Annex (Electronic Supplementary Material)
Model assumptions
Table A.1 
The table shows the sources for the assumptions behind scenarios for both Current Trends and Vision 2050 pathways
	
	Current Trends
	Vision 2050 

	GDP
	SSP2 
(10.5 as GDP variation 2000-2050). Vision 2050 assumes a GDP reaches 12,476 by 2050. The FABLE model uses GDP for the calculation of income elasticity for diets. Therefore, we assumed a less ambitious rate of GDP growth,  "Middle of the Road, which ensues in medium speed of economic growth for most advanced countries and medium speed of convergence for other countries.

	Population
	SSP2 
(2.77 as population variation 2000-2050), Vision 2050 assumes population reaches 22.1 million by 2050.

	Diet
	Current National Diet
(Micha et al., 2020)
	EAT–Lancet recommendations
(Willett et al., 2019)

	Share of Food Waste
(Gustavsson et al., 2011)
	Current
(Same share as in 2010)
	Reduced 	
(Differentiated by food groups, compared to 2010 values)

	Share of Total Consumption that is Imported
(FAO, 2021)
	I1  
(Increased imports for wheat, palm oil, rice, milk, corn, raw sugar and pork)

	Exports
(FAO, 2021)
	E3
(Exports are multiplied by 1.5 by 2050, for tea, coffee and cassava)
	E1
(Exports are multiplied by 3 by 2050 tea, coffee and cassava)
Vision 2050 assumes export volumes of tea and coffee would increase by 73 and 71 %, respectively, although no base year is clearly defined. The FABLE E1 scenario approximates Vision 2050 projections. 

	Livestock Productivity

	Business as Usual (BAU) Growth
(Same productivity growth as over 2000-2010). Based on values of Herrero et al. (2013)

	Crop
Productivity
(FAO, 2021)
	BAU Growth
(Same productivity growth as over 2000-2010)
	High Growth
(Higher productivity growth as over 2000-2010)

	Agricultural Land
Expansion
(FAO, 2021)
	No productive land expansion beyond 2010 value

	Afforestation
	No afforestation/reforestation target

	Population 
Institute of Medicine. (2002)
	Middle
Moderately active lifestyle that includes physical activity equivalent to walking about 1.5 to 3 miles per day at 3 to 4 miles per hour, in addition to the activities of independent living.
.

	Climate Change impacts on crop productivity. 
Arneth et al. (2017).
	rcp6p0_hadgem2-es_n_GEPIC
Climate change impacts on productivity of four crops: corn, rice, soy, wheat. For rice, includes irrigation and rainfed shifter, for both yield and water use. Does not include impact of fertilizer use. 
 

	Protected Areas
	No expansion of protected areas beyond current levels

	Post-Harvest
Loss
(Gustavsson et al., 2011)
	Constant share of supply available lost during storage and transportation after 2010
	Reduced share of supply available lost during storage and transportation compared to 2010

	Biofuels
	Stable biofuel demand as 2010


Diet shift assumptions
In the Current Trends pathway, the current national diet (Table A.2) was calculated based on the 2020 Global Nutrition Report (Micha et al., 2020), which serves as a benchmark for various countries based on predefined nutrition targets. It uses a methodology of the Institute of Health Metrics and Evaluation to measure current diets, especially compared to global diets, and to an ideal of food consumption for health, as is captured in the TMREL (Theoretical minimum risk of exposure level). The report compares how certain countries perform compared to the TMREL, global level, and regional and sub-regional levels. 
In comparison, the Vision 2050 pathway reproduces the recommended daily intake per capita proposed in the EAT-Lancet diet (Willet et al., 2019). The EAT-Lancet recommendations are designed for use in all countries, not a single cultural context. The recommendations provide ranges for consumption of each food group that, if everyone applies everywhere, will provide nutritious diets while keeping food systems in a safe operating space at a planetary level. The recommendations do not prescribe which species are consumed and set ranges, not fixed amounts, for consumption of each food group, making them highly adaptable and flexible to each context. The EAT-Lancet recommendations for a sustainable diet could be compared to WHO, FAO, USDA as is used in the NLUDMP, or national recommendations to give a wider range of options for how to shift diets to achieve nutrition security and environmental goals in tandem. The respective values for each food group are shown in Table A.2, left side for the Global Nutrition Report values, right side for the EAT–Lancet recommendations.
Table A.2. Average national values of daily food consumption per food group, TMREL (Micha et al., 2020) and EAT–Lancet (Willet et al., 2019). 
	[bookmark: _3dy6vkm]Food Group
	National-Rwanda
(% of Global)
	TMREL
	EAT–Lancet (mean values)

