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Abstract
Cropping is responsible for substantial emissions of greenhouse gasses (GHGs) 
worldwide through the use of fertilizers and through expansion of agricultural land and 
associated carbon losses. Especially in sub‐Saharan Africa (SSA), GHG emissions from 
these processes might increase steeply in coming decades, due to tripling demand for 
food until 2050 to match the steep population growth. This study assesses the impact 
of achieving cereal self‐sufficiency by the year 2050 for 10 SSA countries on GHG emis‐
sions related to different scenarios of increasing cereal production, ranging from inten‐
sifying production to agricultural area expansion. We also assessed different nutrient 
management variants in the intensification. Our analysis revealed that irrespective of 
intensification or extensification, GHG emissions of the 10 countries jointly are at least 
50% higher in 2050 than in 2015. Intensification will come, depending on the nutrient 
use efficiency achieved, with large increases in nutrient inputs and associated GHG 
emissions. However, matching food demand through conversion of forest and grass‐
lands to cereal area likely results in much higher GHG emissions. Moreover, many coun‐
tries lack enough suitable land for cereal expansion to match food demand. In addition, 
we analysed the uncertainty in our GHG estimates and found that it is caused primar‐
ily by uncertainty in the IPCC Tier 1 coefficient for direct N2O emissions, and by the 
agronomic nitrogen use efficiency (N‐AE). In conclusion, intensification scenarios are 
clearly superior to expansion scenarios in terms of climate change mitigation, but only 
if current N‐AE is increased to levels commonly achieved in, for example, the United 
States, and which have been demonstrated to be feasible in some locations in SSA. As 
such, intensifying cereal production with good agronomy and nutrient management is 
essential to moderate inevitable increases in GHG emissions. Sustainably increasing 
crop production in SSA is therefore a daunting challenge in the coming decades.
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1  | INTRODUC TION

Globally, agriculture is estimated to be responsible for substantial 
emissions of greenhouse gasses (GHGs), that is, ca. 12% directly, for 
example, through methane emissions from livestock and rice pro‐
duction and N2O emissions through the use of fertilizers (Barker  
et al., 2007; Smith et al., 2007; Vermeulen, Campbell, & Ingram, 
2012) and another ca. 15% indirectly through land use conversion 
to increase agricultural production (Barker et al., 2007; Van der Werf  
et al., 2009; Vermeulen et al., 2012). Currently, agricultural pro‐
duction and associated agricultural GHG emissions are relatively 
low in sub‐Saharan Africa (SSA) in comparison to other parts of the 
world (FAO, 2019). However, GHG emissions from agriculture are 
expected to increase in this region, as food production needs to rise 
in the coming decades to keep up with the strongly growing food 
demands (Smith et al., 2007). Until the year 2050, the cereal demand 
is projected to more than triple relative to 2010 due to population 
increase and dietary changes (van Ittersum et al., 2016). SSA has 
already seen a continuous increase in emissions from agriculture‐
driven deforestation between 1990 and 2015 (Carter et al., 2017), 
as agriculture is considered the dominant driver of deforestation 
(Curtis, Slay, Harris, Tyukavina, & Hansen, 2018). The central aim of 
the Paris COP21 Agreement—adopted by 195 nations—is to keep 
global warming below 2°C and to pursue efforts to stay within 1.5°C 
above pre‐industrial levels (IPCC, 2018), while the sustainable de‐
velopment goals emphasize that climate change mitigation will have 
to go hand in hand with achieving food security (United Nations, 
2016). This will be challenging as it has been argued that for SSA, 
the effects on food security of stringent climate change mitigation 
measures may be larger than the effects of climate change itself 
(Hasegawa et al., 2018).

Over the past decades, food production in SSA has been in‐
creased by significant area expansion and slowly increasing yields 
(FAO, 2019). This led to large increases in GHG emissions, mainly 
due to the land use change (Bennetzen, Smith, & Porter, 2016). It is 
often stated that intensification on existing cropland is the preferred 
way to go in terms of biodiversity loss and GHG emissions (Cassman, 
1999; Cassman, Dobermann, Walters, & Yang, 2003), as intensified 
agriculture has in general the lowest emission per unit of product 
produced (Bennetzen et al., 2016). More specifically, sustainable 
intensification of crop production by narrowing the yield gap, that 
is, the gap between actual farmers' yields and potential yield (Van 
Ittersum et al., 2013), is proposed. Nutrient limitation is amongst the 
main causes of yield gaps in SSA (Kassie et al., 2014; Sanchez, 2015). 
Current nutrient inputs are low in SSA (FAO, 2019), and intensifica‐
tion will therefore require substantial increases in (nitrogen) fertilizer 
input (ten Berge et al., 2019). Nitrogen is, in quantitative terms, the 
most important crop nutrient and its production and use is strongly 
related to emissions of the GHGs CO2 and N2O. As a result of this 
increased fertilizer input, GHG emissions will increase irrespective 
of whether mineral or organic fertilizers are used (Palm et al., 2010). 
Today's nutrient use efficiencies in SSA remain low, potentially ag‐
gravating emissions from increased fertilizer use (Reay et al., 2012).

A relevant question is thus how GHG emissions are related to 
different scenarios of increasing food production, ranging from in‐
tensifying production to agricultural area expansion. We address 
this question by assessing GHG emissions from cultivation of five 
main cereals in SSA (i.e. maize, millet, rice, sorghum and wheat), 
considering different combinations of intensification and crop area 
expansion to achieve cereal self‐sufficiency by the year 2050. Ten 
countries across SSA are included in this analysis (i.e. Burkina Faso, 
Ethiopia, Ghana, Kenya, Mali, Niger, Nigeria, Tanzania, Uganda and 
Zambia), representing 52% of the population and 58% of the crop‐
land area in SSA (FAO, 2019). In addition, for maize cultivation, the 
most important cereal in SSA, we assess (a) the influence of agro‐
nomic nitrogen use efficiency (N‐AE, i.e. extra grain yield per kg of 
N applied) on GHG emissions, where N‐AE expresses the level of 
agronomic management; (b) the optimal balance between intensi‐
fication and crop area expansion with respect to GHG emissions; 
and (c) how these analyses are affected by uncertainties in modelling 
parameters.

2  | MATERIAL S AND METHODS

2.1 | Four scenarios which achieve cereal self‐
sufficiency in 2050

In this study, we used four scenarios to assess GHG emissions 
as affected by agricultural intensification or area extension for 
10 countries in SSA (i.e. Burkina Faso, Ethiopia, Ghana, Kenya, 
Mali, Niger, Nigeria, Tanzania, Uganda and Zambia) and five ce‐
reals (i.e. maize, millet, rice, sorghum and wheat). The underly‐
ing principles of the scenarios are consistent with those used 
in van Ittersum et al. (2016), but were updated to the reference 
year 2015—Scenario 1: In 2050, cereal yields are the same as 
today (the year 2015); Scenario 2: Actual cereal yield trends 
over the period 1991–2014 are extrapolated to 2050; Scenario 
3: In 2050, cereal yields are 50% of water‐limited potential yield 
(Yw); Scenario 4: In 2050, cereal yields are 80% of Yw. Actual and 
water‐limited potential cereal yields for each of the scenarios 
were obtained from the Global Yield Gap Atlas (www.yield​gap.
org; Grassini et al., 2015; Van Bussel et al., 2015) as also used in 
van Ittersum et al. (2016).

