Agriculture & Food Security© The Author(s) 2018
https://doi.org/10.1186/s40066-018-0159-3

Research

The determinants of crop yields in Uganda: what is the role of climatic and non-climatic factors?

Terence Epule Epule1  , James D. Ford1, 2  , Shuaib Lwasa3  , Benon Nabaasa3   and Ambrose Buyinza3  
(1)Department of Geography, McGill University, 805 Sherbrooke St. W., Burnside Hall 416, Montreal, QC, H3A 0B9, Canada

(2)Priestley International Centre for Climate, University of Leeds, Leeds, UK

(3)Department of Geography, Makerere University, P.O. Box 7062, Kampala, Uganda

 

 
Terence Epule Epule (Corresponding author)
Email: terence.epule@mail.mcgill.ca

 
James D. Ford
Email: james.ford@mcgill.ca

 
Shuaib Lwasa
Email: shuaiblwasa@gmail.com

 
Benon Nabaasa
Email: nabaasabenon@gmail.com

 
Ambrose Buyinza
Email: ambrosebuyinza@gmail.com



Received: 22 November 2017Accepted: 9 January 2018Published online: 21 February 2018
Abstract
Background
It is widely accepted that crop yields will be affected by climate change. However, the role played by climate in affecting crop yields vis-a-vis non-climatic stresses, is often unclear, limiting decision choices around efforts to promote increased production in light of multiple stresses.

Results
This study quantifies the role of climatic and non-climatic factors affecting multiple crop yields in Uganda, utilizing a systematic approach which involves the use of a two-stage multiple linear regression to identify and characterize the most important drivers of crop yield, examine the location of the key drivers, identify the socio-economic implications of the drivers and identify policy options to enhance agricultural production. We find that non-climatic drivers of crop yields such as forest area dynamics (p = 0.012), wood fuel (p = 0.032) and usage of tractors (0.041) are more important determinants of crop yields than climatic drivers such as precipitation, temperature and CO2 emissions from forest clearance. Climatic drivers are found to multiply existing risks facing production, the significance of which is determined by variability and inadequate distribution of precipitation over the crop growing seasons.

Conclusion
The significance and validity of these results is observed in an f-statistic of 50 for the final optimized model when compared to the initial model with an f-statistic of 19.3. Research and agricultural policies have to be streamlined to include not only the climatic elements but also the non-climatic drivers of global, regional and national agricultural systems.


Electronic supplementary material
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Background
Increasing global population, changes in consumption patterns and dietary needs and a rising demand for green energies has triggered a global need for increased food production. It is estimated that one in seven people lack access to food or are faced by malnutrition caused by poverty and rising food prices. Rising food prices caused by market speculations, expansion of crop cultivation to generate bioenergy and climate shocks are rendering the global food security problem even worse [1–3]. Even if these problems of access to food are solved, production would need to double to meet up with projected demand due to dietary changes and population growth [3–10]. Global food production will have to increase by ~ 70% to meet global food needs this century [1, 2, 11–13]. The task of feeding more people globally is even more daunting given global, regional and national patterns of climate and land use change [3, 7, 8, 10, 11, 14, 15].
Globally in general and in sub-Saharan Africa (SSA) in particular, agriculture is important in meeting dietary needs and underpinning economic growth. In Africa for example, about 50% of the gross domestic product (GDP) of most countries is from agriculture [16]. In most SSA countries, huge differentials exist between actual crop yields and projected yields mainly because production is often at subsistence levels [17]. The crop yield deficits recorded in most SSA countries are accentuated by climatic and non-climatic factors, including limited access to sufficient farm inputs such as tractors, unsustainable methods of cultivation, limited use of agroecology-related inputs and a significant climate variability [18, 19].
In Uganda, agriculture contributes about 20% to the GDP, 48% to export earnings, and employs about ~ 73% of the population [20]. In addition, more than 4 million Ugandan households depend on small-scale farming for their sustenance [20]. The pertinence of agriculture in Uganda is further seen as poverty reduction is tied to improvements in the agricultural sector [21, 22]. Agricultural systems in Uganda are highly sensitive to both land use and climatic conditions. However, it remains unclear which of the land use and climate-related drivers are most important in determining agricultural production. It has been argued, for instance, that the significance of changes in precipitation in affecting Ugandan crop yields is a function of variability and inadequate distribution of precipitation throughout the cropping seasons as opposed to the precipitation change per se [23]. Mubiru and Banda [24] added that due to frequent delays in precipitation during the March–May cropping season by close to 30 days, much of the precipitation that comes later (mid-April) is often not available for crops. It has also been argued that low agricultural productivity can be attributed to other non-climatic drivers such as limited use of external inputs, nutrient mining, soil erosion, deforestation, slash and burn cultivation inter alia as well as climate-related drivers such as precipitation, temperature and GHG emissions [24]. While multiple drivers affect crop yields in Uganda, the relative importance of different drivers is not well understood, constraining efforts to direct attention to the main impediments to maintaining and increasing crop yield in light of multiple stresses.
This study develops a systematic approach to identify and characterize the drivers of crop yields in Uganda. Identified key drivers are then used to determine specific policies that can enhance crop yields in light of multiple stresses. The work contributes to scholarship seeking to tease out the role of climate and non-climatic factors in affecting specific outcomes, with the approach developed having application to multiple contexts. To our knowledge, the study is the first to examine at a national level in Uganda the role of multiple factors in affecting crop yield.

