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Abstract
It is uncertain whether Sustainable Development Goal 2 (SDG2), a healthy diet for all, can be achieved in East Africa given 
its strong population growth, low agricultural yields, and the high perishability of nutrient-dense foods. We examine the con-
sequences of a locally produced healthy diet on land use in a case study of the Arua district in Uganda. This type of analysis 
can alert policy makers to looming nutrition gaps and support the selection of alternative solution strategies. Using a linear 
programming (LP) model and three population growth projections, we estimate the minimum agricultural area needed in 
2040 to produce a healthy diet that follows EAT-Lancet dietary diversity guidelines and supplies the average requirements of 
calories, proteins, Iron, and vitamin A. We also compare in scenarios to what extent i) production intensification, ii) food loss 
reduction, iii) by-product consumption, and iv) vitamin supplementation could reduce the required agricultural area. Results 
show that the necessary area to produce a healthy diet in 2040 is 160% larger than Arua’s current crop area and would greatly 
exceed the district’s total area. We also show that none of the changes proposed in our scenarios allows a sufficient increase 
in food production, suggesting that a mix of even more drastic changes across sectors will be necessary. The results underline 
the challenge for rural areas in East Africa like Arua to provide a healthy diet to its fast growing population, requiring inte-
grated food system changes and policy coordination to orchestrate the increased availability of diverse and nutritious foods.
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1  Introduction

In recent years, it has become increasingly clear that 
intake of nutritious foods should be part of the food secu-
rity equation (Willett et al., 2019). Nutrient deficiencies 
in diets have consequences in the short and long term, 

from increased risks for diseases to reduced labour produc-
tivity. Especially at a young age, nutritional deficiencies 
may have long-lasting negative impacts on an individu-
al’s physical health, mental development, and economic 
opportunities (United Nations Children's Fund [UNICEF], 
2019). Research on food security has therefore shifted 
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towards food and nutrition security, acknowledging the 
importance of consuming not only enough calories, but 
also fulfilling the needs for micronutrients that are essen-
tial for health and development (Food and Agriculture 
Organization of the United Nations [FAO] et al., 2017; 
Gil et al., 2019).

In the context of East Africa, a shift in consumption from 
staple foods such as cereals, tubers, and oils, to more nutri-
ent-dense foods such as fruits, vegetables, legumes, and ani-
mal products has been proposed to improve diets (Food and 
Agriculture Organization of the United Nations [FAO] et al., 
2021). However, consequences of such a shift on land use 
are uncertain. Current yields of nutrient dense foods such as 
fruits, vegetables, and animal products are low in many parts 
of East Africa (de Steenhuijsen Piters et al., 2021; Herrero 
et al., 2014; Paul et al., 2020). In addition, most of these 
nutritious products are highly perishable, with limited food 
processing capacities in the region resulting in high post-
harvest losses (Porter et al., 2016; United Nations Human 
Settlements Programme [UN-Habitat], 2021). The combina-
tion of East Africa’s low yields and high post-harvest losses 
add to the land resources needed to supply enough nutrient-
dense foods. Moreover, East Africa’s population is expected 
to increase steeply in the coming decades. Yearly growth 
rates for the region are projected at around 2.3% until 2040 
(United Nations [UN], 2019), growing from the current 445 
million people to potentially 707 million. This population 
growth will drastically increase the demand for food in the 
near future (van Ittersum et al., 2016).

In view of the current low yields and high losses of nutri-
tious foods on the one hand, and the projected population 
increase on the other, it is unclear whether the Sustainable 
Development Goal of supplying healthy diets for future 
populations (SDG 2) can be achieved given East Africa’s 
available land resources and its current food system charac-
teristics. This paper explores the feasibility of meeting future 
healthy diet requirements in the context of East Africa, 
using the former district of Arua, in the West Nile region 
of Uganda, as a case study. The district is a typical rural 
area in East Africa, where fast population growth and low 
agricultural productivity contribute to poor dietary diver-
sity and high levels of stunting (Uganda Bureau of Statistics 
[UBoS], 2018). The objective of this paper is to explore the 
possibilities for providing the population of the Arua district 
with a locally produced healthy diet in 2040 given the avail-
able land area. Using a modelling approach, we (a) analyse 
in different population growth projections the effect of the 
local production of a healthy diet on land use compared to 
the current diet, and (b) explore to what extent i) produc-
tion intensification, ii) food loss reduction, iii) by-product  
consumption, and iv) vitamin supplementation could reduce 
the agricultural area required to produce a healthy diet for 
the future population of Arua.

The goal of the analysis is to show the overall challenges 
in terms of land area that transitioning to a healthier, more 
diverse diet would entail, relevant in the context of policy 
development. Although food self-sufficiency is not neces-
sarily a goal in and of itself, the analysis of land demand 
for local production can shed light on possible future gaps 
between food requirement for a healthy diet and the local 
food production capacity. This type of analysis contributes 
to early warning of policy makers to looming food and nutri-
tion gaps and supports the selection and development of 
strategies to tackle these. The results should be understood 
as illustrating broadly the challenges that a shift in diet may 
place on an already challenged food system, rather than to 
predict the exact amount of land necessary to produce a 
healthy diet.

We use a linear programming model to match food pro-
duction and the requirements of a certain diet for the local 
population at district level. We describe the case study area 
of Arua in Sect. 2, and outline the modelled food system, 
the modelling framework, the healthy and current diet, and 
the simulated scenarios in Sect. 3. We present and discuss 
results in Sects. 4 and 5, respectively. Final conclusions and 
implications for the future research and policy agenda are 
outlined in Sect. 6.

2 � Case study area

Arua was a district located in the West Nile area of Uganda 
(Fig. 1), but was split into the two new districts of Terego 
and Madi Okollo after an administrative land redistribution 
in 2020. At the time of data analysis (2019) Arua was still an  
official district. Our analysis therefore refers to the former 
Arua district, which is bordered by the Democratic Republic 
of the Congo (DRC) and the Republic of South Sudan to the 
West and North respectively. To the East, the Nile forms a 
natural barrier with the rest of Uganda. In 2018, the local 
population of the district was 0.95 million (van Dijk et al., 
2022). Because of the continuing humanitarian crises in the 
DRC and South Sudan, the district also hosts a fluctuating 
refugee population varying from 271,655 in 2018 to 207,070 
in 2022 (United Nations High Commissioner for Refugees 
[UNHCR], 2018, 2022), totalling the district population to 
around 1.2 million people.

