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Where and which countries should receive higher priority for improving inorganic fertilizer use in rice fields in
sub-Saharan Africa (SSA)? This study addressed this question by assessing the spatial variation in fertilizer use
and its association with rice yield and yield gap in 24 SSA countries through a systematic literature review of
peer-reviewed papers, theses, and grey literature published between 1995 and 2021. The results showed a large
variation in N, P, and K fertilizer application rates and rice yield and an opportunity for narrowing the yield gap

by increasing N and P rates, especially in irrigated rice systems. We identified clusters of sites/countries based on
nutrient input and yield and suggested research and development strategies for improving yields and optimizing
nutrient use efficiencies. Further research is essential to identify the factors causing low fertilizer use and the
poor association between its use and yield in rainfed systems.

1. Introduction

Inorganic fertilizers (hereafter referred to as fertilizers) have strongly
contributed to the agricultural production boom of the 1960s and 70s
known as the “Green Revolution” in America and Asia. In production
systems of major staple foods such as rice (Oryza spp.), fertilizer appli-
cation is one of the key drivers for improving productivity (Gu and Yang,
2022) thereby keeping pace with the fast-growing human population.
When the application rates are too low, there are high risks of soil
mining and lower productivity with detrimental effects on food security.
Very low fertilizer application rate and poor soil fertility management,
causing low productivity and rapid soil depletion also lead to crop area
expansion with its corollaries that are massive biodiversity loss, higher
greenhouse gas (mainly CO5) emissions from tropical deforestation, soil,
and land degradation, siltation of water courses and reservoirs, and
increasing human conflicts (Scientific Panel on Responsible Plant
Nutrition, 2021). Conversely, excessive use leads to nutrient losses that
cause degradation of downstream water quality, eutrophication of
freshwater, rising nitrous oxide (N2O) emissions (Vitousek et al., 1997),

and reduction of benefit-cost ratio.

Unlike most regions of the world, crop yields have not increased
substantially in sub-Saharan Africa (SSA), and as a consequence, a large
share of its population faces hunger (Arouna et al., 2021b; FAO et al.,
2022). Being a traditional staple food in many parts of Africa, especially
in the West Africa region, and the second most important source of
calories in SSA (Carneyl, 1998; Seck et al., 2013), rice plays a major role
in achieving food security. However, despite the release of high-yielding
rice cultivars (Futakuchi et al., 2021) and the development of improved
crop and water management practices (Dossou-Yovo et al., 2022; Sen-
thilkumar, 2022), rice productivity is still low in SSA, with mean yields
of 2.2 Mg ha™! compared to mean yields of 4.8 Mg ha~! and 6.1 Mg ha™!
reported in Asia and South America, respectively (FAO, 2021). The
average yield gap (i.e., the difference between the potential yield in
irrigated lowland or water-limited yield in rainfed systems and the
actual yield obtained by farmers) is large and estimated at around 5.0
Mg ha! in irrigated lowland, 5.3 Mg ha™! in rainfed lowland and 5.6
Mg ha~! in rainfed upland (Dossou-Yovo et al., 2020). Furthermore, past
studies have consistently stressed that inadequate and low fertilizer
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inputs and poor soil fertility are major limiting factors to rice production
in SSA (Haefele et al., 2013; Tsujimoto et al., 2019) and that higher rice
yield was associated with higher N application rate (Ibrahim and Saito,
2022).

Information on yield gaps can help identify regions with the greatest
potential to increase current yield through the use of cost-effective
agronomic practices and inputs. Likewise, quantifying fertilizer appli-
cation rate at national, and regional levels is an essential component of
fertilizer consumption analysis and demand projection as fertilizers
often represent the major source of nutrient input in cropping systems
(Vitousek et al., 2009).

Although the rice yield gap in SSA has been analyzed in detail
(Senthilkumar et al., 2020; van Oort et al., 2015, 2017), insufficient
attention was paid to the spatial variation of N, P, and K fertilizer
application at the continental scale. Past studies have evidenced that
inorganic fertilizers are powerful productivity-enhancing inputs in rice
fields in SSA (Awio et al., 2021; Bado et al., 2018; Saito et al., 2019). To
date, relatively little research has analyzed the correlation between
nutrients applied through inorganic fertilizers by smallholder farmers
and the rice yield and yield gap in SSA (Arouna et al., 2021a; Dos-
sou-Yovo et al., 2020; Ibrahim et al., 2022). The recently released
datasets on Fertilizer Use by Crop and Country (FUBC) contained data
for rice from just four countries in SSA (Ludemann et al., 2022). A
comprehensive and African continental-wide analysis of the past three
decades is missing. Therefore, we conducted a systematic literature re-
view of fertilizer use in smallholder rice farmers’ fields aiming to
investigate the spatial variation in fertilizer use and assess its relation-
ship with yield and yield gap in different growing environments in SSA.
This study set out to answer the following questions: (i) Which regions,
rice-growing environments, and agroecological zones exhibit higher or
lower fertilizer application? (ii) How the correlations between fertilizer
rates and yield, yield gap, and partial factor productivity of applied
nutrients are affected by the growing environment? (iii) What are the
impacts of key nutrients and environmental factors, such as agroeco-
logical zones and growing environments on the partial factor produc-
tivity of applied nutrients? This overview is of high importance, on one
hand, for scientists, extensionists, and industrials as it provides relevant
information on nutrients partial factor productivity and could help in
forecasting future demand. On the other hand, it could guide interna-
tional agencies and governments in rice research and development
prioritization, and specifically to know where new investments can
achieve the highest impact.

2. Methods
2.1. Search strategy, selection criteria, and database compilation

We did a systematic literature review and collected data on inorganic
fertilizer use in rice fields in sub-Saharan Africa from different research
engines; the main one being Google Scholar (https://scholar.google.co
m/). The searches have been done in English and French to identify
studies published before August 20th, 2021 (the end date of our search).
By combining the research terms as follow: “fertili*” AND “rice” AND
“Africa” OR “NPK” OR “Urea” OR “fertilizer use efficiency” OR “paddy”
OR “Oryza”, we compiled all research papers including original peer-
reviewed papers, theses, and grey literature (research, technical, and
project reports, working papers, government documents). To ensure
comparability, the inclusion or the exclusion criteria were as follows: (i)
survey or farmers’ field trials carried out in smallholder farmers’ fields
in SSA where fertilizer management (fertilizer type, application time
and rates) was done according to local practices were included; (ii)
studies reporting data on recommended application rates from research-
managed trials conducted in research station or farmers’ fields were
excluded because they were considered not representative of farmers’
practices; (iii) studies reporting pot experiments were also excluded; (iv)
Both grain yield data and fertilizer (N, P, and K) application rates should
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be provided. Then, we removed duplicate studies and irrelevant litera-
ture. In addition, for Burkina Faso and Malawi, we retrieved and
aggregated agronomic data from the national agricultural statistics
dashboard (Ministere de [I’Agriculture et des Aménagements
Hydro-agricoles, 2021) and the World Bank Living Standards Measure-
ment Study-Integrated Surveys on Agriculture (LSMS-ISA) initiative
(Kilic et al., 2015; World Bank, 2021). Non-fertilized fields (i.e., zero
input) were included in the calculation of the average nutrient appli-
cation rates. We also retrieved data from the Fertilizer Use by Crop and
Country (FUBC) (Ludemann et al., 2022) and the International Fertilizer
Development Center (IFDC) (IFA/IFDC/IPI/PPI/FAO, 2002). As grain
yield data was missing for these data points, we matched the fertilizer
application rate data at the national level with the grain yield data for
the same year from FAOSTAT dataset (FAO, 2021). Finally, we reques-
ted colleagues (rice scientists working in SSA countries) to provide un-
published data and received 5 aggregated data (or 5 data points) from
surveys carried out between 2019 and 2020 in four sites in Cote d’Ivoire.

Data on the following study variables were extracted using a pre-
defined form: country, sub-national and location name, year, season
(wet or dry), growing environments (irrigated lowland, rainfed lowland,
or rainfed upland), N, P, and K application rates, typical N fertilizer,
typical compound fertilizer, and grain yield. The dataset was enriched
with information on the geographic position (i.e., coastal or landlocked
country), region (i.e., West Africa, Central Africa, or East and Southern
Africa), agroecological zone (humid, sub-humid, semi-arid, arid or
highlands) (HarvestChoice and International Food Policy Research
Institute, 2015). We did not attribute an agroecological zone (AEZ) to
data points (or observations) at the country level. For each site, when-
ever available in a study, we retrieved the potential yield in irrigated
lowland systems or the water-limited potential yield in rainfed systems.
If not, we completed the missing information with the data from the
Global Yield Gap Atlas (GYGA) website (https://www.yieldgap.
org/(GYGA team, 2022).

