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Abstract

:

This study quantifies the potential responses of 11 staple crop yields to projected changes in temperature and precipitation in Rwanda, using a cross sectional model based on yield data collected across more than 14,000 villages. We incorporated a relatively high spatial resolution dataset on crop productivity, considered a broad range of crops relevant to national agricultural production priorities, used environmental data developed specifically for Rwanda, and reported uncertainty both from our estimation model and due to uncertainty in future climate projections. We estimate that future climate change will have the largest impacts on potential productivity of maize, bush bean, and Irish potato. All three crops are likely to experience a reduction in potential yields of at least 10% under Representative Concentration Pathway (RCP) 4.5 and at least 15% under RCP 8.5 by 2050. Notably, these are important crops nationally, and three of the crops targeted by Rwanda’s Crop Intensification Program. We find that the most severe reductions in potential crop yields will occur in the drier eastern savannah and plateau regions, but that the impacts of climate change could be neutral or even positive in the highlands through mid-century. The refined spatial scale of our analysis allows us to identify potentially vulnerable regions where adaptation investments may need to be prioritized to support food security and climate resilience in Rwanda’s agricultural sector.
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1. Introduction


Climate change poses a substantial challenge to feeding nine billion people by 2050, by impacting food and nutrition availability, access, and security [1,2,3]. The impacts of climate change in sub Saharan Africa are of critical concern, as low-input and small-scale mixed cropping systems predominate in this region [4,5]. In addition, small-scale farmers in the region are particularly vulnerable to climate change, as they have few resources to adapt at their disposal, and are less resilient in the face of catastrophic crop losses [6,7].



Agricultural production in sub Saharan Africa is threatened by warming temperatures, less predictable rainfall patterns, and more extreme events including heat waves, droughts, and floods [8,9]. There is a broad consensus that the impacts of climate change on agricultural production in Africa will be substantially negative [10]. Uncertainty surrounding the magnitude of these impacts remains high, and there is a dearth of actionable knowledge on the impacts of climate change on regionally and nationally relevant cropping systems [11,12]. This is particularly true in Rwanda, where previous studies reported wide ranges in potential climate change impacts on staple crop yields (Figure A1).



Rwanda’s economy is largely dependent on agriculture, employing three-quarters of all Rwandans and contributing almost one-third of the nation’s GDP [13]. Given that the livelihoods of the majority of the country’s population are based on rain-fed subsistence agriculture [14], and that unprecedented changes in climate are expected in the region, it is critical to improve our understanding of the potential responses of Rwandan crops to climate change. This will support decision makers to identify vulnerable populations, formulate adaptation strategies across farming systems, target research and development for climate-tolerant varieties of impacted staple crops, and direct investments to appropriate regions.



This study quantifies the potential yield response of 11 staple crops, accounting for more than half of agricultural production in Rwanda, to projected changes in temperature and precipitation. We first generated a crop productivity model using newly available data on crop yields collected across more than 14,000 villages by the National Institute of Statistics of Rwanda (NISR), along with maps of topography, climate, and soil characteristics developed specifically for Rwanda. We then predicted climate change impacts on potential yields using climate projections in 2050 from the Coupled Model Intercomparison Project 5 (CMIP5). We conducted our analysis at a highly refined spatial scale in order to identify subnational hotspots of concern, and to inform where adaptation investments may need to be prioritized to support food security and climate resilience in Rwanda’s agricultural sector.




2. Materials and Methods


2.1. Study Context


Rwanda is a landlocked country in East Africa spanning just over 26,300 km2. The country has the second highest population density in Africa [15], and its population of 12.5 million is expected to continue growing through 2050 [16]. The country has a tropical climate, averaging 20 °C and 1000 mm rainfall annually, and experiences two rainy seasons: a longer rainy season from late February to late May, and a shorter rainy season from late September to early December [17]. Rwanda hosts 10 agroecological zones characterized by wide ranges in climate, topography and resulting vegetation (Figure 1). The Congo-Nile, Birunga, and Buberuka regions have the highest elevations, steepest slopes, and the lowest average temperatures nationally (18.1 °C, 15.4 °C, and 19.3 °C, respectively). These regions have relatively fertile volcanic soils and higher precipitation, and are more attractive for farmers despite the steeply sloped terrain and soil erosion challenges [18]. The southwestern agroecological zones of Impala and Imbo are warm and rainy, with average monthly precipitation of 106 and 116 mm, respectively. In the eastern plateau and savannah regions the elevation is lower, the topography is flatter, and the climate is warmer and drier, with temperatures ranging from 21.7–22 °C and average monthly rainfall from 56–63 mm.



