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ABSTRACT
Rice production in sub-Saharan Africa (SSA) has increaed ten-fold since 1961, whereas its con
sumption has exceeded the production and the regional self-sufficiency rate is only 48% in 2020. 
Increase in rice production has come mainly from increased harvested area. Yield increase has been 
limited and the current average yield in SSA is around 2 t ha−1. This paper aims to provide the 
status quo of (i) current rice production and its challenges, (ii) selected achievements in rice 
agronomy research mainly by the Africa Rice Center and its partners, and (iii) perspectives for 
future research on rice agronomy in SSA. The major problems confronting rice production include 
low yield in rainfed environments, accounting for 70% of the total rice harvested area. Rainfed rice 
yields are strongly affected by climate extremes such as water stresses, soil-related constraints, and 
sub-optimum natural resource management and crop management practices by smallholder 
farmers including poor water management, and suboptimal use of fertilizers, herbicides, and 
machineries. For alleviating these constraints, a wide range of technologies have been developed 
and introduced over the last three decades. These include water conservation technologies in 
rainfed and irrigated lowland rice, site-specific nutrient management practices, decision support 
tools such as crop growth simulation models, and labor-saving technologies. We conclude that 
further research efforts are needed to develop locally adapted agronomic solutions for sustainable 
intensification, especially in rainfed rice to enhance the resilience to climate change and increase 
land and labor productivity and sustainability of rice cultivation in SSA.
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Introduction

Rice (Oryza spp.) is one of the most important staple 
crops for food security and social stability in large parts 
of sub-Saharan Africa (SSA). Its consumption has been 

increasing more rapidly than any other staple crop 
(Arouna et al., 2021). This rapid increase is driven by 

high population growth, urbanization and changing 

consumer preferences in the region. Recently reaching 
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one billion inhabitants, SSA has had the highest popula

tion growth rate in the world with a mean increase of 

2.5% per annum between 2007 and 2016 (The World 

Bank, 2022). During the same period, rice consumption 

has increased, at a rate of 6% per annum, and is 

expected to continue to grow in the foreseeable future 

(FAO, 2022).
In response to its growing demand in SSA, rice pro

duction has increased ten-fold since 1961 (FAO, 2022). 
This has resulted mostly from both an expansion of rice 
harvested area and, albeit to a lesser extent, an increase 
in rice production per unit of land (referring to as yield). 
Between 2000 and 2020, the harvested area increased 
from 6.9 million ha to 16.6 million ha, whereas the gain 
in rice yield was limited, increasing from 1.7 to 2.1 t ha−1 

only (FAO, 2022). Recent yield levels are still much lower 
than the global average which is around 4.8 t ha−1. 
Furthermore, on average in SSA countries, actual yields 
are less than half of the potential yield (Yp) or water- 
limited yield (Yw) (van Oort et al., 2015), suggesting that 
doubling rice yield is possible. ‘Yp’ is defined as the 
maximum yield that can be obtained from a crop in 
a given environment, as determined by simulation mod
els with plausible physiological and agronomic assump
tions. Under irrigated conditions, potential yield is 
determined by climate (solar radiation and tempera
ture), varietal characteristics and crop establishment 
methods including sowing date and density. Under 
rainfed environments, ‘Yw’ is affected by water availabil
ity (Saito et al., 2013). In 2020, rice consumption in SSA 
was estimated to be 32.2 million tons of milled rice, 
which was partially fulfilled by the importation of 
approximately 15.6 million tons (equivalent to 33% of 
the world market), indicating that the self-sufficiency 
rate in SSA is only 48%. The large gap between demand 
and supply for rice has pointed the attention of African 
governments and international donors to efforts 
strengthening the rice sector to achieve self-sufficiency 
in SSA (Arouna et al., 2021; Saito et al., 2015).

The objectives of this paper are to provide the status 
quo of (i) rice production and its main challenges, (ii) 
selected achievements in rice agronomy research mainly 
by Africa Rice Center (AfricaRice) and its partners, and (iii) 
perspectives for future research on rice agronomy in 
SSA. An edited book, published 10 years ago (Wopereis 
et al., 2013), and a recent special issue in Field Crops 
Research (Rodenburg & Saito, 2022) provided compre
hensive reviews on historical efforts on agronomy 
research. This paper does not intend to summarize 
their reviews, but provide complementary information, 
which were missing in those reviews, and present 

perspectives for future research, building on these pub
lications. Thus, the main foci in this paper are on (i) 
climate risks and associated crop management practices 
in rainfed environments, (ii) soil-related constraints, and 
(iii) labor issues in rice cultivation. First, we summarize 
characteristics of rice-growing environments and farm
ers’ rice cultivation practices, and some of the sustain
able rice performance indicators (SRP, 2020) such as 
yield and profit of three rice-growing environments 
based on recent studies. Second, we discuss climate 
risks, soil-related constraints and labor issues in rice 
cultivation. Then, we showcase some of the key technol
ogies developed by Africa Rice Center and partners, 
addressing various challenges, and we discuss perspec
tives for future research.

