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This study presents the first detailed estimate of Rwanda’s nitrogen (N) flows and N footprint for food (NFfood) from 1961 to 2018. Low N fertilizer inputs, substandard production techniques, and inefficient agricultural management practices are focal causes of low crop yields, environmental pollution, and food insecurity. We therefore assessed the N budget, N use efficiency (NUE), virtual N factors (VNFs), soil N mining factors (SNMFs), and N footprint for the agro-food systems of Rwanda with consideration of scenarios of fertilized and unfertilized farms. The total N input to croplands increased from 14.6 kg N ha−1 yr−1 (1960s) to 34.1 kg N ha−1 yr−1 (2010–2018), while the total crop N uptake increased from 18 kg N ha−1yr−1 (1960s) to 28.2 kg N ha−1yr−1 (2010–2018), reflecting a decline of NUE from 124% (1960s) to 85% (2010–2018). Gaseous N losses of NH3, N2O, and NO increased from 0.45 (NH3), 0.03 (N2O), and 0.00 (NO) Gg N yr−1 (1960s) to 6.98 (NH3), 0.58 (N2O), and 0.10 (NO) Gg N yr−1 (2010–2018). Due to the low N inputs, SNMFs were in the range of 0.00 and 2.99 and the rice production, cash-crop production, and livestock production systems have greater SNMFs in Rwanda. The weighted NFfood per capita that presents the actual situation of fertilized and unfertilized croplands increased from 4.0 kg N cap−1 yr−1 (1960s) to 6.3 kg N cap−1 yr−1 (2010–2018). The NFfood per capita would increase from 3.5 kg N cap−1 yr−1 to 4.8 kg N cap−1 yr−1 under a scenario of all croplands without N fertilizer application and increase from 6.0 to 8.7 kg N cap−1 yr−1 under the situation of all croplands receiving N fertilizer. The per capita agro-food production accounted for approximately 58% of the national NFfood. The present study indicates that Rwanda is currently suffering from low N inputs, high soil N depletion, food insecurity, and environmental N losses. Therefore, suggesting that the implementation of N management policies of increasing agricultural N inputs and rehabilitating the degraded soils with organic amendments of human and animal waste needs to be carefully considered in Rwanda.
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1 INTRODUCTION
By 2050, the world’s population is projected to reach 9.7 billion, with the populations of Sub-Saharan Africa (SSA) being doubled (United Nations, 2019). The rapid growth of the world population demands increasing food demand and production (Katz, 2020). These demands of agro-food products require a highly productive agroecosystems with high inputs of fertilizers, particularly nitrogen (N) fertilizers. Since the innovation of the Haber–Bosch process in the early 20th century, the N produced by the industrial Haber-Bosch process (220 × 109 kg N yr−1) was twice the natural N fixation (60 × 109 kg N yr−1) (Fowler et al., 2013). It should be noted that worldwide, synthetic N fertilizers (SNF) are not equally distributed and there are large differences in SNF use between the African continent and the other continents (Raza et al., 2018). Nevertheless, excess N applied to arable lands, particularly with low N use efficiency (NUE), has caused several issues, such as soil degradation, water pollution, and greenhouse gas emissions (Spiertz, 2009).
The rate of crop N uptake remains below 50% of total applied N, and over half of N inputs are released to the environment in gaseous and hydrological pathways (Lassaletta et al., 2014a). However, most SSA countries still use less than 7 kg ha−1 yr−1 (Hickman et al., 2015), resulting in low crop productivity and food insecurity. Improving crop NUE is critical to increasing crop productivity and enhancing environmental performance (Guo et al., 2017). The approach of N footprint (NF) is a useful tool to estimate the environmental impacts of N losses through the whole agro-food production chain (Leach et al., 2012; Einarsson and Cederberg, 2019). To date, the approach of NF estimation for the agro-food system has been applied worldwide, such as in China (Guo et al., 2017), Japan (Shibata et al., 2014), the United States (Leach et al., 2012), the United Kingdom (Stevens et al., 2014), Australia (Liang et al., 2016), Portugal (Cordovil et al., 2020), Egypt (Elrys et al., 2019b) and Tanzania (Hutton et al., 2017). These studies have indicated substantial variations in NF for agro-food systems across the world, and the NF per capita ranges from 7.0 kg N cap−1yr−1 in developing countries to over 100 kg N cap−1yr−1 in developed countries.
Rwanda, a landlocked country, has one of Africa’s densest populations, with 13 million people living on a surface area of 26,338 km2 (Worldometer, 2020). The agriculture sector employs more than 70% of the total population (FAO, 2015) and contributed 25% to the national gross domestic product (World Bank, 2018). Although the agriculture sector is growing, it is impossible to achieve enough crops and livestock products to feed the growing population (Abdulaziz et al., 2009; Taiz, 2013). Rwanda’s low N fertilizer input is insufficient to sustain crop productivity (Kelly et al., 2001). However, SNF application has increased by 187 folds in the last 5 decades, i.e., from 0.05 Gg N yr−1 to 4.30 Gg N yr−1. The daily diets of Rwandans are mainly based on cereals, starchy roots and tubers, beans, and cooking bananas (Custodio et al., 2019; Miklyaev et al., 2021), while rarely consuming livestock products (FAO, 2019). Although 19% of Rwandans are food insecure, 40% of the annual food produced is lost and/or wasted (World Bank, 2020).
In Rwanda, the main issues of agricultural N management include high N losses in fertilized arable lands and serious soil mining of N in unfertilized arable lands (Masso et al., 2017). Thus, it is a great challenge to manage agricultural N flows to promote food security, improve NUE while sustaining soil fertility, and minimize environmental pollution in Rwanda. Thus, to meet the challenges, it is urgent to improve our understanding of Rwanda’s N flow and budget of agro-food systems. Nevertheless, several studies have estimated the N budget and NF on national and global scales. There were few studies focused on developing countries, in particular the Sub-Saharan countries. No study has yet combined both estimates into a single study and counted for N mining issue. Therefore, we conducted the present study to estimate the national N budget and NF for the agro-food systems of Rwanda over the last 5 decades (1961–2018). The specific objectives of this study were 1) to estimate N flows and budget in the agro-food systems of Rwanda during 1961–2018, 2) to evaluate NF for Rwandan agro-food systems in comparison with other countries, and 3) to propose suitable agricultural N management practices for sustaining productivity while reducing environmental N pollution for the agro-food systems in Rwanda based on proposed future scenarios.
2 MATERIALS AND METHODS
2.1 Data Collection
This study relies on secondary data from different publications and the Food and Agriculture Organization Corporate Statistical Database (FAOSTAT) (FAO, 2021) accessed in February 2021.
2.2 Description of Rwanda
Rwanda is located in Central Eastern Africa (1°56'25" S 29°52.433' E, GeoDatos, 2021). The mountains dominate the northwestern, while the central part landscape is characterized by continuing hills creating savanna, plains and swamps. It has a steep topography lying at an altitude ranging from 915 m to 4,486 m above sea level (Karamage et al., 2016). It shares borders with Uganda to the north, Burundi to the south, Tanzania to the east, and the Democratic Republic of Congo to the west (Worldatlas, 2019). The climate is temperate tropical, comprising two seasons of rain, the short rains (September to December) and the long rains (March to May); the dry seasons are a short dry season (January to February) and a prolonged dry season (June to August) (Karamage et al., 2016; Nyesheja et al., 2018). The annual mean national rainfall is 1,116 mm, and temperatures range from 16 to 20°C (Karamage et al., 2016).