2.2 | Cereal yields and cereal areas required for  
self‐sufficiency

For each of the four scenarios, we take the view that individual 
countries aim for self‐sufficiency in cereal production in 2050. 
While we acknowledge that full self‐sufficiency of cereals is gen‐
erally not an explicit aim, it is generally agreed that substantial 
dependence on food imports is only possible if economic devel‐
opment is sufficient to afford them, while economic develop‐
ment of low‐income countries to support such imports requires a 
strong agricultural development (Chang, 2012; Johnston & Mellor, 
1961). Here, we briefly describe how calculations regarding 

http://www.yieldgap.org
http://www.yieldgap.org
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self‐sufficiency were performed; a complete overview can be 
found in van Ittersum et al. (2016).

Self‐sufficiency is calculated as the ratio between domestic ce‐
real production and cereal demand and is equal to 1 to obtain full 
self‐sufficiency. Cereal demands for 2050 were derived from recent 
population projections (medium fertility variant of the UN popula‐
tion projections; United‐Nations, 2015), and per capita consumption 
(Robinson et al., 2015). The predicted per capita cereal consumption 
includes direct human consumption of cereals, but also cereals as 
used for animal feed and other purposes like bioenergy and brewing. 
Predicted increased consumption per capita in Robinson et al. (2015) 
is similar to other forecast studies such as that of Alexandratos and 
Bruinsma (2012). In all forecast studies, predicted increase in cereal 
demand for 2050 compared to 2015 is mainly determined by the 
population growth in SSA, and to less extent to the increased per 
capita consumption of livestock products (Alexandratos & Bruinsma, 
2012; van Ittersum et al., 2016). We expressed production and de‐
mand data at standard moisture content (maize: 15.5%; rice, sor‐
ghum, millet: 14%; wheat: 13.5%).

Each scenario has a different intensification level, with corre‐
sponding cereal yield and necessity to expand the production area 
to achieve self‐sufficiency. We assumed that higher levels of inten‐
sification come with higher cereal yields per hectare, and therefore, 
less area needs to be converted to agricultural land to obtain full self‐
sufficiency. In our scenarios, cereal area expansion occurs through 
conversion of present grassland and/or forest (in proportion of cur‐
rent availability per country), and it is assumed that the productivity 
of newly converted land is equal to that of existing cereal land. Data 
on current areas of cereals, grassland, and forest were obtained from 
FAOSTAT (FAO, 2019). For estimations of GHG emissions in 2015, 
we included recent land conversion, considering any land conversion 
which occurred in the last 20 years (1995–2015) for cereal produc‐
tion (the default time period used in IPCC calculations for the transi‐
tion between SOC equilibrium values; IPCC, 2006b).

The potential area available for expansion of crop production 
was taken from Chamberlin, Jayne, and Headey (2014), who con‐
sidered per country the land area suitable for cropland expansion 
as land which is currently not cultivated, not part of a national park 
or other gazetted area, not of a low‐yield potential and with a low 
population density. The potential cereal area for expansion was the 
land area suitable for cropland expansion multiplied by the current 
share of cereal land in the total cropland.

2.3 | Nitrogen input requirements

Data on current N inputs were obtained from FAOSTAT (FAO, 
2019; which is the average N input for all arable and permanent 
crops, as it is not specified per crop type). N input requirements 
for the future scenarios were estimated with two methods: (a) 
minimum nitrogen input requirements (i.e. high‐efficiency vari‐
ant); and (b) nitrogen input requirement using a current mean 
value of agronomic nitrogen use efficiency (N‐AE, i.e. extra grain 
yield per kg of N applied) in SSA (i.e. low‐efficiency variant). Both 

variants use the underlying principles of ten Berge et al. (2019) and 
are briefly explained below.

2.4 | Minimum N input requirement (high‐efficiency 
variant)

In the high‐efficiency variant, N input for each of the scenarios  
(S1–S4) is estimated by the minimum nutrient input approach. It 
is postulated that the annual application rates of macronutrients  
(N, P, K) should at least be equal to total nutrient uptake in the above‐
ground crop biomass (grain and stover) of a given target yield, YT.

The nutrient input requirements for a given YT are calculated from: 
(a) coefficients to express physiological efficiency (kg grain per kg up‐
take), uptake efficiency (kg uptake per kg applied) and agronomic effi‐
ciency (kg grain per kg applied) of each nutrient (Table S2); (b) balanced 
nutrition implying that overall efficiency is best served if the different 
nutrients (N, P, K) are taken up in optimum stoichiometric ratios to one 
another; (c) the above efficiency coefficients and the crop nutrient ra‐
tios are constant up to a given relative target yield (YT/Yw; here 0.62); 
and (d) beyond this point, the efficiency coefficients decrease non‐lin‐
early to a minimum value reached when the target yield approaches 
the yield ceiling Yw. The constant efficiency values in the yield domain 
below  YT/Yw = 0.62 are referred to as 'initial' values. This variant is 
suitable for long‐term calculations as it assumes soil N content being 
in equilibrium with a given input regime. This approach implies N‐AE 
values of 52 kg/kg for Scenarios 1–3, and 46 kg/kg for Scenario 4.

2.5 | N application rate under current mean N‐AE in 
SSA (low‐efficiency variant)

In the low‐efficiency variant, N input is estimated by the short‐term 
nutrient input requirement, and assuming an initial N‐AE of 14.3 kg/kg.  
This value corresponds with the mean value currently found for 
maize in on‐farm field trials or on‐station experiments in SSA  (ten 
Berge et al., 2019). Thus, our N input requirement first increases lin‐
early with target yield according to the SSA‐mean N‐AE, and then 
increases more steeply for relative target yields exceeding 0.62. This 
variant does not assume a steady‐state equilibrium of soil N but ac‐
counts, instead, for current soil N supply. This method is therefore 
more compatible for short‐term assessments. Soil N uptake was es‐
timated in two steps: (a) extrapolation of current actual N inputs and 
yields with N‐AE (14.3 kg/kg) to obtain yield at zero N input; (b) from 
this yield level at zero N input, the crop N uptake from soil was cal‐
culated using the physiological efficiency (Section 2.4).

2.6 | GHG emissions

Total GHG emissions from cereal production consist of emissions 
from land (forest or grassland) conversion to cereal area, the use of 
fertilizer, the production of mineral fertilizer and from flooding of 
rice fields. GHG emissions from removal of crop residues are not in‐
cluded. All emissions were converted to CO2 equivalents. For GHG 
emission calculations and parameter values, we used the IPCC tier 1 
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approach, unless it is specifically indicated that another data source 
was used (Tables S1 and S2).

2.7 | CO2 emission from land use change

Emission from land use change from either forest area or grass‐
land to cereal cropland in the year 2050 is the total emission due to 
change in soil organic carbon (SOC) content, removal of forest bio‐
mass, and/or removal of grassland biomass. Data on the fraction of 
forest and grassland area in the specific country are obtained from 
FAOSTAT (FAO, 2019). We assume that the land use change from 
2015 until 2050 is linear, and that the default time period for transi‐
tion between equilibrium SOC values is 20 years (IPCC, 2006b). This 
means that the total forest or grassland area which needs to be con‐
verted to cropland to obtain full self‐sufficiency in 2050 is equally 
distributed over the years.

The CO2 emission from removal of forest is the aboveground car‐
bon content of the forest times the land use change area (discounted 
over 20 years) and the proportion of forest of the total forest and 
grassland area in the specific country. We obtained aboveground 
forest biomass (AGB) per country by combining a forest cover map 
(forest defined as more than 10% tree cover; Hansen et al., 2013) 
with a biomass map (Zarin et al., 2016). Both maps have a resolu‐
tion of 30 m, and are dated circa 2000. Average AGB was converted  
to aboveground forest carbon content by using a conversion factor 
of 0.5.