Characteristics of rice-growing environments in 
SSA

In SSA, rice-growing environments comprise irrigated 
lowland, rainfed lowland, and rainfed upland, with deep- 
water and mangrove rice being of minor overall impor
tance. Irrigated lowland, rainfed lowland, rainfed upland, 
and others account for 22%, 40%, 35%, and 4%, respec
tively, of the total rice area in SSA (Diagne et al., 2013). 
Surface-water regimes and water sources (e.g., irrigation, 
rainfall, water table) distinguish the rice-growing envir
onments. Irrigated lowlands comprise bunded fields 
with assured irrigation for one or more crops per year. 
Rainfed lowlands include slightly sloping, unbunded or 
bunded fields on waterlogged soils, often found in lower 
parts of the landscape such as lower slopes and valley 
bottoms of inland valleys. Rainfed uplands refer to level 
or sloping, unbunded fields on free-draining soils.

On-farm surveys in nineteen SSA countries showed 
that mean rice yields were 4.0, 2.6, and 1.6 t ha−1 in 
irrigated lowland, rainfed lowland, and rainfed upland, 
respectively (Tanaka et al., 2017; Table 1). Similarly, three 
recent studies (Arouna et al., 2021; Dossou-Yovo et al.,  
2020; Ibrahim et al., 2022) showed higher rice yields from 
irrigated lowlands (4.1 and 5.0 t ha−1, respectively) than 
other environments (Table 1). The yields of irrigated low
land rice obtained in these studies are similar to the global 
average which is around 4.8 t ha−1 contradicting the 
general perception that rice yields in SSA are low. 
National-level statistics on rice yields, feeding this percep
tion, do however not differentiate rice-growing environ
ments and their share of harvested areas. The low national 
yield level in SSA is attributed to a relative larger area 
share of rainfed lowland and upland rice that inherently 
have lower yields. Boosting rice production in SSA should 
be possible through the expansion of irrigated rice 
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cultivation (Saito et al., 2013), or by improving yields from 
rainfed rice growing environments.

Irrigated rice cultivation can be characterized by 
a higher profit associated with higher yield, resulting 
from higher inputs including seed, chemicals, and 
machinery for land preparation, lower plot sizes, and 
better field leveling compared to the other two major 
rice-growing environments (Table 1). In addition, farm
ers who grow irrigated lowland rice also often have 
better access to certified seed and mechanical tillage, 
conduct better land preparation (bunding, leveling) and 
transplanting, and apply higher N and P fertilizer appli
cation rates. Herbicide application levels are similar in 
irrigated and rainfed lowland rice, whereas labor inputs 
were not consistent across the three major rice-growing 
environments in these studies (Table 1). Apart from 
traditional equipment, machineries for planting, weed
ing, and harvesting are still not common except for a few 
cases such ashand-operated rotary weeders in 
Madagascar (Rodenburg et al., 2019) and combined har
vesters in the Senegal River Valley, in Senegal. In contrast 

with irrigated and rainfed lowland rice, rainfed upland 
rice is grown with relative low input levels such as 
certified seed, fertilizers, and herbicides. Table 1 does 
not show separate data on the potassium (K) application 
rate as it is generally highly correlated with application 
rates of the two most deficient nutrients, nitrogen (N) 
and phosphorus (P) (Ibrahim et al., 2022; Saito et al.,  
2019; Vandamme et al., 2018). The inconsistencies in 
data shown in Table 1 across studies (e.g., labor input) 
could be due to differences in the target countries and 
survey sites within a given country.

Reported N fertilizer application rates, especially in 
irrigated lowland rice, are higher than expected based 
on national statistics (Table 1). Again, national-level statis
tics do not differentiate crops and rice-growing environ
ments, and account for their relative shares of harvested 
areas. For example, when the mineral N application rate 
was calculated by dividing total N consumption by total 
arable land area, the N application rate in SSA remained 
less than 10 kg N ha−1 (Tsujimoto et al., 2019). Yet, 
a relatively higher N application rate to cereals was 

Table 1. Selected farmers’ rice cultivation practices, yield, and profit in three major rice-growing environments in sub-Saharan African 
countries.