In the past half-century, several changes have occurred in the food production (FP) system of Rwanda (Supplementary Table S1). The total population hugely increased (239%), and the rural areas decreased (13%). Agricultural area and arable land increased by (34%) and (128%), respectively. The yields increased for most of the crops, accounting as for maize:56%, wheat:104%, rice: 98%, and vegetables: 12%, whereas a decrease in the yields of fruits (42%) and sugar cane (41%) was recorded in the last 58 years (Supplementary Table S1). There was an exciting increase in livestock in the previous 5 decades, including cattle, goats, sheep, poultry, pigs, and rabbits (Supplementary Table S1). Protein consumption has tardily increased (9%), where animal protein proportion increased by 181% during the last 5 decades (Supplementary Table S1). The quantity of N fertilizers imported to Rwanda has generally increased, and nearly all have been used in agriculture over the previous 5 decades (Supplementary Table S2). Rwanda traded agricultural products with other nations; in the last 5 decades, both N imported and exported from Rwanda rose, with plant-derived food products dominating (Supplementary Table S2).
2.3 N Budget Calculation
This study estimated Rwanda’s overall N budget during the last 58 years (1961–2018). We quantified the total annual cultivated land by combining all cropland areas during the previous 58 years mentioned in the FAOSTAT. For cases where the sum of the cropland areas was higher than that stated in the FAOSTAT resources module, we retained the latest area to avoid overestimating the actual cropland area because two or more crops can be intercropped in the same year (Lassaletta et al., 2014a). We computed the total crop production per year by combining its annual harvest and N content (Lassaletta et al., 2014a). The total N input (TNI) applied to croplands was estimated by summing up the overall SNF, animal N manure (ANM), biological N fixation (BNF), and atmospheric N deposition (AND). Due to the lack of documentation related to N applied to plain, we did not account for N applied to grassland; we assumed that nearly all N fertilizers were added to croplands. The historical data on SNF and ANM consumptions were derived from the FAOSTAT. The quantity of BNF on croplands was calculated using a yield-based model by the following equation (Lassaletta et al., 2014a):
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Where %Ndfa: the fraction of N up taken resulting from N fixation, Yield: the harvest produced (kg N ha−1yr−1), NHI: the N harvest index (a ratio of N collected in grain to the total N amassed in grain and straw), and BGN: a multiplicative factor that considers the share of underground fixation to total N2 fixation. We used a constant BNF rate ha−1for rice paddies and sugar cane suggested by Herridge et al. (2008).
We assessed the overall AND by multiplying the total cropland area for each year from the FAOSTAT with the regional AND estimated rate (Dentener et al., 2006). We further estimated the quantity of gaseous NH3 emissions after applying ANM and SNF during the study period following the regional NH3 volatilization emissions rate based on cropland types (wetland-rice and upland-crops) (Supplementary Table S3) described in (Bouwman et al., 2002a). Similarly, we estimated the NO volatilization rate based on developing countries’ emission factors (FAO, 2001). Data on N2O emissions from ANM and SNF was attained from the FAOSTAT. To estimate the total N trade, we considered the N amount of agro-products imported to or exported from Rwanda from 1961 to 2018, using data from the FAOSTAT. The total N import and export were computed using food product N concentrations from Lassaletta et al. (2014b).
2.4 NUE and N Surplus
We calculated the NUE and N surplus based on the equations below (Elrys et al., 2020).
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2.5 NF of the Agro-Food System
We expressed NF for food (NFfood) as the whole quantity of reactive N (Nr) released to the environment from losses associated with FP and food consumption (FC). The entire losses from the FP to FC chain are called food production NF (FPNF), while the total amounts of N consumed by the citizens are called food consumption NF (FCNF). The estimation of the total NFfood in Rwanda was developed based on the modified N-calculator version (Leach et al., 2012), following the equation below:
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Where i and n symbolize various food products and the food product numbers, respectively.
We obtained data on FC from the FAOSTAT. To compute NFfood, data for specific food products used were in food supply data per capita [protein supply quantity (g/capita/day)]. The following equation was used (Leach et al., 2012):
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Where PSproteini refers to the protein supply per capita for a given food product, NCproteini refers to the protein’s N content, and FWFoodi is the food waste per capita for a specific food product consumed. We subtracted food waste data from the protein supply per capita data using specific ratios SSA available in the FAO bulletin (FAO, 2011) to compute per capita FCNF.
The estimation of FPNF began with computing the virtual N factors (VNFs) according to (Leach et al., 2012) for the major food products. The following equation was used to calculate the FPNF for a single year:
[image: image]
The VNF refers to the ratio of Nr freed to the environment all across the production to the N content of that food, and virtual N refers to the N used during the FP process but absent in the consumed food (Leach et al., 2012).
2.5.1 Development of Crop and Animal Food Products VNFs
To estimate NFfood, the amount of N released at each stage, starting from FP to FC, was quantified. Rwanda accounts for farms that receive inorganic fertilizers and others that do not receive fertilizers. A survey carried out by the National Institute of Statistics of Rwanda (NISR) in three consecutive growing seasons A, B, and C (2016–20,017) showed that only 24% of small-scale farmers used inorganic fertilizer (NISR, 2018). The remaining 76% represents farms that do not receive fertilizer where crops rely on soil reservoirs to obtain nutrients. In line with both situations, we proposed two scenarios for N fertilizer use. The first scenario considers farms that utilize N fertilizer (fertilized scenario), which accounts for a small percentage of farms in Rwanda. In this situation, the highest loss of N occurs in the initial phases of the FP process. The second scenario takes into account farms that do not utilize inorganic N fertilizer (unfertilized scenario). Crops take N nutrients from soils in this situation, and N losses are minimal since N from soil stock is not recharged, resulting in soil mining (Hutton et al., 2017).
The VNF calculation requires an analysis of each stage in the FP process. FP passes through a long pathway from field to final consumption, and a given amount of Nr gets lost to the environment. Leach et al., 2012 detailed five stages by which N flux passes through during the production and consumption process of crop-derived food: 1) input of new N, 2) crop production (uptake), 3) crop harvesting, 4) plant-derived food processing, and 5) food consumption. Livestock-derived food passes through seven stages: 1) input of new N, 2) feed production, 3) feed processing, 4) animal production, 5) animal slaughtering, 6) animal-derived food processing, and 7) food consumption. The VNF calculations considered six variables for both plant and animal-derived foods: 1) available N, 2) percentage of available N (product N), 3) N waste produced, 4) percentage of N recycled, 5) N recycled, and N losses at each stage (Leach et al., 2012). To estimate N losses, we quantified Nr losses at each production stage. We further assumed that the N recycled was 50% at each step after crop harvesting. This ratio is acceptable because waste recycling still faces several difficulties in Africa (Hutton et al., 2017). Food waste is measured only for human consumable products by accounting for food loss during retail, food service, and final consumption (FAO, 2011).
2.5.1.1 Crop Derived Food VNF
The first step of the model quantifies the amount of new N input, assuming that the plant uptakes all N at this level (100% N uptake). In the next step, the recovery rate for maize, rice, and wheat was 23, 24, and 18%, respectively (Krupnik et al., 2004). For vegetable-fruit, starchy roots and tubers were 40% (Asare et al., 2009). The next step quantifies N removed during crop harvesting; the minor quantity of N was left behind in leaves, roots, stems, and husks. 2/3 of N for maize plants accumulated in grain (Sanchez et al., 1997). After harvesting, N is recycled or lost to the environment from leaves and stacks left behind. In the next step, after harvesting, the fractions of N for maize, rice, and wheat were found to be 70, 50, and 80% (Desai and Bhatia, 1978; Hossain et al., 2005; Hutton et al., 2017). Each left 30, 50, and 20% of N respectively in the stove, then got lost to the environment, except for maize that got recycled. The ratios for vegetable-fruit (55%) of N were concentrated in the edible parts (Hutton et al., 2017); greens and roots, 25 and 75% of N were concentrated in plants and tubers, respectively (Hutton et al., 2017). Next step, the plant delivery process. Some amount of N is lost during harvesting, storing, or transportation. Approximately 5, 16, and 10% for cereals, vegetable-fruit, and tubers, respectively. This loss might occur due to infestations, decay, or other losses (FAO, 2011; Hutton et al., 2017). End step, food consumption. After purchasing delivered foods, some waste happens during the cooking and serving process before getting consumed 1, 2, and 5% of N for legumes, cereals, and vegetable-fruit, respectively (FAO, 2011). Since household livestock, such as small ruminants (sheep, goats, and pigs; hereafter small ruminants), and poultry, feed on food waste, about 8% of household food waste was deducted from total N waste during consumption, representing the amount consumed by the small animals at home (Hutton et al., 2017). In determining VNFs for unfertilized farms, no loss happened for the first two steps (input of new N and crop production). Legumes can fix N biologically, and they use their N, not from fertilizer (Hutton et al., 2017), and their soil N mining factor (SNMF) is equal to 0. Of 70% of N from legumes was accumulated in grains (Sanchez et al., 1997). Table 1 presents details of different parameters used to develop VNFs for different crop products.