Arua district is largely rural with a single city, also called 
Arua. The total district area is 4,428 km2, of which only 
1% is urban and 50% (223,241 ha) is cropland (Copernicus, 
2018). The rest of the area consists of natural vegetation 
such as forests (25%), shrublands (19%), and wetlands (2%). 
The main source of livelihood for most people is subsist-
ence agriculture, characterized by low productivity levels, 
low external inputs, small scale agricultural production, 
and limited food processing capacity (Uganda Bureau of 
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Statistics [UBoS], 2020; United Nations High Commissioner 
for Refugees [UNHCR] & World Vision Uganda [WVU], 
2017; United Nations Human Settlements Programme [UN-
Habitat], 2021). Crop production takes place in two rainy 
seasons, roughly from March to May, and from August to 
December. Animal production is very limited, with chicken 
and goats being the most common livestock. Animals are 
generally kept in scavenging production systems, fed irregu-
larly with household food residues and grazing around the 
farm (Uganda Bureau of Statistics [UBoS], 2020).

3 � Method

We developed a modelling framework based on a Linear 
Programming (LP) optimization model, which is a math-
ematical technique to minimize or maximize a linear objec-
tive function subject to linear constraints (Dantzig & Thapa, 
2006). This optimization technique is commonly used to 
quantify land use trade-offs, and was selected due to its rela-
tive simplicity, transparency, and low data demand (Bouman 
et al., 1998; Delmotte et al., 2017; Roetter et al., 2007). This 
was considered suitable for Arua’s data scarce environment, 
with little to no data available on the food system. The mod-
elling framework estimates the minimum agricultural area in 
Arua needed for producing a well-defined diet for the whole 
population, given the district’s food system characteristics 
of productivity and losses and a certain population in terms 
of size, age, and gender composition. We describe the food 
system as modelled for Arua in Sect. 3.1, and outline the 
modelling framework in Sect. 3.2. We subsequently used 
the modelling framework to estimate the agricultural land 

requirement for a set of scenarios, with each scenario mod-
elled at three alternative population growth projections of 
the Shared Socioeconomic Pathways (SSPs) (Sect. 3.3). In 
the scenarios, we evaluate the impact of producing a healthy 
diet on land requirements compared to the current diet, and 
we compare the effectiveness of various potential food sys-
tem changes in reducing the agricultural land requirements.

3.1 � Food system overview

In this subsection we give a general overview of the con-
ceptualized food system for Arua in the LP model, shown 
in Fig. 2, while going into more detail on the parameteriza-
tion and assumptions for each element of the food system 
in Sect. 3.2.3. We assume that agricultural land is used 
either for a cropping system or as grassland for grazing. 
We define the concept of a cropping system as a certain 
sequence of one or more crops per year. An example of a 
cropping system can be a sequence of two annual crops, 
such as maize in the first rainy season followed by beans in 
the second rainy season, or a perennial crop such as papaya 
or mango. A cropping system produces one or more har-
vested food products as well as crop residues. A food prod-
uct has an edible part and a non-edible part (peels and 
husks). It is also possible to keep animals, which produce 
animal products. The animals can be fed with the edible 
and non-edible parts of crop products, with crop residues, 
and with grass. Post-harvest losses are assumed for both 
crop and animal food products, leaving the remainder 
of the food products for human intake. We assume that 
all food products are consumed in farm gate conditions 
without further processing, that there are no imports nor 

Fig. 1   Map of Uganda and 
the zoomed in West Nile area, 
where Arua district is located. 
District borders shown as they 
were in 2019
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exports to and from the food system, and that the food is 
divided equally over the population.

In the food system described above, we assume that we 
know the amount of harvested product and crop residues 
from each cropping system (i.e., the crop yields), the edible 
fraction of each harvested food product, the grassland and 
animal product yields, the post-harvest loss-fractions, and 
each product’s nutritional content. These are the parameters 
of the model, which we have estimated with fixed constants 
(Sect. 3.2.3). What we do not yet know are the area of grass-
land and of each cropping system, the number and type of 
animals, the amount and type of animal feed sources, and the 
amount of each food product needed to supply the current 
and the healthy diet. These are the values that the LP model 
calculates, referred to as the decision variables.

3.2 � Modelling framework

The modelling framework, including the LP model, is illus-
trated in Fig. 3 and works as follows. We first define the 
healthy and current diet in terms of food groups and nutrient 
intakes (Sect. 3.2.1). The diet definitions are implemented 
as constraints in the LP model to ensure food production 
meets intake requirements (Sect. 3.2.2). Animal feed require-
ments are also specified as constraints. Constraints are the 
restrictions placed on the outcomes of the LP model such that 
the outcome meets a certain minimum or maximum value. 
To meet dietary constraints, the LP model can choose from 
a range of crop and animal products, each with its associ-
ated yield, post-harvest loss fraction, and nutritional con-
tent parameter. The model calculates the optimum (a) intake 

Fig. 2   Schematic representation 
of the modelled food system of 
Arua. Gray boxes and dotted 
lines represent the values calcu-
lated by the LP model (i.e., the 
decision variables), while white 
boxes and full lines represent 
parameters

Fig. 3   The modelling frame-
work used to estimate the 
minimum agricultural area in 
Arua given the current diet and 
given a healthy diet. The gray 
boxes are the values in the food 
system calculated by the LP 
model (i.e., the decision vari-
ables), corresponding to Fig. 2, 
represented here as the model’s 
output
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of each product, (b) area of each cropping system, (c) area 
of grassland, (d) number of animals of each type, and (e) 
amount and type of animal feed sources, such that agricul-
tural area is minimized while still meeting human and animal 
dietary requirements. From the cropping system areas, the 
number of animals, and their corresponding yields, the model 
calculates the production of each food product, and subtracts 
the amount lost through post-harvest losses and the amount 
used as animal feed (Fig. 2). The resulting available food is 
equally divided over the population, resulting in the average 
intake per person. The LP model therefore chooses the food 
production options, i.e., cropping systems, grassland, and 
animal types and feeds, such that it uses the least amount of 
agricultural land while still meeting dietary requirements (see 
Appendix B for the complete formulation of the LP model).