	
	g/day
	g/day
	g/day

	Fruits
	454 (375%)
	454
	500

	Vegetables
	54.8 (25%)
	300
	

	Legumes
	115.9 (308%)
	115.9
	75

	Nuts and seeds
	5 (66%)
	14.5
	NA

	Whole grains
	19.8 (72%)
	150
	232

	Red meats
	9.4 (30%)
	0
	7

	Processed meats
	6.8 (56%)
	0
	NA

	Milk
	29.5 (36%)
	430
	250

	Sugar-sweetened
beverages
	26.8 (41%)
	0
	NA


Based on the information from the Global Nutrition Report, namely the percentages of consumption as a share of the TMREL, which are included in parenthesis in the second column of Table A.2, a Current National diet was adapted for Rwanda under the Current Trends pathway, which would represent the country’s average current food consumption. In comparison, the Vision 2050 pathway represents bringing the country closer to an ideal diet for health and sustainability, for those goods where it is farthest away from ideal consumption, namely cereals and milk, and other protein-rich food, such as fish, red meat, eggs, and nuts. Any other type of nutrient was calibrated in this way, adapting to the EAT–Lancet recommendations (Willett et al., 2019), resulting in the values shown in Table A.3.
Table A.3. Diet scenarios used in Current Trends (Current National Diet) and in Vision 2050 (EAT–Lancet Average), in kilocalories per capita per day, for product groups that are different. Other product groups are also included, but show no difference in the two scenarios, so are not included in this table. 
	Product group
	Current National Diet
	EAT–Lancet Average
	Difference

	Nuts
	10
	291
	2810%

	Oil
	35
	354
	911%

	Fish
	15
	40
	167%

	Milk
	97
	153
	58%

	Cereals
	583
	811
	39%


As a benchmark of food security, this article utilizes the same measures reported in FABLE (2020): Minimum Dietary Energy Requirement (MDER) and protein and fat intake. MDER is computed as a weighted average of energy requirement per sex, age class, and activity level (U.S. Department of Health and Human Services and U.S. Department of Agriculture, 2015) and the population projections by sex and age class (UN DESA, 2017) following FAO´s methodology (Wanner et al., 2014). For fats, the dietary reference intake is 20% to 30% of kilocalories consumption. For proteins, the dietary reference intake is 10% to 35% of kilocalories consumption, which amounts to 9 kcal/g of fats and 4 kcal/g of proteins per day.
[bookmark: _1t3h5sf]Crop productivity assumptions
Rwanda’s Strategic Plan for Agriculture Transformation 2018-24 (PSTA 4) (MINAGRI, 2018) is the basis for the productivity projections assumed in the Vision 2050 planning exercise. The PSTA 4 sets out investment priorities for the agricultural sector, in line with the National Agricultural Policy. In this direction, the plan identifies bananas, maize (corn), cassava, sweet and Irish potato, and beans as Rwanda’s most important food crops for achieving sustainable livelihoods and food and nutrition security. Thus, we target these crops in the analysis of the next sections.
Projected agricultural productivity and post-harvest losses are initially represented with FAO (2021) data for the years 2000, 2005, and 2010 within the FABLE Calculator, and are then validated against data from the PSTA 4 and other relevant literature as described in the sections below. The analysis builds on and strengthens scenarios developed in previous studies (FABLE, 2019, 2020). 
Crop productivity is modelled in the FABLE calculator using as base values the productivity growth between 2000-2010, using FAO data (Mosnier et al., 2020). Based on these initial growth rates, different scenarios are projected into 2050 using shifters. A BAU Growth scenario multiplies the historic growth rate to the rest of the period times a shifter, capping the maximum productivity to the potential productivity identified from academic literature. The High Growth scenario assumes that the historical growth rate is multiplied by -1 if negative, by 2 if below 1%, and by 0.7 if above 1%. For the case of Rwanda, the FAO values of productivity for 2000-2010 for the targeted crops are shown in Table A.4, comparing them with values from the PSTA 4 and NLUDMP values, both current and benchmarks. 
Table A.4. Values of productivity in the FABLE calculator for 2000 and 2010 (second and third column, respectively) for each crop. FABLE Multipliers for BAU are 0.5 and for High Growth are 0.7. The middle column presents values from PSTA 4 and the last three columns collect values from NLUDMP. All units are tons per hectare. 
	CROP
	Productivity 2000
(FAO, 2021)

	Productivity 2010
(FAO, 2021)

	Productivity 2016
(PSTA 4)
	Current Productivity 
(NLUDMP)
	Advanced Productivity 
(NLUDMP)
	Best International Productivity (NLUDMP)