TABLE 1 | Parameters and references used for the calculation of the VNFs of Rwanda: crop products.
[image: Table 1]2.5.1.2 Livestock Derived Food VNF
In this model, all cattle were agro-pastoral because non-agro pastoral cattle made a small proportion in Rwanda (FAO, 2011). An integrated crop-livestock production system is very productive, sustainable, and economical. The main feed for livestock, about 92%, came from natural pastural, such as Napier grass (Pennisetum purpureum), roadside grass, etc., and about 8% came from maize stover (Mutimura et al., 2013). Livestock is used for both milk and meat production (FAO, 2011). For quantifying the stover N portion, the initial production step is similar to that of grain production, where the crop recovered 23% of applied N fertilizer (Krupnik et al., 2004). In the next step, 33% of maize N is within the stover since the waste in the “waste product,” in this case, is actually a grain. About 20% of the N ingested is accumulated as the tissue in big ruminates. The remaining N is accumulated in manure (National Research Council, 2003). In the next step, some of the meat is lost to spoilage, hides, or other forms of wastage between the finished carcass and the butcher shop or market. In SSA, 12% of meat is wasted at this stage (FAO, 2011). Next step, in Rwanda, meat is costly; a small number of families can afford to buy it. A small amount is wasted at this stage, only 2% (FAO, 2011). The milk production pathway is similar to that of beef. Milk, manure, and meat account for 5.6, 74, and 20% of animals ingested N (Hutton et al., 2017). Of the non-milk “waste” (94% of the previous steps), 20/94 = 21% is removed from the waste category because it is correspondingly to meat. This step prevents overestimating N loss and double-counting meat and milk. Estimations for small ruminants are principally the same as for beef.
Concerning small animals, the meat yield per kg grain is higher than that of beef; about 25% of the carcass (Animal slaughtering) is discharged (Clottey, 1985). Poultry obtains food primarily from the household by eating insects and sometimes wild plants; 8% of the domestic grain waste is “discounted” in the above sections to account for poultry’s move. Of all the N moving through a flock of chickens, 50% is wasted as manure, and 45% moves to egg (Summers et al., 1964). 47% of poultry “waste” belongs to the eggs in the model, so it is deducted from the total waste. The model’s remaining computations are similar to those of beef (Hutton et al., 2017). Eggs are in a particular grouping; the step pathways are similar to those of poultry. 8% of the N that is not used in eggs accumulates as tissues in a growing poultry flock; the remaining 92% is excreted as manure. Fish are not agro-products, being wild-caught from ponds and lakes in Rwanda. Thus, the early steps in the model are disregarded, and the SNMF equals zero. The processing, distribution, and consumption steps are from FAO estimates (FAO, 2011). Table 2 presents details of different parameters used to develop VNFs for different livestock products.
TABLE 2 | Parameters and references used for the calculation of the VNFs of Rwanda: livestock products.
[image: Table 2]2.5.2 Calculation of a Combined VNF
We generated a combined VNF (combined scenario) as the average weighted unfertilized and fertilized scenarios for Rwanda to couple the unfertilized and fertilized scenarios. The combined scenario quantity was computed using the percentage of farms that receive N fertilizer and the percentage of N in food products as a result of soil depletion (PNSD). The combined VNFs and PNSD calculations are based on the following equations (Hutton et al., 2017):
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Where VNFcombined is the combined VNF, VNFunferilized is the unfertilized VNF, VNFfertilized is the fertilized VNF, ƒunfertilized refers to the unfertilized farm’s percentage, ƒyield refers to the factor balancing unfertilized and fertilized yields. Existing data suggested that the ƒyield value is 0.5, as fertilized farms yield twofold of what the unfertilized farms produce (Carsky et al., 1999; Hutton et al., 2017). The value of ƒunfertilized is 76%, as 24% of farms are only fertilized (NISR, 2018). The assumption is that 24% of fertilized farms yield double what unfertilized farms yield. By replacing these values in (Eq. 8), the value of PNSD is 61%, reflecting the amount of N that came from soil reserves instead of N fertilization.
2.5.3 Development of SNMF
When TNI into agricultural land results in a negative N nutrient balance, soil N mining occurs. To compute the SNMFs for cereals, starchy roots, and vegetable-fruit, we assumed that the N released is 100% recovered during the soil mineralization course. For animal products, when grazing, some mining happens. Afterward, some amount of N in the livestock excretion (manure) returns to the grazing area. However, about 34% of this N gets lost in the volatilization process (Brouwer and Powell, 1998). To value N mined during grazing, the share of N derived from pasture area and excretion wasted by livestock is multiplied by a factor of 0.34 (Hutton et al., 2017). Fish has a SNMF of zero because it is not an agricultural product. To quantify soil mining caused by inadequate fertilizer application, we multiplied crop N use by 61%. We developed SNMF based on the following equation (Hutton et al., 2017) to quantify N coming from soil mining but not considered in the NFfood calculation:
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Assuming that all livestock are fed food from unfertilized farms, we can estimate the amount of N in agro-food products supplied protein that originated from mining by the following equation:
[image: image]
Where NPmined refers to the quantity of N in protein supplied by food products mined from soil N stock.
Assuming that the N surplus reflects the amount of N that remains in the soil after crops use the TNI for production. Without accounting for the different N losses within the soil, we can calculate the quantity of N kept after TNI recharge and N taken during FP as follows:
[image: image]
Where SNR refers to soil N reserved.
2.6 Development of Future Scenarios
In this study, we focused on simple scenarios that could be realized by 2050. Five different scenarios were developed to depict potential future changes in N cycling within the Rwandan agro-food system. Two paths were created to achieve this projection: Business-as-usual path (BAU) and the Self-sufficiency (Diet equitable) path (SSD).
In BAU, we assumed that the trends in N inputs into cropland, FP, FC, and the unhealthy human diet would remain the same as they were in the last 58 years. The SSD path aimed to achieve a balanced diet of plant and animal-fish-derived food for Rwandan citizens for sustainable self-sufficiency agro-food systems (Lassaletta et al., 2016) by 2050. In all of them, we utilized the projected population of Rwandans by 2050 available from United Nations (2017). Based on these two pathways, we created five different scenarios that account for future possible N use, NFfood, and N mining situations by 2050 by proposing possible measures that we believe could be achieved by 2050:
1) BAU, 2) SNF users remained constant and would quadruple the current SNF rate by 2050 (scenario S1), and 3) all farmers used SNF and would double the current SNF rate by 2050 (scenario S2). Under scenarios (S1 and S2), we hypothesized that no future agro-food system management policies would be improved by 2050 and that Rwandans would achieve SSD of 4 kg cap−1yr−1 (60% plant, 24% animal, and 16% fish food) by that time. In addition, we have used the current combined VNFs for the BAU scenario, fertilized VNFs for S2, and SNMFs for BAU, S1, and S3 scenarios to predict future situations. 4) We assumed the same outcome in scenario S3 as we did in scenario S1, and 5) we assumed the same outcome in scenario S4 as we did in S2. However, alternative agro-food system management strategies were assumed to be realized by 2050 in both scenarios (S3 and S 4), such as:
We believe that by 2050, the final household wastage for all FC will decrease by 4%, as also shown by a recent estimate by Niyitanga and Naramabuye (2020). We also believe in meeting the Malabo Declaration’s goal of decreasing post-harvest losses by 50% (African Union, 2020). We agree that this ratio is reasonable to fulfill the food demands of a growing population. We also assume a 10% increase in nutrient usage efficiency; this rate is reasonable because it has been proven in several studies under varied conditions (Pasley et al., 2020).