There are three growing seasons throughout the year; seasons A and B correspond to the short and long rainy seasons, respectively. Crop production is similar between these two seasons, though maize is the primary crop produced during season A. Season C falls in between the two rainy seasons (roughly July to September), and is used to supplement household diets with crops including sweet potatoes, beans, peas, soybeans, and vegetables. Most crops are grown to some degree in all provinces of Rwanda, though paddy rice and cassava are less common in the north, sorghum is less common in the west, and climbing beans are less common in the east [19].



Cassava, Irish potatoes, sweet potatoes, maize, and bananas account for over half of agricultural production in Rwanda [20]. Although small in terms of overall production, beans are cultivated by 92% of households and are an important source of protein [21]. Importantly, mixed cropping systems are common among small-scale farmers, and almost two-thirds of cultivated land is under mixed cropping during growing seasons A and B.




2.2. Input Data


We used average yields (kg/m2) at the scale of the village administrative unit for 11 priority staple crops as our response variable (Figure 2). NISR, an agency of the Ministry of Finance and Economic Planning, conducts seasonal surveys to characterize agricultural production in Rwanda. NISR has conducted a Seasonal Agricultural Survey annually since 2013, but 2017 was the first year NISR collected data representative at the district level and reported yields at the village level. This Upgraded Seasonal Agricultural Survey (USAS) provides data on agricultural production, practices, and inputs for each of Rwanda’s three seasons [9]. The survey collects data on crop yields nationally, including for the 11 staple crops included in this study: maize, sorghum, climbing bean, bush bean, soybean, sweet potato, cassava, Irish potato, dessert banana, beer banana, and cooking banana.



We used data representing nine explanatory variables from three primary datasets (Figure 3). We acquired a 10-meter resolution map of terrain from Swedesurvey [22], which we used to calculate slope at the same resolution. We acquired all publicly available data on temperature and precipitation from Meteo Rwanda [23], including 4 km resolution maps of temperature reported on the 6th, 16th, and 26th of each month over the 2003–2016 period, and precipitation reported daily over 2016–2018. We used these data to calculate average annual temperature and average monthly precipitation. We acquired maps of soil characteristics based on a soil survey of Rwanda finalized in 1994 [24], which includes data on soil carbon nitrogen ratio, and organic carbon, calcium, potassium and magnesium content. We additionally included dummy variables representing 10 agroecological zones nationally (Figure 1), in order to account for variation by region that is not represented by the set of environmental covariates.



We calculated the average of each of the explanatory variables at the level of the village administrative unit [25], using the raster package [26] in R version 3.5.0 [27]. We then linked this village level climate and environmental dataset to the NISR yield estimates also reported at the village level. We calculated the log of crop yields to correct for skewness in our response variables, and screened for collinearity among explanatory variables. Since temperature and precipitation often have nonlinear impact on yields (i.e., higher temperatures lead to higher yields up to an optimal point, above which higher temperatures lead to lower yields), we additionally included the quadratic terms of both average annual temperature and average monthly precipitation.




2.3. Yield Model Specification


We developed models of potential crop yields as the response variable and current environmental characteristics as the predictor variables. We used a cross sectional model based on six seasons of yield data collected across two years, taking advantage of spatial as well as temporal information. We used the lm function in R to generate linear regression models predicting potential crop yields nationally. We omitted calcium from our models due to strong correlations with magnesium and potassium (>0.9). In addition, we tested for large variance inflation factors (VIF), which provides a gauge of correlation in the multivariate sense [28]. Based on VIF > 5 we omitted soil acidity (pH) from our final models, resulting in VIFs <5 and generally <2 on the final set of explanatory variables. The omission of pH had a negligible impact on the remaining model coefficients. We retained the remaining explanatory variables in our model, regardless of significance, to reduce the risk of omitted variables bias in which coefficients on variables included in the model are influenced by variables that are excluded from the model [29].



We assessed the predictive power of the resulting regression models by computing the adjusted R2. The adjusted R2 is a modified version of the commonly used coefficient of determination for gauging model performance that adjusts for the number of predictors in the model. We reported robust standard errors which correct for heteroskedasticity of the error term using the sandwich package [30]. We compared these robust standard errors to standard errors calculated via bootstrap resampling of the input data 100 times with replacement using the simpleboot package [31]. Robust standard errors fell within 5% (and often within 2%) of the bootstrapped standard errors, suggesting that model fit is adequately represented with robust standard errors.