Irrigated lowland Rainfed lowland Rainfed upland Reference

Rice area (ha household−1) 1.2 2.3 NA Arouna et al. (2021)1

1.0 1.3 1.8 Ibrahim et al. (2022)2

Certified seed (% of farmers interviewed) 59 33 20 Niang et al. (2017)3

74 4 NA Arouna et al. (2021)
87 76 69 Ibrahim et al. (2022)

Construction of field bunds (% of farmers interviewed) 93 27 15 Niang et al. (2017)
100 77 7 Senthilkumar et al. (2020)4

Mechanical tillage (% of farmers interviewed) 83 52 47 Niang et al. (2017)
0 18 0 Senthilkumar et al. (2020)

Field leveling (% of farmers interviewed) 47 23 19 Niang et al. (2017)
48 27 0 Senthilkumar et al. (2020)
70 59 56 Ibrahim et al. (2022)5

Transplanting (% of farmers interviewed) 77 28 7 Niang et al. (2017)
96 43 0 Senthilkumar et al. (2020)
92 25 NA Arouna et al. (2021)

N application rate (kg ha−1) 83 78 35 Dossou-Yovo et al. (2020)6

19 10 2 Senthilkumar et al. (2020)
40 19 NA Arouna et al. (2021)

104 80 69 Ibrahim et al. (2022)
P application rate (kg ha−1) 12 2 2 Senthilkumar et al. (2020)

5 2 NA Arouna et al. (2021)
18 13 9 Ibrahim et al. (2022)

Labor input (person day ha−1) 90 89 NA Arouna et al. (2021)
116 43 48 Ibrahim et al. (2022)

Herbicide use (% of farmers interviewed) 44 36 24 Rodenburg et al. (2019)6

40 39 NA Arouna et al. (2021)
Rice yield (t ha−1) 4.0 2.6 1.6 Tanaka et al. (2017)6

4.1 1.4 NA Arouna et al. (2021)
5.0 3.0 1.8 Ibrahim et al. (2022)

Net profit (USD ha−1) 1036 223 NA Arouna et al. (2021)
909 526 376 Ibrahim et al. (2022)

Notes: 1 Benin, Cameroon, Cote d’Ivoire, Ghana, Madagascar, Mali, Niger, Nigeria, Senegal, Sierra Leone, Tanzania, and Togo. 
2Burkina Faso, Ghana, Nigeria, Senegal, and Tanzania. Farmers buying certified seeds with quality control or using self-saved seeds for a maximum of three crop 

cycles and with quality control (%). 
3Data from 11 West African countries only (Benin, Burkina Faso, Côte d’Ivoire, Ghana, Guinea, Mali, Niger, Nigeria, Sierra Leone, The Gambia, and Togo). 
4Data from five East and Southern African countries only (Tanzania, Uganda, Ethiopia, Rwanda, and Madagascar). 
5Land having been leveled or had soil conservation practices (%). 
6Benin, Burkina Faso, Cameroon, Chad, Côte d’Ivoire, Democratic Republic of Congo, Ethiopia, Ghana, Guinea, Madagascar, Mali, Niger, Nigeria, Rwanda, 

Senegal, Sierra Leone, Tanzania, The Gambia, Togo, and Uganda. Tanaka et al. (2017) did not include data from Senegal.
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observed in household surveys in SSA (Holden, 2018) and 
the N application rates observed in irrigated lowland rice, 
mainly studies from West Africa (e.g., Dossou-Yovo et al.,  
2020; Ibrahim et al., 2022), are similar to that in some of 
Asian countries (IFA, 2022).

Yuan et al. (2021) recently quantified yield gaps 
and resource-use efficiencies (including water, pesti
cides, N, labor, energy, and associated global warm
ing potential) across 32 rice cropping systems 
covering half of the global rice harvested area 
including SSA. The rice production in SSA is charac
terized by large yield gaps, low use of chemical 
inputs (inorganic N fertilizer, pesticides), high risks 
of soil N mining, and high labor inputs. Relative 
higher labor inputs in SSA are associated with 
a relative lower use of machines. Rice production 
in SSA tended to have a lower global warming 
potential per area, but a higher yield-scaled global 
warming potential due to low yields. Hence, rice in 
SSA would need a larger production area for reach
ing a given production target, which, ultimately, 
would lead to a larger environmental impact. 
Furthermore, rainfed rice environments in SSA tend 
to have a lower yield stability than those in other 
regions (Saito et al., 2021; Supplementary Fig.4 in; 
Yuan et al., 2021).

Constraints to rice production

It has been frequently reported that low rice yields 
in SSA are caused by a range of biophysical and 
socioeconomic constraints that impose abiotic and 
biotic stresses on the rice crop during its growth 
cycle (Asai et al., 2021; Dossou-Yovo et al., 2020; 
Ibrahim et al., 2021; Niang et al., 2017, 2018; Saito 
et al., 2013; Senthilkumar et al., 2020). Although the 
constraints are site- and rice-growing environment- 
specific, soil-related constraints including iron toxi
city and salinity, extreme temperatures, drought 
(water scarcity, and poor water management in irri
gated and rainfed lowlands), flooding, weeds, dis
eases, pests, and suboptimal land and crop 
management interventions are the major factors 
causing low yields. Production risks arising from 
these constraints aggravate farmers’ resource use 
inefficiency (Mujawamariya et al., 2017). As men
tioned in the introduction section, we do not 
describe all the constraints to rice production in 
SSA in this paper but instead will focus on (i) climate 
risks and associated crop management practices to 
mitigate them in rainfed environments, (ii) soil- 
related constraints, and (iii) labor issues in rice 
cultivation.