The final database consists of 235 data points (or observations) from
1995 to 2021 (collected from 23 published papers or datasets and 2
unpublished) (See Supplemental material). Here, a data point is the unit
of analysis and refers to average data (fertilizer rate or yield) by site or
country * season and/or year. To ensure data quality, we performed
Rosner’s test to identify outliers for N, P, K rates, and grain yield and
removed extreme outliers [i.e., values above Q3 (third quartile) + 3 IQR
(interquartile range)] (Kassambara, 2023; Rosner, 1983).

2.2. Calculations

For each data point (or observation), the partial factor productivity
(PFP) of a given nutrient N (PFPN), P (PFPP), or K (PFPK) was calculated
to show the grain yield (in kg grain ha™1) per unit of nutrient x applied
(kg x ha1). N, P, and K values are expressed on an elemental basis. Thus,
PFP (kg grain kg~ ') was calculated according to Equation (1).

Grain yield

PFPx= (€]

Rate of nutrient x applied

The absolute yield gap was calculated as the difference between the
potential yield (in irrigated lowland) or water-limited potential yield (in
rainfed systems) (Yw) and the average farmers’ grain yield (Ya). The
relative yield gap (YG) was calculated as the ratio between the absolute
yield gap and the potential yield (in irrigated lowland) or water-limited
potential yield (in rainfed systems) (Yw) and expressed in percentage
(Equation (2)).

Yw —Ya
=X

YG
Yw

100 2)

2.3. Statistical analysis

Descriptive statistics (mean and standard deviation, median and
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interquartile range) were used to characterize fertilizer (N, P, and K)
application rates, grain yield, partial factor productivity (PFP), and
relative yield gap at the country, geographic position, region, growing
environment or AEZ levels. Differences between regions, AEZs, and
growing environments for nutrient application rates, grain yield, partial
factor of productivity (PFP), and relative yield gap were assessed using
one-way analysis of variance (ANOVA) when data met the requested
assumptions (i.e., normality of residuals and homoscedasticity) and if
not using non-parametric Kruskal-Wallis test. Wherever the ANOVA or
the Kruskal-Wallis test were significant (p-value <0.05), post hoc tests
(Tukey honestly significant difference test for ANOVA and Dunn test for
Kruskal-Wallis test) were performed for multiple comparisons of groups.
For factors having only two modalities such as geographic position
(coastal countries vs landlocked countries) and whose data did not
follow a normal distribution, we assessed the difference using a
Wilcoxon-Mann-Whitney test (Mangiafico, 2016).

The benchmark values for PFPN, PFPP, and PFPK were customized
for SSA countries according to Arouna et al. (2021a), and three cate-
gories were defined. Optimal PFP is met when recommended manage-
ment practices are followed. The category “Very low” corresponds to an
over-application and a high risk of wasteful application while “Very
high” suggests a high risk of soil nutrient mining (Fixen et al., 2015). We
determined the share of data points presenting optimum PFPN, PFPP,
and PFPK. To determine the probabilities of belonging to one of the
categories of PFPN, PFPP, and PFPK, we used multinomial logit (MNL)
models. The MNL regressions were run for PFPN, PFPP, and then PFPK
using the nnet package (Venables and Ripley, 2002) with five predictor
variables: N, P, and K application rates, AEZs and growing
environments.

Correlation analyses were performed to examine the relationship
between N, P, and K application rates, yield, and relative yield gap (YG)
across growing environments. The pairwise association between vari-
ables was visualized using a correlogram. As the standard Pearson’s
correlation estimate is parametric (i.e., based on normality and homo-
scedasticity assumptions) and can be heavily influenced by extreme
values, we either computed the Spearman’s rank correlation coefficient
(p) for mitigating the outliers’ concerns (Wilcox, 2016). The magnitude
of the effect size p was interpreted according to Cohen (1992).

We conducted an in-depth analysis to assess the scope to increase
actual yields by increasing N input and thereby identify priority inter-
vention countries, regions, or growing environments. Thus, we per-
formed a hierarchical agglomerative cluster analysis (Kassambara and
Mundt, 2020) using Euclidean distance and following Ward’s method
(Ward, 1963) on 224 data points using two variables (N application rate
and grain yield). According to the Elbow method (Kassambara and
Mundt, 2020), the data points were classified into six distinct clusters.
We constructed pie charts of this clustering per country and displayed
results on a map at the country level as the number of data points for
some sites was too small to provide meaningful information at the
sub-national level. All the statistical analyses were done using R soft-
ware, Version 4.2.3 (R Core Team, 2023).

3. Results

Our review yielded 235 data points from studies conducted between
1995 and 2020 in the three SSA regions: West Africa (171 data points),
Central Africa (9 data points), and East and Southern Africa (55 data
points). The data points were distributed in three rice-growing envi-
ronments [irrigated lowland (86 data points), rainfed lowland (55 data
points), and upland (24 data points)], five agroecological zones [Humid
(14 data points), Sub-Humid (76 data points), Semi-arid (48 data
points), Arid (13 data points), and Highlands (12 data points)] (Fig. 1A)
and across 24 sub-Saharan African countries (Fig. 1B). Growing envi-
ronment and AEZ information were missing for 70 and 72 observations,
respectively. Sorted by descending order, Burkina Faso, Senegal,
Nigeria, Cote d’Ivoire, and Ghana were the countries having more data
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points (Fig. S1) and gathered together half (51%) of the data points.

3.1. Fertilizer application rate and partial factor productivity of N, P, and
K

The N, P, and K fertilizer application rates largely varied (CV ranging
between 111 and 130%) with an average of 49, 9, and 8 kg ha’l,
respectively. About 8%, 11%, and 27% of data points reported no
application of N, P, and K fertilizers (i.e., 0 kg ha™'), respectively.
Table S1 presents the average N, P, and K fertilizer application rates
across countries and growing environments in SSA. The geographic
position of a country (i.e., coastal or landlocked country) has no sig-
nificant effect on the fertilizer application rates (Table S2). However, a
spatial variation was visible across regions, agroecological zones, and
growing environments. For example, on average, N, P, and K fertilizer
application rates were higher in West Africa (WA) (58 kg Nha™!, 11 kg P
ha band11 kgK ha~1) than in Central Africa (CA) (31 kg N ha’l, 3kgP
ha~!and 4 kgK ha~!) and East and Southern Africa (ESA) (25 kg N ha™l,
5kgPha !and 1 kgKha ') (Table S3). Farmers applied more N, P, and
K fertilizers in irrigated lowlands (84 kg N ha_l, 17 kg P ha_l, and 15 kg
K ha1) than in rainfed systems (Table S4). About 23%, 68%, and 78% of
data points from irrigated lowland, rainfed lowland, and upland had an
N application rate lower than the average in SSA (49 kg N ha™1),
respectively (Fig. 2A). For P application, about 19%, 70%, and 85% of
data points from irrigated lowland, rainfed lowland, and upland had an
application rate lower than the average in SSA (9 kg P ha™'), respec-
tively (Fig. 2B). And for K application, about 47%, 79%, and 76% of data
points from irrigated lowland, rainfed lowland, and upland had a lower
application rate than the average in SSA (8 kg K ha™1), respectively
(Fig. 2C). In arid zone, N and P application rates (139 kg N ha~!and 18
kg P ha™!) were higher than in humid, sub-humid and highlands zones
(Table S5).

Partial factor productivity of nutrients largely varied (CV ranging
from 186 to 521%) with PFPP having the highest coefficient of variation
(521%). Furthermore, significant differences were observed among re-
gions but not among growing environments and AEZs (Tables S3, 54,
and S5). Overall, 48%, 41%, and 54% of the data points were within the
optimum range of PFPN, PFPP, and PFPK, respectively. About 40% of
the data points had very high partial factor productivity (PFP) of N, P,
and K compared to the optimum level, implying an insufficient supply of
inorganic fertilizer and a high risk of soil nutrient mining (Tables S6, S7,
and S8). The proportion of data points having a “Very high” PFPN was
higher in rainfed systems than in irrigated lowlands while rainfed low-
lands had the highest proportion of data points in the category “Very
high” of PFPP and PFPK (Figs. S2A, S2B, and S2C). In CA and ESA, 67%
and 62% of data points, respectively, were categorized as “Very high”
PFPN. Conversely, in WA, only 29% of data points were categorized as
“Very high” PFPN and more than half of the data points were in the
optimum range of PFPN. Similar trends were found for PFPP and PFPK
(Table S6).

3.2. Grain yield and yield gap

On average, grain yield was 2.98 Mg ha™! across all sites, with a 57%
coefficient of variation. The variability was higher in rainfed lowlands
(53%) than in uplands (34%) and irrigated lowlands (28%). There was a
significant difference in grain yield among the growing environments
and AEZs (Tables S4 and S5) but not among the regions (Table S3). The
mean yields were 4.56, 2.54, and 1.69 Mg ha~! in irrigated lowland,
rainfed lowland, and upland (Table S4). About 88%, 29%, and 0% of
data points from irrigated lowland, rainfed lowland, and upland had a
higher grain yield than the global average yield (2.98 Mg ha™!),
respectively (Fig. S3).