The CO2 emission from the removal of grassland is similarly de‐
fined, namely the aboveground biomass of the grassland times the 
land use change area (discounted over 20 years) and the proportion 
of grassland of the total forest and grassland area in the specific 
country.

The CO2 emission from SOC loss due to land use change depends 
on the SOC before conversion minus SOC after conversion. SOC be‐
fore conversion is the total carbon content from the forest minus the 
aboveground carbon content. The total carbon content of the forest 
was obtained from conversion of the total biomass content of the 
forest using a conversion factor of 0.5. The total biomass map was 
derived from the AGB density map by applying the equation: Total 
biomass = AGB + 0.489AGB0.89 (Saatchi et al., 2011). SOC stock after 
land use conversion was obtained by multiplying the SOC stock be‐
fore conversion with the relative stock change factors for cropland 
for land use, tillage and inputs used (Tables S1 and S2).

2.8 | N2O emission from fertilizer use

Total emission from nitrogen input is composed of direct N2O‐N 
emission from applied fertilizer, indirect N2O emission through NH3 
and NOx volatilization and indirect N2O‐N emission from leaching 
and run‐off. For brevity, we assumed that all nitrogen inputs come 
from mineral fertilizer only (see Section 2.3).

The direct N2O‐N emission from fertilizer application was esti‐
mated as the mineral fertilizer N applied multiplied by the emission 
factor for direct N2O emission. The indirect emission of N2O‐N by 

volatilization of N as NH3 and NOx, was estimated as the mineral fer‐
tilizer N applied multiplied by the fraction of NH3 and NOx volatilized 
and the emission factor for N volatilization. The indirect emission of 
N2O‐N by leaching and run‐off from land of N was estimated as the 
mineral fertilizer N applied multiplied by the fraction of N leached and 
run‐off and the emission factor for leaching and run‐off (Table S1).

2.9 | CO2 emission from production of mineral  
fertilizer

The CO2 emission from the production of mineral fertilizer was cal‐
culated as the amount of mineral fertilizer of a specific type multi‐
plied by the emission factor for that specific type of fertilizer. We 
took world average emission factors for all fertilizer types (Table S2). 
The types of fertilizer used are based on FAOSTAT (FAO, 2019), and 
were assumed to remain the same in 2050 compared to 2015.

2.10 | CH4 emission from rice fields

The CH4 emission from rice cultivation was calculated as the default 
world CH4 emission constant multiplied by a scaling factor for either 
irrigated or rainfed cultivation (Table S2).

2.11 | Negative emissions

We assumed that cereal area is converted to either forest and/
or grassland area when the land area required to obtain full self‐
sufficiency of cereals in 2050 is less than the current cereal area 
(country by scenario). This means uptake of CO2 (indicated with 
negative emissions) due to change in SOC content, sequestra‐
tion of carbon in forest biomass, and/or sequestration of carbon 
grassland. Recovery of SOC of forest until equilibrium takes also 
20 years similar to what was assumed for SOC breakdown (Guo 
& Gifford, 2002), but for SOC of grassland, it was assumed to 
take 53 years (Guo & Gifford, 2002). Recovery of grass biomass 
was assumed to take 20 years, and natural regeneration of forest 
100 years, but carbon increment is fastest in first 20 years and dif‐
fers per climate type (Albanito et al., 2016).

2.12 | Uncertainty and sensitivity analysis

2.12.1 | Uncertainty analysis

For each scenario, total GHG emissions were computed based on 
estimates of the model parameters. Therefore, any uncertainty in 
the model parameter values leads to uncertainty in the predicted 
emissions. To assess this prediction uncertainty, we performed an 
uncertainty analysis.

The uncertainty of the model parameter values is expressed in 
terms of a probability distribution for each parameter (Table S1). To 
assess the resulting uncertainty of model predictions, we drew 1,000 
samples from parameter space using a replicated Latin hypercube de‐
sign (Pleming & Manteufel, 2005). For each sample, we computed the 
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resulting model predictions. These predictions were summarized in 
terms of the mean and a tolerance interval containing 95% of all model 
predictions.

2.12.2 | Sensitivity analysis

We performed a sensitivity analysis based on the same samples that 
were used for the uncertainty analysis. Sensitivity analysis is aimed 
at decomposing the uncertainty of model predictions into terms that 
are attributed to the model parameters. Thus, sensitivity analysis 
helps us to identify influential parameters.

The decomposition is based on a regression function with the 
model parameters as independent variables and the model predic‐
tions as dependent variable (Jansen, WaH, & Daamen, 1994). The 
regression function was acceptable when a fit of R2 > 0.9 was ob‐
tained. Based on the regression function, we computed for each 
parameter the top marginal variance and bottom marginal variance. 
The top marginal variance estimates the proportion of the output 
variance that would disappear if a parameter were known exactly, 
that is, the variance that is explained by that parameter. The bot‐
tom marginal variance estimates the proportion of the output 
variance that would disappear if all other parameters were known 
exactly, that is, the variance that cannot be explained without that 
parameter.

The top marginal variance of a parameter is computed by fitting 
the regression function with that parameter as single explanatory 
variable, and comparing the explained variance to the full regression 
function. The bottom marginal variance is computed by fitting the 
regression function with all other parameters as explanatory vari‐
ables, again comparing the explained variance to the full regression 
function (Jansen et al., 1994).

3  | RESULTS

3.1 | GHG emissions from intensification and land 
use conversion—high-efficiency variant

Analysis revealed that cereal intensification to 80% yield gap clo‐
sure (Scenario 4) will require an enormous increase in nitrogen 

(N) application per hectare of at least 16 times the current use in 
SSA (Table 1). Current N input is very low (< 10 kg N/ha) (Table 1), 
and therefore does not even compensate for N offtake in actual 
yields. We estimate that just to sustain current yields, N input per 
hectare has to increase by almost a factor 4 (Scenario 1).

The increase in N application as a result of cereal intensification 
through yield gap closure will come with substantial GHG emissions 
(Figure 1). The fertilizer‐induced emission (grey bars in Figure 1) con‐
sists for the largest part of direct N2O emission from soils and CO2 
emission due to the production of fertilizer, respectively, on average 
across the four scenarios 45% and 41%. Indirect N2O emission through 
leaching and run‐off, and from NH3 and NOx volatilization accounted, 
respectively, for 10% and 4%. Area expansion results in large GHG 
emissions especially due to the removal of C from standing biomass 
of forest, which accounted on average across the scenarios for 63% 
of the total emissions from land use change (green bars in Figure 1). 
CH4 emission from rice is the largest emitter of GHGs per unit area 
compared to the other cereal crops, followed by maize, wheat, sor‐
ghum and millet; therefore, for countries with rice cultivation, this is a 
substantial part of the total emissions (yellow bars in Figure 1).

For all countries, Scenario 1 in which yields do not increase has 
the largest GHG emissions (Figure 1). For the 10 countries jointly, 
emissions from Scenario 1 are more than threefold those of Scenario 
4, while Scenarios 2 and 3 take intermediate positions. In Tanzania 
and Nigeria, the largest GHG emissions are projected; the share of 
both countries together in the total GHG emissions of the 10 SSA 
countries is on average 56% across the scenarios. This is due to their 
high population and large cereal demand in 2050 and current limited 
cereal area, and thus relatively more cereal area expansion is needed 
(Table S3).