We predicted that ANM application to cropland would continue to rise at the same rate as animal-derived food demand in the SSD scenarios (S1 and S2). It is reasonable since animal FC will rise with the amount of manure excretion as well as ANM. We hypothesized a 10% increase in SSD scenarios (S3 and S4) relative to S1 and S2 by 2050, assuming improved manure management practices. We determined the per capita food supply by 2050 under SSD scenarios by dividing the per capita equitable diet protein consumption of each food product predicted by 2050 by the protein content of that food product (Elrys et al., 2021a). We also developed new VNFs for future NFfood predictions to account for these expected changes in S3 and S4 scenarios by 2050.
3 RESULTS
3.1 Sources of N Inputs
In Rwanda, the TNI to croplands increased from 9.0 Gg N yr−1 (14.6 kg N ha−1yr−1) during the 1960s to 47.8 Gg N yr−1 (34.2 kg N ha−1yr−1) during 2010–2018 (Figure 1). The arable lands increased from 507 × 103 ha to 1,154 × 103 ha (Supplementary Table S1). Compared with all N inputs, ANM presented the highest increase from 2.40 kg N ha−1yr−1 in the 1960s to 15.08 kg N ha−1yr−1 during 2010–2018. The N input from BNF increased from 7.53 kg N ha−1yr−1 in the 1960s to 10.93 kg N ha−1yr−1 during 2010–2018. During the 1960s, BNF was the dominant source of N input to croplands, providing 51.7% of the overall N input, followed by AND and ANM, with shares of 31.5 and 16.50%, respectively. The contribution of SNF of 0.30% remained minimal. During 2010–2018, an additional increase in ANM share of 44.13% and a coinciding decrease in BNF contribution of 31.98% were noticed.
[image: Figure 1]FIGURE 1 | Historical changes in N input to crops from different sources in farmlands of Rwanda.
3.2 Gaseous N Emissions
The N gaseous emissions increased as cropland N usage increased (Figure 2). The total N losses through gaseous emissions of NH3-N, N2O-N, and NO-N increased from 0.45, 0.03, and 0.00 Gg N yr−1 during the 1960s to 6.98, 0.58, and 0.10 Gg N yr−1 during 2010–2018, respectively (Figure 2A). The share of NH3-N was 91% of the overall N emitted. The contributions deriving from N2O-N and NO-N emitted were 7.5 and 1.3%, respectively. The tally of N gas emitted (NH3-N, N2O-N, and NO-N) was 5.4% of the TNI in the 1960s, increasing to 19.3% during 2010–2018.
[image: Figure 2]FIGURE 2 | Historical changes in total NH3-N, NO2-N, and NO emissions (A), and total N gaseous emissions from animal N manure and synthetic N fertilizer (B) in Rwanda.
3.3 N Trade in Rwanda
Rwanda has imported nearly all the SNF used for crop production from abroad countries. The total SNF imported during the 1960s was 0.03 Gg N yr−1, increasing to 5.02 Gg N yr−1 from 2010–2018 (Supplementary Table S1). Rwanda has traded various plant and animal-derived products worldwide (Figure 3). The overall N trade increased from 0.2 Gg N yr−1 in the 1960s to 13 Gg N yr−1 during 2010–2018. In the 1960s, the contributions of N imports and exports to the total N trade were 36% (Figure 3A) and 64% (Figure 3B), respectively. Plant-derived products have dominated over animal-derived products by contributing 96.8% during the 1960s and 92.5% during 2010–2018 of the total N traded.
[image: Figure 3]FIGURE 3 | Historical changes in import (A) and export (B) of crop and livestock products.
3.4 NUE, TCNP, and N Surplus
The NUE successively dropped in Rwanda, decreasing from 124% during the 1960s to 85% during 2010–2018 (Figure 4). The TCNP increased from 11.1 Gg N yr−1 (18 kg N ha−1yr−1) during the 1960s to 39.6 Gg N yr−1 (28.3 kg N ha−1yr−1) during 2010–2018 (Figure 4). The rate of N surplus to TCNP increased from −19% during the 1960s to 21% during 2010–2018.
[image: Figure 4]FIGURE 4 | Historical changes in the total N input, NUE, crop N production, total N gas emission, and N surplus in Rwanda.
3.5 VNFs of Major Food Products
There are substantial differences between the VNFs of fertilized and unfertilized farms for various food products (Table 3). The VNF of legumes, poultry, eggs, and fish are equal under fertilized and unfertilized scenarios. Milk has a relatively higher VNF in the unfertilized scenario than in the fertilized scenario. Fertilized rice holds the highest VNF of crop products, while unfertilized vegetable-fruit has the tallest VNF. For animal products, milk and beef have the highest VNFs. Unfertilized scenarios for wheat, rice, maize, starchy roots, vegetable-fruit, beef, and small ruminants have lower VNFs than those of fertilized scenarios (Table 3).
TABLE 3 | Mean virtual N factors (VNFs) and soil nitrogen mining factors (SNMFs) of various food products under different scenarios in Rwanda.
[image: Table 3]3.6 N Mining Within the Agro-Food System
Unfertilized farms SNMFs basically pursued similar directions as those of VNFs, showing that crops and livestock products that lose lots of N are likely to pull in lots of N (Table 3). The plant products with the highest SNMFs in Rwanda are vegetable-fruit and rice. Beef holds the largest SNMF of livestock products and altogether, followed by milk and small ruminants, respectively (Table 3). Over the last 5 decades, the overall NPmined increased from 4.4 Gg N yr−1 in the 1960s to 19.5 Gg N yr−1 during 2010–2018. Simultaneously, SNR decreased from −6.6 Gg N yr−1 to −11.2 Gg N yr−1 (Figure 5A). Plant-derived products such as starchy roots and vegetable-fruit have the largest share of the total NPmined, while milk and beef have the highest NPmined of animal-derived food (Figure 5B).
[image: Figure 5]FIGURE 5 | Historical changes in the total food N mined (A) and the total soil N reserved (B).
3.7 Per Capita and National NFfood
A small change in dietetic food regime selection in Rwanda has been noticed in the last 58 years, with a gentle decrease in crop protein sources from 95% in the 1960s to 84% during 2010–2018. The animal protein share increased from 5% in the 1960s to 13% during 2010–2018, along with an increase of the fraction of fish protein from 0% in the 1960s to 3% during 2010–2018. The total average NFfood would increase from 6.0 kg N cap−1yr−1 during the 1960s to 8.7 kg N cap−1yr−1 during 2010–2018 if all farms used fertilizers (Figure 6A). However, the overall average NFfood would increase from 3.5 kg N cap−1yr−1 during the 1960s to 4.8 kg N cap−1yr−1 during 2010–2018 if no fertilizer was applied to crops (Figure 6B). The balanced total average NFfood representing the actual ratios of fertilized and unfertilized scenarios increased from 4.0 kg N cap−1yr−1 during the 1960s to 6.3 kg N cap−1yr−1 during 2010–2018 (Figure 6C).
[image: Figure 6]FIGURE 6 | Crop and livestock-derived food per capita food N footprint under fertilized scenario (A), unfertilized scenario (B), and combined scenario (C).
The share coming from crop-derived products to the total FCNF decreased from 96 to 88%. Animal-derived products portion increased from 3.9 to 8%, at once the share derived from fish increased from 0.2 to 3.7% of the total FCNF. The FPNF would increase from 3.8 kg N cap−1yr−1 to 6.0 kg N cap−1yr−1 if all farms were fertilized, but it would increase from 1.3 kg N cap−1yr−1 to 2.1 kg N cap−1yr−1 if no fertilizer was applied (Figures 7A,B). In the fertilized farms, the shares derived from crops to the NFfood were dominated by vegetable-fruit, legumes, starchy roots, and maize, by sharing 33.4, 28.5, 11.2, and 13.9%, respectively, in the 1960s and 11.7, 17.9, 12.4, and 16%, respectively, during 2010–2018 (Figure 6A).