On average, the relative yield gap was 56% with a significant dif-
ference between growing environments and AEZs. It was lower in irri-
gated lowlands (46%) than in rainfed lowlands (66%) and uplands
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Fig. 1. Location of the study sites (A) across five agroecological zones (Humid, Sub-Humid, Semi-Arid, Arid, and Highlands) and (B) in twenty-four sub-Saharan
African countries.
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Fig. 2. Cumulative distribution probability of (A) N, (B) P, and (C) K fertilizer application rates (kg ha!) from data points in irrigated lowland (IL), rainfed lowland
(RL), and, rainfed upland (RU) retrieved from surveys/studies conducted in sub-Saharan Africa between 1995 and 2020. The dashed vertical red lines indicate the

global average application rate for the corresponding nutrient.

(74%) (Table S4). Among AEZ, the relative yield gap was the lowest in
the Arid zone (27%) (Table S5).

3.3. Relationship between nutrients application rate, grain yield, and
relative yield gap

Overall, N and P application rates had a strong effect (p = 0.6) on rice
yield and the reduction of the relative yield gap (p = —0.6) while the K
application rate had a small effect (p = 0.28) on yield and no effect on
the reduction of the yield gap (Fig. 3). These correlations among N, P,
and K application rates, grain yield, and relative yield gap varied among
regions (Fig. 4), growing environments (Fig. 5), and AEZs (Fig. S4). For
example, in WA, N and P application rates had a strong effect (p = 0.6)
on rice yield and the reduction of the relative yield gap (p = —0.6), while
in ESA, only the N application rate had a medium effect (p = 0.4) on
yield. Except in WA where the K application rate had a small effect (p =

0.27) on yield, no effect was obvious in CA and ESA (Fig. 4). Among
growing environments, in irrigated lowland, N and P application rates
had a strong effect (p = 0.6) on rice yield and reduction of the relative
yield gap (p = —0.6), but no effect was obvious in rainfed systems

(Fig. 5).

3.4. Impacts of nutrients application rate and environment on partial
factor productivity of N, P, and K

Nutrients application rates and growing environments had variable
effects on the partial factor productivity of N, P, and K. Concerning
PFPN, reducing the N application rate raised the likelihood of being
classified in the category “Very high” while increasing the rate raised the
likelihood of being classified in the category “Very low”. A lower P
application in fields was associated with a higher probability of “Very
low” PFPN. In comparison with farmers’ fields in the Humid zone, the
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Fig. 3. Correlogram showing the relationships between nutrients (N, P, and K)
application rates, rice grain yield, and relative yield gap in different studies in
sub-Saharan Africa. The values displayed in the matrix are Spearman’s rank
correlation coefficients (p). Non-significant p (p < 0.05) are crossed out. Posi-
tive correlations are displayed in maroon (or dark red) and negative correla-
tions in goldenrod. The color intensity (see color bar) of the square is
proportional to the correlation coefficient.

ones from the Arid and Highlands zones were more likely to be cate-
gorized in the group “Very high”. In comparison with fields in irrigated
lowlands, growing rice in rainfed systems raised the likelihood of having
a “Very low” PFPN or in other words wasteful application of N (Fig. 6A).
A lower P application was associated with a higher probability of “Very
high” PFPP. In comparison with fields in irrigated lowlands, growing
rice in rainfed systems reduced the likelihood of having a “Very high”
PFPP i.e., of having a risk of soil P mining. Fields in rainfed uplands had
a higher probability to be classified in the category “Very low” (Fig. 6B).
Concerning PFPK, reducing the K application rate raised the likelihood
of being classified in the category “Very high” (Fig. 6C).

3.5. Cluster analysis and priority intervention areas

Six distinct clusters were identified (Fig. S5). Cluster 6 (VHYVHN)
has a very high yield (mean = 6.69 Mg ha™!) and a very high N appli-
cation rate (mean = 171 kg N ha~1). The PFPN for this cluster is on
average 42 kg grain kg ! N. Around 4% of the data points belong to this
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cluster. Accounting for 20% and 12% of the data points respectively,
cluster 1 (HYHN) and cluster 4 (MYHN) have high N application rates
(mean 93 and 87 kg N ha!, respectively). They differ in their actual
yield. Cluster 1 has high yields (mean 5.16 Mg ha™') while cluster 4 has
medium yields (mean 3.33 Mg ha™1). Cluster 3 (LYMN) has medium N
application rates (mean 63 kg N ha 1) and low yields (actual yield =
1.76 Mg ha™1). This group gathers 14% of the data points. Cluster 2
(LYLN) and cluster 5 (MYLN) have low N application rates (mean 10 and
9 kg N ha™!, respectively). The difference in their actual yields separates
them. Cluster 2 has low yields (mean 1.40 Mg ha™1) while cluster 5 has
medium yields (mean 3.20 Mg ha™!). Around 32% and 18% of the data
points belong to Clusters 2 and 5, respectively. PFPN of clusters 6 (Very
High Yield and Very High N application rate), 1 (High Yield and High N
application rate), and 4 (Medium Yield and High N application rate)
were in the optimum range (between 30 and 100 kg grain kg ' N). PFPN
of clusters 2 (Low Yield and Low N application rate) and 5 (Medium
Yield and Low N application rate) were very high (>100 kg grain kg™?
N) while the one of cluster 3 (Low Yield and Medium N application rate)
was low (Table S9).

In CA and ESA, 44% and 27% of data points were in Medium Yield
and Low N application while 11% and 16% were in Low Yield and
Medium N application and Medium Yield and High N application
groups, respectively. Conversely, in WA, 14% of data points were in
Medium Yield and Low N application while 31% were in Low Yield and
Medium N application and Medium Yield and High N application
groups, respectively (Table S10). In irrigated lowland, rainfed lowland,
and upland, 17%, 26%, and 17% of data points were in Medium Yield
and Low N application while 22%, 34%, and 26 of data points were in
Low Yield and Medium N application and Medium Yield and High N
application groups, respectively (Table S10). In Cote d’Ivoire, Togo,
Cameroon, Chad, Ethiopia, Uganda, and Madagascar, more than 40% of
the data points belong to the Medium Yield and Low N application
group. In Rwanda, Togo, Ghana, Mali, and Niger, more than 40% of the
data points belong to the groups Low Yield and Medium N application
and Medium Yield and High N application (Fig. 7 and Table S10).

4. Discussion

This study showed a huge spatial variation in fertilizer use in rice
fields in SSA. The impact of nutrient application rates on yield and yield
gap differed across regions, growing environments, and AEZs. This
paper did not intend to provide average fertilizer use in rice fields at
continental, sub-regional levels, or for each rice-growing environment.
Therefore, the averages shown in this synthesis paper should be taken
with caution as they present some biases. Data were not from all the rice-
producing countries in SSA, and the averages were not weighted by the
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Fig. 4. Correlogram showing the relationships between nutrients (N, P, and K) application rates, rice grain yield, and relative yield gap in different studies across
regions [West Africa (WA), Central Africa (CA), and, East and Southern Africa (ESA)] in sub-Saharan Africa. The values displayed in the matrix are Spearman’s rank
correlation coefficients (p). Non-significant p (p < 0.05) are crossed out. Positive correlations are displayed in maroon (or dark red) and negative correlations in
goldenrod. The color intensity (see color bar) of the square is proportional to the correlation coefficient.
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Fig. 5. Correlogram showing the relationships between nutrients (N, P, and K) application rates, rice grain yield, and relative yield gap in different studies across
growing environments [irrigated lowland (IL), rainfed lowland (RL), and, rainfed upland (RU)] in sub-Saharan Africa. The values displayed in the matrix are
Spearman’s rank correlation coefficients (p). Non-significant p (p < 0.05) are crossed out. Positive correlations are displayed in maroon (or dark red) and negative
correlations in goldenrod. The color intensity (see color bar) of the square is proportional to the correlation coefficient.
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Fig. 7. Map displaying pie charts of clusters (combining actual yield and N application rate) for 24 sub-Saharan African countries. HYHN - High Yield and High N
application rate; LYLN - Low Yield and Low N application rate; LYMN - Low Yield and Medium N application rate; MYHN -Medium Yield and High N application rate;
MYLN - Medium Yield and Low N application rate; VHYVHN - Very High Yield and Very High N application rate.

cultivation area of each growing environment. This reminds the
importance of national programs to monitor fertilizer use for each crop
as this information is crucial for planning and decision-making. With
that in mind, the synopses of this study have been discussed in three
strands: (i) the association between fertilizer use and yield; then, (ii)
factors affecting partial factor productivity of nutrients in rice fields;
and, (iii) general research and development recommendations for the
clusters identified based on actual yield and N application rates.