Climate risks related to rainfed environments

It is well-recognized that cropping systems with low 
potential yield (Yp) or water-limited yield (Yw) typically 
exhibit high year-to-year yield variability (van Ittersum 
et al., 2013; van Oort et al., 2017; Yuan et al., 2021). This is 
especially the case for rainfed environments in SSA, 
which have both drought and flooding risks (Saito 
et al., 2021; Yuan et al., 2021). The harsh and variable 
climate generally limits maximum productivity and 
makes investment in agricultural inputs riskier. Year-to- 
year variation in Yw in rainfed rice in SSA is much higher 
than that in simulated Yp in irrigated lowland rice (Saito 
et al., 2021; van Oort et al., 2017), indicating a higher risk 
in rainfed rice. Using a 20% threshold, yield loss due to 
water stress (Yw/Yp < 0.8), 24% of all rainfed lowland 
sites and 76% of all rainfed upland sites in SSA were 
classified as suffering from drought (van Oort, 2018). 
With such risk, farmers’ agricultural inputs are generally 
lower in rainfed rice than irrigated lowland rice, as 
shown in Table 1. Therefore, farmers in rainfed environ
ments tend to be trapped in a vicious cycle of poverty: 
low investment leading to low productivity, resulting in 
a small income, and low capital accumulation leading to 
low investment. There are a few studies showing year-to 
-year variation in yield based on data from field experi
ments or surveys, i.e., 4-year field survey/experiment in 
Benin (Niang et al., 2018) and a 6-year experiment in 
Côte d’Ivoire (Husson et al. 2022). Both studies clearly 
showed large yield variation in rainfed environments (1.1 
to 2.9 t ha−1 in Niang et al., 2018; 0.7 to 2.1 t ha−1 in 
Husson et al., 2022), and indicated a strong association 
between yield variation and rainfall or soil water condi
tions. Furthermore, spatial variation in soil water status 
strongly affects variation in yield response to N fertilizer 
application (Niang et al., 2018). Together with the evi
dence from these studies, greater climate variability pre
dicted in future climate scenarios, resulting in increased 
rainfall extremes, greater risks, and a negative impact on 
agriculture calls for urgent development of climate 
change adaptation options in rainfed environments in 
SSA (Akpoti et al., 2020; Müller et al., 2011).

Spatial and temporal impact of flooding on rice has 
not been quantified yet (van Oort et al., 2019). However, 
it has been considered that early-season flash flooding 
and submergence greatly impair rice production in the 
rainfed lowlands of SSA (Devkota et al., 2022).

Soil-related constraints

Soil fertility is inherently low in SSA and has been con
sidered as one of the major constraints to rice produc
tion (Diagne et al., 2013; Haefele et al., 2013; Tsujimoto 
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et al., 2019). Recent studies used digital soil maps for 
assessing soil-related constraints to rice production at 
the African continent level (Haefele et al., 2014; Saito 
et al., 2013; van Oort, 2018). Soil constraints, in general, 
are more common in rainfed rice than irrigated lowland 
rice (>75% v. 52% in poor and very poor soils) (Saito 
et al., 2013), whereas a relative higher percentage of 
problem soils (mainly saline and sodic soils) is observed 
in irrigated lowland rice than rainfed rice (18 vs. 2–3%). 
Haefele et al. (2014) identified drought-prone soils (with 
low soil water-holding capacity) as a major constraint to 
rice production in SSA. Quantitative estimates by van 
Oort (2018) showed that 20–33%, 12%, and 2% of 
Africa’s total rice area, were potentially affected by 
drought, iron toxicity, and soil salinity/alkalinity, 
respectively.

A recent study assessed the degrees of variation of 19 
soil fertility properties for 2845 soil samples collected 
from 42 study sites in 20 SSA countries (Johnson et al.,  
2019). The majority of soil samples were collected from 
farmers’ fields. Soil fertility properties in rice-cultivated 
fields across SSA varied largely except for pH. In general, 
soils in rice fields were characterized by low chemical 
fertility and high deficiencies in total N, available P, and 
extractable B. Furthermore, Johnson et al. (2021) 
assessed concentrations of six macronutrients (N, P, K, 
Ca, Mg, and S) and seven micronutrients (Na, Fe, Mn, B, 
Cu, Mo, and Zn) in grain and rice straw samples collected 
at harvest from 1628 farmers’ fields in 20 SSA countries. 
N, P, and K concentrations in rice straw in irrigated low
land fields were higher than in rainfed lowland and 
upland. From the studied fields, 2%, 16%, and 16% of 
straw samples were deficient in N, P, and K, respectively. 
K deficiency occurred in all three major rice-growing 
environments, whereas P deficiency mainly occurred in 
rainfed upland rice.