Methods
Study area
Uganda is a SSA country located in East Africa (Fig. 1), and according to the 2013 census, Uganda has a population of ~ 36 million people [24]. Located within a humid equatorial region, prevailing winds and water bodies occasion differences in precipitation patterns. Mean annual precipitation ranges from 800 to 1500 mm. Precipitation is bimodal in the south (March–May and September–November) and unimodal in the north (April–October) [25, 26]. Though located close to the equator, Uganda’s climate is diverse due to the country’s unique biophysical characteristics influenced by large rivers, water bodies and mountain ranges to the east and west [25]. Variations in sea surface temperatures in the distant tropical pacific and Indian Oceans strongly influence the timing of annual precipitation in Uganda [25]. Northern Uganda experiences less precipitation than the south and is more susceptible to droughts [15, 25].[image: A40066_2018_159_Fig1_HTML.gif]
Fig. 1District-level map of Uganda






Theoretical approach and data acquisition
This study seeks to identify and characterize the relative contributions and importance of climatic and non-climatic variables (independent variables) in affecting crop yields (dependent variable) in Uganda using a systematic modelling approach. The study is based on national scale data of 10 non-climatic variables, 3 climatic variables and 1 dependent variable. The data points for each variable span a period of 53 years (1961–2014).
The dependent variable whose predictors this study attempts to determine is crop yield. Crop yield data were culled from the Food and Agricultural Organization’s department of Statistics-FAOSTAT [27]. A total of 31 food and cash crops (Additional file 1: Table S1) were aggregated to obtain the crop yield data per year in hectograms/hectare (Hg/Ha). However, the yield data were converted to tons/hectare (t/Ha) for standardization purposes. The rational of using several food and cash crops (31) as a representation of crop yields was based on:	The availability of complete time series data for all the 31 food and cash crops over the period 1961 and 2014.

	The crops present a true picture of the crop yield scenarios of Uganda as they represent both arable and permanent crops.

	The crops in question are crops whose production tallies are proportionate with the recognized crop growing seasons in Uganda for crops that grow all year round.

	All the crop data were in the same units of measurement (Hg/Ha), as such comparisons and converting into (t/Ha) were easy to perform.

	All the crops with available data were included to avoid the miss-representation that is often associated with using national scale growing season precipitation and temperature data over a single crop.





Climatic drivers were identified based on the availability of data and on the importance of climatic drivers in the growth of crops [28]. Adequate precipitation during the crop growing season as well as average annual precipitation and temperature enhances crop growth [29]. Since most of the 31 crops included in this study grow all year round, the mean annual precipitation and gridded temperature spanning the period 1961–2014 were used to fit the models. The use of crop growing season and mean annual precipitation and gridded temperature helps to capture the net effect of climate on all the crops used in this study as well as the differences in their sensitivities to changes in climate. This approach is necessary because different crops respond differently to different climatic stresses. Several studies have used a similar approach to verify the effects of climate change on several crops at a global, regional and country scale [9, 93–95]. For example, Lobell et al. [9] examined the effects of changes in climate based on growing season and annual precipitation and temperature at a global scale for the following crops: maize, wheat, soybeans and rice. Also, Sarker et al. [93] used regression models to examine the effects of climate change on three major rice crops: Aus, Aman and Boro in Bangladesh using mean growing season and mean annual temperature and total growing season and annual precipitation. Furthermore, a study by Lobell and Field [94] comes very close to this current study from a methodological perspective. The study developed statistical models of yield response to climate change at a global scale. The crops included rice, maize, soybeans, barley and sorghum. The study used gridded mean monthly/annual temperature and rainfall data for the period 1961–2002 to verify the effects of climate change on yields.
Atmospheric CO2 on the other hand may trigger higher temperatures and reduce precipitation or generally cause climate change in SSA and reduce crop yields [28]. An example here is found in a study by [96] which shows how interannual changes in CO2 emissions in Ethiopia have reduced agricultural productivity for major crops and livestock up to the baseline period of 2030. On the positive side, it has been argued that rising CO2 content in the atmosphere can enhance production if there is aerial fertilization which may trigger plant productivity, enhanced water management efficiency and reduced transpiration and ultimately increased crop productivity [28, 29]. This notwithstanding, it is generally difficult to investigate the effects of CO2 emissions on agricultural systems because of many uncertainties, quantitative estimates of CO2 emissions on agriculture are often of low confidence [97]. A major uncertainty is to be able to project changes in emissions and climate in the context of crop yields [97]. Ideally, long-term estimates of CO2 emissions covering the pre-industrial levels of 275 ppm and 2 °C increased warming at 550 ppm CO2 provide longer timescales over which the effects of CO2 emissions on crop yields can be computed with much certainty. The non-climatic drivers were selected based on the availability of data and on the argument that the outcome of crop yields is not only a function of climatic drivers but also due to land tenure systems [30–32]. Since it is still unclear which of these drivers determine crop yields the most, an experiment to verify this hypothesis was established in this study. Data on climatic and non-climatic drivers were sourced spanning the period 1961 to 2014.
The three independent climatic drivers are: precipitation, temperature and CO
                    2
                   emissions from forest clearance and are further described as follows:	Precipitation here represents mean annual precipitation (mm). The mean annual precipitation was used because the crops involved grow all year round and therefore their productivity is more affected by mean annual precipitation data. Specific crop growing season data are more appropriate when we consider crops like maize with shorter growing seasons. The mean annual precipitation data were culled from the collaborative 0.5° × 0.5° gridded crop growing season precipitation database of the University of Oxford and UNDP [33, 34].

	The temperature data represent the mean annual temperatures (°C). Like precipitation, temperature data were culled from the collaborative 0.5° × 0.5° gridded crop growing season temperature database of the University of Oxford and UNDP [33, 34]. Again, mean annual temperatures were used because the crop involved grow all year round and therefore their productivity is more affected by mean annual temperature data.