In the next subsections, we first describe the healthy diet 
as defined in this study, as well as the estimated current diet, 
in terms of daily intake levels of food groups and nutrients 
(Sect. 3.2.1). Then we outline how the dietary intakes of 
both diets as well as the livestock feed requirements were 
implemented as model constraints (Sect. 3.2.2), and how 
crop and animal production have been parameterized in the 
model (Sect. 3.2.3).

3.2.1 � Diet definitions

Healthy diet  There is no overall consensus around the 
definition of a healthy diet, but there is general agree-
ment that the diet should be (a) diverse, incorporating 
foods from a variety of food groups, and (b) nutritionally 
adequate, consuming enough macro- and micro-nutrients 
(Food and Agriculture Organization of the United Nations 
[FAO] et al., 2021). In this study, we use the guidelines of 
the EAT-Lancet Commission on intake ranges of differ-
ent food groups to ensure dietary diversity (Willett et al., 
2019) (Table 1). The EAT-Lancet guidelines provide an 
intake range of different food groups, which, if complied 
to in combination with an intake of 2500 kcal/p/d, should 
broadly cover most adult nutritional needs due to the result-
ing varied diet. The guideline ranges allow for flexibility to 
obtain calories, proteins, and micronutrients from preferred 
food groups. However, although the ranges cover nutritional 
needs roughly, adequate intake of specific nutrients is not 
guaranteed. To ensure nutritional adequacy, we impose an 
additional set of requirements on our healthy diet, to meet 
at least the average requirements for calories, proteins, Iron, 
and vitamin A (Table 2). These four nutrients were selected 
to represent nutritional adequacy due to their importance 
to human health and their widespread deficiency, making 
them major bottlenecks towards healthy diets (World Food 
Programme [WFP], 2015). The average requirement is the 
amount of nutrient intake at which 50% of individuals in 
an age and sex group are below their requirement, and 50% 

above, given a normal requirement distribution within the 
group (Caballero et al., 2003). Although it can be argued that 
a healthy diet should cover the nutritional demand for the 
whole population, our aim is to estimate the minimum agri-
cultural area. We therefore choose this conservative metric 
for nutritional adequacy to avoid overestimating nutritional 
demand. To estimate the population’s average requirements 
we followed standard European guidelines (European Food 
Safety Authority [EFSA], 2017), taking into account the 
population’s age and gender composition, assuming physi-
cal activity levels of an active lifestyle, and assuming body 
weights based on Marshall (1981). We do not consider ele-
ments of moderation into our definition of a healthy diet, 
such as restricting intakes of salt or alcohol.

Current diet  The current diet in Arua was estimated based 
on household survey data from the Living Standard Meas-
urement Study (LSMS) (Uganda Bureau of Statistics 
[UBoS], 2020). The LSMS is a multi-topic panel household 

Table 1   Daily intake per food group per person (g/person/day) as 
estimated in the current diet and in the healthy diet (Willett et  al., 
2019)

Current Diet Healthy Diet

Food Group Intake
(g/p/d)

Minimum 
Intake
(g/p/d)

Maximum 
Intake
(g/p/d)

Cereals 256.3 0 230
Tubers 319.0 0 100
Vegetables – green 3.1 67 200
Vegetables – orange 4.5 67 200
Vegetables – other 1.9 67 200
Fruits 4.9 100 300
Legumes 57.6 0 250
Oils 63.9 20 92
Meat – red 0.1 0 28
Meat – white 0.1 0 58
Eggs 0.3 0 25
Dairy 2.5 0 500
Sweeteners 6.0 0 31

Table 2   Daily intake per person of four nutrients as estimated in the 
current diet, and average requirements for a healthy diet given the 
population composition in Arua in 2018 (United Nations High Com-
missioner for Refugees [UNHCR], 2018)

Nutrient Unit Current Diet Healthy Diet

Calories kcal/p/d 1,946 2,171
Protein g/p/d 54 29
Iron mg/p/d 17 7
Vitamin A mcg RAE/p/d 131 431
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survey conducted regularly on a nationally representative 
sample of households. Although an estimate of the current 
diet should ideally be made based on actually consumed 
food, the available data on food consumption in the LSMS 
dataset was deemed unsuitable due to a high degree of miss-
ing conversion factors, as was also found by Marivoet and 
Ulimwengu (2021). Other datasets on food consumption for 
Arua were, to our knowledge, not available. As an alterna-
tive, we used the LSMS production data to estimate the local 
food production. The current diet was then estimated as the 
total amount of food produced plus the food aid brought into 
the district, divided equally over the total (local and refugee) 
population. As data on free market trade was not available, it 
was assumed that Arua’s food imports equal its food exports, 
with a net zero contribution to the total food availability.
Food crop production was calculated through estimates 
of seasonal crop areas and yields using the seven avail-
able LSMS surveys from 2009 to 2019. The dataset con-
tains crop areas and yields in both seasons for a sample of 
households in each district of Uganda, with the number of 
households surveyed per year in Arua fluctuating between 
24 to 91.

•	 Crop areas: With the crop production data of the house-
holds sampled in Arua, we computed the percentage 
area covered by each crop in each season, averaged 
across the years. We assume that this seasonal crop area 
distribution is constant across the district and use it to 
extrapolate from the household sample to the whole 
district. Using the seasonal crop area distributions and 
the total crop area in Arua based on remote sensing 
(Copernicus, 2018), we estimated the total area of each 
crop in each season.

•	 Crop yields: Due to the limited records available for 
fruit and vegetables, yield estimates of these crops 
included yield records from households in the entire 
West Nile region, of which the Arua district is a part, 
while yields of other crops were estimated only with 
records from households in Arua. After comparing 
crop yields of both seasons and observing inconsistent 
and limited differences between seasons, we pooled 
the yield records to calculate a single seasonal median 
yield for each crop (Table 4). The low resulting yields 
reflect the low farming intensity in the region. Yields 
of secondary edible products such as leaves and seeds 
were estimated through the harvest index (Appendix 
A1) but were assumed to be discarded in the current 
diet. All produced crops were corrected for their edible 
fractions (Appendix A1).