4.1. Importance of fertilizer use in narrowing the yield gap

The huge variability of fertilizer use in the fields reminds the speci-
ficity of each region, rice-growing environment, and AEZ, which could
be explained by biophysical, economic as well as political factors. For
example, N and P fertilizer rates were higher in irrigated lowlands than
in rainfed systems. Indeed, rainfed rice farmers give priority to reducing
drought and climate variability risks, even in those rainfed lowlands
having favorable field water conditions (Tanaka et al., 2017). So,
farmers from these systems (rainfed lowland and upland) are generally
reluctant to make high investments in fertilizer inputs (Ibrahim et al.,
2022; Niang et al., 2017). These biophysical constraints explain the
lower fertilizer application rate in rainfed systems (Awio et al., 2021).
This emphasizes the importance of water control in rainfed lowland
fields in SSA to make this system more stable and productive. We also
showed that farmers from the Arid zone applied more fertilizer than
those from other AEZs. In the data gathered, all data from the Arid zone
were irrigated rice. This conclusion is most likely accurate as irrigated

lowland fields are predominant in this zone (Seck et al., 2010). At the
regional level, the N, P, and K application rates in WA were higher than
those in CA and ESA. Potential reasons could be the higher consumption
per capita (i.e., higher demand) (FAO, 2021) and/or fertilizer subsidies
(Carter et al., 2016; Tsujimoto et al., 2019). Due to an insufficient
number of data points available at the country level, we were unable to
test these hypotheses on a broader scale (sub-regional or continental
scales).

Higher N and P fertilizer application rates were associated with
higher yields and lower yield gaps in irrigated lowlands. This agrees
with earlier findings on the positive effects of N and P on yield in irri-
gated lowlands (Arouna et al., 2021a; Ibrahim et al., 2022). Although
specific to irrigated lowlands, this finding supports that increasing the
use of fertilizers is critical for improving food security in SSA (Dober-
mann, 2022). Southeast Asia is a striking example. From 1971 to 2001,
the N application rate increased 20-fold leading to a substantial increase
in rice yields (IFA/IFDC/IP1/PPI/FAO, 2002). In rainfed lowlands and
uplands, water limitations could have hindered the positive effects of the
N and P fertilizers (Asai et al., 2021; Niang et al., 2018; Tanaka et al.,
2017). Moreover, the rates were most likely too low to allow significant
and visible effects.

Although there is growing evidence of K deficiency in rice fields in
SSA (Johnson et al., 2021), the K application rate was not correlated
with yield and yield gap in any growing environments. Previous studies
also demonstrated that yield response to K fertilizer was lower than
those of N and P both in rice and maize fields (Zingore et al., 2022). In
the Senegal River Valley (Senegal) and Office du Niger (Mali), it is
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known that considerable amounts of K were provided through irrigation
water and dust deposition (Chivenge et al., 2022; Haefele, 2001). Un-
fortunately, this type of data on N, P, and K inputs is missing in many
irrigation schemes in SSA. These observations point out the need for
future research addressing site-specific interactions between the applied
nutrients and focusing on the optimization of K application rates.

4.2. Factors affecting partial factor productivity of nutrients in rice fields

This paper assessed potential risks associated with nutrient surpluses
or soil nutrient mining. We found that about 40% of the data points had
high partial factor productivity (PFP) of N, P, and K compared to the
optimum level, implying an insufficient supply of fertilizer and a high
risk of soil nutrient mining (Devkota et al., 2021; Fixen et al., 2015). This
characteristic of the nutrient status in rice fields is identical to the whole
cropland in SSA. Between 1961 and 1998, depletion rates of N, P, and K
in cropland increased dramatically by 225%, 233%, and 256%,
respectively (Sheldrick and Lingard, 2004). This is explained by the
non-application or suboptimal nutrient application rates throughout the
20th Century (Bouwman et al., 2017). In addition to soil nutrient
depletion, this is partly responsible for low crop yields (Vitousek et al.,
2009) and in turn, threatens food security. In this study, risks of P and K
soil mining were found to be more prevalent (54 and 44%, respectively)
than N soil mining (37%). This was not surprising as P availability is one
of the major barriers due to its low historical use in agriculture (Mag-
none et al., 2022). Likewise, this finding confirms a previous study
(Majumdar et al., 2021) showing significant negative K balances in SSA.
Potassium depletion in soil has been exacerbated by the removal of rice
straw for feeding cattle or burning, post-harvesting practices commonly
observed in smallholder farmers’ fields in many SSA countries (Johnson
etal., 2023; Niang et al., 2017). One estimated that due to the minimal P
application rates in the past decades, its application in cropland must
increase fivefold from 4 kg ha~! in 2007 to 23 kg ha~! in 2050 to sustain
food production in Africa (Sattari et al., 2012). This interpretation of the
high risk of soil nutrient mining based on the high partial factor pro-
ductivity should be taken cautiously, especially in lowland growing
environments which have a nutrient balancing system through the
nutrition inflows from irrigation water (Dobermann et al., 1998), high N
fixation, and slow decomposition of organic carbon (Pampolino et al.,
2008). These factors should be included in the calculation of the nutrient
balance, thereby enabling a comprehensive assessment of the nutrient
depletion in each rice-growing environment.

The variations in partial factor productivity of nutrients were related
to the rice-growing environment and AEZ. Irrigated lowlands tended to
have higher PFPN than rainfed lowlands and uplands as irrigated low-
land systems are more efficiently managed with less water stress leading
to higher yield (Dobermann, 2005; Karmakar et al., 2021; Niang et al.,
2018). Most rainfed systems are characterized by alternating aerobic
and anaerobic soil conditions. This cyclic pattern promotes nitrification
in unsaturated soil, which subsequently results in nitrogen loss through
denitrification when the soil is saturated. Consequently, this contributes
to lower nitrogen-use efficiency in rainfed systems (Buresh, 2015).
Another explanation of the outperformance of irrigated lowlands in
terms of PFPN could be the impact of soil texture. Ye et al. (2007)
demonstrated that soil texture is a key driver of partial factor produc-
tivity of N, with clay soil exhibiting higher levels compared to sandy soil.
Higher clay content enlarged the soil surface area, allowing for greater
adsorption of ammonia ions that move gradually through the soil to the
roots of rice plants (Hamoud, 2019). Considering that in SSA, the soils in
irrigated lowland rice fields have generally a higher clay content than
those in rainfed systems (Johnson et al., 2019; Niang et al., 2017), our
finding aligns with the study of Ye et al. (2007). In addition, our research
uncovered that a higher P application rate improved PFPN. Indeed, P is a
limiting factor in many SSA rice fields (Johnson et al., 2019) because of
the high P-fixation in some soils (Sanchez et al., 2003) and the low P
input. Under limited P supply, rice cannot achieve its full yield potential.
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This explains that an increase in P input improves PFPN. Additional
factors not considered in this study, such as soil organic matter content
and season could also influence the partial factor productivity of applied
nutrients. Overall, improving the PFP of nutrients requires an integrated
and system-specific management of fertilizers (Awio et al., 2023; Chiv-
enge et al.,, 2021). An increase in nutrient input is needed to improve
yields while reducing soil nutrient depletion.

4.3. Clustering and research and development recommendations

Based on actual yield and N application rate, we identified six clus-
ters. The research and development recommendations for each cluster
are different (Table 1). Clusters 1 (High Yield and High N application
rate) and 6 (Very High Yield and Very High N application rate) perform
well and there is little room for improvement. The focus should be on
increasing nutrient use efficiency and avoiding N surpluses and losses.
Cluster 2 (Low Yield and Low N application rate) has a low socio-
economic relevance as rice production was most likely a low priority
for some of these areas. About 90% of the data points from this cluster
are from rainfed systems, indicating a higher susceptibility to drought
and potential mismanagement of water resources. Unraveling the causes

Table 1
Research and Development recommendations for the six groups identified by
cluster analysis.

Cluster Research and Development recommendation

Cluster 1: High Yield and High N
application rate (HYHN)

Little room for yield improvement. Focus on
increasing nutrient use efficiency.

Cluster 2: Low Yield and Low N
application rate (LYLN)

Low socio-economic relevance i.e., Research
and Development actions have a limited
impact on farmers’ livelihoods and the
economic development of the community.
Unraveling the causes of low yields could
provide the way forward.

Cluster 3: Low Yield and Medium N
application rate (LYMN)

High socio-economic relevance i.e., Research
and Development actions could have
substantial implications for improving
farmers’ well-being, addressing socio-
economic inequalities, and contributing to
economic growth in the area. Research
institutes should investigate the yield gap,
causes of low yield, and possible solutions.
Site-specific nutrient management (SSNM)
solutions should be tested. Then,
governments/agencies should disseminate
and promote good agricultural practices and
SSNM solutions.

Cluster 4: Medium Yield and High N
application rate (MYHN)

High socio-economic relevance. Research
institutes should investigate the yield gap,
causes of medium yield, and possible
solutions. Site-specific nutrient management
(SSNM) solutions should be tested. Then,
governments/agencies should disseminate
and promote good agricultural practices and
SSNM solutions.

Cluster 5: Medium Yield and Low N
application rate (MYLN)

Potential for further increasing fertilizer
inputs; Research institutes should investigate
reasons for low fertilizer inputs. Then, if
relevant and according to the country’s
priorities, governments could establish
policies facilitating access to fertilizer for
smallholder farmers.