	The third climatic variable, annual CO
                          2
                         emissions from forest clearance in Uganda, represents the stock of annual CO2 emitted to the atmosphere due to deforestation or forest clearance (Houghton 1991); these data were collected from the Food and Agricultural Organization’s department of Statistics-FAOSTAT [27]. For a summary of the theoretical linkages between the climatic and non-climatic drivers, see Fig. 2.[image: A40066_2018_159_Fig2_HTML.gif]
Fig. 2Schematic presentation of the linkages between the climatic and under climatic variables










The 10 independent non-climatic variables were culled from the Food and Agricultural Organization’s department of Statistics-FAOSTAT [27]. These 10 independent non-climatic variables have been described as being of very great importance in impacting crop yields in Africa [27]; they include:	Cattle stock This represents the total number of herds of cattle reared in Uganda. Usually, when cattle stock increases, this imposes reductions in crop yields because herds require land for grazing and in some cases herds of cattle affect yields by taking up land (for range land purposes), eating up crops and potentially occasioning farmer-grazier conflicts [35, 36].

	Wood fuel This is the amount of wood extracted from the forest and used for energy purposes. Its unit of measurement is (m2). This reflects the total forest area lost due to wood fuel extraction. This variable often reduces crop yields when it entails destruction of forests associated with reduced forest carbon stock, reduced soil organic carbon (SOC) and nitrogen (SON) which are vital to crops [35–37].

	Arable and permanent cropland This is the amount of land under temporal and permanent crops expressed in thousand hectares (K/Ha). The more this variable increases, the higher the yields in the short term and the lower the yields per Ha if agriculture is not mechanized in the long term. However, without mechanization of agriculture, this may not increase yields per Ha. Increasing crop yields in most of Africa is based on farmland expansion [35, 36]. However, with the prospects of getting more land becoming less feasible, relying on this option to increase crop yields is becoming a challenge [35–37].

	The total area equipped for irrigation This is expressed in thousand hectares (K/Ha) and represents the farmlands that have access to irrigation facilities. In regions that are faced with problems of recurrent droughts as is the case of Uganda, irrigation facilities serve as safety nets that do sustain crop yields during periods of dryness.

	Forest area This represents the amount of available forest expressed in thousand hectares (K/Ha). This variable often reduces crop yields when destruction of forests is associated with reduce forest carbon stock, reduced SOC and SON which are vital to crops [38].

	Population This is the number of people who live in the country over time. This study used total population because population reflects total food needs of a country. Crop yields are influenced by both farming and non-farming populations. Normally, when the population growth is high, the food needs of the country are likely to be high, and this creates food security challenges if population growth fails to be matched by increased food production capacity [39]. Population here is therefore used to serve as a proxy for total food needs in the absence of total food needs data.

	Gross domestic product (GDP) per capita This is expressed in millions and is an indicator used to gauge the health of the economy per head. It is the dollar value of all goods and services produced in Uganda over a specific period of time. A higher GDP has the potential to increase crop yields as most farmers will be able to access farm inputs.

	Burned area This is expressed in hectares, and it is the total area of forest or grassland that is burnt and transformed into farmland. Burning is a common phenomenon in SSA, and it is used to create new farmlands and to provide ash that serves as a temporal source of nutrients to the soil. Normally, the more the burning, the more farmland is available, the more likely the increase in yields in the short term due to more land and ash from the burnt forests and grasslands [35].

	Total fertilizers used This is expressed in tons. Fertilizers constitute a very important input into the agricultural system. When farmers have adequate access to fertilizers, their crop yields are likely to increase. However, in most SSA countries including Uganda, access to inorganic fertilizers is often limited by purchasing power because most of the farmers are poor. Organic fertilizers which are often free and agroecological and more sustainable have not been sufficiently valorized to levels at which they can sustain yields without inorganic fertilizers [40–42]. In this study, total fertilizers used entail both organic and inorganic fertilizers. Organic fertilizers include manure and compost, while inorganic fertilizers include chemical fertilizers such as nitrogen, potassium, phosphorus and magnesium fertilizers inter alia. In FAOSTAT (database from which data were culled), by simply selecting the options total organic and inorganic fertilizers, an excel sheet of the data for the years selected is obtained.

	Agricultural tractors This represents the total number of agricultural tractors used. Tractors represent a very important input in any agricultural system, and the larger the number of tractors typically results in higher yields due to a faster and more efficient production process [43]. However, due to poverty, the majority of farmers in SSA who operate on predominantly small scale are unable to have access to such heavy capital inputs [43–45].






Analysis
We draw upon the systematic approach (SA) of Muller et al. [46] which is composed of a 4-step process for data analysis (Fig. 3). [image: A40066_2018_159_Fig3_HTML.gif]
Fig. 3Schematic representation of the key stages of our modified systematic approach




All 14 independent and dependent variables are subjected to detrending which removes all linear models of the actual time series by dividing the expected time series by the actual time series data. Detrending removes the effects of increased technology, shows annual variations and reduces the effects of inconsistent errors in reporting. For the equation used in determining the expected time series of all the 14 variables, see Eq. 1.
The first step of the systematic approach involves the use of a multiple linear regression approach (MLR) to identify the drivers of crop yields from among climatic and non-climatic variables. MLR provides the feedbacks between the dependent and independent variables through the t and p values which helps us to detect the level of importance of a given variable, and has been used in comparable contexts to this study, e.g. [47–50]. For the equations used in computing the initial model (IM) and the final optimized model (FOM) based on MLR see Eqs. 2 and 3 below.