Haefele et al. (2022) assessed soil fertility properties 
and nutrient concentrations in grain and straw samples 
in long-term experiments in the Senegal River Valley, 
Senegal, which included six different fertilizer treat
ments. The samples were collected in the 2016/17 dry 
season (after 26 years, implying 52 iterations of contin
uous rice cropping). In addition to N and P deficiencies, 
which are typically observed in nutrient omission trials 
(Saito et al., 2019), likely deficiencies of K, S and Zn are 
appearing in these experiments and may begin to limit 
rice yields in intensive irrigated lowlands. Unfortunately, 
to our knowledge, there are no long-term experiments 
(>20 years) on rainfed lowland and upland rice in SSA.

The above-mentioned assessment was based on 
a comparison of soil fertility properties or crop nutrient 
concentrations observed in the literature. Quantification 
of relationships between soil fertility properties or plant 

nutrient concentration and rice productivity remains 
a challenge (Dossou-Yovo et al., 2020; Niang et al.,  
2017, 2018; Zingore et al., 2022). In most cases, rice 
yield was not strongly related to soil fertility properties 
assessed by soil tests. This also applied to data from 
nutrient omission trials; rice yields from -N, -P, or -K 
plots could not be simply estimated by total N, or 
total/extractable P or K in all three major rice-growing 
environments (Zingore et al., 2022). Further research is 
still needed for estimating yield response to indigenous 
soil nutrient supplies and fertilizers. The alternative is 
a heavy reliance on data on rice yield from nutrient 
omission trials (Saito et al., 2019), the establishment 
and monitoring of which requires substantial 
investment.

Recently, micronutrient deficiency has been identified 
as one of the limiting factors for rice yield (Haefele et al.,  
2022; Johnson et al., 2021; Johnson et al., 2019). But, the 
results are inconsistent among study sites. Positive 
impacts of micronutrient fertilizer application on rice 
yield were observed in Burkina Faso, Mali, and 
Tanzania, but this was not the case for Niger and 
Uganda (Awio et al., 2021; Garba et al., 2018; 
Senthilkumar et al., 2021; van Asten et al., 2004). Thus, 
a site-specific approach is needed for enhancing rice 
yield via additional micronutrients.

Labor

As indicated above, farmers’ adoption of labor-saving 
technologies such as chemical inputs and machineries 
are limited for rice cultivation in SSA. Thus, rice cultiva
tion requires significant manual labor inputs from both 
male and female farmers in SSA (Arouna et al., 2021; 
Ibrahim et al., 2022; Yuan et al., 2021). In addition, child 
labor is common in this region (Bass, 2004). The agricul
tural workforce contains a larger share of women than 
men (Palacios-Lopez et al., 2017). However, a recent 
study, which was conducted in Burkina Faso, Côte 
d’Ivoire, Madagascar, and Sierra Leone, provided evi
dence that female farmers do not necessarily spend 
more time than men in rice cultivation in SSA 
(Kinkingninhoun et al., 2020).

Land preparation, crop establishment, weeding, bird 
scaring, and harvesting are major interventions requiring 
substantial labor inputs for rice cultivation (Paresys et al.,  
2018; Komatsu et al., 2022). Delayed land preparation 
and crop establishment due to labor shortage or poor 
access to machinery tend to result in rice plants having 
more abiotic (e.g., lower rainfall or temperature at the 
end of wet season) and biotic stresses (e.g., birds) 
(Tanaka et al., 2015). Consequently, delayed planted 
rice tends to have lower yields. Competition from 
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weeds is typically one of the major biophysical con
straints, frequently leading to significant yield losses 
and sometimes to complete crop failure (Rodenburg 
et al., 2022). Without labor-saving technologies includ
ing herbicides or mechanical weeders, weeding is how
ever very labor intensive. In rainfed upland rice, Ogwuike 
et al. (2014) reported that average yields of 1.2 t ha−1 are 
achieved after one manual weeding intervention requir
ing 179 h ha−1 and each additional weeding interven
tion, while requiring progressively less labor (130 hours 
ha−1 for second weeding, 125 h ha−1 for third weeding), 
improves yields by 0.5 t ha−1. Weeding proved not only 
to reduce weed competition, but also decrease bird 
visits and concomitant rice grain losses from granivorous 
birds (Rodenburg et al., 2014). This is an important addi
tional reason for farmers to invest in weeding because 
birds cause substantial damage in SSA. Annual bird 
damage is found to average 13% of the rice production 
in irrigated lowland rice. Farmers heavily rely on their 
traditional bird control techniques, e.g., manual bird 
scaring, flags, and scarecrows (de Mey et al., 2012).

Based on the above, the introduction of labor-saving 
technologies (e.g., machineries, herbicides, early maturing 
varieties) for critical management operations is essential 
for enhancing yield as well as labor productivity. 
Furthermore, reducing the labor inputs for rice cultivation 
could also simply free time and improve farmer health 
and quality of life, create opportunities for other agricul
tural or off-farm activities, and free children from labor in 
favor of schooltime, thus improving their future opportu
nities (Brosseau et al., 2021; Kinkingninhoun et al., 2020).

