2 in the absence of climate change
(IFPRI, 2017). Similarly, average meat supply in Africa was
estimated at 40 g capita_1 day_1 in 2010, which is projected
to increase to 78 g capita_1 day_1 by 2050 (again assuming
SSP2 in the absence of climate change (IFPRI, 2017)). Thus,
even with dietary change, per capita meat supply in Malawi
is projected to be 6.5 times lower than the global average and
3.7 times lower than the African average in the year 2050.
The same point can be made for other micronutrient
dense foods such as fruits and vegetables. For example, in
the baseline scenario, supply of fruits and vegetables was
estimated at 134 g capita™' day™' with WHO recommenda-
tions being 400 g day_l (FAOSTAT, 2019). Proposed dietary
change only increased this to 182.5 g capita_1 day_l which is
still less than half the recommended intake. Thus, while the
higher supply of these foods in the dietary change scenario
does improve the quality of the food supply to some extent,
it is an insufficient increase to meet minimum requirements.
Again, this emphasises the need to improve dietary diversity
in Malawi as even in the dietary change scenario the food
supply is dominated by cereals.
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4.3 | Implications and recommendations
This study has addressed a key gap in the literature by pro-
jecting the impact of climate change on not only food supply
quantity, but also food supply quality. Only a limited number
of other studies have extended the FBS data to address the
nutrient adequacy of food supplies (e.g. Ritchie et al., 2018;
Schmidhuber et al., 2018; Smith et al., 2016; Wuehler et al.,
2005). Even fewer studies have projected how micronutrient
supplies could be affected by future climate and socioeco-
nomic change (apart from, e.g. Nelson et al., 2018). Thus, this
study serves to highlight the importance of moving beyond the
focus on dietary energy (and protein) in assessments of food
and nutrition security, as our results demonstrate that even
when energy and protein are adequate, the overall quality of
the food supply could be inadequate in terms of nutrients. The
results of this study suggest that micronutrient supply could
be more problematic in future than energy and protein. This
is particularly important for developing countries such as
Malawi which already suffer from very high levels of micro-
nutrient deficiencies. However, the results have far-reaching
implications as this issue will not be limited to Malawi alone.
Our results also highlight the need for society to work to-
wards a future in line with the SSP1 scenario, and avoid a
future in line with SSP3, given the much worse projections for
food and nutrition security. Given the already high rates of un-
dernourishment and malnutrition in Malawi, and the possible
worsening of the situation over the coming decades, strategies
to improve food and nutrition security are a priority. Indeed,
our results highlight the need for the agricultural and human
health sectors to work together when working to achieve food
and nutrition goals. In national development agendas, food
security is very often a key priority for agricultural policies,
but nutritional issues (such as stunting and wasting) are con-
sidered a health issue (Aberman et al., 2018). This lack of
nutritional consideration within agricultural systems can be
considered one of the main causes of food insecurity and mal-
nutrition in today's society (Welch et al., 2013). The merging
of these two sectors is likely to be essential in order to achieve
the second SDG to end hunger ‘in all its forms’, including
undernourishment and micronutrient deficiencies.

44 | Limitations

There are some key limitations that are important to consider
when interpreting the results of this study. Firstly, it is impor-
tant to emphasise that this study only addresses food supply
(in terms of quantity and quality) and does not inform about
actual food consumption or micronutrient deficiencies at the
individual level. Rather, this study focuses on what is avail-
able at the national level which is important as this forms the
basis of achieving food security (having adequate, nutritious

food available). Thus, people's ability to access food and
properly utilise nutrients is not accounted for. Similarly,
using the FAO data it is not possible to inform about the dis-
tribution of food at the sub-national level. Thus, while we can
apply the national supply data at the household level, these
are average values which assume all households have equal
supply of available food. The FAO undernourishment meth-
odology takes distribution into account to some extent when
looking at the supply of energy (using a gini coefficient) but
this is not accounted for when looking at protein or micronu-
trients. It is also important to note that micronutrient deficien-
cies have multiple causes aside from just dietary (i.e. disease)
which could not be accounted for in this study. Despite these
limitations, assessing the change in food supply quantity and
quality under different future scenarios is useful as without
an adequate food supply, adequate consumption and effec-
tive utilisation is not possible.

There are some additional limitations of the FBS data
and the FAO methodology for estimating undernourishment
prevalence. Both over- and under-estimation of undernour-
ishment can occur for different reasons, such as inaccuracies
in the FBS data which will be time and country specific, and
the sensitivity of the FAO measure to the exogenous param-
eters used (i.e. the mean calorie supply, MDER cut-off point
and measure of inequality in access) (de Haen et al., 2011;
Svedberg, 2000). In this study, is it possible that calorie and
nutrient supplies were under-estimated as FAO production
statistics are mostly confined to major, commercialised crops
and can often miss subsistence level production, which in
Malawi is likely to be an appreciable part of overall produc-
tion. Despite these limitations, the FAO data remain the only
food security indicator with a global coverage that allows
for comparison between countries and within countries over
time using a consistent methodology. While finer scale data
such as household surveys provide more detail and can be
used to identify sub-national trends, these are expensive and
time-consuming, and variation in methodologies and survey
techniques make comparison between countries difficult. In
addition, given the yield impact data used in this study rep-
resented the projected impacts at the country level, applying
these changes to the finer scale food consumption data would
not have matched as well.

There are also uncertainties related to the future crop
yield estimates. For example, the yield projections do not
account for the effects of CO, fertilisation as the effect on
crop yields is still highly uncertain as is discussed widely in
the literature (Long et al., 2006; Tubiello et al., 2007; Wang
et al., 2012). In this sense, the yield results may err on the
pessimistic side as potential yield increases as a result of
CO, are not accounted for. On the other hand, it could be
argued that the yield projections err on the optimistic side
as some potentially negative effects of climate change were
unaccounted for. For example, extreme climatic events (such
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as floods and droughts), changes in pests and diseases, and
changes in ozone levels were not captured by the crop mod-
els and GCM inputs used to produce the yield projections
(Wiebe et al., 2015).

It is also important to note that while this study only in-
cluded three micronutrients (as they are the most commonly
deficient in Malawi and many other countries and are thus a
focus of the WHO) there are several other micronutrients es-
sential for health that have not been included in this study that
are critical for nutrition security. Future studies should aim to
include a wide range of micronutrients in order to ensure a
holistic approach is taken for nutrition security.

Lastly, while some effects of trade are embedded in the
crop yield estimates, trade changes to other commodities
were not included which may influence the nature of the fu-
ture food supply.

5 | CONCLUSIONS

The findings of this study suggest that future climate and soci-
etal change could have serious negative consequences for food
and nutrition security in Malawi, depending on how the world
develops. Our results show that undernourishment could be im-
proved relative to baseline levels under an optimistic scenario,
but could be worsened assuming higher population growth,
lower economic growth and more severe climate impacts.
Even under the optimistic scenario with very high supplies of
energy and protein, micronutrient supplies were largely inade-
quate. Indeed, proposed dietary change in the form of nutrition
transition did not increase micronutrient dense foods suffi-
ciently to meet requirements. These results therefore highlight
the importance of diversifying diets in Malawi (and indeed,
other countries with similar nutritional problems) as well as
moving beyond the focus on dietary energy as a measure of
food security, as dietary quality in the form of micronutrient
intake may be more problematic in the future.
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