[image: $${\text{EXP}}_{y} = ax + b$$]

 (1)

where [image: $${\text{EXP}}_{y}$$] is the expected maize yield, χ is the year, a is the linear trend, b is the intercept when [image: $${\text{EXP}}_{y} = ax$$].[image: $$\begin{aligned} Y_{\text{CYIM}} & = \alpha_{0} + \alpha_{1} X_{\text{PPT}} + \alpha_{2} X_{\text{TEMP}} + \alpha_{3} X_{{{\text{CO}}_{ 2} }} + \alpha_{4} X_{\text{WF}} + \alpha_{5} X_{\text{CS}} + \alpha_{6} X_{\text{APC}} + \alpha_{7} X_{\text{IRRI}} \\ & \quad + \alpha_{8} X_{\text{FA}} + \alpha_{9} X_{\text{POP}} + \alpha_{10} X_{\text{GDP}} + \alpha_{11} X_{\text{BA}} + \alpha_{11} X_{\text{FERT}} + \alpha_{11} X_{\text{AGT}} \\ \end{aligned}$$]

 (2)


[image: $$Y_{\text{CYFOM}} = \alpha_{0} + \alpha_{1} X_{\text{FA}} + \alpha_{2} X_{\text{WF}} + \alpha_{3} X_{\text{AGT}}$$]

 (3)

where [image: $$Y_{\text{CYIM}}$$] represents crop yields of the IM (dependent variable),[image: $$Y_{\text{CYFOM}}$$] represents crop yields of the FOM (dependent variable), [image: $$\alpha_{0}$$] is the regression intercept, [image: $$\alpha_{1} X_{\text{PPT}}$$] is the partial regression coefficient and mean annual precipitation, [image: $$\alpha_{2} X_{\text{TEMP}}$$] is the partial regression coefficient and mean annual temperature, [image: $$\alpha_{3} X_{{{\text{CO}}_{2} }}$$] is the partial regression coefficient and annual CO2 emissions from forest clearance, [image: $$\alpha_{4} X_{\text{WF}}$$] is the partial regression coefficient and wood fuel, [image: $$\alpha_{5} X_{\text{CS}}$$] is the partial regression coefficient and cattle stock, [image: $$\alpha_{6} X_{\text{APC}}$$] is the partial regression coefficient and arable and permanent cropland, [image: $$\alpha_{7} X_{\text{IRRI}}$$] is the partial regression coefficient and area equipped for irrigation, [image: $$\alpha_{8} X_{\text{FA}}$$] is the partial regression coefficient and forest area, [image: $$\alpha_{9} X_{\text{POP}}$$] is the partial regression coefficient and population, [image: $$\alpha_{10} X_{\text{GDP}}$$] is the partial regression coefficient and GDP, [image: $$\alpha_{10} X_{\text{BA}}$$] is the partial regression coefficient and burned area, [image: $$\alpha_{11} X_{\text{FERT}}$$] is the partial regression coefficient and total fertilizers used, and [image: $$\alpha_{11} X_{\text{AGT}}$$] is the partial regression coefficient and agricultural tractors.
The two-step regression is used because the initial regression model (IM) has weaknesses such as collinearity and inconsistent p and t values such that a second-stage regression analysis described herein as the final optimized model (FOM) is required to enhance the model and reduce the effects of the weaknesses of the IM on the FOM.
To optimize the IM, we sequentially removed all the ten other variables that did not make the list of the three most important variables and rerun the model. This process was repeated ten times until only the three most important variables remained (forest area, wood fuel and agricultural tractors). A model comprised of these three variables is then fitted to produce the FOM. To verify the importance of some of these drivers and to guide the analyses, the following hypotheses were established: the null hypothesis (H0) is that there is no difference in the impacts that all the climatic and non-climatic drivers/predictors have on crop yields. In other words, this means that both climatic and non-climatic drivers are of equal importance in terms of their relationship with crop yields. The alternate hypothesis (H1) states that some drivers/predictors of crop yields are more important than others. The model with the higher f-statistic is usually the more significant one.
Second, we examine the socio-economic aspects of the key drivers of crop yields in Uganda. The first part of this involves an examination of the population or organization involved with the drivers and the characteristics of the population involved in the operationalization of the drivers called agents. The second aspect of the socio-economic analysis involves the identification of the location or actual zones in the country where the drivers are dominant, a task which is similar to the spatial analysis. The third phase of the socio-economic analysis encompasses an identification of key products associated with any given driver. This is followed by an analysis of the methods of production of the products associated with the identified drivers and the markets where the products are sold (Table 3). The socio-economic analysis enables us to be able to understand in detail some of the more intricate issues behind the drivers that are often only specific to a given region.
Third, a detailed spatial analysis of the key drivers is carried out by identifying the various zones in the country where the different drivers are dominant. This enhances our understanding of where or answers the question, in what region or part of the country is a particular driver dominant. This phase is very similar to the location analysis carried out in the previous section.
The final phase of the approach involves a synthesis of stages one, two and three from which recommendations are made on possible context-specific policies that can be used to enhance crop yields in Uganda based on the drivers. With these, we proposed policies that are context specific and only in relation to the most important drivers of crop yields.