Opportunities for increased productivity of rice

This section showcases some of the efforts made by Africa 
Rice Center and its partners to evaluate or develop tech
nologies for addressing the challenges mentioned in sec
tion 3. This section will focus on (i) enhancing rice 
productivity in rainfed environments, (ii) soil and nutrient 
management practices, and (iii) labor-saving technologies.

Enhancing rice productivity in rainfed environments

Rainfed lowland rice fields in SSA do not always have 
bunds and are often not well leveled (Niang et al., 2017). 
For reducing climate risks due to drought in rainfed low
land rice, water conservation technologies that involve 
leveled fields and improved bunding have been exten
sively tested and disseminated in SSA (Dossou-Yovo et al.,  
2022). Wherever possible, the construction of inlets for 
irrigation to have supplemental irrigation has been consid
ered as one of the alternative approaches for adapting to 
climate change, as drought-resistant varieties cannot 

completely mitigate the risks for yield reduction due to 
drought (Asai et al., 2021; Grotelüschen et al., 2022; 
Onaga et al., 2020). For example, in Uganda, Onaga et al. 
(2020) reported that supplemental irrigation of 20 mm of 
water using sprinklers every 5 days during windows of dry 
weather starting from the panicle initiation stage signifi
cantly increased rice yield (by 37%), fertilizer use efficiency 
(by 54%), and profitability of rice cultivation (by 32%). 
Grotelüschen et al. (2022) quantified the impact of supple
mental irrigation on yield in two sites of East Africa using 
the Agricultural Production Systems Simulator (APSIM) 
over 30 years of historical weather data. Supplemental irri
gation showed average yield gains of > 1.5 and > 0.4 t ha−1 

in two sites. Reducing production risks could be important 
to foster intensification, as it would allow and incentivize 
farmers to invest more inputs (e.g. fertilizer), resulting in 
further yield increase (Niang et al., 2018). Where supple
mental irrigation is not available or expensive, an APSIM 
model-based approach could deliver recommendations for 
optimum fertilizer application levels in drought-prone 
rainfed conditions (Grotelüschen et al., 2022). Models like 
APSIM or ORYZA2000 or ORYZAv3 can also be used to 
stimulate yield gain and risk related to sowing windows 
and variety options (Van Oort & Dingkuhn, 2021). However, 
such studies have not been undertaken yet in SSA for 
rainfed rice. The challenge is that such simulations require 
high-quality input data on soil parameters and local 
dynamics of soil hydrology (Van Oort & Dingkuhn, 2021). 
In contrast with rainfed lowland rice, climate change adap
tation options such as sowing window, variety choice, and 
cropping pattern choice were recently evaluated for irri
gated rice (van Oort et al., 2019).

Up to now, there has been a limited number of studies 
on the evaluation of submergence-tolerant rice varieties 
that contain the Sub1 gene in SSA. Devkota et al. (2022) 
assessed the performance of two Sub1 varieties devel
oped for West Africa under transplanted and wet-seeded 
conditions, in comparison with the predominant local 
variety (WITA 9). The fields were submerged for 1–2  
weeks at 5–7 weeks after seeding. This study showed 
similar results to those observed in Asia, and the yield of 
the Sub1 varieties was 1.1–4.5 t ha−1 higher than that of 
the local popular variety WITA 9. Although the yield of the 
Sub1 varieties was not affected by the establishment 
method, wet seeding also reduced labor requirements 
and costs, and increased profitability. Thus, combining 
Sub1 varieties with wet seeding could provide co- 
benefits in terms of increased profitability and resilience 
to flash flooding as well as reducing labor inputs. Further 
evaluation of such combined packages in actual produc
tion environments is warranted.