Irrespective of the scenario chosen, GHG emissions of the 10 
countries jointly for 2050 are always higher compared to 2015; for 
Scenario 1, they are almost sixfold more, while for Scenario 4, they 
are 1.5 times more (Figure 1). The increase between 2015 and 2050 
differs, however, hugely between countries. In countries which faced 
relatively rapid crop area expansion over the past decades (Ethiopia, 
Tanzania, Burkina Faso and Mali), our estimated emissions in 2050 
for intensification scenarios are lower than estimated emissions in 
2015, as still CO2 is omitted originating from this expansion.

 
Current: 
2015

Scenario 1: 
actual yields

Scenario 2: 
yield trends

Scenario 3: 
50%  
potential 
yield

Scenario 4: 
80%  
potential 
yield

Average N input (kg/ha) 8 28 39 63 127

Total area SSA (Mha) 54.91 211.00 142.26 90.38 62.10

Total cereal land area 
expansion needed  
for SSA (Mha)c 

  156.09 87.35 35.47 7.19

aMaize, millet, rice, sorghum, wheat. 
bBurkina Faso, Mali, Ghana, Kenya, Ethiopia, Niger, Nigeria, Zambia, Tanzania, Uganda. 
cPotential cereal area available for expansion for the 10 SSA countries is 34.85 Mha (source  
potential area: Chamberlin et al., 2014). 

TA B L E  1   Weighted average current 
(2015) and estimated future (four 
scenarios) N input (high efficiency variant) 
on cereal land, total cereal area and 
land use expansion needed for full self‐
sufficiency in 2050 for five cerealsa and 
10 countries in sub‐Saharan Africa (SSA)b 
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For Ethiopia, Burkina Faso and Mali, intensification on current crop‐
land (Scenario 4) is assessed to result in more production than required 
for full self‐sufficiency, and potentially land savings and reforestation 
could take place (apparent through the negative GHG emissions). 
Nevertheless, for most countries, Scenario 4 still requires land use 
conversion to meet self‐sufficiency in 2050 (Table S3). The results of 
the analysis at the national level also reveal that matching food demand 
through land use conversion, instead of intensification, is not always an 
option as land area required for such expansion is not available in most 
SSA countries (Table 1; Table S3). For example, Niger and Uganda do 
not have the required cropland area for any of the scenarios, while only 
Zambia potentially has the land area required for land use conversion 
for all four scenarios. For the 10 SSA countries jointly, there is only 
sufficient land suitable for land use conversion for Scenario 4.

3.2 | Robustness of scenario results for maize

In the previous section, we used the high‐efficiency variant to estimate 
N input requirements for all cereals and scenarios. This implies that for 
maize, an agronomic nitrogen use efficiency (N‐AE, extra grain yield per 
kg of fertilizer applied) was assumed of 52 kg/kg for Scenarios 1–3, and 
46 kg/kg for Scenario 4 (ten Berge et al., 2019). In reality, such efficien‐
cies are currently not achieved in SSA, and hence, larger N applications 
may be necessary than we assumed. Therefore, we also estimated N 
input requirements with a low‐efficiency variant for maize only, using 
an initial N‐AE of 14.3 kg/kg which is the mean current N‐AE  found 
for maize in farmer field trials in SSA (ten Berge et al., 2019). The 

high‐efficiency variant (Section 3.1) results in minimum N application 
rates; N application and thereby also GHG emission are much lower than 
in the low‐efficiency variant for Scenarios 2–4 (Figure 2a,b). However, 
for Scenario 1 the GHG emissions are higher  in the high‐efficiency vari‐
ant because the latter  sustains—unlike the low‐efficiency variant  and 
today's practice—soil N supply by extra N input (Table S4; Figure 2a,b).

Scenarios which reach self‐sufficiency mainly with land use con‐
version (both forest and grassland) had much larger GHG emissions 
than scenarios which mainly rely on intensification of current agri‐
cultural land, according to the high‐efficiency variant. Using the low‐
efficiency variant, intensification still leads to lower GHG emissions 
until Scenario 3 (50% of Yw), but not anymore with Scenario 4 (80% 
of Yw; Figure 2b; note that Scenario 4 is still superior to Scenarios 1 
and 2). However, the standard deviation of the total GHG emission 
arising from the uncertainty in model parameters (represented by 
the error bars in Figure 2a,b) is large. While with the high‐efficiency 
variant, the trend—that intensification results in less GHG emissions 
compared to extension—is robust when accounting for uncertainty, 
the trend of the low‐efficiency variant is highly uncertain. We de‐
composed the uncertainty to identify model parameters that attri‐
bute most to the total uncertainty (Figure 2c,d). For both variants, 
the main source of uncertainty in Scenario 1 is emissions from for‐
est biomass, and for Scenarios 3 and 4, emissions from fertilizer use 
(Figure 2c,d). Within fertilizer use, the main contributors to uncer‐
tainty are the estimation of the direct N2O emission factor for the 
high‐efficiency variant (Figure 2c), and of N‐AE for the low‐efficiency 
variant (Figure 2d).

F I G U R E  1   Total greenhouse gas (GHG) emission from cereal production in 2050 for four intensification scenarios (S1–S4) in  
10 sub‐Saharan Africa countries and the aggregated result (total 10 countries SSA), and for 2015 (dashed lines). Different colours indicate 
the estimated level of the different origins of GHG emission (LUC, land use change: either expansion or contraction of cereal area; SOC, soil 
organic carbon). Negative GHG emissions indicate C sequestered by conversion of cereal land back to forest or grassland. Nitrogen input is 
calculated according to the high-efficiency variant
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3.3 | Maize intensification and agronomic N use 
efficiencies

The effects of initial  N‐AE on the outcomes were further explored for 
maize, by using a range of initial N‐AE values instead of the fixed value of 
14.3 kg grain yield kg/N as assumed in the low‐efficiency variant. Figure 3 
shows for maize at which initial N‐AE value intensification is still superior to 
land use conversion in terms of GHG emissions. As already noted, with cur‐
rent nutrient management (i.e. an initial N‐AE of 14.3 kg grain yield/kg N), 

Scenario 3 results in less GHG emission than Scenario 4, and we estimate 
that it would be most optimal in terms of minimum GHG emissions to in‐
tensify maize production until ca. 60% of Yw, leading to a total GHG emis‐
sions of 92 Mton CO2 eqv. (Figure 3b). When initial N‐AE exceeds 20 kg 
grain yield/kg N, Scenario 4 results in less GHG emission than Scenario 
3 (Figure 3a). With an initial N‐AE of 30 kg grain yield kg/N, intensifying 
maize production until ca. 70% of Yw would be most optimal and emissions 
would be reduced to 50 Mton CO2 eqv. Note that at an initial N‐AE of 30, 
Scenarios 3 and 4 are clearly superior to Scenarios 1 and 2 (Figure 3a).