•	 Crop production: To estimate the yearly production of 
each crop, we multiplied the crop yield with the crop area 
in each season and summed across both seasons.

Animal production was calculated through estimates of 
the district’s total number of animals of each type and their 
annualized yields as explained below, using all five LSMS 
surveys between 2011 and 2019 with compatible livestock 
data. Aquatic food production from the Nile such as fish 
and shellfish was not included in the current diet due to a 
lack of accurate production data.

•	 Number of animals: For each type of animal, we calculated 
the number of animals per person per year in the sample of 
households in Arua that were producing milk or eggs and 
the number that were slaughtered. We assumed the number 
of producing and slaughtered animals per person is constant 
across the local population of the district and used this to 
extrapolate from the household sample to the whole district. 
The total number of producing and slaughtered animals 
in Arua was then estimated by multiplying the number of 
animals per person with Arua’s local population size.

•	 Animal yields: Animal product yields were estimated 
based on literature, expert knowledge, and LSMS data 
(Table 5) (see Appendix A2 for procedures). Yields 
are reported as annualized values to account for an 
animal’s life cycle and herd reproductive needs. As 
a result of this approach and the overall low farming 
intensity, animal yields are very low in Arua.

•	 Animal production: Annualized animal production was 
estimated for each animal type multiplying the number 
of producing and slaughtered animals in Arua with their 
annualized yields.

The total annual food aid brought into the district was 
estimated based on the total number of refugees in Arua 
in 2018 and a standard monthly ration received per refu-
gee (United Nations Development Program [UNDP], 
2018; United Nations High Commissioner for Refugees 
[UNHCR], 2018) (Appendix A3). Post-harvest losses of 
all food products were estimated using food-loss fractions 
specific to Sub-Saharan Africa (SSA) (Porter et al., 2016), 
accounting for supply chain length (Appendix A4). After 
deducting post-harvest losses, the total amount available 
per food product at district level was estimated as the sum 
of the amounts produced and brought in as food aid. The 
total availability per food product was divided equally 
over the number of people in Arua in 2018 and quanti-
fied in terms of the same nutrients and food groups as the 
healthy diet (Tables 1 and 2) using standardized nutritional 
contents (Hotz et al., 2012) (Table 7). All products were 
assumed to be in farm gate condition, without further pro-
cessing. The resulting estimated current diet is presented 
in column 1 of Tables 1 and 2. Our estimates of nutritional 
intakes in the current diet are in line with estimates at 
national level for Uganda (Marivoet & Ulimwengu, 2021).
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3.2.2 � LP model constraints

Human diet requirements  In the LP model we defined two 
dietary constraints: food group intakes per person must be 
between the specified minimum and maximum level, and 
nutrient intake per person must be above the specified mini-
mum level. The minimum and maximum levels are specified 
depending on the diet assumed in the scenario. For scenarios 
assuming a healthy diet, the minimum and maximum food 
group intakes were specified following the EAT-Lancet rec-
ommendations, and the minimum nutrient intakes were set at 
the average requirements, as outlined in the previous section. 
For scenarios assuming the current diet, the minimum food 
group intakes were defined as the current intakes (Table 1), 
and the maximum intakes were set at 10% above the mini-
mum. The minimum nutrient intakes were set at the current 
intakes (Table 2).

Animal diet requirements  Four animal types currently pre-
sent in Arua were defined as options for food production in 
the LP model: dairy cattle, beef cattle, goats, and chicken. 
For each animal type, a minimum and maximum annual feed 
intake was defined in terms of dry matter, metabolizable 
energy, crude protein, and dry matter intake from fibrous 
feed sources (Table 3). Feeds categorized as fibrous sources 
were grass, crop residues, edible leaves, and non-edible food 
fractions (peels and husks). The feed intake requirements 
were estimated based on animal body weights and annual 
yield or weight gain (see Appendix A5 for procedures).

3.2.3 � LP model parameters

To meet the diet constraints on intake, the model can choose 
from a range of crop and animal food production options. 
All options are characterized by productivity (i.e., yields), 
post-harvest loss, and nutritional content parameters.

Crop production  The LP model contains the fodder crop 
grass and 19 food crops, including one to four crops per food 
group. We selected the most commonly produced crops in 
Arua in each food group to ensure alignment with current 
dietary preferences (Uganda Bureau of Statistics [UBoS], 

2020). The 19 food crops were combined into 75 cropping 
systems, with the perennials, cassava, and sugarcane defined 
as single cropping systems and the rest of the crops com-
bined into double cropping systems. We assumed that veg-
etables and sesame are only grown in the second, slightly 
longer, growing season, following LSMS data (UBoS, 2020) 
(see Appendix B3 for a complete list of all included cropping 
systems). Grassland was assumed to be permanent pasture. 
We assumed a constant yield of one or more food products 
from each crop (Table 4), which we correct for their edible 
fractions (Appendix A1). The number of hectares allocated 
to each cropping system and to grassland are model outputs. 
As a single yield parameter is assumed for each food prod-
uct, we do not consider geographical crop suitability and the 
area allocation is therefore not spatially explicit. The sum 
of the cropping system areas is the total physical crop area. 
The sum of this crop area and the grassland area is the agri-
cultural area, which is the objective value to be minimized 
in the LP model.

Animal production  The number and type of animals and the 
amount and type of feed are both outputs of the LP model. 
We assumed a constant annualized yield for each animal 
type (Table 5). Options for feed sources in the model are 
grass, crop residues, food products, and non-edible parts of 
food products such as peels or husks. The model calculates 
the optimum number of animals of each type and the asso-
ciated amount and type of feed, such that the crop area is 
minimized and human as well as animal dietary require-
ments are met.

Post‑harvest losses  For all food products, we assumed a 
fixed post-harvest loss parameter depending on the food 
group a product belongs to (Table 6). The assumed frac-
tions include losses during agricultural production, storage 
and handling, distribution, and consumption. Losses during 
processing were disregarded due to the limited amount of 
food processing taking place in Arua.

Nutritional contents  Each food product was assumed to have 
a standardized nutritional content of calories, proteins, Iron, 
and vitamin A, assuming farm gate conditions (Table 7). 