In rainfed upland rice, Asai et al. (2021) performed 
a meta-analysis to assess the impact of mineral fertilizer 
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application on upland rice yield and to quantify the 
effects of soil texture and rainfall on the yield response 
to mineral fertilizer application. This study clearly 
showed the importance of rainfall, and higher rainfall is 
related to greater yield response to fertilizer. The effect 
of N fertilizer depends on soil type and is poor or nega
tive on soils with a low clay content, especially under low 
rainfall conditions. The information aids in developing 
strategies for fertilizer management and other crop 
management practices. In soils with a high clay content, 
N fertilizer application is recommended to target higher 
yield because of the high return and low risk of 
a negative response, even under low rainfall conditions. 
Combining such fertilizer recommendations with high- 
yielding varieties such as upland indica materials from 
Asia could enhance rice productivity further (Futakuchi 
et al., 2021; Saito et al., 2018). For areas dominated by 
soils with a low clay content and low and/or variable 
rainfall, water conservation technologies such as conser
vation agriculture including mulching, crop diversifica
tion options (e.g., rotating upland rice with maize and 
sorghum), and weather forecasting for fine-tuning ferti
lizer recommendations could also be considered. Recent 
studies showed that conservation agriculture practices 
or mulching only could reduce soil erosion (Rodenburg 
et al., 2020), improve upland rice yield, and reduce 
the year-to-year coefficient of variation (Bruelle et al.,  
2015; Husson et al., 2022; Partey et al., 2016; Totin 
et al., 2013). However, sometimes, yield increases with 
conservation agriculture have also been associated with 
increases, rather than reductions, in yield variability 
(Rodenburg et al., 2020). Among the above studies, 
three studies (i.e., Bruelle et al., 2015; Husson et al.,  
2022; Partey et al., 2016) showed that the yield levels 
obtained with conservation agriculture, even with inor
ganic fertilizer application, remained below 2 t ha−1. In 
such conditions, a substantial increase in rice production 
is not expected, and more studies are needed for explor
ing crop diversification options having greater resilience 
to drought in terms of profit and crop production. Here, 
supplemental irrigation might be also considered. Again, 
evaluating various crops is needed for identifying their 
suitability under supplemental irrigation.

Soil and nutrient management

Djagba et al. (2022) evaluated one of the soil digital soil 
maps (AfSoilGrids250m, Hengl et al., 2015) to examine if 
such digital soil information can predict soil fertility 
properties in rice fields in SSA for its potential use for 
the development of field-specific nutrient management 
recommendations. The results showed that at the field 
scale, the prediction accuracy of AfSoilGrids250m for pH 

(H2O), clay and silt contents, total N, and organic carbon 
were poor (R2 <0.50). The best predictive performances 
were obtained when data were aggregated by site and 
rice growing environment combination, suggesting lim
itations of the use of soil digital information for field- 
specific recommendations. In 2021, Hengl et al. (2021) 
developed new, detailed pan-African maps of soil nutri
ents at a 30 m resolution. Evaluation of these maps is 
warranted for their use for field-specific nutrient man
agement recommendations.

Another advancement in the domain of research on 
soil and plant nutrient analyses for rice in SSA is the 
application of infrared spectroscopy for estimating soil 
fertility properties and plant nutrient concentrations. 
Good prediction models (R2 >0.75) were obtained for 13 
soil fertility properties including pH H2O, total N, total 
organic C, clay and silt content, exchangeable Ca, and 
exchangeable Mg, as well as 7 nutrients concentrations 
in rice plants, i.e. N, P, K, Ca, Mg, Mn, and Cu (Johnson 
et al., 2021). These studies clearly show that diffuse reflec
tance spectroscopy can offer an efficient, rapid, and envir
onmental-friendly alternative to conventional wet 
chemistry methods for assessing soil fertility properties 
and nutrient concentrations in rice plants in SSA.

Chivenge et al (2021, 2022). reported progress in 
research and development of site-specific nutrient man
agement (SSNM). RiceAdvice was developed as an SSNM 
tool for rice in SSA, and its impact was evaluated (Arouna 
et al., 2021; Zossou et al., 2021). The yield gain obtained 
following RiceAdvice fertilizer recommendations was lim
ited, and yields were generally still far from their potential. 
Emphasis is needed for integrating SSNM approach with 
other good agricultural practices such as land preparation, 
variety choice, crop establishment, and weed manage
ment. Furthermore, SSNM work for rice in SSA still focuses 
on irrigated rice or favorable rainfed lowland rice, i.e. where 
yield loss due to water stress is limited. Here, weather 
forecasting can be used for considering seasonal variation. 
Real-time adjustment of nutrient management based on 
weather data and crop growth could help improving farm
ers’ decision-making. For improving nutrient use efficiency, 
fertilizer application methods such as application to nur
sery beds in transplanted rice and micro-dose placement in 
dry-seeded, dibbled rice were tested (Vandamme et al.,  
2016, 2018). But these studies focused on P only. Further 
studies should consider other nutrient elements.

Senthilkumar (2022) reviewed the literature on crop and 
nutrient management approaches and innovations for rice 
in SSA. Out of 84 studies that dealt with nutrient manage
ment, only six studies were done on organic amendments 
(including green manures) and only four included micro
nutrients. With soaring inorganic fertilizer prices in SSA 
(Awio et al., 2022), future research should focus more on 
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the use of renewable and locally available resources (e.g. 
rice husks, organic matter from crop residues or household 
waste). For example, Tippe et al. (2020) concluded that rice 
husks, widely and often freely available from local rice mills, 
could supplement part of the inorganic fertilizers required 
in both rainfed upland and lowland. What would be neces
sary is to quantify their availability and impact on a much 
larger scale and identify target domains for scaling. Yield 
responses to organic resources require evaluation and link
ing such observations with digital soil maps would be 
warranted to examine and understand site-specificity of 
gains from organic soil amendments. Furthermore, long- 
term soil health monitoring is needed to make sure that 
recommended fertilizer management practices would not 
have a negative impact on future environmental 
sustainability.