Results
Non-climatic factors are the main drivers of crop yields in Uganda
From the MLR simulations, the five most significant predictors/drivers of crop yields in Uganda do not encompass any climatic variable, and they are: forest area (t value: − 3.56), wood fuel (t value: − 3.44), GDP (t value: 2.82), tractors (t value: 2.92) and population (t value: − 1.55) (Table 1). This model has an f-statistic of 19.3 which indicates that the model is significant. This initial model (IM) is flawed however, by: (1) inconsistencies between the t and p values for most of the predictors and (2) extensive multicollinearity between some independent variables such as wood fuel, forest area and population.Table 1Outputs of the initial regression model based on all the 13 independent variables


	Independent variable
	Unstandardized coefficient
	Standard error
	Standardized coefficient
	t value
	p value

	Cattle stock
	− 3.49
	3.26
	− 0.28
	− 1.04
	0.304

	Wood fuel/logging concessions
	− 1
	2.91
	− 2.59
	− 3.44
	0.001

	CO2 emissions from forest clearance
	0.002
	0.002
	0.19
	0.75
	0.452

	Arable and permanent crop land
	− 0.01
	0.01
	− 0.43
	− 0.64
	0.522

	Total area equipped for irrigation
	2.209
	4.37
	0.2
	0.50
	0.616

	Forest
	− 0.22
	0.062
	− 5.68
	−  3.56
	0.0009

	Population
	− 0.013
	0.008
	− 3.55
	− 1.55
	0.127

	GDP per capita
	− 0.14
	0.049
	− 0.72
	2.82
	0.007

	Burned area
	0.00011
	0.00014
	0.55
	0.77
	0.441

	Total fertilizers used
	− 0.00028
	0.0013
	− 0.03
	− 0.21
	0.831

	Number of agricultural tractors
	0.051
	0.018
	2.48
	2.92
	0.005

	Mean growing season precipitation
	− 0.203
	0.191
	− 0.08
	− 1.06
	0.292

	Mean growing season temperature
	− 9.22
	7.92
	− 0.16
	− 1.16
	0.251


R = 0.92; adjusted R2 = 0.86; ƒ-statistics = 19.3




Given these flaws, the IM was optimized by sequentially removing in a step-by-step fashion 10 variables, with the model rerun until only the three most significant predictors remained. The final optimized model (FOM) has the following non-climatic predictors in order of importance: forest area dynamics (t value: − 11.11; p value: 0.012(1.20%); R: − 0.5), wood fuel (t value: − 9.40; p value: 0.032(3.16%); R: 0.3) and tractors used (t value: 8.46; p value: 0.041(4.09%); R: 0.2). The correlation coefficients obtained for the three most important predictors are also consistent: forest area dynamics has the highest correlation coefficient of about ~ − 50%, wood fuel record ~ 30% and tractors ~ 20% (Additional file 2: Table S2a and Fig. S2a). The FOM is more significant than the IM with a higher f-statistic of 50. The t and p values of this model are also consistent as the most important predictor of crop yields (forest area) has the highest t value and the lowest p value (Table 2). With these results, H1 hypothesis that states that some predictors of crop yields are more important than others in Uganda is valid, while H0 is rejected.Table 2Outputs of the optimized regression model based on the 3 most significant independent variables


	Independent variable
	Unstandardized coefficient
	Standard error
	Standardized coefficient
	t value
	p value
	Rank of t value

	Wood fuel/logging concessions
	− 2.01
	2.14
	− 5.23
	− 9.4
	0.032 (3.16%)
	2

	Forests
	− 0.13
	0.011
	− 3.43
	− 11.11
	0.012 (1.2%)
	1

	Number of agricultural tractors
	0.05
	0.006
	2.79
	8.46
	0.041 (4.09%)
	3


R = 0.86; adjusted R2 = 0.75; ƒ-statistics = 50




While climatic predictors are found to be of limited statistical importance when compared to the non-climatic predictors, a model of how the 3 climatic variables perform among themselves shows that temperature is the most important climatic predictor of crop yields in Uganda followed by precipitation and CO2 emissions from forest clearance (Additional file 2: Table S2b); this may vary for individual crops as in the case of maize in which for example precipitation is more important. Mean annual temperature is about 22 °C, while mean annual precipitation ranges between 800 and 1500 mm with wide variation between the north and the south. This can be explained by the fact that there is a large dependence on irrigation for agricultural purposes due to unreliable precipitation, a situation that is even more daunting northwards. According to statistics, irrigation for agricultural purposes is the second most important water withdrawal component in Uganda. The greatest water user in Uganda in 2008 was ‘municipalities’ which withdrew about 328 million m3 (51%) of water, while agriculture was second and it used 259 million m3 (41%), while industries withdrew 50 million m3 [89]. Uganda has a huge irrigation potential with most of the potential still unexploited; the 2011 Irrigation Master Plan classified a total of 567,000 Ha (5070 Km2) of potential irrigation land [89]. Some examples of huge irrigation projects exist around Lake Kyoga basin, the Western Region, the Albert Nile Valley and the Jinja districts on Lake Victoria in the south-east of the country [89].
In addition to the variables considered in this analysis, there are other socio-economic and demographic variables that can affect food production. For example, with a population of ~ 36 million in 2013, Uganda has a population growth rate of 3.26%, a dependency rate of 108%, average annual income of 303, 700 Uganda Shillings (UGX) and a literacy rate of 69.6% [90]. Unfortunately, due to the absence of long-term time series and established standardized reliable data on these variables at national scale, it is not possible to use them in our computations.