Table 3   Minimum and maximum daily feed intake in terms of dry matter (DM), metabolizable energy (ME), crude protein (CP), and DM from 
fibrous sources, per animal for each livestock type. Annual intakes were based on the sum of the daily intake

DM (kg DM) ME (MJ ME) CP (kg CP) Fibre Sources (kg DM)

Animal Type Minimum Maximum Minimum Maximum Minimum Maximum Minimum Maximum

Dairy cattle 8.25 9.08 46.24 50.87 1.24 9.08 4.95 9.08
Beef cattle 5.50 6.05 37.00 40.70 0.90 6.05 3.30 6.05
Goats 0.68 0.74 17.19 18.90 0.17 0.74 0.41 0.74
Chicken 0.07 0.08 0.91 1.00 0.01 0.01 0.00 0.01



	 M. I. Hermelink et al.

1 3

With this assumption, we disregard the impact of multiple 
factors on nutrient bio-availability, including the effect of 
food preparation practices, differences between plant and ani-
mal source foods, and interactions between different foods 
(de Pee & Bloem, 2007; Fabbri & Crosby, 2016). As these 
factors generally increase the food intake needed to meet 
nutritional requirements, and thus increase the area needed 
for food production, our calculated minimum area needed to 
produce the current and a healthy diet are on the conserva-
tive side.

3.3 � Scenarios

The LP model was used to estimate the minimum agricultural 
area needed to produce the current or a healthy diet in seven 
scenarios in 2040. Due to the unpredictability of how the 
refugee population in Arua will develop towards 2040, the 
scenarios included only the area necessary to feed the local 
population of Arua in the future. Each scenario was simulated 

Table 4   Crops in the LP model with their corresponding food product(s), 
and each product’s food group categorization and seasonal yield (kg/ha/
season). The last four columns indicate the yield estimation method, the 

harvest condition, the number of observations included in the yield esti-
mate (n), and the LSMS districts used for the yield estimate

Crop Food Product Food Group Yield
(kg/ha/s)

Yield Estimation 
Method

Harvest Condition n Districts Included

Maize Maize Cereal 994 LSMS data Dry grain 284 Arua
Sorghum Sorghum Cereal 534 LSMS data Dry grain 197 Arua
Cassava Cassava root Tuber 2059 LSMS data Fresh 302 Arua

Cassava leaves Vegetable – green 32 HI Fresh - -
Sweet potato Sweet potato root Tuber 2965 LSMS data Fresh 146 Arua

Sweet potato leaves Vegetable – green 6765 HI Fresh - -
Plantain Plantain Tuber 2201 LSMS data Fresh 75 Arua
Mango Mango Fruit 5311 LSMS data Fresh 11 West Nile
Banana Banana Fruit 1647 LSMS data Fresh 142 West Nile
Papaya Papaya Fruit 1478 LSMS data Fresh 3 West Nile
Beans Beans Legume 472 LSMS data Dry grain 243 Arua
Pigeon pea Pigeon pea Legume 404 LSMS data Dry grain 32 Arua
Soybeans Soybeans Legume 563 LSMS data Dry grain 18 Arua
Sesame Sesame Oil crop 300 LSMS data Dry grain 178 Arua
Groundnuts Groundnuts Oil crop 485 LSMS data Dry w. shell 273 Arua
Tomato Tomato Vegetable – orange 1502 LSMS data Fresh 48 West Nile
Cabbage Cabbage Vegetable – green 3149 LSMS data Fresh 18 West Nile
Onion Onion Vegetable – other 978 LSMS data Fresh 24 West Nile
Pumpkin Pumpkin flesh Vegetable – orange 2955 LSMS data Fresh 66 West Nile

Pumpkin seeds Oil crop 326 HI Fresh - -
Pumpkin leaves Vegetable – green 4188 HI Fresh - -

Eggplant Eggplant Vegetable – other 1404 LSMS data Fresh 16 West Nile
Sugarcane Sugarcane stalks Sweeteners 3163 LSMS data Fresh 19 West Nile
Grass - - 6661 Literature Fresh - -

Table 5   Animal types in the LP model, with their corresponding food 
products, food group categorization, and annualized yield (per animal 
per year). See Appendix A2 for procedures of yield estimates

Animal Type Food Product Food Group Yield Unit

Dairy Cattle Beef Meat 27.4 kg meat/a/y
Milk Dairy 230.0 L milk/a/y

Beef Cattle Beef Meat 36.6 kg meat/a/y
Goats Goat Meat Meat 5.4 kg meat/a/y
Chicken Chicken Meat Meat 0.7 kg meat/a/y

Eggs Eggs 1.7 kg egg/a/y

Table 6   Loss fractions assumed 
for food production in the LP 
model (Porter et al., 2016). See 
Appendix A4 for overview of 
losses per supply chain step

Food Group Food Loss 
Fraction

Cereals 0.19
Eggs 0.20
Fruits 0.70
Vegetables 0.70
Meat 0.20
Dairy 0.24
Oils 0.23
Legumes 0.23
Tubers 0.38
Sweeteners 0.38
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three times, with the projected populations following differ-
ent Shared Socioeconomic Pathways (SSPs) downscaled 
for Arua (Table 8). The SSPs predict changes in population 
size as well as age and gender composition, influencing the 
population’s average nutrient requirements. SSP2 is consid-
ered Arua’s average population growth projection, and SSP1 
and SSP3 represent the lower and higher growth projec-
tions, respectively. All model simulations were performed in 
GAMS 32.2.0 using the mixed integer programming (MIP) 
solver. The following seven scenarios were analysed:

A.	 Current diet: The current diet is maintained.
B.	 Healthy diet: The population consumes a healthy diet.

C.	 Healthy diet + production intensification: The popu-
lation consumes a healthy diet, and food production is 
intensified. Crop and livestock yields are assumed 30% 
higher than current values, as aimed for in the West Nile 
Agricultural Investment Plan (Muni University, 2021).

D.	 Healthy diet + food loss reduction: The population 
consumes a healthy diet, and post-harvest food losses 
in the supply chain are reduced. Post-harvest losses are 
assumed to decrease by 30%, well below the African 
Union’s pledge to halve post-harvest losses by 2025 
(African Union Commission [AUC], 2014).