F I G U R E  2   Total greenhouse gas 
(GHG) emission from maize production 
in 10 sub‐Saharan Africa countries with 
its uncertainty, and the contribution of 
different input parameter categories to 
this uncertainty. Total GHG emission in 
2050 for the different intensification 
scenarios (panels a, b), and for 2015 
(dashed lines). Error bars represent the 
standard deviation. Contribution of all 
categories of input parameters to the total 
uncertainty (panels c, d) as represented 
by the error bars in panels (a) and (b). 
Panels (a) and (c) refer to the nitrogen 
input as calculated according to the high 
efficiency variant, and panels (b) and (d) 
to the low efficiency variant. EF, emission 
factor; LUC, land use change: cereal area 
expansion or contraction; (initial) N‐AE, 
initial agronomic nitrogen use efficiency; 
SOC, soil organic carbon; Yw, water‐limited 
potential yield
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4  | DISCUSSION

This study provided insight into the consequences for GHG emis‐
sions of achieving future cereal self‐sufficiency in SSA through sce‐
narios with different levels of intensification and/or area expansion 
and different nutrient management variants. Evidently, irrespective 
of the investigated scenarios, GHG emissions in SSA will increase 
towards 2050 compared to present values, due to the tripling de‐
mand for cereals. We showed that for the 10 studied countries 
jointly GHG emissions from cereal cropping can increase up to 
500% in 2050 compared to 2015 for scenarios in which area expan‐
sion is a main pathway to increase production (which has been the 
case in recent decades). Note that this assumes high nutrient use ef‐
ficiency; a low nutrient use efficiency would lead to even larger in‐
creases. Such increases would have a large impact on the total GHG 
emissions from SSA, as cereal cropping alone would then already 
increase the total GHG emissions from SSA by 20% (CAIT, 2017). 
We also show that intensification of cereal production with effi‐
cient use of fertilizers will moderate the increase in GHG emissions, 
although it requires a large increase in nutrient inputs. In this study, 
we only investigated the role of agricultural production in mitiga‐
tion of GHG emissions, but additional mitigation benefits could be 
gained from the whole value chain, for example, by improved waste 
management, and more efficient distribution and transportation.

4.1 | Nutrient inputs

There is currently extensive soil nutrient depletion, which is general 
practice in SSA (Giller, Witter, Corbeels, & Tittonell, 2009), due to 
low nutrient inputs. We showed that a large increase in nitrogen (N) 
application is required to sustain current yields. Intensifying cereal 
production will require even more N application, thereby reaching 
application levels which are similar to European Union average val‐
ues (Van Grinsven et al., 2012).

Irrespective of the scenario chosen, increased N input should 
always come with efficient nutrient management, as inefficient nu‐
trient management (i.e. low values of agronomic N use efficiency, 
N‐AE) results in high emissions of GHGs (plus other types of nu‐
trient losses) from fertilizer use independent of the intensification 
level. The N‐AE is of key importance in determining whether inten‐
sification is more favourable than area expansion for climate change 
mitigation and how much. If current N‐AE of 14 kg grain yield kg/N 
would be increased to 30 kg grain yield kg/N, this would on average 
across the scenarios already result in a reduction of 26% in GHG 
emissions. We suggest that an N‐AE of 30 kg grain yield kg/N can 
be well achieved in SSA, as in some locations, it is already obtained 
(ten Berge et al., 2019), and it is also a common efficiency achieved in 
for instance the United States (Ciampitti & Vyn, 2012). Yet, such en‐
hanced use efficiency requires substantial improvements in current 
management practices, including good seed quality of the right crop 
cultivars, good planting densities, balanced crop nutrition, integrated 
soil fertility management (Vanlauwe et al., 2010) and improvements 
in controls of weeds, pests and diseases. There is thus a need for 

farmers to adopt new strategies, but adoption of these measures is 
currently already difficult for smallholder farmers and might become 
more difficult in the future as more climate variability is expected 
(Burke & Lobell, 2010). This points at the need to invest in research 
and development on nutrient management to go hand in hand with 
good agronomy to enhance the nutrient use efficiency of fertilizers.

4.2 | Avoiding crop area expansion

Our study reveals that compared to scenarios in which area ex‐
pansion is the main pathway to increase production (which has 
been the case in recent decades), intensification of cereal produc‐
tion with efficient use of fertilizers will lead to much lower GHG 
emissions and might conserve forest and/or permit reforestation. 
Forest conversion to agriculture might conflict with SSA countries' 
global commitments set out in the Cancun Agreements on REDD+ 
(Reducing Emissions from Deforestation and Forest Degradation 
and forest conservation, sustainable management of forests and 
enhancement of forest carbon stocks) in order to address the chal‐
lenge of climate change (UNFCCC, 2010). It contradicts also with 
the SSA countries' strategic response to climate change effects 
(e.g. Ethiopia's climate resilient green economy strategy; Federal‐
Democratic‐Republic‐of‐Ethiopia, 2011), and to the national tar‐
gets set in their National Determined Contribution. While we 
show that intensification results in lower emissions because of 
reducing the need for area expansion, we also note that higher 
yields may not necessarily spare land for nature, and might end up 
driving deforestation rather than reducing it (Ewers, Scharlemann, 
Balmford, & Green, 2009). Whether yield increases spare land or 
stimulate expansion depends on various factors such as markets 
for agricultural products and forest governance and conservation 
policies (Ewers et al., 2009).

4.3 | Methodological considerations and 
uncertainties

We showed how our results depend on various assumptions and 
uncertainty in parameters. The IPCC tier 1 estimate for direct N2O 
emissions, which is directly linked to mineral fertilizer N applied 
(IPCC, 2006a), contributed most to the uncertainty in the result‐
ing GHG emissions of each scenario. Despite a recent meta‐analysis 
of the N2O emission factor (Albanito et al., 2017), it is widely rec‐
ognized that especially for Africa, a better estimate for the N2O 
emission factor is required, due to the limited availability of data in 
the region (Albanito et al., 2017; Reay et al., 2012). More attention 
should therefore be given in future research to obtain more precise 
estimates of this emission factor.

In this analysis, we assumed that mineral fertilizer is used to fulfil 
the nutrient input requirements, but other sources of nutrients can 
also be used, such as leguminous crops and animal manure. Per kg of N 
applied, animal manure results in similar direct N2O emissions (IPCC, 
2006a), but have additional GHG emissions from amongst other 
storage and methane emissions from animals (Monteny, Bannink, & 
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Chadwick, 2006), while no CO2 emissions from fertilizer production. 
The specific size of the effect of including animal manure on GHG 
emissions is therefore unknown, but generally manure is only sparsely 
available in most of SSA. In each of the four presented scenarios, the 
available amount of manure which can be used will be similar, thereby 
probably not changing the observed trends and our main conclusions.

Inclusion of leguminous crops in cropping systems can reduce the 
mineral fertilizer N requirement for the subsequent crop (Jensen et al., 
2012). A meta‐analysis for SSA revealed that this residual effect of le‐
gumes can result in 450–700 kg/ha extra maize yield (Franke, Van Den 
Brand, Vanlauwe, & Giller, 2017). This potentially lowers the input of 
mineral fertilizer by 0–51 kg N/ha resulting in 0.03–12.18 Mton CO2 
eqv. less total GHG emissions depending on the scenario. However, 
Palm et al. (2010) showed for two contrasting sites in SSA that GHG 
emissions per unit maize produced is lower if only mineral fertilizer is 
used in comparison to using only green manure. Apparently, the in‐
creased N2O emissions from legume residue incorporation outweigh 
the benefits of reduced needs for mineral fertilizer inputs.

In this study, we included current climate variability, but did not 
consider the implications of long‐term climate change. In addition, we 
also did not take into account the adoption of technological and ge‐
netic improvements which may partly offset negative effects of cli‐
mate change. Furthermore, until 2050, the projected effect of climate 
change is not only highly uncertain but also relatively small compared 
to the large yield gaps (see van Ittersum et al., 2016 for more details). 
It seems likely that due to climate change, potential yields will be af‐
fected (varying between a slightly positive impact, up to 10%, in high 
elevation regions of east SSA to negative impact up to approximately 
20% elsewhere in SSA; Niang et al., 2014; Porter et al., 2014), but how 
climate change will affect N‐AE, and thus, N requirements remains 
unclear. If we assume climate change has no effect on N‐AE, it will re‐
sult in the need for more area expansion (assuming average yields will 
somewhat decrease), and thus, climate change will favour intensifica‐
tion scenarios rather than expansion scenarios in terms of GHG emis‐
sions. If N‐AE is negatively affected by climate change, the sensitivity 
analysis of N‐AE revealed that this will favour the expansion scenarios, 
but at the same time, climate change results in the need for more ex‐
pansion because of lower yields. So, overall, we argue that short‐term 
climate change is likely to have neutral to aggravating effects on rela‐
tive advantages of intensification scenarios over expansion scenarios.