Cluster 6: Very High Yield and Very
High N application rate
(VHYVHN)

Little room for yield improvement. Focus on
increasing input use efficiency.
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of low yields could provide the way forward. A high proportion (>40%)
of data points from the Democratic Republic of Congo, Zambia,
Mozambique, Malawi, Sierra Leone, The Gambia, Guinea, Nigeria, and
Burkina Faso belong to Cluster 2 (Low Yield and Low N application rate).
The recommendation for clusters 3 (Low Yield and Medium N applica-
tion rate) and 4 (Medium Yield and High N application rate) are the
same. Both have high socio-economic relevance. In Rwanda, Togo,
Ghana, Mali, and Niger, more than 40% of the data points belong to
these groups. National and/or international research institutes should
investigate the causes of low and medium yields and provide possible
solutions. Governments and international agencies should disseminate
and promote validated site-specific nutrient management (SSNM) so-
lutions and good agricultural practices (Arouna et al., 2021c; Zossou
et al., 2020). The ultimate goal is to improve nutrient use efficiency.
There is room for increasing fertilizer inputs in cluster 5 (Medium Yield
and Low N application rate). Almost half of this cluster is from irrigated
lowlands. A high proportion (>40%) of data points from Ethiopia, Chad,
Uganda, Cote d’Ivoire, Togo, and Cameroon belong to this group.
Research institutes should investigate reasons for low fertilizer inputs.
For irrigated lowland sites, if relevant and according to the country’s
priorities, governments could establish policies facilitating access to
fertilizer for smallholder farmers (Seck et al., 2010). Nigeria and several
other countries in SSA (e.g., Senegal, Mali, Burkina Faso, Ghana,
Ethiopia, Tanzania, and Malawi) already implement these recommen-
dations and allocate a substantial portion of their agricultural budget for
fertilizer subsidies (Jayne and Rashid, 2013; Takeshima and
Liverpool-Tasie, 2015). However, in some cases, subsidized fertilizer
accounted for a relatively small share of the total fertilizer used in rice
fields (Takeshima and Liverpool-Tasie, 2015). Considering that an
important share of fertilizers from fertilizer subsidy programs in SSA is
diverted before reaching the intended beneficiary farmers, it is crucial to
put more emphasis on their design and implementation and to progress
toward the new generation of smart subsidy programs (Jayne et al.,
2013). For rainfed sites, as fertilizer application is somehow a risky in-
vestment because climate variability and water management are more
critical issues, governments should be more cautious.

Although the research and development recommendations provided
here are quite general, we identified priority countries or sites where
more research and development resources should be invested using
limited data. However, this simple analysis presents some weaknesses
and limitations that could be improved in future studies. First, as
mentioned earlier, few data points are available per country and site,
making general conclusions at national or sub-national levels less ac-
curate. Second, a classification based on yield gaps and N inputs would
have been more adequate to draw more relevant research and devel-
opment recommendations. We did not include yield gap data in our
classification as potential yield or water-limited potential yield was not
available for more than half of the data points. Further efforts in
modeling yield potential and water-limited yield potential for the new
sites are needed to fill this gap. In addition, as financial issues, risks for
water stress, and climate variability could be key reasons explaining low
fertilizer inputs in SSA, further studies including fertilizer prices and
other socio-economic and climatic parameters could help to fine-tune
these recommendations.

5. Conclusion

By reviewing the fertilizer use, grain yield, and relative yield gap in
smallholder farmer rice fields in 24 countries in sub-Saharan Africa over
the last three decades, this study highlighted, for the first time, a large
variation of N, P, and K application rates across regions, agroecological
zones, and growing environments. The N, P, and K application rates
were higher in West Africa than in Central and East, and Southern Af-
rica, and in irrigated lowlands than in rainfed systems. An insufficient
supply of fertilizer implying a high risk of soil nutrient mining was re-
ported in almost half of the cases. N and P application rates had a strong
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effect on the reduction of the relative yield gap in irrigated lowlands
while no effect was found in rainfed systems. Reasons for low fertilizer
use and its poor association with rice yield need also to be identified for
developing a strategy for enhancing its use and reducing the yield gaps.
Moreover, as the records of fertilizer application rates in farmers’ fields
in sub-Saharan Africa are scarce and data obtained in this review is
limited, we, therefore, recommend the development of nutrient use ef-
ficiency monitoring systems in sub-Saharan Africa countries for long-
term trend analysis, nutrient balance assessment, and fertilizer de-
mand forecasts. Such strategies would help increase rice yield, reduce
rice import dependency in many sub-Saharan African countries, sustain
soil fertility, and, by implication, improve global food security.

Funding

The authors gratefully acknowledge the Bill & Melinda Gates Foun-
dation (BMGF, Seattle, USA; Grant ID INV-005431) for supporting this
study through the CGIAR Excellence in Agronomy (2030) project (In-
cubation Phase).

Authors’ contributions

J.-M.J.: Conceptualization, Methodology, Data collection, curation
& analysis, Visualization, Writing - Original Draft; I.A.: Data collection,
Writing - Review & Editing; E.R.D.-Y.: Data collection, Writing - Review
& Editing; K-S.: Data collection, Writing - Review & Editing; Y.T.: Data
collection, Writing - Review & Editing; H.A.: Data collection, Writing -
Review & Editing; KS: Conceptualization, Methodology, Data collection,
Writing - Review & Editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgements

Dr. Justin Djagba is warmly thanked for drawing the study area
maps. We also thank the anonymous reviewers for their insightful sug-
gestions and remarks.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.gfs.2023.100708.

References

Arouna, A., Devkota, K.P., Yergo, W.G., Saito, K., Frimpong, B.N., Adegbola, P.Y.,
Depieu, M.E., Kenyi, D.M., Ibro, G., Fall, A.A., Usman, S., 2021a. Assessing rice
production sustainability performance indicators and their gaps in twelve sub-
Saharan African countries. Field Crop. Res. 271, 108263 https://doi.org/10.1016/].
fcr.2021.108263.

Arouna, A., Fatognon, LA, Saito, K., Futakuchi, K., 2021b. Moving toward rice self-
sufficiency in sub-saharan Africa by 2030: lessons learned from 10 years of the
coalition for african rice development. World Dev. Perspect. 21, 100291 https://doi.
0rg/10.1016/j.wdp.2021.100291.

Arouna, A., Michler, J.D., Yergo, W.G., Saito, K., 2021c. One size fits all? Experimental
evidence on the digital delivery of personalized extension advice in Nigeria. Am. J.
Agric. Econ. 103, 596-619. https://doi.org/10.1111/ajae.12151.

Asai, H., Saito, K., Kawamura, K., 2021. Application of a Bayesian approach to quantify
the impact of nitrogen fertilizer on upland rice yield in sub-Saharan Africa. Field
Crop. Res. 272, 108284 https://doi.org/10.1016/j.fcr.2021.108284.

Awio, T., Senthilkumar, K., Dimkpa, C.O., Otim-Nape, G.W., Kempen, B., Struik, P.C.,
Stomph, T.J., 2021. Micro-nutrients in East African lowlands: are they needed to


https://doi.org/10.1016/j.gfs.2023.100708
https://doi.org/10.1016/j.gfs.2023.100708
https://doi.org/10.1016/j.fcr.2021.108263
https://doi.org/10.1016/j.fcr.2021.108263
https://doi.org/10.1016/j.wdp.2021.100291
https://doi.org/10.1016/j.wdp.2021.100291
https://doi.org/10.1111/ajae.12151
https://doi.org/10.1016/j.fcr.2021.108284

J.-M. Johnson et al.

intensify rice production? Field Crop. Res. 270, 108219 https://doi.org/10.1016/j.
fcr.2021.108219.

Awio, T., Struik, P.C., Senthilkumar, K., Dimkpa, C.O., Otim-Nape, G.W., Stomph, T.,
2023. Indigenous nutrient supply, weeding and fertilisation strategies influence on-
farm N, P and K use efficiency in lowland rice. Nutrient Cycl. Agroecosyst. https://
doi.org/10.1007/5s10705-023-10275-z.

Bado, V.B., Djaman, K., Valere, M.C., 2018. Managing fertilizer recommendations in rice-
based cropping systems challenges and strategic approaches. In: Bationo, A.,
Ngaradoum, D., Youl, S., Lompo, F., Fening, J.O. (Eds.), Improving the Profitability,
Sustainability and Efficiency of Nutrients through Site Specific Fertilizer
Recommendations in West Africa Agro-Ecosystems. Springer International
Publishing, Cham, pp. 25-50. https://doi.org/10.1007/978-3-319-58789-9 3.

Bouwman, A.F., Beusen, A.H.W., Lassaletta, L., van Apeldoorn, D.F., van Grinsven, H.J.
M., Zhang, J., Ittersum van, M.K., 2017. Lessons from temporal and spatial patterns
in global use of N and P fertilizer on cropland. Sci. Rep. 7, 40366 https://doi.org/
10.1038/srep40366.