E.	 Healthy diet + by-products consumption: The popula-
tion consumes a healthy diet, and 30% of the nutrient-

Table 7   Nutrient contents assumed for each food product. All products are assumed to be in farm gate (raw) condition. Source: HarvestPlus 
(Hotz et al., 2012) unless otherwise specified. w. = with, w.o. = without

a  Chaiareekitwat et al. (2022)
b  NutritionData (2018)
c  MyNetDiary (2021)

Food Product Condition Nutrient Contents

Calories 
(kcal/100 g)

Protein 
(g/100 g)

Iron  
(mg/100 g)

Vitamin A  
(mcg RAE/100 g)

Maize white, dried 365 9.4 2.7 0
Sorghum dried 360 6.6 0.8 0
Cassava root fresh 160 1.4 0.3 1
Cassava leavesa fresh 38 3.6 0.9 1500
Sweet potato root white, fresh 117 2.2 0.8 0
Sweet potato leaves fresh 35 4.0 1.0 51
Plantain green, fresh 122 1.3 0.6 56
Mango ripe, w.o. skin, fresh 65 0.5 0.1 38
Banana ripe, fresh 89 1.1 0.3 3
Papaya ripe, fresh 39 0.6 0.1 55
Beans black, dried 341 21.6 5.0 0
Pigeon peab mature seeds 343 21.7 5.2 8
Sesame dried 573 17.7 14.6 0
Groundnuts dried, no shell 567 25.8 4.6 0
Tomato ripe, fresh 18 0.9 0.3 42
Cabbage green, fresh 25 1.3 0.5 5
Onion fresh 40 1.1 0.2 0
Pumpkin flesh mature, w. skin, fresh 26 1.0 0.8 369
Pumpkin seedsc w. shell, dried 117 7.0 2.0 0
Pumpkin leaves fresh 19 3.2 2.2 97
Eggplant w. skin, fresh 24 1.0 0.2 1
Sugarcane stalks fresh stalks 54 0.6 1.4 0
Beef medium fat, fresh 251 18.2 1.9 0
Goat meat medium fat, fresh 109 20.6 2.8 0
Chicken meat w.o. bone, meat & skin, fresh 143 12.6 1.8 140
Milk whole, fresh 60 3.2 0 28
Eggs whole 251 18.2 1.9 0
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dense edible by-products such as leaves and seeds are 
consumed (Shackleton et al., 2009).

F.	 Healthy diet + vitamin A supplementation: The popu-
lation consumes a healthy diet, and vitamin A, the most 
limiting nutrient in the current diet (Table 2), is supple-
mented through pills or enriched flour. A supplement 
covering 30% of the average vitamin A requirement is 
assumed.

G.	 Healthy diet + all four changes: The population con-
sumes a healthy diet, and production intensification, 
food loss reduction, by-product consumption, and vita-
min A supplementation are all implemented.

Scenarios A and B examine minimum crop area given the 
current and the healthy diet. Both scenarios were simulated, 
for each SSP, for the years 2018, 2020, 2030, and 2040. 
Scenarios C to G were run for each SSP for the year 2040, 
to compare the individual and combined effect of four food 
systems changes with the potential to reduce land claims for 
food production. These scenarios were modelled by chang-
ing one (or more, for Scenario G) of the food system char-
acteristics (i.e., the parameters) by 30%, while keeping all 
other parameters constant. We compared the scenarios to 
determine to what extent they could contribute to the feasi-
bility of a locally produced healthy diet for all.

4 � Results

4.1 � LP model cross check

Since the current diet was estimated using Arua’s remote 
sensed total crop area as a reference (Copernicus, 2018), 
running the LP model for Arua’s 2018 population assum-
ing the current diet should result in an agricultural area 
close to the remote sensing crop area. We verified whether 
the model results were in line with expectations and within 
the correct order of magnitude by running a cross-check 
simulation with the current diet and 2018 population. The 

simulation resulted in a crop area of 212,212 ha, which 
is 5% below the crop area determined through remote 
sensing in 2018, i.e. 223,481 ha (Copernicus, 2018). The 
slightly lower modelled crop area compared to the refer-
ence can be explained by the minimization algorithm of 
the model. The LP model optimizes a land use combina-
tion that allows the production of the current diet with a 
smaller area than needed in reality. We consider the order 
of magnitude of the modelled crop area close enough to 
the remote sensing reference to confirm that the model 
works as intended.

4.2 � Scenarios A & B: current diet vs healthy diet

Arua’s projected population growth is reflected in the 
steeply increasing agricultural area needed to produce both 
modelled diets (Fig. 4). Following the current diet or the 
healthy diet in 2040 would require 392,904 and 582,081 ha 
of crop area, respectively. No grassland was allocated in 
either scenario because for the current diet (Scenario A) the 
model supplies livestock feed from sources other than grass, 
and in the healthy diet (Scenario B) the model does not 
choose to produce livestock products. The estimated crop 
areas would need to increase with 76% and 160% in scenario 
A and B, respectively, compared to Arua’s current crop area 
of 223,481 ha. The area needed to supply a healthy diet in 
2040 would be 48% greater than the area needed for the cur-
rent diet and exceeds the district’s total area of 442,800 ha 
by 139,281 ha. Supplying the healthy diet also requires a 
shift in relative areas from cereals, tubers, and oils towards 
vegetables, fruits, and legumes (Fig. 5).

4.3 � Healthy diet limiting factors

Figure 6 shows which requirements of the healthy diet in 
2040 are most restricting towards area minimization. The 
optimal solution provides exactly the minimum required 
number of calories and amount of vitamin A (Fig. 6, left 

Table 8   Summary of Shared Socioeconomic Pathways (SSPs) 1, 2, and 3 with regards to population growth, and downscaled population projec-
tions for Arua’s local population in 2040 (O’Neill et al., 2017; van Dijk et al., 2022)

SSP SSP Name Storyline Arua Population 
Growth Rate (%)

Arua 2040 Population

SSP1 Sustainability – Taking the green road The world shifts gradually towards sustainability. 
Investments in health and education lead to low 
population growth

1.98 1,558,106

SSP2 Middle of the road Current social, economic, and technological trends are 
maintained. Global population growth is moderate

2.60 1,769,723

SSP3 Regional rivalry – A rocky road Countries focus on domestic issues, with little 
cooperation to address global problems. Population 
growth in developing countries is high

3.15 1,986,224
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pane), meaning that these nutrients pose the heaviest burden 
on crop area. In the food groups, the solution uses up the 
maximum allowed intake of cereals, tubers, and oils due to 
their high caloric content, and provides only the minimum 
required amounts of fruits, green vegetables, and other vege-
tables due to their low caloric and vitamin A content (Fig. 6, 
right pane). The solution does not provide sweeteners such 
as sugarcane, as their nutritional contribution consists only 
of calories and none of the other quantified nutrients. Ani-
mal products are also not supplied in the solution despite 

their high nutritional value, as the livestock’s high protein 
feed requirements relative to their protein yield makes them 
an inefficient protein source.