[image: Figure 7]FIGURE 7 | Food N footprint under different scenarios in the 1960s (A), and during 2010–2018 (B).
The national NFfood increased from 13.4 Gg N yr−1 in the 1960s to 71.1 Gg N yr−1 during 2010–2018 (Figure 8A). It should have increased from 20.2 Gg N yr−1 to 98.3 Gg N yr−1 if all farms were fertilized (Figure 8B) and from 11.8 Gg N yr−1 to 54 Gg N yr−1 if no fertilizer were used in all farms (Figure 8C). The national FCNF increased from 7.4 Gg N yr−1 in the 1960s to 30.2 Gg N yr−1 during 2010–2018 (Figure 8), which accounted for about 42% of the total national NFfood. If all farms were fertilizer or not used fertilizer, the national FPNF would have contributed 68 and 44%, respectively, of the total national NFfood (Figures 8B,C).
[image: Figure 8]FIGURE 8 | Mean national N footprint for food (combined scenario) (A), fertilized scenario (B) and unfertilized scenario (C) in Rwanda.
3.8 Future Projection Scenarios
The TNI would continue to increase from 35.4 kg N ha−1yr−1 (2018) to 42.5, 58.1, 52, 61.3, and 53.6 kg Nha−1yr−1 by 2050 for BAU, S1, S2, S3, and S4 scenarios, respectively (Figure 9A). While the SNR would decrease from −9.5 Gg N yr−1 to -30.8 Gg N yr−1 for BAU, then increase to 4.5, and 9.0 Gg N yr−1, for S1, and S3 scenarios, respectively (Figure 9B). The per capita NFfood would continue to rise from 6.3 kg N cap−1yr−1 in 2018 to 7.0, 10.7, 12.6, 10.1, and 12.0 kg N cap−1yr−1 for BAU, S1, S2, S3, and S4 scenarios, respectively, by 2050 (Figure 9C). The share of FP to the total per capita NFfood would increase from 57% in 2018 to 60, 68, 73, 65, and 71% for BAU, S1, S2, S3, and S4 scenarios, respectively, by 2050. At that time, the national NFfood would increase from 77.2 Gg N yr−1 to 161.9, 246.2, 291.5, 232.4, and 275.9 Gg N yr−1 for BAU, S1, S2, S3, and S4 scenarios, respectively (Figure 9D).
[image: Figure 9]FIGURE 9 | Future scenarios for total N use (A), total soil N reserve (B), per capita N footprint for food (C), national N footprint for food (D), and N use efficiency (E) by 2050.
4 DISCUSSION
The present study introduces the first model that estimates the N budget and NFfood in Rwanda’s agroecosystem from 1961 to 2018. Significant changes have occurred in Rwanda’s N cycle over the last 58 years (Figures 10A,B). We present diverse regulators and factors that promote N distribution in Rwanda, pending environmental eyeing consequences for the agro-food system. Lastly, we identified possible strategies to win over soil N mining issues, which is a critical limiting factor in Rwanda’s agro-food production.
[image: Figure 10]FIGURE 10 | Notable changes in the N flux in Rwanda’s agro-food system from the 1960s (A) to 2010–2018 (B).
4.1 Agro-Food System N Flows and NUE in Rwanda
Our findings revealed inferior use of SNF in Rwandan croplands during the last 5 decades (Figure 1). The average SNF used for crop production increased by only about 3.5 kg N ha−1yr−1. Synthetic fertilizers play an essential role in boosting agricultural yields in Rwandan soil (Sabry, 2015), which is about 50% acidic with a pH < 5.2 and associated with high exchangeable aluminum (Nduwumuremyi et al., 2013; Nzeyimana et al., 2013). With an estimated mean soil erosion of 48.6 ton ha−1yr−1 (Nambajimana et al., 2019), nutrient (N, phosphorous (P), and potassium (K)) depletion rate of >100 kg ha−1yr−1 (Henao and Baanante, 1999), and low cation exchange capacity (Nabahungu et al., 2007), unfitted 24% of the national cropland unsuitable for cropping production (Karamage et al., 2016). A survey conducted in 2016, including 159 countries worldwide, on chemical fertilizer use per unit of arable land ranked Rwanda 140th (Miklyaev et al., 2021). Moreover, the proportions of farmers using inorganic fertilizers for cropping are low and inconsistent in Rwanda. For instance, households that used inorganic fertilizer were 10.5 and 8% in 1990 and 2005, respectively (Rwirahira, 2009), while during the 1995–1999 period, only 12% of farm households used inorganic fertilizer for once (Kelly et al., 2001). According to a recent survey, 24% of small-scale farmers used inorganic fertilizers (NISR, 2018). To attain SSD by 2050, Rwanda’s agro-food system would require more than 31.9, 23.2, 36.4, and 25.5 Gg N yr−1 for S1, S2, S3, and S4 scenarios, respectively, in addition to the current TNI to successfully feed a rising population (Figure 9A). This would assist in mitigating the problem of soil mining by enhancing SNR by 147 and 194%, respectively, by 2050 for S1 and S3 (Figure 9B). It will not be easy to achieve since the fertilizer sector in Rwanda currently faces several problems. Some key factors contributing to the low farming input in Rwanda are the sloppy topography of the country, inadequate inputs stocks, affordability, low incomes from sold yields, knowledge and skills of farmers, and lack of motivators (Kelly et al., 2001; Rwirahira, 2009; Mugabo et al., 2020). Achieving an SNF rate of 12.4 kg N ha−1yr−1 or 6.2 kg N ha−1yr−1 for (S1, S3) and (S2, S4) scenarios, respectively, by 2050 would be possible, but far less than the entire quantity of N fertilizer required to ensure food security for a growing population. Specifically, ANM and BNF will continue to be important sources of Nr in the future.
Inputs from ANM and BNF are primarily essential N inputs to the TNI, while they are still low compared to many African countries (Elrys et al., 2021b). Due to the overall increase in livestock numbers (Supplementary Table S1) and the fact of holding the highest per capita consumption of beans in the world of 164 g day−1 (Mulambu, 2017), the application rate of ANM and BNF is high in Rwanda >10 kg N ha−1yr−1 (Figure 1). Beneficially, BNF reduces energy costs and improves sustainability for agricultural production. A study also showed that climbing beans adoption decreased the likelihood of households being poor by 0.6% and raised 4,714 families out of poverty between 1985 and 2012 (CGIAR, 2019). Despite the numerous benefits of ANM to the soil, optimizing crop production appears to be unachievable unless various farm management strategies are combined with specific N inputs. Organic manure, such as urine and liquid manure, is not frequently treated or even put to cropland in Rwanda; instead, it is let to run and sometimes discharges into the soil, or even spills over into water bodies, with no action taken (Teenstra et al., 2014). Due to that improper manure management and poor use of animal feed quality (Diogo et al., 2013), only a few quantities of livestock excrements are applied to cropland as ANM. Generally, policymakers in Africa are uninterested in using organic manure for cropping (Ciceri and Allanore, 2019), which has caused poor purchasing power and lower accessibility of good quality fertilizers (Elrys et al., 2019a).
The TCNP presented a slight increase from 18 kg N ha−1yr−1 to 28.2 kg N ha−1yr−1 during the last 58 years owing to little N inputs (Figure 4). Our estimate of TCNP was comparable to the rate obtained by Lassaletta et al. (2014a). Low harvest yields in Rwanda are due to highly depleted soil nutrients that reduce soil fertility and productivity. The present study observed a decline in NUE from 124 to 85% (Figure 4), possibly because crop production no longer depends widely on soil mining and relies on external N sources. Moreover, incorrect agronomic practices, namely low N fertilizer and pesticides (Rwirahira, 2009), have led to poor crop yields and the downfall of NUE in recent years (Figure 4); as a consequence, the N surplus increased from −24 to 17% of the TNI (Figure 4). In Rwanda, about 60 kg ha−1yr−1 of N is depleted (Chianu et al., 2012; Masso et al., 2017); several N losses channels that surplus inputs of N nutrients can be attributed to the highest soil N depletion (Stoorvogel et al., 1993; Smaling and Braun, 1996; Lederer et al., 2015; Masso et al., 2017).