Agents, location, products, methods of production and markets of key drivers of crop yields in Uganda
In this section, an analysis of the agents, location, products, method of production and markets of the main drivers of crop yields in Uganda is performed. This will help identify and further understand the elements that shape crop production in Uganda.
Forest area
Based on our analysis, forest area is the most important determinant of crop yields in Uganda. The p value of 0.012 or 1.2% shows that the chances of having observations that will differ from the current results are lowest among all the results as there is only a 1.2% chance of having a different observation. The low probabilities for changes depict generally a more reliable model. When the rate of decline in forest area is high, crop yields rise in the short term because of the availability of more land for cultivation, but in the long term reduced SOC and SON will go a long way to contribute to reduced crop yields due to reduced forest area. The farms will also become exposed to erosion. Due to high demand for more land from agriculture, an amount of 88,150 Ha or 1.86% of forest was lost annually during the period 1990–2010 [51]. Uganda experienced a total forest area growth between 51,000 and 2,988,000 Ha of planted trees during the last 2 and a half decade. About 462 tons of carbon is stored in 1 Ha of forest [51]. The agents here include the population of Uganda (~ 36 m) and foreign companies. In terms of location or spatial analysis, most of the forest in Uganda are found in three key areas which are the eastern shoulders of the East African Rift valley, the northern shores of Lake Victoria and isolated montane forests in the north and east. However, pockets of forest can also be found in the north due to an ongoing reforestation drive. Forests are mainly in three key areas of the south-west and east which are: the west including the eastern shoulders of the rift valley, the northern shores of Lake Victoria and around isolated montane forests in the north and east [52]. The key products are: wood fuel, pulp, timber and lumber. The methods of exploitation are either small scale, large scale, manual or mechanized, while the products are either sold nationally or internationally within East Africa and Europe (Table 3).Table 3Socio-economic analysis of the main non-climatic predictors of crop yields in Uganda


	 	Forest area
	Wood fuel
	Tractors

	Agents
	About 36 million people local and national population, foreign companies
	70–80% of the local population
	More than 4000 in 2014

	Location
	The eastern shoulders of the rift valley, northern shores of Lake Victoria, isolated montane forests in the north and east
	Forest zones of the south-west, east of Uganda and patches in the north and north-east
	All over the country

	Products
	Wood fuel, pulp, timber, lumber
	Firewood, charcoal, wood pellets and wood ash, bricks and tiles
	Used to: harvest, plant, till the soil and transport crops

	Production
	Small scale, large scale, manual and mechanized
	Large and small scale, manual, mechanized
	By foreign companies

	Markets
	Internally, East African region, internationally
	Locally and nationally
	All over the country





Uganda’s forest is declining at a significant rate (between 1990 and 2010, a total of about 88,150 Ha or 1.86% of Ugandan forest were lost yearly) [51]. At this rate, the landscape will experience not only increased soil erosion, reduced SOC and SON but also an increased amount of atmospheric carbon. At the above rate of deforestation, a total of 40,725,300 tons of carbon stock (Ha/year) will be lost to the atmosphere (business as usual BAU assuming 462 tons of carbon is lost per Ha). Several scenarios starting with a 75% reduction in deforestation (22,037.5 Ha/year) show lower mean carbon emissions and higher SOC and SON. However, as we move to other scenarios (50, and 25%), the amount of forest lost increases and the carbon emissions also increase, and SOC and SON tend to reduce with increased deforestation (Fig. 4). In general, it can be said that the lower the rate of deforestation, the lower the amount of carbon emissions and the higher the SOC and SON.[image: A40066_2018_159_Fig4_HTML.gif]
Fig. 4Relationship between annual forests lost, carbon emissions and soil organic carbon and nitrogen






Wood fuel
In most African countries including Uganda, wood fuel is the most important source of energy and most of the people use it for domestic and small-scale industrial purposes. The p value of 0.032 or 3.16% shows that there is a 3.16% chance of having observations that will differ from the current. The low probabilities for changes depict generally a reliable model. Charcoal, a derivative of wood fuel, is mostly used in urban areas. Due to persistent energy crisis in Uganda, the demand and consumption of wood fuel in Uganda is estimated at a rate of 3%/year [53–56]. In Uganda, wood fuel collection is practised by about 70–80% of the local population and over 90% of energy used for domestic activities is obtained from wood fuel in the form of firewood and charcoal [54, 55, 57–60]. In terms of location or spatial analysis, the main areas of gathering are within the rural areas and urban outskirts in the south-west, east and around isolated forest patches in the north and north-east. In terms of products, firewood, charcoal, wood pellets, wood ash, production of bricks and tiles, are the most common products of wood fuel [56]. The methods of extraction are either small or large-scale, manual or mechanized with the use of chain saws. The products are sold and used locally and nationally (Table 3). The north and north-east of the country are essentially grasslands, but one can find pockets of forest due to current reforestation efforts in this fragile ecoregion. Increased gathering of wood fuel increases deforestation and atmospheric CO2 and thereby reduces SOC and SON while also exposing the soil to erosion and consequently reducing crop yields [61].

Tractors
Mechanization plays an important role in enhancing crop yields globally [41]. Here, a p value of 0.041 or about 4.095% depicts a 4.095% chance of having an observation that is different from the current. The low probabilities for changes depict generally a reliable model. In Uganda, they constitute the third most important non-climatic determinant of crop yields. In terms of agents, in 2014, Uganda had more than 4000 agricultural tractors. As concerns location or spatial analysis, tractors are used all over the country. They are used mainly to harvest, plant, till the soil and to transport crops. The tractors used in Uganda are essentially manufactured by foreign companies (Table 3). The significance of tractors as major elements of agricultural intensification and yield increase is seen as they enhance the entire production process by making tillage, sowing, harvesting and transportation relatively easier than human labour and thereby enhancing crop yields.