4.4 � Scenarios C to G: potential food systems 
changes

The various food system changes lead to a decrease in crop 
area needed to produce a healthy diet compared to scenario 
B (Fig. 7). The scenarios C (Yield increase) and D (Food 
loss reduction) lead to the largest crop area decreases, 23 and 
19%, respectively, compared to scenario B. The scenarios E 
(By-product consumption) and F (Vitamin A supplementa-
tion) result in the smallest decreases, 7 and 2%, respectively. 
The combination of these food system changes leads to the 
largest decrease of 41% crop area, and it is the only scenario 
in which a healthy diet production would be feasible given 
the district’s area.

5 � Discussion

Our study shows that, regardless of the diet followed, Arua’s 
projected population increase will require a substantial 
increase in crop area given its current food system charac-
teristics (Fig. 4). The 76% increase in food crop area needed 
to maintain the current diet in 2040 would require virtually 
all other land, including wetlands, forests, and shrublands to 
be used as cropland. Such a change would lead to massive 
biodiversity and ecosystem loss. These results are in line 
with literature pointing at the impending crop area expansion 
in SSA unless yields are drastically increased (van Ittersum 
et al., 2016), and with the West Nile’s agricultural devel-
opment plan, largely focused on opening up new land for 
agricultural production (Muni University, 2021). The study 
also shows that producing a healthy diet for Arua in 2040 
would require 48% more land than producing the current 
diet. The area required would substantially surpass the dis-
tricts total area, reflecting a major gap between the future 
food requirement for a healthy diet and the district’s current 
production capacity. This gap is further exacerbated by the 
possible unsuitability of natural areas such as shrublands and 
wetlands to be used for cropping, leaving an even wider food 
production gap to bridge. The results indicate that SDG2, 
i.e., a healthy diet for all, would be impossible to supply 
in Arua in 2040 without major changes to its food system.

5.1 � Limiting factors

We identified two main reasons leading to the healthy diet’s 
larger crop area requirement than the current diet. The first 
reason is the higher intake of calories and vitamin A per 

Fig. 4   Minimum crop area required in Arua from 2018 to 2040 to 
supply the population with the current diet (Scenario A, circle) and 
the healthy diet (Scenario B, triangle) given a population growth as 
projected by SSP2. The shaded area is the envelope of crop areas 
based on SSP1 (lower boundary) and SSP3 (upper boundary). Hori-
zontal dotted lines show the current crop area in Arua and the total 
district area, as references

Fig. 5   Distribution of harvest area between food groups given the 
current diet and healthy diet scenarios for the population of Arua in 
2040 following SSP2. Harvest area was defined as the sum of a crop’s 
area across both seasons
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person in the healthy diet (Table 2). Current intakes of both 
nutrients are below the average requirements and consuming 
a healthy diet will require a higher intake across the whole 
population. As calories and vitamin A intake are limiting 
factors in the provision of a healthy diet (i.e., the constraints 
are binding, Fig. 6), their higher intake level requires more 
food per person and thus more crop area. Protein and Iron, 
on the other hand, seem to be supplied in sufficient amounts 
by the current diet (Table 2), and meeting the minimum 
intake does not pose an added strain on crop area (Fig. 6).

The second reason for the healthy diet’s larger crop 
area compared to the current diet is the shift in nutrient 
sources. Whereas the current diet supplies the vast major-
ity of its calories through cereals, tubers, and oils, the 
healthy diet supplies part of the calories through fruits and 
vegetables. Compared to other food groups, fruits and non-
orange vegetables have low calorie and vitamin A yields 
and high post-harvest losses. As a result, their land use 
efficiency in terms of supplying calories and vitamin A is 

low. From a crop area minimization point of view, fruits 
and non-orange vegetables are not efficient, and the model 
allocates no more than the bare minimum intake of these 
food groups, while allocating the maximum possible to the 
calorie-rich cereals, tubers, and oils (Fig. 6).

5.2 � Effectivity of food system changes

We compared how effective different changes in Arua’s food 
system could be to reduce the crop area necessary to produce 
a healthy diet. Policymakers can stimulate the different pro-
posed food system changes as alternative strategies to close 
the gap to supply a healthy diet. Increasing yields and reduc-
ing food losses (Scenarios C and D) were the most effective, 
decreasing the required crop area by 23 and 19%, respectively. 
They both alleviate bottlenecks to crop area minimization by 
reducing the area needed for the same amount of nutrients and 
food products. By-product consumption of edible leaves and 
seeds (Scenario E) would allow for more efficient land use, 

Fig. 6   Optimal intake of (left pane) nutrients and (right pane) food 
groups for the population of Arua in 2040 following SSP2, such that 
crop area is minimized but healthy diet requirements are met (Sce-
nario B). Grey horizontal bars represent intake levels calculated by 

the LP model. Nutrient intake values in the left pane were normalized 
relative to their minimum intake (vertical dotted line, Table 2). Out-
lined boxes in the right pane represent healthy intake ranges (min to 
max) as advised by the EAT-Lancet Commission (Willett et al., 2019)