Our results showed that N emissions from applied ANM contributed 99% during the 1960s and 88% during 2010–2018 of the total N gaseous losses (Figure 2B). NH3-N was the highest emitted gas; consequently, it reduced crop N uptake and negatively affected air quality (Paramasivam et al., 2009). The overall increase in SNF and ANM use stimulates high N emissions in gaseous forms that deposit back onto agricultural land. In the SSA, the AND is comparable to the actual fertilizer use rate of 4–5 kg N ha−1yr−1 (Galy-Lacaux and Delon, 2014). N input from AND positively affects N balance by sustaining crop productivity, especially in a region affected by climate change (Masso et al., 2017), and by enhancing their responsiveness to changes in climate (Greaver et al., 2016; Li et al., 2016). However, the increased NH3 emissions generate a lot of environmental issues, including acid deposition and massive nutrient release into soil and water, resulting in eutrophication, toxicity, and a loss in water quality (Goulding et al., 1998; Bouwman et al., 2002b; Dentener et al., 2006; Liu et al., 2010; Elrys et al., 2021b). A recent study on two important lakes in Rwanda, namely Lake Burera and Ruhondo, showed that they are at risk of eutrophication due to increasing N and P accumulation in their water (Habimana and Nsabimana, 2020).
Despite a 5.3 fold increase in TNI, Rwanda has failed to reach the agreed target of 50 kg ha−1 (fertilizer application rate) by 2015 (Masso et al., 2017) and N inputs from ANM, BNF, and SNF still cannot overrate 30 kg N ha−1yr−1. A study on leading stable food grown in Rwanda such as maize, wheat, rice, beans, cassava, and Irish potatoes, conducted between 2000–2013, showed yield gaps of 60.7, 45.97, 36.28, 71.68, 63.99, and 76.40%, respectively, compared to their potential yields (Niyitanga et al., 2015). Inadequate agricultural inputs can directly be linked to declining soil fertility, low yields, and low incomes. Also, most farmers combine agricultural activities with auxiliary businesses, preventing them from concentrating on their farms superlatively.
Soil N depletion through different channels exceeds TNI (ANM, BNF, AND, and SNF) in Rwanda (Figure 10); the same issue was noticed by Elrys et al. (2019a). FP profits from soil mining even though soil fertility and environmental wellness are lost by mobilizing Nr (Hutton et al., 2017; Masso et al., 2017). Therefore, soil mining of N is still an issue to sweep away. Due to longtime companion with soil mining of N, it is necessary to raise the rate of SNF and the overall number of farmers applying fertilizer on their farms to prevent future crop failure. The low rate of N recovered from applied N fertilizer, ranging from 10 to 20% (Chianu et al., 2012), demoralizes small farmers from buying quality fertilizers in Africa (Woomer et al., 2008; Elrys et al., 2019a). Therefore, we should execute fair use of N input principles, such as using appropriate SNF and applying it at the proper rate, time, and place (Johnston and Bruulsema, 2014; Yuan and Peng, 2017).
A slight increase in SNF use from 0.04 kg N ha−1yr−1 to 3.58 kg N ha−1yr−1 caused an increase in N surplus from −3.46 kg N ha−1yr−1 to 5.9 kg N ha−1yr−1. In return, the total gaseous N emission rate increased from 0.79 kg N ha−1yr−1 to 5.47 kg N ha−1yr−1. In less sensitive soil, fertilizer leads to low NUE and cannot consent to harvest maximum yields unless suitable agronomic practices are accompanied by farming high-yielding crop varieties that fit local conditions and reuse accessible organic matter (Roobroeck et al., 2016). During 1991–1994, we noticed a rapid fall in NUE, followed by an increase (Figure 4). The rapid change in NUE is attributable to a broad fall in agricultural yields due to low SNF use, crop failures, and poor farm management practices, contributing to increased food insecurity. The main causes of the shortage are the weak economy and insecurity challenges, including civil war and genocide (1990–1994), which affected all national sectors (Akresh et al., 2011). Moreover, sporadic and occasional farm fertilization was prevalent during and before that period (Kelly et al., 2001). Still, NUE reduction remains a challenge for the future as the SNF rate increases in Rwanda. NUE is predicted to decline from 80% in 2018 to 77, 39, 44, 37, and 43% by 2050 for BAU, S1, S2, S3, and S4 scenarios, respectively (Figure 9E). It is therefore a big challenge to achieve SSD by increasing the rate of N fertilizer use. Educating food consumers about the idea of VNF and SNMF and encouraging Rwandans to alter their eating habits and adopt environmentally safe foods would be especially crucial by 2050 (Elrys et al., 2021a).
4.2 The NFfood, SNMFs, and Their Influences
For the past 58 years, agricultural productivity has remained low compared to Rwanda’s rapid population growth. We observed an inconsequential increase in the national NFfood resulting from the highest demographic growth (3.4 fold) with low consumption of high VNF food (Lassaletta et al., 2018). A slight increase in N inputs into FP and declining NUE induced the marginal increase in per capita NFfood (Zhang et al., 2015). Poor consumption of animal-derived foods, such as milk, beef, and small ruminants with the highest VNFs, resulted in a lowermost per capita NFfood of 6.3 kg N yr−1 than in other countries. Moreover, low NFfood is related to the consumption of low protein food, followed by low N releases in high protein FP (Hutton et al., 2017). The usage of very low N fertilizer has caused soil mining of N (Elrys et al., 2019b). Elevating SNF rate with adequate farmers’ knowledge would enhance plant nutrient absorption under fertilized farms, resulting in reduced VNFs of food products. Under SSD scenarios, the lowest VNFs would be seen under S3 and S4 scenarios (Table 3). This enhancement in nutrient absorption rate and reduction in FC waste and losses would result in lesser per capita NFfood under S3 and S4 scenarios by 2050 compared to S1 and S2 scenarios (Figure 9C). Under existing agricultural practices, the NFfood is expected to increase to 7.0, 10.7, and 12.6 kg N cap−1yr−1, respectively, by 2050, for the BAU, S1, and S2 scenarios (Figure 9C). With improved agricultural practices, the NFfood is expected to grow to 10.1 and 12.0 kg N cap−1yr−1, respectively, by 2050 for the S3 and S4 scenarios (Figure 9C). Therefore, practices that minimize food losses are now critical in reducing food insecurity in Rwanda. These practices would become much more essential in the future since if losses and waste continue to rise, they will generate plenty of environmental concerns by 2050.
Despite having the lowest NFfood (Figure 7), it still poses a significant challenge to food security because the majority of food products are produced on unfertilized farms that heavily mine soil N stock (Figure 6). In this study, a total of 61% of the yields produced came from unfertilized farms that mined soil N. There is a significant disparity between the amount of food produced today and the amount required to feed Rwandans in 2050. Beneficial, for a short period, soil N mining can sustain FP (Hutton et al., 2017), while it can lead to total crop failure in the long term (Masso et al., 2017). Longtime companion N mining resulted from years of low N fertilizer inputs, leaching, and typical erosion caused by abundant rainfall on hilly topography that harms Rwanda’s agro-food production sector. Therefore, estimation of NFfood for farms (fertilized and unfertilized) and the integration of SNMFs into the NFfood model for unfertilized plots in Rwanda is essential for N mining denigration by approximating possible FP process N losses and then determining the amount of N recycled from these losses (Hutton et al., 2017).