2.4. Predicting Climate Change Impacts


There is consensus that Rwanda’s future climate will be substantially warmer [32], increasing 1.3 °C–1.9 °C by mid-century according to CMIP5 projections [33]. Projections of future precipitation in Rwanda are more variable, with estimates of the change in annual average rainfall ranging from a 10% decrease to a 22% increase by mid-century [14,15]. In the face of uncertainty, a common approach to evaluating the potential impact of climate change is to use an ensemble of climate predictions that represent the range in model variability [34,35].



We used data on projected changes in mean annual temperature and total annual precipitation in 2050 under Representative Concentration Pathways (RCP) 4.5 and 8.5 from the WorldClim CMIP5 downscaled climate projections database at 5-min resolution [20]. RCP 4.5 reflects a lower bound case in which greenhouse gas emissions begin to level off by 2050. RCP 8.5 reflects an upper bound case in which emissions continue to rise through the study period. To calculate projected potential crop yields at the village level under these future climate scenarios, we substituted future temperature and precipitation under each of the 17 CMIP5 climate models across the two RCPs, resulting in 34 future projections.



To estimate the impact of climate change, we first predicted potential yields in a reference case under current climate conditions. We compared this reference to predictions of yields under future climate for both RCP 4.5 and RCP 8.5. We addressed uncertainty in three ways; first, by comparing our reference range to the predicted range, with ranges based on model standard errors. Next, we compared our reference fitted prediction to the average fitted prediction under the upper and lower quartiles of the 17 future climate predictions. Finally, we combined sources of uncertainty by comparing the fitted model predictions and its upper and lower bounds to the average prediction under future climate and the upper and lower quartile future climate predictions. We calculate and report the proportion of uncertainty due to model uncertainty versus uncertainty due to the range in future climate projections.





3. Results


Our resulting models all explain significantly more variability than a null model, with adjusted R2s ranging from 0.05–0.45 (Figure 4). These R2s fall within the range of other crop models in the literature. Crop models with the highest R2 are Irish potato (adjusted R2 of 0.45) and sorghum (0.18), while crop models with lowest R2 are bush bean (0.05) and beer banana (0.06).



We find that crop yields generally decrease with increasing elevation and steeper slopes and increase with higher levels of soil nutrients. The exceptions are Irish potato and sweet potato, which have higher yields at higher elevations, and dessert banana, beer banana, and bean varieties, which have higher yields in more steeply sloped areas.



All crop yields initially increase at higher temperatures, though across all crops this positive relationship diminishes, and eventually becomes negative, as temperatures increase beyond optimal levels (evidenced by the negative coefficient on the squared terms). All crops also have a positive relationship with precipitation, except for bush bean and soybeans, which are sensitive to heavy rainfall. The coefficients on the squared precipitation terms are all very small, but generally significantly negative, suggesting that the effect of increasing precipitation on yields levels off above an optimal amount.



Climate Change Impacts


We estimate that future climate change under both RCP 4.5 and RCP 8.5 will have, on average, a negative impact on all the crops in the study, with the exception of the three banana varieties (Figure 5). The future climate will have the largest impacts on bush bean, Irish potato, and maize yields. All three crops are likely to experience a reduction in yields of at least 10% under RCP 4.5 and at least 15% under RCP 8.5. Uncertainty is substantial, and the influence of future climate on yields for the remaining crops is not significantly different than zero.



The impacts of future climate change vary over space, with the most severe reductions in potential crop yields in the Eastern Savannah and Central Bugesera agroecological zone (Figure 6 and Figure 7). This is expected, as the eastern region of the country is relatively warmer and drier than elsewhere in Rwanda. On the other hand, we predict that crop yields may increase somewhat in Birunga and the Buberuka Highlands, where temperatures are lower and may not yet be at their optimum for crop productivity.



Although we estimate average negative effects of future climate on potential crop yields, uncertainty due to our yield models and future climate projections is substantial. In almost all cases the range of uncertainty spans zero (Figure 5). Only two crops—maize and bush beans—have consistently negative relationships to future climate across the range of uncertainty under RCP 4.5, and only three crops—maize, bush beans, and Irish potato—have consistently negative relationships to future climate across the range of uncertainty under RCP 8.5.