ACKNOWLEDG EMENTS

This work was implemented as part of the CGIAR Research Program 
on Climate Change, Agriculture and Food Security (CCAFS), which 
is carried out with support from CGIAR Fund Donors and through 
bilateral funding agreements. For details, please visit https​://ccafs.
cgiar.org/donors. We also acknowledge a financial contribution of 
the International Fertilizer Association. IFA played no role in the 
collection, analysis or interpretation of data, in the writing, nor in 
the decision to publish. The views expressed in this document can‐
not be taken to reflect the official opinions of these organizations. 
Author V. De Sy was supported by CIFOR's Global Comparative 

Study on REDD+ (www.cifor.org/gcs). The funding partners that 
have supported this Global Comparative Study on REDD+ include 
the Norwegian Agency for Development Cooperation (Norad), 
International Climate Initiative (IKI) of the German Federal Ministry 
for the Environment, Nature Conservation, Building and Nuclear 
Safety (BMUB) and the CGIAR Research Program on Forests, Trees 
and Agroforestry (CRP‐FTA) with financial support from the CGIAR 
Fund Donors.

ORCID

Marloes P. Loon   https://orcid.org/0000-0001-8665-0810 

Veronique De Sy   https://orcid.org/0000-0003-3647-7866 

Martin K. Ittersum   https://orcid.org/0000-0001-8611-6781 

R E FE R E N C E S

Albanito, F., Beringer, T., Corstanje, R., Poulter, B., Stephenson, A., 
Zawadzka, J., & Smith, P. (2016). Carbon implications of converting 
cropland to bioenergy crops or forest for climate mitigation: A global 
assessment. Global Change Biology Bioenergy, 8, 81–95. https​://doi.
org/10.1111/gcbb.12242​

Albanito, F., Lebender, U., Cornulier, T., Sapkota, T. B., Brentrup, F., 
Stirling, C., & Hillier, J. (2017). Direct nitrous oxide emissions from 
tropical and sub‐tropical agricultural systems – A review and mod‐
elling of emission factors. Scientific Reports, 7, 44235. https​://doi.
org/10.1038/srep4​4235

Alexandratos, N., & Bruinsma, J. (2012). World agriculture towards 
2030/2050: The 2012 revision. ESA Working paper No 12‐03. Rome, 
Italy: FAO.

Barker, T., Bashmakov, I., Bernstein, L., Bogner, J., Bosch, P., Dave, R., 
… Zhou, D. (2007). Technical summary. In climate change 2007: 
Mitigation. In B. Metz, O. R. Davidson, P. R. Bosch, R. Dave, & L. 
A. Meyer (Eds.), Contribution of working group III to the fourth as‐
sessment report of the Intergovernmental Panel on Climate Change 
(pp. 63–67). Cambridge, UK/New York, NY: Cambridge University 
Press.

Bennetzen, E. H., Smith, P., & Porter, J. R. (2016). Agricultural production 
and greenhouse gas emissions from world regions—The major trends 
over 40 years. Global Environmental Change, 37, 43–55. https​://doi.
org/10.1016/j.gloen​vcha.2015.12.004

Burke, M., & Lobell, D. (Eds.). (2010). Food security and adaptation to cli‐
mate change: What do we know? In Climate change and food security 
(pp. 133–153). Dordrecht, the Netherlands: Springer.

CAIT. (2017). CAIT climate data explorer. Washington, DC: World 
Resources Institute.

Carter, S., Herold, M., Avitabile, V., De Bruin, S., De Sy, V., Kooistra, L., & 
Rufino, M. C. (2017). Agriculture‐driven deforestation in the tropics from 
1990–2015: Emissions, trends and uncertainties. Environmental Research 
Letters, 13, 014002. https​://doi.org/10.1088/1748-9326/aa9ea4

Cassman, K. G. (1999). Ecological intensification of cereal production 
systems: Yield potential, soil quality, and precision agriculture. 
Proceedings of the National Academy of Sciences of the United States 
of America, 96, 5952–5959. https​://doi.org/10.1073/pnas.96.11.5952

Cassman, K. G., Dobermann, A., Walters, D. T., & Yang, H. (2003). 
Meeting cereal demand while protecting natural resources and 
improving environmental quality. Annual Review of Environment 
and Resources, 28, 315–358. https​://doi.org/10.1146/annurev. 
energy.28.040202.122858

Chamberlin, J., Jayne, T., & Headey, D. (2014). Scarcity amidst abun‐
dance? Reassessing the potential for cropland expansion in 

https://ccafs.cgiar.org/donors
https://ccafs.cgiar.org/donors
http://www.cifor.org/gcs
https://orcid.org/0000-0001-8665-0810
https://orcid.org/0000-0001-8665-0810
https://orcid.org/0000-0003-3647-7866
https://orcid.org/0000-0003-3647-7866
https://orcid.org/0000-0001-8611-6781
https://orcid.org/0000-0001-8611-6781
https://doi.org/10.1111/gcbb.12242
https://doi.org/10.1111/gcbb.12242
https://doi.org/10.1038/srep44235
https://doi.org/10.1038/srep44235
https://doi.org/10.1016/j.gloenvcha.2015.12.004
https://doi.org/10.1016/j.gloenvcha.2015.12.004
https://doi.org/10.1088/1748-9326/aa9ea4
https://doi.org/10.1073/pnas.96.11.5952
https://doi.org/10.1146/annurev.energy.28.040202.122858
https://doi.org/10.1146/annurev.energy.28.040202.122858


     |  3729van LOON et al.

Africa. Food Policy, 48, 51–65. https​://doi.org/10.1016/j.foodpol. 
2014.05.002

Chang, H.‐J. (Ed.). (2012). Rethinking public policy in agriculture–Lessons 
from history, distant and recent. In Public policy and agricultural devel‐
opment (pp. 14–80). London, UK: Routledge.

Ciampitti, I. A., & Vyn, T. J. (2012). Physiological perspectives of changes 
over time in maize yield dependency on nitrogen uptake and associ‐
ated nitrogen efficiencies: A review. Field Crops Research, 133, 48–67. 
https​://doi.org/10.1016/j.fcr.2012.03.008

Curtis, P. G., Slay, C. M., Harris, N. L., Tyukavina, A., & Hansen, M. C. 
(2018). Classifying drivers of global forest loss. Science, 361, 1108–
1111. https​://doi.org/10.1126/scien​ce.aau3445

Ewers, R. M., Scharlemann, J. P., Balmford, A., & Green, R. E. (2009). Do in‐
creases in agricultural yield spare land for nature? Global Change Biology, 
15, 1716–1726. https​://doi.org/10.1111/j.1365-2486.2009.01849.x

FAO. (2019). Production/crops and resource/fertilizer. Rome, Italy: 
FAOSTAT Database Collections.

Federal‐Democratic‐Republic‐of‐Ethiopia. (2011). Ethiopia's climate‐resil‐
ient green economy: Green economy strategy. Addis Ababa, Ethiopia: 
Federal Democratic Republic of Ethiopia.