Discussion
Forest area, wood fuel and tractors have varying effects on crop yields in SSA
A common way of increasing crop yields in SSA is through farmland expansion by deforestation; in the short term this increases crop yields since more land is brought under cultivation [62–65]. With the current trends of declining forest due to deforestation for further expansion of farmlands and wood fuel gathering (Additional file 2: Fig. S2a), farms will be exposed to soil erosion and decline in crop yields; this has been illustrated in the ability of forest ecosystems to reduce soil erosion and to maintain and supply SOC and SON. In the longer term, the inputs from the leaves of plants can increase soil aeration and enhance SOC and SON and consequently increase crop yields [61].
The use of tractors has the potential of increasing crop yields in Uganda as in other parts of the world (Additional file 2: Fig. S2a). Increased mechanization would lead to increased food production, improved land use, enhanced rural prosperity and greater exports and less reliance on imports [16, 45]. In 1798, Malthus advocated the principle of preventive checks in his book, ‘An Essay on the principle of population’. Today, these preventive checks may include investments that would prevent famine and subsequent population decline. Examples of such checks in today’s world would include machines and fertilizers that would enhance productivity [63]. In the rest of Africa, it has been argued that mechanization of agriculture is either facing stagnation or retrogression [16, 66]. The causes of this are the absence of effective strategies and policies to enhance investments in tractors and other farm inputs such as irrigation equipments and absence of coordination between governments and private sector [16, 45]. On the negative side, the expansion in the use of tractors recorded in Uganda may be responsible for some of the deforestation in Uganda as reflected by a rapidly declining forest area; this is linked to the relative ease with which mechanized agriculture can enhance forest clearance.

Non-climatic factors are the main drivers of crop yields in most of sub-Saharan Africa
It is expected that declining crop yields in most of SSA are strongly linked to declining precipitation. However, SSA seems to have experienced a relative increase in precipitation from the 1990s [67, 68]. The evidence that precipitation has increased in SSA heralds the argument that non-climatic factors can better explain the yield trends observed in most of SSA. This view point seems to be tenable since the SSA is a zone of sharp seasonal contrast with fluctuations in precipitation at interannual and decadal scales. This makes SSA to be considered further as a region of climatic variability. As such, the observed increase in precipitation does not come with lots of doubt. In fact, the key issue here is that the increased precipitation is often not properly distributed within the growing season and within crop production areas [68].
SSA experienced declining precipitation between the 1950s and early 1980s. However, from the 1990s, trends of an increase in precipitation in most parts of the Sahel and SSA have been recorded [69]. While projections indicate that by 2020, food shortages would have reduced in most developing countries, the Sahel and SSA will still be facing problems with food shortages due to inappropriate land uses such as deforestation, over-cultivation, cattle stock rearing, rapid population growth and inadequate precipitation during the crop growing seasons [70]. Even if crop yields are projected to rise in SSA, it is possible that due to the envisaged increase in population the growth in production will be worthless and the amount of malnourished children will keep on a pessimistic turn towards 2020 [70, 71].
The question is, are there any other studies that support the argument that the influence of climatic drivers such as precipitation on crop yields is declining? In the affirmative, several studies have argued in support of this assertion [72–74]. In fact, it has been discussed that agricultural production has declined in Africa due mainly to land use and cover change [62, 75]. Land cover changes through deforestation have repercussions on crop yields, and this can be linked to over-grazing and population pressure on dry land [76]. Stephenne and Lambin [77] also support the above statement when they argue that land cover changes through anthropogenic deforestation, cattle rearing and population growth are responsible for grain declines in the Sahel. It has also been argued that due to an increase in precipitation in the West African Sahel, the role of precipitation as a primary and sole driver of environmental change is now questionable because land use changes are increasingly becoming more important [89]. In India, Nepal and Bangladesh, it has been observed that in terms of changes in farming practices (proxy for adaptation) a majority of farmers responded to market-related drivers than climatic stressors [91]. Market-related variables such as yield and better market opportunities and resource-related variables such as declining fertility and labour have been stronger drivers of change compared to climatic drivers [92].

Adaptation options to enhance crop yields based on the drivers of crop yields
Based on the three most important drivers of crop yields identified, a number of adaptation options can be designed to meet the twin challenges of increasing crop yields and maintaining a sustainable environment (see Fig. 5).[image: A40066_2018_159_Fig5_HTML.gif]
Fig. 5Specific non-climatic adaptations to enhance crop yields in Uganda





Forest area adaptations
Forest area loss is the most important determinant of crop yields in Uganda. To moderate this, the establishment of quotas could be used to restrict logging for commercial and agricultural purposes. This involves establishing a limit beyond which farmers and commercial logging companies are not expected to exceed. The quotas could be in hectares or number of trees that each farmer or company can cut within a year. For this to be successful, the current inventory of forest stock available must be known and all monitoring and reporting systems strengthened, including tackling persistent challenges with corruption. To be effective, monitoring must be shared between officials and the local population to establish ownership and improve compliance. To handle cases of non-compliance, heavy and well-documented and defined financial penalties should be levied. Non-compliance can also be handled through the suspension of licences in the case of commercial logging companies [78]. One way of enhancing compliance could be by enforcing mechanisms like the Reduction of Emissions from Deforestation and Forest Degradation (REDD+) in which farmers and companies that use less of their deforestation quotas get compensated. In the forest zones of the south-west and east of Uganda where most of the people depend on deforestation either to expand agricultural land or for energy, livelihoods can be diversified through the introduction of small-scale businesses, harnessing of local resources, such as medicinal herbs/plants, gathering of fruits, mushrooms, hunting and bee keeping. In addition, the pressure on the forests could be further reduced through investments in renewable energies such as solar, wind and geothermal energies [81]. For these to be successful, governments have to create safety nets through commitments to invest in these sectors as it is the case with biofuels in Brazil [79, 80]. According to Angelson [81], most East African governments are beginning to invest in renewable energies.