Buresh, R.J., 2015. Nutrient and fertilizer management in rice systems with varying
supply of water. In: Drechsel, P., Heffer, P., Magen, H., Mikkelsen, R., Wichelns, D.
(Eds.), Managing Water and Fertilizer for Sustainable Agricultural Intensification.
International Fertilizer Industry Association (IFA), International Water Management
Institute (IWMI), International Plant Nutrition Institute (IPNI), and International
Potash Institute (IPI), Paris, France, pp. 187-208.

Carneyl, J.A., 1998. The role of African rice and slaves in the history of rice cultivation in
the Americas. Hum. Ecol. 26, 525-545. https://www.jstor.org/stable/4603297.
Carter, M.R., Laajaj, R., Yang, D., 2016. Subsidies, Savings and Sustainable Technology
Adoption: Field Experimental Evidence from Mozambique (NBER Working Papers
No. 20465). National Bureau of Economic Research, Inc., Cambridge, MA, United

States of America.

Chivenge, P., Saito, K., Bunquin, M.A., Sharma, S., Dobermann, A., 2021. Co-benefits of
nutrient management tailored to smallholder agriculture. Global Food Secur. 30,
100570 https://doi.org/10.1016/j.gfs.2021.100570.

Chivenge, P., Zingore, S., Ezui, K.S., Njoroge, S., Bunquin, M.A., Dobermann, A.,

Saito, K., 2022. Progress in research on site-specific nutrient management for
smallholder farmers in sub-Saharan Africa. Field Crop. Res. 281, 108503 https://doi.
org/10.1016/j.fcr.2022.108503.

Cohen, J., 1992. A power primer. Psychol. Bull. 112, 155-159. https://doi.org/10.1037/
0033-2909.112.1.155.

Devkota, K.P., Devkota, M., Paudel, G.P., McDonald, A.J., 2021. Coupling landscape-
scale diagnostics surveys, on-farm experiments, and simulation to identify entry
points for sustainably closing rice yield gaps in Nepal. Agric. Syst. 192, 103182
https://doi.org/10.1016/j.agsy.2021.103182.

Dobermann, A., 2022. Used wisely, fertilizers will feed Africa and protect its unique
biodiversity. Grow. Afr. 1, 1-7. https://doi.org/10.55693/gall. cbmm7130.

Dobermann, A., 2005. Nitrogen use efficiency — state of the art. Agron. Hortic. Fac. Publ.
316, 1-16.

Dobermann, A., Cassman, K.G., Mamaril, C.P., Sheehy, J.E., 1998. Management of
phosphorus, potassium, and sulfur in intensive, irrigated lowland rice. Field Crop.
Res. 56, 113-138. https://doi.org/10.1016/50378-4290(97)00124-X.

Dossou-Yovo, E.R., Devkota, K.P., Akpoti, K., Danvi, A., Duku, C., Zwart, S.J., 2022.
Thirty years of water management research for rice in sub-Saharan Africa:
achievement and perspectives. Field Crop. Res. 283, 108548 https://doi.org/
10.1016/j.fcr.2022.108548.

Dossou-Yovo, E.R., Vandamme, E., Dieng, I., Johnson, J.-M., Saito, K., 2020.
Decomposing rice yield gaps into efficiency, resource and technology yield gaps in
sub-Saharan Africa. Field Crop. Res. 258, 107963 https://doi.org/10.1016/j.
fcr.2020.107963.

FAO, 2021. FAOSTAT Statistical Database. https://www.fao.org/faostat/en/#data/QCL.
accessed 9.21.21.

FAO, IFAD, UNICEF, WFP, WHO, 2022. The State of Food Security and Nutrition in the
World 2022. Repurposing Food and Agricultural Policies to Make Healthy Diets
More Affordable. FAO, Rome, Italy. https://doi.org/10.4060/cc0639en.

Fixen, P., Brentrup, F., Bruulsema, T.W., Garcia, F., Norton, R., Zingore, S., 2015.
Nutrient/fertilizer use efficiency: Measurement, current situation and trends. In:
Drechsel, P., Heffer, P., Magen, H., Mikkelsen, R., Wichelns, D. (Eds.), Managing
Water and Fertilizer for Sustainable Agricultural Intensification. International
Fertilizer Industry Association (IFA), International Water Management Institute
(IWMI), International Plant Nutrition Institute (IPNI), and International Potash
Institute (IPI), Paris, France, pp. 8-37.

Futakuchi, K., Senthilkumar, K., Arouna, A., Vandamme, E., Diagne, M., Zhao, D.,
Manneh, B., Saito, K., 2021. History and progress in genetic improvement for
enhancing rice yield in sub-Saharan Africa. Field Crop. Res. 267, 108159 https://doi.
org/10.1016/j.fcr.2021.108159.

Gu, J., Yang, J., 2022. Nitrogen (N) transformation in paddy rice field: its effect on N
uptake and relation to improved N management. Crop Environ. 1, 7-14. https://doi.
org/10.1016/j.crope.2022.03.003.

GYGA team, 2022. Global yield gap atlas. Glob. Yield Gap Atlas. https://www.yieldgap.
org/. accessed 2.5.22.

Haefele, S.M., 2001. Improved and sustainable nutrient management for irrigated rice-
based cropping systems in West Africa (Ph.D. thesis). In: Verein zur Forderung d.
Bodenkunde. Hamburg University, Hamburg, Germany.

Haefele, S.M., Saito, K., Ndiaye, K., Mussgnug, F., Nelson, A., Wopereis, Marco C.S.,
2013. Increasing rice productivity through improved nutrient use in Africa. In:
Wopereis, M.C.S., Johnson, D.E., Ahmadi, N., Tollens, E., Jalloh, A. (Eds.), Realizing
Africa’s Rice Promise. CABI, London, UK, pp. 250-264.

Hamoud, Y.A., 2019. Effects of irrigation regime and soil clay content and their
interaction on the biological yield, nitrogen uptake and nitrogen-use efficiency of

11

Global Food Security 38 (2023) 100708

rice grown in southern China. Agric. Water Manag. 213, 934-946. https://doi.org/
10.1016/j.agwat.2019.105706.

HarvestChoice and International Food Policy Research Institute, 2015. AEZ tropical (5-
class). In: Agro-Ecol. Zones Afr. South Sahara. https://doi.org/10.7910/DVN/
M7XIUB/GCVTBL

Ibrahim, A., Saito, K., 2022. Assessing genetic and agronomic gains in rice yield in sub-
Saharan Africa: a meta-analysis. Field Crop. Res. 287, 108652 https://doi.org/
10.1016/j.fcr.2022.108652.

Ibrahim, A., Saito, K., Ahouanton, A., Johnson, J.-M., Mandiaye, D., Djagba, F.J.,
Frewer, F., Bamishaye, O.S., Houessou, M., 2022. Seizing opportunity towards
sustainable rice cultivation in sub-Saharan Africa. Environ. Sustain. Indic. 15,
100189 https://doi.org/10.1016/j.indic.2022.100189.

IFA/IFDC/IPI/PPI/FAO, 2002. Fertilizer Use by Crop (Rome, Italy).

Jayne, T.S., Mather, D., Mason, N., Ricker-Gilbert, J., 2013. How do fertilizer subsidy
programs affect total fertilizer use in sub-Saharan Africa? Crowding out, diversion,
and benefit/cost assessments. Agric. Econ. 44, 687-703. https://doi.org/10.1111/
agec.12082.

Jayne, T.S., Rashid, S., 2013. Input subsidy programs in sub-Saharan Africa: a synthesis
of recent evidence. Agric. Econ. 44, 547-562. https://doi.org/10.1111/agec.12073.

Johnson, J.-M., Becker, M., Dossou-Yovo, E.R., Saito, K., 2023. Farmers’ perception and
management of water scarcity in irrigated rice-based systems in dry climatic zones of
West Africa. Agron. Sustain. Dev. 43, 32. https://doi.org/10.1007/s13593-023-
00878-9.

Johnson, J.-M., Sila, A., Senthilkumar, K., Shepherd, K.D., Saito, K., 2021. Application of
infrared spectroscopy for estimation of concentrations of macro- and micronutrients
in rice in sub-Saharan Africa. Field Crop. Res. 270, 108222 https://doi.org/10.1016/
j.fcr.2021.108222.

Johnson, J.-M., Vandamme, E., Senthilkumar, K., Sila, A., Shepherd, K.D., Saito, K.,
2019. Near-infrared, mid-infrared or combined diffuse reflectance spectroscopy for
assessing soil fertility in rice fields in sub-Saharan Africa. Geoderma 354, 113840.
https://doi.org/10.1016/j.geoderma.2019.06.043.

Karmakar, B., Haefele, S.M., Henry, A., Kabir, M.H., Islam, A., Biswas, J.C., 2021. In
quest of nitrogen use-efficient rice genotypes for drought-prone rainfed ecosystems.
Front. Agron. 2, 607792 https://doi.org/10.3389/fagro.2020.607792.