Franke, A. C., Van Den Brand, G. J., Vanlauwe, B., & Giller, K. E. (2017). 
Sustainable intensification through rotations with grain legumes in 
Sub‐Saharan Africa: A review. Agriculture, Ecosystems & Environment, 
261, 172–185. https​://doi.org/10.1016/j.agee.2017.09.029

Giller, K. E., Witter, E., Corbeels, M., & Tittonell, P. (2009). Conservation 
agriculture and smallholder farming in Africa: The heretics' view. Field 
Crops Research, 114, 23–34. https​://doi.org/10.1016/j.fcr.2009.06.017

Grassini, P., van Bussel, L. G. J., Van Wart, J., Wolf, J., Claessens, L., Yang, 
H., … Cassman, K. G. (2015). How good is good enough? Data re‐
quirements for reliable crop yield simulations and yield‐gap anal‐
ysis. Field Crops Research, 177, 49–63. https​://doi.org/10.1016/j.
fcr.2015.03.004

Guo, L. B., & Gifford, R. M. (2002). Soil carbon stocks and land use 
change: A meta analysis. Global Change Biology, 8, 345–360. https​://
doi.org/10.1046/j.1354-1013.2002.00486.x

Hansen, M. C., Potapov, P. V., Moore, R., Hancher, M., Turubanova, S. A., 
Tyukavina, A., … Townshend, J. R. G. (2013). High‐resolution global 
maps of 21st‐century forest cover change. Science, 342, 850–853. 
https​://doi.org/10.1126/scien​ce.1244693

Hasegawa, T., Fujimori, S., Havlík, P., Valin, H., Bodirsky, B. L., Doelman, J. 
C., … Witzke, P. (2018). Risk of increased food insecurity under strin‐
gent global climate change mitigation policy. Nature Climate Change, 
8, 699–703. https​://doi.org/10.1038/s41558-018-0230-x

IPCC. (2006a). Chapter 11: N2O emissions from managed soils, and 
CO2 emissions from lime and urea application. In H. S. Eggleston, 
L. Buendia, K. Miwa, T. Ngara, & K. Tanabe (Eds.), Guidelines for na‐
tional greenhouse gas inventories (pp. 11.1–11.54). Hayama, Japan: 
Intergovernmental Panel on Climate Change.

IPCC. (2006b). Guidelines for national greenhouse gas inventories. Hayama, 
Japan: Intergovernmental Panel on Climate Change.

IPCC. (2018). Summary for policymakers. In V. Masson‐Delmotte, P. Zhai, 
H. O. Pörtner, D. Roberts, J. Skea, P. R. Shukla, A. Pirani, W. Moufouma‐
Okia, C. Péan, R. Pidcock, S. Connors, J. B. R. Matthews, Y. Chen, X. 
Zhou, M. I. Gomis, E. Lonnoy, T. Maycock, M. Tignor, & T. Waterfield 
(Eds.), Global warming of 1.5°C. An IPCC Special Report on the impacts 
of global warming of 1.5°C above pre‐industrial levels and related global 
greenhouse gas emission pathways, in the context of strengthening the 
global response to the threat of climate change, sustainable development, 
and efforts to eradicate poverty. Geneva, Switzerland: IPCC.

Jansen, M. J. W., WaH, R., & Daamen, R. A. (1994). Monte Carlo estima‐
tion of uncertainty contributions from several independent multivar‐
iate sources. In J. Grasman & G. van Straten (Eds.), Predictability and 
nonlinear modelling in natural sciences and economics. New York, NY: 
Springer.

Janssen, B. H., Guiking, F. C. T., Vandereijk, D., Smaling, E. M. A., Wolf, J., 
& Vanreuler, H. (1990). A system for quantitative‐evaluation of the 
fertility of tropical soils (Quefts). Geoderma, 46, 299–318. https​://doi.
org/10.1016/0016-7061(90)90021-Z

Jensen, E. S., Peoples, M. B., Boddey, R. M., Gresshoff, P. M., Hauggaard‐
Nielsen, H., Alves, B. J. R., & Morrison, M. J. (2012). Legumes for mit‐
igation of climate change and the provision of feedstock for biofuels 
and biorefineries. A review. Agronomy for Sustainable Development, 
32, 329–364. https​://doi.org/10.1007/s13593-011-0056-7

Johnston, B. F., & Mellor, J. W. (1961). The role of agriculture in economic 
development. The American Economic Review, 51, 566–593.

Kassie, B. T., Van Ittersum, M. K., Hengsdijk, H., Asseng, S., Wolf, J., 
& Rotter, R. P. (2014). Climate‐induced yield variability and yield 
gaps of maize (Zea mays L.) in the Central Rift Valley of Ethiopia. 
Field Crops Research, 160, 41–53. https​://doi.org/10.1016/j.
fcr.2014.02.010

Monteny, G. J., Bannink, A., & Chadwick, D. (2006). Greenhouse 
gas abatement strategies for animal husbandry. Agriculture 
Ecosystems & Environment, 112, 163–170. https​://doi.org/10.1016/j.
agee.2005.08.015

Niang, I., Ruppel, O. C., Abdrabo, M. A., Essel, A., Lennard, C., Padgham, 
J., & Urquhart, P. (2014). Africa. Climate change 2014. In V. R. Barros, 
C. B. Field, D. J. Dokken, M. D. Mastrandrea, K. J. Mach, T. E. Bilir, 
M. Chatterjee, K. L. Ebi, Y. O. Estrada, R. C. Genova, B. Girma, E. S. 
Kissel, A. N. Levy, S. Maccracken, P. R. Mastrandrea, & L. L. White 
(Eds.), Climate change 2014: Impacts, adaptation, and vulnerability. 
Part B: Regional aspects. Contribution of working group II to the fifth as‐
sessment report of the Intergovernmental Panel on Climate Change (pp. 
1199–1265). Cambridge, UK: Cambridge University Press.

Palm, C. A., Smukler, S. M., Sullivan, C. C., Mutuo, P. K., Nyadzi, G. I., & 
Walsh, M. G. (2010). Identifying potential synergies and trade‐offs 
for meeting food security and climate change objectives in sub‐
Saharan Africa. Proceedings of the National Academy of Sciences of the 
United States of America, 107, 19661–19666. https​://doi.org/10.1073/
pnas.09122​48107​

Pleming, J. B., & Manteufel, R. D. (2005). Replicated Latin hypercube 
sampling. Collection of Technical Papers - AIAA/ASME/ASCE/AHS/
ASC structures. Structural Dynamics and Materials Conference. 
https​://doi.org/10.2514/6.2005-1819

Porter, J. R., Xie, L., & Challinor, A. J., Cochrane, K., Howden, S. M., Iqbal, 
M. M., … Travasso, M. I. (2014). 2014: Food security and food pro‐
duction systems. In P. Aggarwal & K. Hakala (Eds.), Climate change 
2014: Impacts, adaptation, and vulnerability. Part A: Global and sectoral 
aspects. Contribution of working group II to the fifth assessment re‐
port of the Intergovernmental Panel on Climate Change (pp. 485–533). 
Cambridge, UK: Cambridge University Press.

Reay, D. S., Davidson, E. A., Smith, K. A., Smith, P., Melillo, J. M., Dentener, 
F., & Crutzen, P. J. (2012). Global agriculture and nitrous oxide emis‐
sions. Nature Climate Change, 2, 410–416. https​://doi.org/10.1038/
nclim​ate1458

Robinson, S., Mason‐D'Croz, D., Sulser, T., Islam, S., Robertson, R., Zhu, 
T., … Rosegrant, M. W. (2015). The International model for policy anal‐
ysis of agricultural commodities and trade (IMPACT): Model description 
for version 3. Washington, DC: International Food Policy Research 
Institute.