Wood fuel adaptations
To be able to restrict the over-exploitation of forests for wood fuel, strict enforcement of quotas in which limits of exploitation are set needs to be observed [78]. Exploiters that exceed their quotas will be liable to pay penalties for non-compliance. Those that are dependent on wood fuel as a source of energy and income will require a diversification of livelihoods through renewable energies such as solar, wind and geothermal and the enhancement of access to new livelihood options such as small-scale businesses, harnessing of local resources, such as medicinal herbs/plants, gathering of fruits, mushrooms, hunting and bee keeping [78, 82–84]. Again, just as in the case of forests, the government needs to establish the required safety nets to make sure that the populations can have access to these alternatives.

Tractors/mechanization adaptations
In Uganda, the surge in the use of tractors has positive effects on crop yields. Further approaches have to be identified towards making this accessible to the people. In a country in which most agriculture is in the hands of small-scale farmers, the question that comes up is, how can these farmers can gain access if not ownership of such heavy capital equipments? The importance of agricultural equipment on crop yields has historical origins.
In most of SSA, humans still constitute the principal source of power and farm labour, cultivating about ~ 10% of the total area with tractors and 65% of the total area with draught animals [85–88]. In Asia, ~ 30% of the land is cultivated by hand, 30% by draught animals and ~ 40% by tractors. In North Africa and the Middle East, ~ 20% of the land is cultivated by hand and another 20% by draught animals, while tractors cultivate about ~ 60% of the land (Clarke and Bishop 2005; Sims et al. 2007). Latin America and the Caribbean also have a well-established record of use of tractors [85–88]. Within SSA, there is a variation in the use of mechanization with manual power being dominant in central Africa (~ 85%), draught animals being dominant in East Africa (~ 32%) and tractors being dominant in southern Africa (~ 25%).
More recent use of tractors in Africa began in the 1940s. They were first used in commercial white-owned farms, but they spread through tractor hire schemes for small-scale farmers through aid programmes, donor countries and tractor manufacturers before governments came in to support. So by the 1960, several tractorization schemes had been established. At independence of most African countries in 1961, the number of tractors in SSA (172,000 units) exceeded that of Asia (120,000 units). Ten years later in 1971, the number of tractors in Asia had exceeded those in Africa fivefold to 600,000 units and to 6 million units by 2000. During the same period, in SSA, the number of tractors increased slowly and peaked to 275,000 units in 1990 and declined to 221,000 units in 2000. The increase in the use of tractors in Asia illustrates the effects of the green revolution which triggered increased demand for farm power [85–88].
For such small-scale holders in Uganda, small tractors could be made available at various community extension agricultural centres. The farmers that need such tractors could ask the extension services that will either train the farmers on how to use the equipments or an official might come to the farmers’ farms to perform the task for a fee. Farmers could also form cooperatives through which they can come together and purchase tractors. For the larger-scale farmers, the governments could still help them get the tractors through low interest loans that they will be expected to pay over a given period of time. This should be based on a careful evaluation of the farmers’ assets. Care should be taken to distinguish between large-scale and small-scale farmers to avoid forcing small-scale farmers who are often poor from trying to own tractors they might never be able to pay for and whose profitability is low owing to the amount of land under cultivation.
At independence, most governments in SSA promoted the use of tractors in an effort to meet up with increased demand for food and cash crops. This was achieved through government run tractor hire schemes. Here commercial banks provided soft loans at low interest rates, while farmer groups and cooperatives were encouraged to purchase tractors. This resulted in an increase in the use of tractors at independence. However, this system soon started failing due to poor economic performance, weak infrastructure and poor management. Under the government tractor hire scheme, the areas cultivated per hectare per machine were small and the cost to run the machines was fixed [86–88] as such much was spent and little gains were made; the schemes were bound to fail. Therefore, if the tractorization programme in Uganda has to be successful, the area under cultivation has to be taken into consideration to avoid these weaknesses as well as avoid a system that lacks the basic infrastructure to support machines. A scheme that is entirely subsidy driven, poorly maintained, expensive to repair machines and difficult in obtaining spare parts should be avoided.



Conclusions
This paper examines the drivers of crop yields in Uganda, identifying non-climatic factors—primarily forest area, wood fuel, and tractors—to be more important than climatic factors in determining crop yields. These results are consistent with what currently obtains in most of SSA as most of the literature argues that precipitation in Africa is currently increasing but not properly distributed across the growing seasons. As a result, precipitation decline during crop growing seasons has only come to make a bad situation worse due to land use dynamics such as forest area loss, wood fuel dynamics and agricultural inputs such as tractors have emerged to be more significant. The systematic approach is a context-specific approach that argues that it is wrong to up-lift policies that have worked elsewhere and apply them in other areas; like most climate smart agricultural approaches, the right approach is to base policies and adaptations on the actual drivers of the problem that is under investigation.
In terms of specific policies, forest area dynamics and fuel wood gathering could be controlled through: establishment of quotas, renewable energies, penalties and enforcement, and diversification of livelihoods. In terms of tractors, large-scale farmers could get low interest loans to purchase tractors, while small-scale farmers could benefit by forming cooperatives that can buy the tractors or extension services could be put in place by the government to enhance access to these services. It is however suggested that, since this study is based on large-scale national-level data for the whole of Uganda, further experiments should be carried out touching on specific districts based on the perceptions of farmers. Also, the response of individual crops to these variables should be verified including the possible future outcomes. Data on the influence of market demand on food production from specific sites across Uganda and other SSA countries could be obtained from population perceptions based on household surveys. Studies such as Bhatta et al. [91, 92] have used this approach. The latter is necessary because for Uganda and other SSA countries, there exist very limited long-term reliable time series data on market demand. It is for this reason that for this national scale study, time series population trends have been used as a proxy for national-level market demand or food needs in Uganda. This is valid as in any country; population numbers exert pressure on food production and thereby control demand.
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