Beef, milk, and vegetable-fruit hold the highest SNMFs, while milk, beef, and small ruminants have the highest VNFs in unfertilized farms in Rwanda (Table 3). We should know that SNMFs and VNFs are complementary measurement tools but provide different pieces of information. A high VNF refers to a high ratio of Nr discharge to the environment through FP to the N content of that food product. In contrast, a high SNMF refers to a high ratio of Nr drained from soil nutrient stock to the N content in that food product consumed (Hutton et al., 2017). In this study, the quantity of Nr loss under fertilized and unfertilized plots was unequal (Table 3 and Figure 6). It is reasonable that food products would have higher VNFs on fertilized farms than on unfertilized farms, as no losses related to N fertilizer are linked to unfertilized plots (Elrys et al., 2021b).
Only 58% of the total NFfood resulted from FPNF. The estimated NFfood for the SSA is higher than that for Rwanda, reflecting how much daily human diets are deficient in proteins. However, there is little progress in Rwanda’s diet pattern; with a gentle increase in animal protein consumption, malnutrition is a severe problem in Rwanda (Weatherspoon et al., 2019). The food and nutrition security indicators report showed that about 48.7 and 22.1% of rural and urban populations in Rwanda were still food and nutrition insecure (FAO, 2018). It can be related to the lack of shift in low protein food products (Oita et al., 2018), insufficient N inputted during crop production, and declining NUE (Zhang et al., 2015).
Rwanda’s average protein consumption of only 3.5 kg N cap−1yr−1 (Figure 11) is still lower than the healthy protein consumption quantity recommended of 4.0 kg N cap−1yr−1 (Lassaletta et al., 2016). To achieve the daily protein mass advised, we suggest fortifying the consumption of high protein food products, such as animal-derived food products. Moreover, the development of rural food markets and rural nutrition education on reliable consumption of various foods should focus on growing specific nutritive crops rich in protein, micronutrients, and calories (Weatherspoon et al., 2019). Furthermore, farmers’ field schools in Rwanda could reinforce farmers’ awareness of ecological phenomena affecting their production of crops and animals. These can help farmers settle on successful N-efficiency decisions and help them save money on fertilizers and time (Hutton et al., 2017). Otherwise, valuable auxiliary to reduce N loss could lower the existing food insecurity and sustain environmental conservation (Elrys et al., 2021b; 2021a).
[image: Figure 11]FIGURE 11 | Protein consumption per capita from various food sources in Rwanda.
Commonly in Africa, the choice of food products based on those having lower VNFs and SNMFs is not a conscious concept because of poverty and ignorance (Elrys et al., 2021b). When deciding on dietary regimes, it is better to consider crops or livestock food products rich in protein and low VNFs, such as starch roots, legumes, vegetable-fruit, and maize; livestock products, small ruminants, poultry, and fish (Table 3). In reducing soil N mining, the best food could be legume crops because they hold SNMF of zero, are very rich in protein and can be a perfect choice over beef (Table 3). Moreover, livestock products such as small ruminants, poultry, and eggs can be prioritized since their SNMFs are lower than beef (Hutton et al., 2017; Elrys et al., 2019b). As most Rwandans are farmers, natural FP and FC choices can be based on foods with low VNFs and SNMFs to enhance soil fertility and limit Nr release, which can lead to environmental damage (Hutton et al., 2017; Elrys et al., 2021a). Food products with low SNMF promote food security because they do not intensify soil mining depletion (Hutton et al., 2017).
The major challenge facing the agro-food system in Africa is the lack of relevant knowledge concerning food losses and the statement of food security (Joshi and Visvanathan, 2019). According to the Food Smart Country Diagnostic report, while 19% of the population does not have enough food to eat, Rwanda loses 40% of total FP each year; crops with the highest loss rate are tomatoes, maize, and rice, at 49, 25, and 18%, respectively (World Bank, 2020). Most of those food losses happen before reaching markets or consumers, particularly in rural areas, due to poor infrastructure and physical topography. Decreasing food wastage during FC is a feasible way to reduce environmental N losses (Shibata et al., 2017). To overcome such wastage, consumers, food-service providers, and retailers could be liable for underrating wastage of food by adopting new technologies capable of converting Nr to atmospheric N2 (Zhang et al., 2018). Investment in food marketing infrastructures such as roads, market facilities, and electricity can motivate operations along agricultural supply chains (Sheahan and Barrett, 2017). For sustainable agriculture and alleviating depressing impacts on human health and the environment, appropriate management practice measures should focus on raising the TNI to cropland and promoting NUE (Zhang et al., 2015; Hutton et al., 2017; Yuan and Peng, 2017; Elrys et al., 2019a, 2019b). Therefore, it is essential to estimate NFfood to identify food products that induce high loss of N through soil mining/depletion and gaseous emission.
4.3 Global Comparisons
Rwanda’s weighted per capita NFfood was 5.3 kg N cap−1yr−1 in the 2000s (Figure 12), the smallest NFfood of all other countries. Australia has the topmost per capita NFfood of 32 kg N yr−1 which is about sixfold higher than that of Rwanda (Figure 12). Rwanda and Tanzania are the only countries with a per capita protein consumption rate lower than the World Health Organization’s recommended daily protein intake of 75 g day−1 adult −1 (Schönfeldt and Hall, 2012), due to low protein consumption and low rate of N fertilizer use (Elrys et al., 2021b). The per capita NFfood for Rwanda, Tanzania, and SSA were much lower than that of the remaining countries due to the lowest consumption of high VNF food products such as beef (Leach et al., 2012; Pierer et al., 2014; Shibata et al., 2014; Stevens et al., 2014; Liang et al., 2016; Oita et al., 2016; Guo et al., 2017; Elrys et al., 2019b, 2021b; Cordovil et al., 2020).
[image: Figure 12]FIGURE 12 | Comparison of the N footprint per capita of Rwanda with other countries and regions [Sub-Sahara Africa (SSA) and North Africa (NA)] in the 2000s. We utilized the weighted NFfood per capita for Rwanda, Tanzania, SSA, and NA.
In all countries that estimated NF, FCNF holds the smallest share of the total per capita NFfood. Rwanda’s FCNF was 11% higher than that of Australia and Tanzania and was 51% higher than that of the Netherlands and Austria. It was also 29% higher than that of Germany. But then, it was 50, 121, 135, 152, 117, 46, 108, 15%, smaller relative to those of Japan, United States, Egypt, Portugal, United Kingdom, China, NA, SSA, respectively (Figure 12). Germany, Austria, the Netherlands, and Australia seem to have FCNF lower than that of Rwanda because they have developed sewage treatment plans that reduce environmental N losses during FC stages (Hutton et al., 2017; Elrys et al., 2019b). About 78, 79, 67% of the FCNF in the Netherlands, Austria, and Germany, respectively, are eliminated by advanced sewage treatment (Stevens et al., 2014). Only 2 and 5% of the FCNF in the United Kingdom and United States, respectively, are eliminated by modern sewage treatment (Stevens et al., 2014), and N losses during FC processes have always been higher in Portugal (Cordovil et al., 2020), this makes these countries have the highest FCNF compared to others.
The vital difference between the per capita NFfood of all countries was per capita FPNF (Figure 12). FPNF shared only 58% of the total per capita NFfood for Rwanda, which was smaller than that of Australia (878%), Japan (739%), the United States (610%), Egypt (535%), Portugal (471%), Netherlands (545%), Austria (416%), NA (361%), SSA (58%), Tanzania (119%), and was 481% smaller than that of China, United Kingdom, and Germany (Figure 12). The shares of the FPNF to the total per capita NFfood for Japan, Australia, Egypt, United States, Portugal, the Netherlands, Austria, NA, SSA, Tanzania, China, United Kingdom, and Germany were 88, 94, 79, 81, 76, 95, 94, 75, 65, 78, 86, 78, and 92%, respectively (Figure 12). The enormous losses of Nr during the FP process observed in other countries are narrowly occurring in Rwanda due to its resource flows and production patterns.