Kassambara, A., 2023. Rstatix: Pipe-Friendly Framework for Basic Statistical Tests,
Version 0.7.2.

Kassambara, A., Mundt, F., 2020. Factoextra: Extract and Visualize the Results of
Multivariate Data Analyses. R package version 1.0.7.

Kilic, T., Winters, P., Carletto, C., 2015. Gender and agriculture in sub-Saharan Africa:
introduction to the special issue. Agric. Econ. 46, 281-284. https://doi.org/
10.1111/agec.12165.

Ludemann, C.I., Gruere, A., Heffer, P., Dobermann, A., 2022. Global data on fertilizer use
by crop and by country. Sci. Data 9, 501. https://doi.org/10.1038/541597-022-
01592-z.

Magnone, D., Niasar, V.J., Bouwman, A.F., Beusen, A.H.W., van der Zee, S.E.A.T.M.,
Sattari, S.Z., 2022. The impact of phosphorus on projected Sub-Saharan Africa food
security futures. Nat. Commun. 13, 6471. https://doi.org/10.1038/541467-022-
33900-x.

Majumdar, K., Norton, R.M., Murrell, T.S., Garcia, F., Zingore, S., Prochnow, L.L,
Pampolino, M., Boulal, H., Dutta, S., Francisco, E., Tan, M.S., He, P., Singh, V.K.,
Oberthiir, T., 2021. Assessing potassium mass balances in different countries and
scales. In: Murrell, T.S., Mikkelsen, R.L., Sulewski, G., Norton, R., Thompson, M.L.
(Eds.), Improving Potassium Recommendations for Agricultural Crops. Springer
International Publishing, Cham, pp. 283-340.

Mangiafico, S.S., 2016. Summary and Analysis of Extension Program Evaluation in R
(New Brunswick, NJ), Version 1.18.1.

Ministere de I’Agriculture et des Aménagements Hydro-agricoles, 2021. Tableau de bord
statistique de I’Agriculture 2020. Ministere de I’Agriculture et des Aménagements
Hydro-agricoles (MAAH), Ouagadougou, Burkina Faso.

Niang, A., Becker, M., Ewert, F., Dieng, 1., Gaiser, T., Tanaka, A., Senthilkumar, K.,
Rodenburg, J., Johnson, J.-M., Akakpo, C., Segda, Z., Gbakatchetche, H., Jaiteh, F.,
Bam, R.K., Dogbe, W., Keita, S., Kamissoko, N., Mossi, .M., Bakare, O.S., Cissé, M.,
Baggie, 1., Ablede, K.A., Saito, K., 2017. Variability and determinants of yields in rice
production systems of West Africa. Field Crop. Res. 207, 1-12. https://doi.org/
10.1016/j.fcr.2017.02.014.

Niang, A., Becker, M., Ewert, F., Tanaka, A., Dieng, 1., Saito, K., 2018. Yield variation of
rainfed rice as affected by field water availability and N fertilizer use in central
Benin. Nutrient Cycl. Agroecosyst. 110, 293-305. https://doi.org/10.1007/510705-
017-9898-y.

Pampolino, M.F., Laureles, E.V., Gines, H.C., Buresh, R.J., 2008. Soil carbon and nitrogen
changes in long-term continuous lowland rice cropping. Soil Sci. Soc. Am. J. 72,
798-807. https://doi.org/10.2136/5s5aj2006.0334.

R Core Team, 2023. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical computing, Vienna, Austria.

Rosner, B., 1983. Percentage points for a generalized ESD many-outlier procedure.
Technometrics 25, 165-172. https://doi.org/10.2307/1268549.

Saito, K., Vandamme, E., Johnson, J.-M., Tanaka, A., Senthilkumar, K., Dieng, I.,
Akakpo, C., Gbaguidi, F., Segda, Z., Bassoro, 1., Lamare, D., Gbakatchetche, H.,
Abera, B.B., Jaiteh, F., Bam, R.K., Dogbe, W., Sékou, K., Rabeson, R., Kamissoko, N.,
Mossi, I.M., Tarfa, B.D., Bakare, S.0., Kalisa, A., Baggie, 1., Kajiru, G.J., Ablede, K.,
Ayeva, T., Nanfumba, D., Wopereis, M.C.S., 2019. Yield-limiting macronutrients for
rice in sub-Saharan Africa. Geoderma 338, 546-554. https://doi.org/10.1016/j.
geoderma.2018.11.036.

Sanchez, P.A., Palm, C.A., Buol, S.W., 2003. Fertility capability soil classification: a tool
to help assess soil quality in the tropics. Geoderma 114, 157-185. https://doi.org/
10.1016/50016-7061(03)00040-5.


https://doi.org/10.1016/j.fcr.2021.108219
https://doi.org/10.1016/j.fcr.2021.108219
https://doi.org/10.1007/s10705-023-10275-z
https://doi.org/10.1007/s10705-023-10275-z
https://doi.org/10.1007/978-3-319-58789-9_3
https://doi.org/10.1038/srep40366
https://doi.org/10.1038/srep40366
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref9
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref9
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref9
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref9
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref9
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref9
https://www.jstor.org/stable/4603297
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref11
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref11
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref11
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref11
https://doi.org/10.1016/j.gfs.2021.100570
https://doi.org/10.1016/j.fcr.2022.108503
https://doi.org/10.1016/j.fcr.2022.108503
https://doi.org/10.1037/0033-2909.112.1.155
https://doi.org/10.1037/0033-2909.112.1.155
https://doi.org/10.1016/j.agsy.2021.103182
https://doi.org/10.55693/ga11. cbmm7130
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref17
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref17
https://doi.org/10.1016/S0378-4290(97)00124-X
https://doi.org/10.1016/j.fcr.2022.108548
https://doi.org/10.1016/j.fcr.2022.108548
https://doi.org/10.1016/j.fcr.2020.107963
https://doi.org/10.1016/j.fcr.2020.107963
https://www.fao.org/faostat/en/#data/QCL
https://doi.org/10.4060/cc0639en
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref23
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref23
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref23
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref23
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref23
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref23
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref23
https://doi.org/10.1016/j.fcr.2021.108159
https://doi.org/10.1016/j.fcr.2021.108159
https://doi.org/10.1016/j.crope.2022.03.003
https://doi.org/10.1016/j.crope.2022.03.003
https://www.yieldgap.org/
https://www.yieldgap.org/
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref27
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref27
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref27
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref28
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref28
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref28
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref28
https://doi.org/10.1016/j.agwat.2019.105706
https://doi.org/10.1016/j.agwat.2019.105706
https://doi.org/10.7910/DVN/M7XIUB/GCVTBI
https://doi.org/10.7910/DVN/M7XIUB/GCVTBI
https://doi.org/10.1016/j.fcr.2022.108652
https://doi.org/10.1016/j.fcr.2022.108652
https://doi.org/10.1016/j.indic.2022.100189
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref33
https://doi.org/10.1111/agec.12082
https://doi.org/10.1111/agec.12082
https://doi.org/10.1111/agec.12073
https://doi.org/10.1007/s13593-023-00878-9
https://doi.org/10.1007/s13593-023-00878-9
https://doi.org/10.1016/j.fcr.2021.108222
https://doi.org/10.1016/j.fcr.2021.108222
https://doi.org/10.1016/j.geoderma.2019.06.043
https://doi.org/10.3389/fagro.2020.607792
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref40
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref40
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref41
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref41
https://doi.org/10.1111/agec.12165
https://doi.org/10.1111/agec.12165
https://doi.org/10.1038/s41597-022-01592-z
https://doi.org/10.1038/s41597-022-01592-z
https://doi.org/10.1038/s41467-022-33900-x
https://doi.org/10.1038/s41467-022-33900-x
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref45
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref45
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref45
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref45
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref45
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref45
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref46
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref46
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref47
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref47
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref47
https://doi.org/10.1016/j.fcr.2017.02.014
https://doi.org/10.1016/j.fcr.2017.02.014
https://doi.org/10.1007/s10705-017-9898-y
https://doi.org/10.1007/s10705-017-9898-y
https://doi.org/10.2136/sssaj2006.0334
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref51
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref51
https://doi.org/10.2307/1268549
https://doi.org/10.1016/j.geoderma.2018.11.036
https://doi.org/10.1016/j.geoderma.2018.11.036
https://doi.org/10.1016/S0016-7061(03)00040-5
https://doi.org/10.1016/S0016-7061(03)00040-5

J.-M. Johnson et al.

Sattari, S.Z., Bouwman, A.F., Giller, K.E., van Ittersum, M.K., 2012. Residual soil
phosphorus as the missing piece in the global phosphorus crisis puzzle. Proc. Natl.
Acad. Sci. USA 109, 6348-6353. https://doi.org/10.1073/pnas.1113675109.