Our approach allows us to disaggregate the source of uncertainty in modelled outcomes (Figure 5, Figure A2). We separately report uncertainty based on the standard error of the linear models, uncertainty based on the interquartile range of the CMIP5 projections, and combined uncertainty from both sources (Figure A2). In almost all cases the uncertainty due to model specification dominates the combined uncertainty, contributing at least 60% of uncertainty for all crop yield predictions except maize.





4. Discussion


This study improves on previous estimates of the impact of climate change on potential crop yields in Rwanda by integrating the best available village-level data on crop yields from the NISR, along with high spatial resolution climate data. Our estimates of the impact of climate change on potential crop productivity in Rwanda largely fall within the range of previous estimates (Figure A1) but provide greater differentiation across crops and regions. We find that the potential yields of three important staple crops -- maize, bush bean, and Irish potato -- are likely to decline under future climate. Notably, these are widely cultivated crops nationally and are three of the crops targeted by Rwanda’s Crop Intensification Program, which aims to boost productivity via improved inputs and extension services [36]. Thus, this program may face additional challenges to achieving target yields posed by future climate change. Further work linking potential impacts of climate change on household nutrition will be valuable for informing food security planning, including under Rwanda’s Strategic Plan for Agricultural Transformation (2018–2024) and the Green Growth and Climate Resilience National Strategy [6].



We conducted our analysis at a highly refined spatial scale in order to identify subnational regions that are potentially at greater risk to due shifts in future climate. Not unsurprisingly, we note that potential crop yields are most likely to decline in the already warmer eastern savannah and plateau regions, but that they could be neutral or even positive in the highlands (Figure 6 and Figure 7). This informs where adaptation investments may need to be prioritized to support food security and climate resilience in the agricultural sector. It also suggests that highland regions could become more attractive for farming, leading to increased population pressure on land and exacerbating environmental degradation, including for example soil erosion, sediment transport, and landslide risk, in these regions [18].



Our estimates of the impact of climate change on potential crop productivity in Rwanda are characterized by wide uncertainty intervals. We consider uncertainty from both our modelled estimates of potential yield, and the range in future projections of climate change. However, we do not account for the potential for climate change to exacerbate pests and diseases that further contribute to reductions in crop yields [37], or for the possibility that CO2 fertilization could improve yields. Importantly, our analysis considers the impact of future changes in average annual temperature and precipitation but does not consider the potential impact of future climate extremes, such as droughts and floods, on crop yields. Indeed, extreme events may become more likely in the future, with catastrophic impacts on crop production [20]. In addition, this study does not account for the potential for adaptation to alleviate the impacts of climate change on agricultural households. Farmers may be able to improve management practices to compensate for climate change impacts, including via crop switching, technological improvements, shifting planting or harvesting dates, or relocating to new regions.
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Figure A1. Range of reported estimates of the potential change in crop yields due to climate change in Rwanda. Differences may be due to variation in methodologies, climate change projection models and scenarios, and geographic scope (with some studies estimating continental impacts but reporting projections separately by country) [38,39]. 
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Figure A2. Relative changes in potential crop yields under RCP 4.5 and RCP 8.5. The fitted, lower bound, and upper bound model predictions, along with the average impact of climate change across all CMIP5 projections, are presented in columns A–C. The lower and upper bound estimates based on the interquartile range of the climate change (CC) projections are presented in columns D and E. The combination of both the standard error of the modelled predictions and the interquartile range of the climate change projections are presented in columns F and G. The proportion of the uncertainty due to the model is presented in column H. 
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Figure 1. Agroecological zones of Rwanda. 
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Figure 2. Distribution of average crop yields (kg/m2) across Rwandan villages, according to the National Institute of Statistics of Rwanda (NISR) seasonal agricultural surveys 2017–2018. 
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Figure 3. Maps of the nine explanatory variables included in the crop yield models. 
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Figure 4. Results of the general linear model of crop yield as a function of environmental covariates. All models include fixed effects for agroecological zones. 
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Figure 5. Predicted changes in average crop yields by 2050 relative to average yields modelled using climatic conditions from the recent past, under Representative Concentration Pathway (RCP) 4.5 and RCP 8.5. Range represents the standard errors from the modelled predictions in combination with the interquartile range of the 17 Coupled Model Intercomparison Project 5 (CMIP5) climate change projections. 
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Figure 6. Projected change in potential crop yields under climate in 2050 based on RCP 4.5. 
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Figure 7. Projected change in potential crop yields under climate in 2050 based on RCP 8.5. 
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