	Corn
	0.70
	2.34
	1.43
	1.3
	5.1
	18.7

	Cassava
	6.82
	12.04
	1.73
	7.6
	17.2
	25.3

	Sweet Potato
	5.91
	7.49
	6.65
	6.5
	17.2
	29.2

	Potato
	8.78
	11.87
	6.38
	8.4
	24.3
	46.2

	Beans
	0.65
	1.03
	1.03
	0.9
	2.4
	4.5

	Banana
	6.14
	8.24
	3a 
	8.9
	27.1
	55.5

	a Average between three types of banana
	


[bookmark: _2s8eyo1]
Post-harvest loss assumptions
The FABLE model calculates post-harvest losses as the share of crop products that are available (calculated as production plus imports plus stock withdrawals, divided by the post-harvest loss documented by FAO), which can change over time based on the scenario selection. Two scenarios are possible: No change, which keeps this share constant and Reduced, which defines relative reduction targets of the share of post-harvest-loss by 2050. The Current Trends pathway assumes that the share of supply available that is lost during storage and transportation after 2010 remains constant, while the Vision 2050 pathway assumes a linear decrease in post-harvest loss, toward a 50% targeted decrease by 2050. 
Import and export assumptions
Imports are computed in the FABLE Calculator as a share of total food consumption if such share remains constant at the 2010 level according to FAO. Exports are exogenous to the model. An exception to this general rule is made for those goods which represent an important part of demand or supply in Rwanda, which are tea, coffee and cassava for exports, and wheat, palm oil, rice, milk, corn, raw sugar, and pork. 
For these products, the selected import assumptions for both pathways assumes the following percentage shares of increased imports between 2010 and 2050: wheat (69%), palm oil (1%), rice (1.5%), milk (10%), corn (2%), raw sugar (1.5%) and pork (10%). Exports for tea and coffee are assumed to increase by 50% between 2010 and 2050 in the Current Trends pathway, compared to a 200% increase in the Vision 2050 pathway. The PSTA 4 foresees that coffee and tea exports will increase in volume by 71% and 73% respectively, although it is not clear between which years. The FAO values for exports of coffee and tea for 2010 are 17 and 22 kilotons, respectively. If we assume the increase reported in PSTA 4 to be between 2016 and 2023 in line with most other PSTA projections, this would mean an approximate increase between 2010 and 2030, from 17 to 28 kilotons for coffee and from 22 to 37 kilotons for tea. 
Validation of model assumptions 
To validate the results of the Current Trends and Vision 2050 pathways in terms of crop productivity for the six selected products, projected crop productivities were compared with those published by the PSTA 4, by FAO (2021), and by values in published literature (Annex, Figure A.3). Similarly, a validation of the post-harvest losses was carried out, by comparing between the Current Trends and Vision 2050 pathways, which utilize the scenarios No change and Reduced, respectively, with the PSTA 4 projections, for the agricultural goods included in the analysis (Annex, Figure A.5). For a detailed description and definition of the rest of the assumptions, please refer to the FABLE 2020 Report (FABLE, 2020). 

Description of key crops in Rwanda
[bookmark: _4d34og8]Banana production in Rwanda averages about 2.5 million metric tons per year (FAO, 2019). The crop is grown on about 165,000 ha and occupies 23% of all arable land in the country (National Institute of Statistics Rwanda, 2019).   According to the PSTA 4 (MINAGRI, 2018), banana yields were 3.36 MT/Ha in 2016, with a target of 4.5 MT/Ha in 2024, divided in 2.82 for cooking banana and 3.78 respectively for banana for beer. According to the Global Yield Gap and Water Productivity Atlas (2021), banana productivity in Rwanda is 9.4 tons per hectare.
The yield potential of beans in Rwanda ranges from 5 to 6 t/ha, while the current yields range between 1 to 2 t/ha (Prasad et al., 2016). Bean yield is threatened by frequent droughts, violent rains, and a complex of pests and diseases. Current research on beans is focused on developing bio-fortified varieties with high yield and good pests and disease resistance to improve population iron intake and decrease the prevalence of iron deficiency among women of childbearing age, school children, and children under 5 years of age (NAEB, 2017). According to the Global Yield Gap and Water Productivity Atlas(2021), beans productivity in Rwanda is 0.9 tons per hectare.
Cassava in Rwanda is grown throughout the country by 52.3% of rural households and is produced throughout the year. The World Bank (2015) states that the current national yield of cassava is 12.1 MT/ha/year. This level is below the potential yield suggested by global data under rain-fed conditions of over 25 MT/ha/year based on the use of improved modern varieties and the application of approximately 100 kg/ha N, 50 kg/ha P2O5, and 100 kg/ha K2O as inorganic fertilizer. In Rwanda, the lower yield is attributed to several factors, including the continued use of less productive varieties, poor cultural practices, high levels of disease, and reduced levels of soil fertility (World Bank, 2015). According to the Global Yield Gap and Water Productivity Atlas (2021), cassava productivity in Rwanda is 17.2 tons per hectare.
The average productivity of sweet potatoes in Rwanda is 7 tons per hectare, but with improved seeds and production processes, yields can rise to 15 tons per hectare per season (USAID, 2018).  The potato crop is cultivated on 100,000 ha with a current yield of around 10 tons per hectare. This productivity is low compared to potential yield that ranges from 20 and 30 MT/ha. The low productivity is a result of pests and disease pressure, shortage of clean potato seeds, inadequate agricultural practices, declining soil fertility, post-harvest losses, and weak technical information flow (NAEB, 2017). According to the Global Yield Gap and Water Productivity Atlas (2021), sweet potato productivity in Rwanda is 6.8 tons per hectare.
Maize production has been increasing due to an expansion in total cultivated area, which increased from 28,016 to 286,412 ha from 2007 to 2013, however crop yields remain far lower than their yield potential (Bucagu et al., 2020). For example, maize yield increased from 0.72 t ha-1 in 2007 to 2.34 t ha-1 in 2013 against the potential yield of 5 t ha-1. This yield gap may be due to several biotic and abiotic factors among which are pests and diseases as well as nutrient deficiencies and climate change (Bucagu, et al 2020). According to  the PSTA 4 , the maize yields were 1.57 MT/Ha in 2016, with a target of 2.94 MT/Ha in 2024. According to the Global Yield Gap and Water Productivity Atlas (2021), corn productivity in Rwanda is 1.6 tons per hectare.