Scientific Panel on Responsible Plant Nutrition, 2021. Achieving Nature Positive Plant
Nutrition: Fertilizers and Biodiversity. IFA, Paris, France. https://www.sprpn.org/.
Issue Brief 02.

Seck, P.A., Tollens, E., Wopereis, M.C.S., Diagne, A., Bamba, 1., 2010. Rising trends and
variability of rice prices: threats and opportunities for sub-Saharan Africa. Food Pol.
35, 403-411. https://doi.org/10.1016/j.foodpol.2010.05.003.

Seck, P.A., Touré, A.A., Coulibaly, J.Y., Diagne, A., Wopereis, M.C.S., 2013. Africa’s rice
economy before and after the 2008 rice crisis. In: Wopereis, M.C.S., Johnson, D.E.,
Ahmadi, N., Tollens, E., Jalloh, A. (Eds.), Realizing Africa’s Rice Promise. CABI,
London, UK, pp. 24-34.

Senthilkumar, K., 2022. Closing rice yield gaps in Africa requires integration of good
agricultural practices. Field Crop. Res., 108591 https://doi.org/10.1016/j.
fcr.2022.108591, 285.

Senthilkumar, K., Rodenburg, J., Dieng, 1., Vandamme, E., Sillo, F.S., Johnson, J.-M.,
Rajaona, A., Ramarolahy, J.A., Gasore, R., Abera, B.B., Kajiru, G.J., Mghase, J.,
Lamo, J., Rabeson, R., Saito, K., 2020. Quantifying rice yield gaps and their causes in
Eastern and Southern Africa. J. Agron. Crop Sci. 206, 478-490. https://doi.org/
10.1111/jac.12417.

Sheldrick, W.F., Lingard, J., 2004. The use of nutrient audits to determine nutrient
balances in Africa. Food Pol. 29, 61-98. https://doi.org/10.1016/j.
foodpol.2004.01.004.

Takeshima, H., Liverpool-Tasie, L.S.0., 2015. Fertilizer subsidies, political influence and
local food prices in sub-Saharan Africa: evidence from Nigeria. Food Pol. 54, 11-24.
https://doi.org/10.1016/j.foodpol.2015.04.003.

Tanaka, A., Johnson, J.-M., Senthilkumar, K., Akakpo, C., Segda, Z., Yameogo, L.P.,
Bassoro, I., Lamare, D.M., Allarangaye, M.D., Gbakatchetche, H., Bayuh, B.A.,
Jaiteh, F., Bam, R.K., Dogbe, W., Sékou, K., Rabeson, R., Rakotoarisoa, N.M.,
Kamissoko, N., Mossi, .M., Bakare, O.S., Mabone, F.L., Gasore, E.R., Baggie, L.,
Kajiru, G.J., Mghase, J., Ablede, K.A., Nanfumba, D., Saito, K., 2017. On-farm rice
yield and its association with biophysical factors in sub-Saharan Africa. Eur. J.
Agron. 85, 1-11. https://doi.org/10.1016/j.eja.2016.12.010.

Tsujimoto, Y., Rakotoson, T., Tanaka, A., Saito, K., 2019. Challenges and opportunities
for improving N use efficiency for rice production in sub-Saharan Africa. Plant Prod.
Sci. 1-15 https://doi.org/10.1080,/1343943X.2019.1617638.

12

Global Food Security 38 (2023) 100708

van Oort, P.A.J., Saito, K., Dieng, 1., Grassini, P., Cassman, K.G., van Ittersum, M.K.,
2017. Can yield gap analysis be used to inform R&D prioritisation? Global Food
Secur. 12, 109-118. https://doi.org/10.1016/j.gfs.2016.09.005.

van Oort, P.A.J., Saito, K., Tanaka, A., Amovin-Assagba, E., Van Bussel, L.G.J., van
Wart, J., de Groot, H., van Ittersum, M.K., Cassman, K.G., Wopereis, M.C.S., 2015.
Assessment of rice self-sufficiency in 2025 in eight African countries. Global Food
Secur. 5, 39-49. https://doi.org/10.1016/j.gfs.2015.01.002.

Venables, W.N., Ripley, B.D., 2002. Modern applied statistics with S. In: Statistics and
Computing, fourth ed. Springer, New York, USA.

Vitousek, P.M., Aber, J.D., Howarth, R.W., Likens, G.E., Matson, P.A., Schindler, D.W.,
Schlesinger, W.H., Tilman, D.G., 1997. Human alteration of the global nitrogen
cycle: sources and consequences. Ecol. Appl. 7, 737-750.

Vitousek, P.M., Naylor, R., Crews, T., David, M.B., Drinkwater, L.E., Holland, E.,
Johnes, P.J., Katzenberger, J., Martinelli, L.A., Matson, P.A., Nziguheba, G.,
Ojima, D., Palm, C.A., Robertson, G.P., Sanchez, P.A., Townsend, A.R., Zhang, F.S.,
2009. Nutrient imbalances in agricultural development. Science 324, 1519-1520.
https://doi.org/10.1126/science.1170261.

Ward Jr., J.H., 1963. Hierarchical grouping to optimize an objective function. J. Am.
Stat. Assoc. 58, 236-244.

Wilcox, R.R., 2016. Comparing dependent robust correlations. Br. J. Math. Stat. Psychol.
69, 215-224 (British Journal of Mathematical and Statistical Psychology).

World Bank, 2021. Microdata Library: Living Standards Measurements Study. https
://microdata.worldbank.org/index.php/catalog/Isms. accessed 1.10.21.

Ye, Q., Zhang, H., Wei, H., Zhang, Y., Wang, B., Xia, K., Huo, Z., Dai, Q., Xu, K., 2007.
Effects of nitrogen fertilizer on nitrogen use efficiency and yield of rice under
different soil conditions. Front. Agric. China 1, 30-36. https://doi.org/10.1007/
511703-007-0005-z.

Zingore, S., Adolwa, 1.S., Njoroge, S., Johnson, J.-M., Saito, K., Phillips, S., Kihara, J.,
Mutegi, J., Murell, S., Dutta, S., Chivenge, P., Amouzou, K.A., Oberthur, T.,
Chakraborty, S., Sileshi, G.W., 2022. Novel insights into factors associated with yield
response and nutrient use efficiency of maize and rice in sub-Saharan Africa. A
review. Agron. Sustain. Dev. 42, 82. https://doi.org/10.1007/513593-022-00821-4.

Zossou, E., Saito, K., Assouma-Imorou, A., Ahouanton, K., Tarfa, B.D., 2020.
Participatory diagnostic for scaling a decision support tool for rice crop management
in northern Nigeria. Dev. Pract. 1-16 https://doi.org/10.1080/
09614524.2020.1770699.


https://doi.org/10.1073/pnas.1113675109
https://www.sprpn.org/
https://doi.org/10.1016/j.foodpol.2010.05.003
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref58
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref58
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref58
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref58
https://doi.org/10.1016/j.fcr.2022.108591
https://doi.org/10.1016/j.fcr.2022.108591
https://doi.org/10.1111/jac.12417
https://doi.org/10.1111/jac.12417
https://doi.org/10.1016/j.foodpol.2004.01.004
https://doi.org/10.1016/j.foodpol.2004.01.004
https://doi.org/10.1016/j.foodpol.2015.04.003
https://doi.org/10.1016/j.eja.2016.12.010
https://doi.org/10.1080/1343943X.2019.1617638
https://doi.org/10.1016/j.gfs.2016.09.005
https://doi.org/10.1016/j.gfs.2015.01.002
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref67
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref67
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref68
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref68
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref68
https://doi.org/10.1126/science.1170261
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref70
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref70
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref71
http://refhub.elsevier.com/S2211-9124(23)00038-X/sref71
https://microdata.worldbank.org/index.php/catalog/lsms
https://microdata.worldbank.org/index.php/catalog/lsms
https://doi.org/10.1007/s11703-007-0005-z
https://doi.org/10.1007/s11703-007-0005-z
https://doi.org/10.1007/s13593-022-00821-4
https://doi.org/10.1080/09614524.2020.1770699
https://doi.org/10.1080/09614524.2020.1770699

	Inorganic fertilizer use and its association with rice yield gaps in sub-Saharan Africa
	1 Introduction
	2 Methods
	2.1 Search strategy, selection criteria, and database compilation
	2.2 Calculations
	2.3 Statistical analysis

	3 Results
	3.1 Fertilizer application rate and partial factor productivity of N, P, and K
	3.2 Grain yield and yield gap
	3.3 Relationship between nutrients application rate, grain yield, and relative yield gap
	3.4 Impacts of nutrients application rate and environment on partial factor productivity of N, P, and K
	3.5 Cluster analysis and priority intervention areas

	4 Discussion
	4.1 Importance of fertilizer use in narrowing the yield gap
	4.2 Factors affecting partial factor productivity of nutrients in rice fields
	4.3 Clustering and research and development recommendations

	5 Conclusion
	Funding
	Authors’ contributions
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