Saatchi, S. S., Harris, N. L., Brown, S., Lefsky, M., Mitchard, E. T. A., Salas, 
W., … Morel, A. (2011). Benchmark map of forest carbon stocks in 
tropical regions across three continents. Proceedings of the National 
Academy of Sciences of the United States of America, 108, 9899–9904. 
https​://doi.org/10.1073/pnas.10195​76108​

Sanchez, P. A. (2015). En route to plentiful food production in Africa. 
Nature Plants, 1, 14014. https​://doi.org/10.1038/nplan​ts.2014.14

Smith, P., Martino, D., Cai, Z., Gwary, D., Janzen, H., Kumar, P., … Rice, 
C. (2007). Policy and technological constraints to implementation 

https://doi.org/10.1016/j.foodpol.2014.05.002
https://doi.org/10.1016/j.foodpol.2014.05.002
https://doi.org/10.1016/j.fcr.2012.03.008
https://doi.org/10.1126/science.aau3445
https://doi.org/10.1111/j.1365-2486.2009.01849.x
https://doi.org/10.1016/j.agee.2017.09.029
https://doi.org/10.1016/j.fcr.2009.06.017
https://doi.org/10.1016/j.fcr.2015.03.004
https://doi.org/10.1016/j.fcr.2015.03.004
https://doi.org/10.1046/j.1354-1013.2002.00486.x
https://doi.org/10.1046/j.1354-1013.2002.00486.x
https://doi.org/10.1126/science.1244693
https://doi.org/10.1038/s41558-018-0230-x
https://doi.org/10.1016/0016-7061(90)90021-Z
https://doi.org/10.1016/0016-7061(90)90021-Z
https://doi.org/10.1007/s13593-011-0056-7
https://doi.org/10.1016/j.fcr.2014.02.010
https://doi.org/10.1016/j.fcr.2014.02.010
https://doi.org/10.1016/j.agee.2005.08.015
https://doi.org/10.1016/j.agee.2005.08.015
https://doi.org/10.1073/pnas.0912248107
https://doi.org/10.1073/pnas.0912248107
https://doi.org/10.2514/6.2005-1819
https://doi.org/10.1038/nclimate1458
https://doi.org/10.1038/nclimate1458
https://doi.org/10.1073/pnas.1019576108
https://doi.org/10.1038/nplants.2014.14


3730  |     van LOON et al.

of greenhouse gas mitigation options in agriculture. Agriculture, 
Ecosystems & Environment, 118, 6–28. https​://doi.org/10.1016/ 
j.agee.2006.06.006

ten Berge, H., Hijbeek, R., van Loon, M. P., Rurinda, J., Tesfaye, K., 
Zingore, S., … van Ittersum, M. K. (2019). Maize crop nutrient input 
requirements for food security in sub‐Saharan Africa. Global Food 
Security, 23, 9–21. https​://doi.org/10.1016/j.gfs.2019.02.001

UNFCCC. (2010). The Cancun agreements: Outcome of the work of the 
Ad Hoc Working Group on long‐term cooperative. Conference of 
the parties to the United Nations Framework Convention on Climate 
Change, Cacun, Mexico.

United‐Nations. (2015). World population prospects, the 2015 revision. 
New York, NY: United Nations – Department of Economic and Social 
Affairs.

United Nations. (2016). The sustainable development goals report (L. 
Jensen, Ed.). New York, NY: United Nations.

van Bussel, L. G. J., Grassini, P., Van Wart, J., Wolf, J., Claessens, L., Yang, 
H., … van Ittersum, M. K. (2015). From field to atlas: Upscaling of 
location‐specific yield gap estimates. Field Crops Research, 177, 98–
108. https​://doi.org/10.1016/j.fcr.2015.03.005

van der Werf, G. R., Morton, D. C., DeFries, R. S., Olivier, J. G. J., 
Kasibhatla, P. S., Jackson, R. B., … Randerson, J. T. (2009). CO2 emis‐
sions from forest loss. Nature Geoscience, 2, 737–738. https​://doi.
org/10.1038/ngeo671

van Grinsven, H. J. M., ten Berge, H. F. M., Dalgaard, T., Fraters, B., Durand, 
P., Hart, A., … Willems, W. J. (2012). Management, regulation and en‐
vironmental impacts of nitrogen fertilization in Northwestern Europe 
under the Nitrates Directive: A benchmark study. Biogeosciences, 9, 
5143–5160. https​://doi.org/10.5194/bg-9-5143-2012

Van Ittersum, M. K., Cassman, K. G., Grassini, P., Wolf, J., Tittonell, P., 
& Hochman, Z. (2013). Yield gap analysis with local to global rel‐
evance—A review. Field Crops Research, 143, 4–17. https​://doi.
org/10.1016/j.fcr.2012.09.009

van Ittersum, M. K., van Bussel, L. G. J., Wolf, J., Grassini, P., van Wart, J., 
Guilpart, N., … Cassman, K. G. (2016). Can sub‐Saharan Africa feed it‐
self? Proceedings of the National Academy of Sciences of the United States 
of America, 113, 14964–14969. https​://doi.org/10.1073/pnas.16103​
59113​

Vanlauwe, B., Bationo, A., Chianu, J., Giller, K. E., Merckx, R., Mokwunye, 
U., … Sanginga, N. (2010). Integrated soil fertility management: 
Operational definition and consequences for implementation 
and dissemination. Outlook on Agriculture, 39, 17–24. https​://doi.
org/10.5367/00000​00107​91169998

Vermeulen, S. J., Campbell, B. M., & Ingram, J. S. I. (2012). Climate change 
and food systems. Annual Review of Environment and Resources, 37. 
https​://doi.org/10.1146/annur​ev-envir​on-020411-130608

Zarin, D. J., Harris, N. L., Baccini, A., Aksenov, D., Hansen, M. C., Azevedo‐
Ramos, C.… Tyukavina, A. (2016). Can carbon emissions from tropi‐
cal deforestation drop by 50% in 5 years? Global Change Biology, 22, 
1336–1347. https​://doi.org/10.1111/gcb.13153​

SUPPORTING INFORMATION

Additional supporting information may be found online in the 
Supporting Information section at the end of the article. 

How to cite this article: van Loon MP, Hijbeek R, ten Berge 
HFM, et al. Impacts of intensifying or expanding cereal 
cropping in sub‐Saharan Africa on greenhouse gas emissions 
and food security. Glob Change Biol. 2019;25:3720–3730. 
https​://doi.org/10.1111/gcb.14783​

https://doi.org/10.1016/j.agee.2006.06.006
https://doi.org/10.1016/j.agee.2006.06.006
https://doi.org/10.1016/j.gfs.2019.02.001
https://doi.org/10.1016/j.fcr.2015.03.005
https://doi.org/10.1038/ngeo671
https://doi.org/10.1038/ngeo671
https://doi.org/10.5194/bg-9-5143-2012
https://doi.org/10.1016/j.fcr.2012.09.009
https://doi.org/10.1016/j.fcr.2012.09.009
https://doi.org/10.1073/pnas.1610359113
https://doi.org/10.1073/pnas.1610359113
https://doi.org/10.5367/000000010791169998
https://doi.org/10.5367/000000010791169998
https://doi.org/10.1146/annurev-environ-020411-130608
https://doi.org/10.1111/gcb.13153
https://doi.org/10.1111/gcb.14783