Figure A.5 
Comparison of productivity projections in tons per hectare, between FABLE BAU Growth (Current Trends), FABLE high growth (Vision 2050), PSTA 4, FAO. The range of productivity values obtained from various sources in the literature delimits the gray shaded regions. 
Figure A.5 (here)
Table A.6
Values of productivity (tons per hectare) calculated with the FABLE model for every five-year step. 
	 
	FABLE BAU
	FABLE High

	Year
	Corn
	Cassava
	Sweet Potato
	Potato
	Beans
	Banana
	Corn
	Cassava
	Sweet Potato
	Potato
	Beans
	Banana

	2000
	0.70
	6.82
	5.91
	8.78
	0.65
	6.14
	0.70
	6.82
	5.91
	8.78
	0.65
	6.14

	2005
	0.89
	6.76
	5.96
	9.69
	0.64
	7.18
	0.89
	6.76
	5.96
	9.69
	0.64
	7.18

	2010
	2.34
	12.04
	7.49
	11.87
	1.03
	8.24
	2.34
	12.04
	7.49
	11.87
	1.03
	8.24

	2015
	2.34
	12.19
	7.54
	11.97
	1.04
	8.31
	2.36
	12.26
	7.56
	12.01
	1.04
	8.33

	2020
	2.53
	13.11
	7.85
	12.56
	1.11
	8.71
	2.66
	13.59
	8.00
	12.86
	1.14
	8.91

	2025
	3.05
	15.03
	8.44
	13.71
	1.25
	9.49
	3.59
	16.55
	8.86
	14.54
	1.35
	10.06

	2030
	5.82
	21.43
	10.02
	16.93
	1.68
	11.67
	10.27
	27.98
	11.30
	19.66
	2.10
	13.51

	2035
	7.34
	23.95
	10.53
	18.02
	1.84
	12.41
	14.87
	33.05
	12.14
	21.51
	2.40
	14.76

	2040
	9.41
	26.86
	11.08
	19.19
	2.03
	13.20
	21.93
	39.24
	13.05
	23.56
	2.76
	16.14

	2045
	12.21
	30.21
	11.66
	20.46
	2.23
	14.06
	32.68
	46.81
	14.04
	25.85
	3.18
	17.67

	2050
	16.01
	34.09
	12.28
	21.83
	2.46
	14.98
	49.10
	56.07
	15.12
	28.39
	3.67
	19.36



Table A.7
Estimated/assumed waste share of each commodity group in each step of the food supply chain (Gustavsson et al., 2011).
	GROUP/Indicator
	Processing and packaging waste
	Distribution: supermarket retail waste
	Consumption waste
	Distribution and consumption waste

	
	% of processed quantities
	% of consumed quantities
	% of consumed quantities
	% consumed quantities

	CEREALS
	3.5
	2
	1
	0.0298

	ROOTS
	15
	5
	2
	0.069

	OILS, PULSES & NUTS
	8
	2
	1
	0.0298

	FRUITS & VEGEABLES
	25
	17
	5
	0.2115

	MEAT
	5
	7
	2
	0.0886

	FISH
	9
	15
	2
	0.167

	MILK
	0.1
	10
	0.1
	0.1009


Figure A.8
Comparison of post-harvest loss projections between FABLE No change (Current Trends), FABLE Reduced (Vision 2050), and PSTA 4. 
Figure A.8 (here)
Figure A.9

Comparison between the Current National Diet (Current Trends) and the EAT–Lancet diet (Vision 2050), in terms of calories per capita per day of consumption per crop, in 2015 and 2050. 
Figure A.9 (here)
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