Labor-saving technology

Agronomists or crop scientists can play major roles in 
the above two topics, i.e. enhancing rice productivity in 
rainfed environments and improving soil and nutrient 
management practices. When it comes to testing labor- 
saving technologies, collaboration should be sought 
with mechanization experts and private companies 
(e.g., manufacturers, dealers, and service providers) 
with an interest in developing and upscaling technolo
gies. Social scientists need to come to the table to gain 
(and apply) knowledge on gender and power dynamics 
and other socio-economic factors underlying needs and 
adoption of such technologies by farm actors. 
Agronomists or crop scientists would focus on on- 
station and on-farm field evaluation of these technolo
gies before introducing them to farmers. Such evalua
tions could help further improving technologies as well. 
Social scientists could also play an important role in 
quantifying the impact of labor-saving technologies, on 
different user groups, in terms of labor savings and spin- 
offs thereof. It has been observed that the rate of women 
adopting labor-saving technology is low because its 
design is generally based on factors important to men 
(Vemireddy & Choudhary, 2021) and women in rural 
Africa are often faced with limited access to such tech
nologies and training on their use (Achandi et al., 2018).

Apart from testing of herbicides as part of integrated 
good agricultural practices, there were limited studies 
assessing the effect of labor-saving technologies on labor 
inputs for rice cultivation in SSA (Senthilkumar, 2022). 
Rodenburg et al. (2015) assessed potential time savings 
from mechanical weeders and herbicides, and Amponsah 
et al. (2017) evaluated the performance of combined har
vesters. Johnson et al. (2019) worked with farmers to eval
uate mechanical weeders. Labor-saving technologies for 

land preparation and crop establishment have so far not 
been considered for rice production in SSA. This does not 
mean that research on mechanization was not a high 
priority in rice agronomy research for AfricaRice and its 
partners (Rickman et al., 2013). There are several potential 
reasons for a limited publication record. First, mechaniza
tion specialists often focused on post-harvest technologies 
rather than rice production technologies. Consequently, 
the collaboration between mechanization experts and 
agronomists has been limited. Second, there is a scarcity 
of mechanization experts with academic backgrounds or 
interests. The focus of mechanization experts has been on 
the development side, rather than the experimental 
research and publication side. Information derived from 
factorial experimental research across environments and 
contexts would however be especially helpful for potential 
users who want to know more about benefits, costs, tech
nical requirements and how to handle the machineries 
(Mujawamariya & Kalema, 2017).

Within the One CGIAR, Excellence in Agronomy (EiA) for 
Sustainable Intensification and Climate Change Adaptation 
Initiative, which started in 2022, a strategic project on 
mechanization was initiated, which brings mechanization 
experts across different CGIAR centers together. The pro
ject explores appropriate mechanization options that can 
make an impact on improved efficiency of resources (i.e., 
land, water, nutrient, labor, and capital) and increase pro
ductivity at the field and farm level in a given location. 
Furthermore, it is essential to explore different mechaniza
tion service provision models that could help farmers 
implementing timely land preparation (e.g., two-wheel 
tractors), crop establishment (e.g., seeders and transplan
ters) and other rice cultivation practices such as motorized 
weeders for weeding and reapers for harvesting.

Conclusion and perspectives for future research

This review shows that significant efforts in agronomic 
research for development have been undertaken to 
address the challenges in rice cultivation in sub- 
Saharan Africa (SSA). Despite these efforts and achieve
ments, however, considerable yield gaps in researcher- 
managed trials as well as farmers’ fields persist. Further 
improving rice yield and closing the rice yield gaps 
across environments, is an essential objective for 
achieving food security and rice self-sufficiency. 
Sustainable intensification in rainfed lowlands and 
uplands offers substantial room for increasing rice pro
duction because total rainfed rice represents > 70% of 
the total rice harvested area in SSA. Agronomists and 
crop scientists should demonstrate how much the 
yield gap could realistically be closed with integrated 
crop management practices. We summarized the 
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suggested research priority areas on a selected num
ber of themes (Table 2). Collaboration needs to be 
strengthened among scientists from different disci
plines. Breeders, soil scientists, crop modelers, remote 
sensing and GIS specialists, mechanization specialists, 
social scientists, and agronomists/crop scientists would 
play important roles in these priority areas. We believe 
that such collaborative efforts will deliver locally- 
adapted agronomic solutions for sustainable intensifi
cation especially in rainfed rice to enhance the resili
ence to climate change and increase land and labor 
productivity and sustainability of rice cultivation in 
SSA. In addition to such research efforts, enabling 
environments are essential for success in SSA, such as 
farmers’ (particularly women) access to agro-input and 
machineries, training, extension systems, markets, and 
financial services. Engagement with public and private 
stakeholders is also needed for enhancing farmers’ 
adoption of agronomic solutions.
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