Fig. 7   Crop area required to 
supply a healthy diet for Arua 
in 2040 given the current food 
system characteristics (Sce-
nario B) and given alternative 
individual or combined changes 
in the food system (Scenarios C 
to G). Dots represent crop areas 
for the population following 
SSP2, and bottom and top error 
bars following SSP1 and SSP3, 
respectively. Horizontal dotted 
lines show the current crop area 
in Arua and the total district 
area, as references
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for example, through harvesting tubers as well as edible leaves 
from the same area in a single season. As the leaves are clas-
sified as green vegetables, consuming them reduces the area 
needed for other green vegetables such as cabbage. The high 
vitamin A content of the leaves also allows a smaller area of 
vitamin A rich orange vegetables. Although this intervention 
could decrease the required crop area somewhat (7%), it is less 
effective than the first two interventions as it tackles mostly 
vitamin A and vegetable production but does not improve 
calorie availability. Vitamin A supplementation (Scenario F) 
increases vitamin A availability and thereby allows a lower 
production of orange vegetables. This has only a very limited 
effect on the crop area (2%), as it tackles only a single food 
group, and does not improve calorie availability. The limited 
effectivity of by-product consumption (Scenario E) and vita-
min A supplementation (Scenario F) in reducing crop area 
is therefore a result of the simultaneous requirement to our 
healthy diet to meet both food group and nutrient require-
ments. By consuming all food groups, the diet is broadly 
nutritionally adequate already, and the increased availabil-
ity of a specific micro-nutrient has little effect on the crop 
area. However, it should be noted that this does not mean that 
these measures are ineffective to improve current diets. Both 
by-product consumption and vitamin A supplementation can 
still improve nutritional adequacy of the current diet in Arua, 
which is still highly deficient in vitamin A (Table 2).

Although all analyzed food system changes can decrease 
the required crop area for a healthy diet to a certain extent, 
none of them applied individually is effective enough to 
reduce crop area below the district area. This signals that 
none of the changes would be sufficient as a strategy to 
close the identified gap between healthy diet food require-
ments and the district’s production capacity. Applying all 
food system changes together has the strongest impact on 
the required crop area, but even then, approximately half 
of Arua’s current natural habitats would need to be con-
verted into crop area. These results indicate that produc-
ing a healthy diet for all in Arua in 2040 would require a 
mix of changes across multiple sectors of the food system, 
with changes that go beyond the ones we have analyzed in 
this paper. Not analyzed in the scenarios but also a possible 
strategy to help close the identified nutritional gap could be 
increasing food imports. As self-sufficiency is not a goal in 
and of itself, import increases could be a pragmatic option 
to contribute to increased local food availability. However, in 
the specific case of Arua, large scale import increases may 
present a challenge, as its geographic location between two 
food insecure countries and the natural water barrier of the 
Nile may impede trade flows into the district.

5.3 � Methodology limitations

A limitation of this study is the rough characterization of 
Arua’s food system. The current diet was estimated based 
on food production and food aid estimates, rather than on 
actual food consumption data. In estimating the current 
diet, trade flows, aquatic food sources from the Nile, and 
seasonality of food production and consumption were dis-
regarded. Food was assumed to be distributed equally over 
the population, disregarding inequalities in food access 
and distribution. Productivity was generalized into average 
crop and livestock yields, without considering geographi-
cal differences in natural resource availability, nor in agri-
cultural management. Nutritional adequacy was limited to 
four nutrients, without covering the Calcium deficiency in 
Uganda pointed out by Marivoet and Ulimwengu (2021) 
nor the potential vitamin B12 deficiency as a result of low 
animal product intakes. We also do not consider socio-
economic aspects around diets, disregarding regional stig-
mas of poverty associated with vegetable consumption as 
well as the population’s willingness and financial ability to 
consume and produce a healthy diet. Despite these meth-
odological limitations, we consider the estimated param-
eters and results to be the best currently available for a data 
scarce environment like Arua. However, the results should 
be interpreted with care and as orders of magnitude, and not 
as future predictions. With this in mind, the pressing and 
nutritional gap in the near future to produce a healthy diet 
for the district’s growing population and the relative effect 
of different food system changes, is still clear.

Another point of consideration is the effect of the refu-
gee population on Arua’s future food supply and crop area 
requirements. The refugee population was included in the 
cross-check simulation of the situation in 2018 but was 
left out in the scenario analyses. This choice was made to 
avoid over-estimating the food demand in the future, as 
stability in the DRC and South Sudan by 2040 could lead 
to an outflow of refugees from Arua back to their homes. 
However, if the refugee population would stay in Arua and 
grow at the same rate as the local population, producing a 
healthy diet in 2040 given SSP2 would require a crop area 
increase of 177% relative to current crop area, and of 200% 
if food aid for refugees is stopped. These figures further 
emphasize the pressing food and nutritional gap and the 
need to make drastic changes to Arua’s food system, to be 
able to supply a healthy diet not only to the local popula-
tion but also to the refugees it welcomes.
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6 � Conclusion

Our study shows that the crop area in Arua needs to increase 
drastically in the coming decades to feed a rapidly grow-
ing population. Producing a healthy diet for the population 
in 2040 would require almost 50% more land to produce 
than the current diet. The required land would substantially 
surpass the district’s total area, indicating a major nutri-
tional gap between the future food required for a healthy 
diet and the district’s current production capacity. A healthy 
diet would also require an intake shift from staple crops to 
fruits, vegetables, and legumes, as well as a higher intake of 
calories and vitamin A. We have also shown that the ana-
lysed food system changes will not be sufficient to enable the 
production of a healthy diet in Arua in 2040. We conclude 
that a mix of changes across sectors will be necessary, and 
that changes will have to be even more drastic than those 
sketched in our scenarios. With this conclusion, we underline 
the challenge ahead for rural areas in East Africa like Arua, 
as some of the analysed food system changes are already 
massive challenges in and of themselves. The provision of 
healthy diets in this type of areas will require integrated food 
system changes and policy coordination to orchestrate the 
needed shifts and increases in food availability.

The methodology developed could also be applied in 
other regions or at different scales. The method can support 
the identification of the main bottlenecks to a healthy diet 
in a specific context and facilitate policy development to 
address those bottlenecks. The method can be expanded to 
include other objectives that are relevant in a development 
context, as a healthy diet is just one of the issues at the top of 
policy agendas. In Uganda, policy development also focuses 
on socio-economic development, climate change mitigation 
and adaptation, and biodiversity conservation (National 
Planning Authority [NPA], 2020). The developed method 
can help to make trade-offs among such development objec-
tives explicit but requires further research.
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