4.4 Implications and Perspectives
The overall increase in N input boosted crop yields to sustain the livelihood of the rapidly growing population in Rwanda. Increased crop yield demands SNF application in accordance with crop nutrient needs and the status of nutrients stocked in the soil (Elrys et al., 2019b). Moreover, by promoting NUE and reducing Nr environmental concerns, an emphasis on SNF use can be balanced with ANM and crop nutrient needs (Zhou et al., 2014; Raza et al., 2018). Since many farmers in Rwanda could not afford SNF, organic N inputs such as ANM and BNF have sustained crop productivity for many years. Combining crop and livestock farms with the primary purpose of recycling crop and livestock waste reduces N losses and promotes NUE (Yang et al., 2018). Moreover, strengthening the cultivation of highly protein legumes can supply much more N to the soil through BNF (Elrys et al., 2019b). These practices have a number of benefits for soil health and can help to reduce reliance on SNF.
We should note that soil fertility improvement by applying synthetic fertilizer can not only focus on N fertilizer, but also P and K fertilizers can boost soil fertility, since P and K are essential macronutrients for crop development, and P was found to be commonly deficient in Africa (Coetzee et al., 2016; Kok et al., 2018). Therefore, we should satisfy the “4Rs of nutrient stewardship”, namely, use the Right fertilizer type, apply it at the Right rate, Right time, and in the Right place (Johnston and Bruulsema, 2014). Since the amount of N fertilizer applied to cropland is the primary yield determining factor, followed by N sources, time, and the application technics (Verhulst et al., 2014; Masso et al., 2017; Yuan and Peng, 2017). These strategies are widely used in China to promote NUE in rice cultivation (Yuan and Peng, 2017). A soil test can be done prior to planting to determine the quantity of external fertilizers that will be needed to produce a potential yield. Moreover, cropping varieties of enhanced NUE can read to maximum yields for poor farmers that cannot afford SNF in high quality easily (Elrys et al., 2019a). A comprehensive and adequate FP system requires integrated farming management practices that minimize N fertilizer losses to water bodies and the air (Elrys et al., 2021b). Farm management practices, such as mulching combined with terracing, could enhance soil fertility and lessen soil losses by water erosion. Thus, Rwanda’s agricultural potential will necessitate substantial investment in N fertilizer acquisitions as well as in the farmers’ supply chain.
Our natural resources, namely land, water, and energy, are typically harassed by human waste. Reducing food wastage can contribute highly to the reduction of greenhouse gases emissions and natural resource conservation. Rwanda’s economy is now expanding across all sectors (Das and Bosco, 2020); sectors all the way up the food chain require economic growth that promotes food waste reduction. The tools proposed in this study can be employed to consider the core phases to regard on during the FP process to develop the greatest N sustainable management. The VNFs and SNMFs approaches serve to visualize the productiveness and environmental cost of food products linked to each other (Hutton et al., 2017). Distinguishing food products based on VNFs and SNMFs can help decision-makers, producers, and consumers decide which ones to consider for reducing Nr release into the environment (Elrys et al., 2021b). In Rwanda, the consumption market is developing faster each year. Packaging companies should include relevant information about NFfood of each component on product labels to assist customers in selecting low NFfood foods (Elrys et al., 2019b; Joshi and Visvanathan, 2019). More effective and efficient measures motivating food waste reduction along the food chain should be obvious (Goossens et al., 2019). Therefore, different approaches established in this research need stable incentives and continuing collaboration between soil scientists, agronomists, ecologists, agricultural economists, as well as politicians (Galloway et al., 2002). Finally, the tools developed in this study mainly target rural communities, which are particularly vulnerable to the crisis of poor N fertilizer usage and urban populations, which modestly promote N losses to the environment. Community leaders, decision-makers, environmental control agencies, and media should promote these tools to develop agricultural and environmental protection in Rwanda and other developing countries.
Agricultural and environmental research in Africa has a number of challenges due to a lack of consistent and comparable data (Hutton et al., 2017). Producing agricultural N budgets and determining the NFfood over an extended period involves several generalizations and extrapolations (Lassaletta et al., 2014a). Inevitable uncertainties and constraints accompany these extrapolations. We have used those we agreed on more meaningly. 1) To estimate gaseous emissions losses from soils, we have used regional emission factors suggested by Bouwman et al. (2002a) for NH3 and FAO, (2001) for NO emissions. These emissions seem to be outdated and might present transitional values for developing countries and could be the source of uncertainty. The N losses by leaching and N added by irrigation were not examined in this study due to the absence of related information. 2) To estimate the N budget, we calculated BNF based on the cropped area of legumes (Lassaletta et al., 2014a) and the constant rate for rice paddies and sugar cane from Herridge et al. (2008). We have used these values due to the absence of information concerning N fixation in Rwanda. Thus, the estimate of BNF based on the area could produce mistaken results. 3) To precisely calculate AND input in Rwanda, an AND monitoring station is needed. We have estimated AND inputs based on the estimated AND rate in the agricultural ecosystem available in Dentener et al. (2006) multiplied by the entire cropped area per year. However, N gaseous volatilization is inconstant even in the same field or can even depend on on-farm management practices, and weather may cause variation in AND within distant farmland. 4) To estimate Rwanda’s NFfood, we made different assumptions because Rwanda lacks specific systems to control N losses within the food chain. When calculating VNFs for various food products, maize and beef were reference points for all food products. The recent VNFs calculated were used to estimate NFfood from 1961 to 2018. It can be the source of uncertainty as N flowing through the food chain could change over time. 5) In this study, N recovery values used for rice and maize are explicit for farms in southern Africa (Krupnik et al., 2004), and for wheat, NUE used in the VNF were from studies in India (Cassman et al., 2002). Dobermann (2007) found NUE of around 50% for stable grains, whereas few studies were conducted, NUE was considerably less, ranging from 30 to 40% (Hutton et al., 2017). Agricultural practices, environmental conditions, and genetic diversity can result in different NUE within the country (Elrys et al., 2021b). In this study, we disregarded these variations due to the lack of data. 6) The current NFfood disregarded the influence of global trade. However, international trade is probably affecting the NFfood values in Rwanda because research done in Japan showed that global trade of food and feed affected NFfood for Japan (Shibata et al., 2014). Future studies should include the trade effect when modeling the NFfood for Rwanda or other countries. 7) To account for the amounts of food waste in this study, we used constant SSA values present in FAO, (2011). While food wastage may vary in SSA countries, these differences can affect the NFfood; due to limited data, these values were used. 8) When estimating the NFfood under the combined scenario during 1961–1966 and 1994–1995, all farm plots were assumed to be 100% unfertilized to avoid mistakes because no data was reported concerning SNF used during these periods in the FAOSTAT database. 9) The VNFs calculated in this study were for only 12 different crops and livestock-derived foods. Future studies should expand the NFfood methodology by calculating more VNFs for a wide range of various food products. 10) Finally, Rwanda lacks an inclusive database to quantify N losses throughout the FP and FC systems and related literature. These are serious issues that decision-makers and researchers should prioritize and support because they may help future calculations of NFfood to become much more precise.
5 CONCLUSION
We contribute the first national estimate of the N flows and NFfood for the agro-food systems of Rwanda during the 1961–2018 period. Inadequacy of SNF supply to cropland led to low crop yield and extended soil mining of N over the last 5 decades. The TNI and TCNP increased 5.3 and 3.6 folds, respectively, during this period. BNF was the primary source of N input to farmland in the 1960s, whereas ANM was the leading source of N input to cropland during 2010–2018. The NUE decreased from 124 to 85%, accompanying the increase in N surplus to 5.9 kgN ha−1yr−1 in 2010–2018. The emissions of gases NH3-N, N2O-N, and NO from croplands slightly increased while the per capita NFfood and national NFfood rapidly increased during this period. The FCNF of Rwanda is higher than that of some developed countries due to inadequate sewage treatment systems, while the FPNF is lower due to the low consumption of protein-rich foods. For overcoming the challenges of Rwanda’s agro-food system, it is necessary to adopt sustainable N management policies to promote NUE and minimize N loss during FP and FC processes in Rwanda.
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