
Vol.:(0123456789)1 3

Paddy and Water Environment (2018) 16:571–586 
https://doi.org/10.1007/s10333-018-0649-8

REVIEW

Developing fertilizer recommendations for rice in Sub‑Saharan Africa, 
achievements and opportunities

Vincent Boubie Bado1 · Koffi Djaman2 · Valère Cesse Mel2

Received: 9 January 2018 / Revised: 13 April 2018 / Accepted: 27 April 2018 / Published online: 4 May 2018 
© The International Society of Paddy and Water Environment Engineering and Springer Japan KK, part of Springer Nature 2018

Abstract
Improving agricultural productivity to keep pace with the fast-growing food demand is a huge challenge for sub-Saharan 
Africa (SSA). Fertilizer is a powerful productivity-enhancing input; nevertheless, farmers of SSA use only 5–9 kg ha−1 of 
fertilizer, which is ten times lesser than Latin America and Asia (50 and 80 kg ha−1, respectively). Rice (Oryza sativa) is 
one of the most important food crops of SSA, and its consumption is growing faster than any other commodity in Africa. 
Rice-based systems have high potential for improving food production through an efficient management of fertilizers. The 
biophysical environment, cropping systems and socio-economic status of farmers including market opportunities are the 
main factors for developing appropriate fertilizer recommendations. Many research efforts have been invested in different 
countries to develop fertilizer recommendation for rice. However, the diversity of rice ecologies, the type and the cost of 
fertilizers available on local market are the main constraints for development of blanket recommendations of fertilizer usually 
applied in many countries. Here, we make a reviews of the progress made on the development of fertilizer recommendations 
for rice-based systems in SSA. The utilization of the new concepts and decisions support tools for development of fertilizer 
recommendation and the main achievements and weakness are discussed. The opportunities offered by the new concepts, 
modeling and decision support tools are discussed in a regional strategic approach for better management of fertilizers in 
the diversified ecologies of rice-based systems.
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Introduction

To keep pace with the fast-growing food demand, countries 
of sub-Saharan Africa (SSA) must improve their agricultural 
productivity. Fertilizer is a powerful productivity-enhancing 
input, yet SSA uses very less quantity of fertilizers com-
pared to the rest of the world. From 1970 to 2000, SSA 
applied 5–9 kg ha−1 of fertilizer, while Latin America and 
Asia applied 50 and 80 kg ha−1 of fertilizer, respectively 
(Yanggen et al. 1998).

Rice (Oryza sativa) is one of the most important food 
crops of the developing world and the staple food of more 
than half of the world’s population. Rice consumption is 

growing faster than the consumption of any other commod-
ity in Africa. From 1961 to 2006, rice production grew at 
3.23%, while the consumption increased by 4.52% (Diagne 
et al. 2012; Seck et al. 2012), indicating the widening gap 
between supply and demand. Rice is the leading source of 
nutrition and all member countries of the Economic Com-
munity of West African States (ECOWAS) are net rice 
importers (Seck et al. 2010; Fiamohe et al. 2012). Regard-
ing the importance and opportunities of rice production 
in Africa, many initiatives have been developed involving 
multiple stakeholders. Coalition for Africa Rice Develop-
ment (CARD) is an initiative with an overall strategy and 
framework to respond to the increasing demand for rice. 
This initiative is jointly proposed by the Alliance for a Green 
Revolution in Africa (AGRA) and the Japan International 
Cooperation Agency (JICA).

Sub-regional institutions and international frameworks 
of stakeholders are implemented to assist efforts by African 
countries to increase the local rice production while building 
on existing structures, policies and programs, such as the 
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Africa Rice Center (AfricaRice), the Comprehensive Africa 
Agriculture Development Program (CAADP) and the Africa 
Rice Initiative (ARI). Many countries are investing signifi-
cant efforts and resources in the rice sector, particularly after 
the rice food crisis of 2008. However, the low productiv-
ity due to the high cost of inputs such as fertilizer remains 
a limiting factor to increase the global rice production in 
Africa. For example, while the simulated potential yield of 
irrigated rice with new improved varieties is 8–12 tons ha−1 
in West Africa Sahel (WAS) (Dingkuhn and Sow 1997), the 
average yields in farmers’ fields vary from 4 to 6 tons ha−1 
(Haefele et al. 2002; Kebbeh and Miezan 2003). Yanggen 
et al. (1998) calculated the ratio of kilograms of output per 
kilogram of input for rice in SSA to be ranging from 7 to 20 
with an average of 12. This is higher than the rule-of-thumb 
threshold of 10 and close to the average of 11.4 for Asia 
and Latin America. The yield for unfertilized rice in SSA 
was roughly the same as Asia and Latin America, indicat-
ing that rice has more favorable ratio than maize in Africa. 
This better land productivity with rice is probably explained 
by the fact that most of the rice is irrigated or cultivated in 
lowland environment with reduced water stress. Working 
on economic analysis of factors of productivity in Senegal, 
Diagne et al. (2012) pointed out that fertilizers are robustly 
found to be the single most important source of productivity 
and technical efficiency levels of rice.

Rice is grown in West Africa in a wide range of agro-
ecological zones ranging from the humid forest to desert 
areas. Within these regional agro-ecological zones, five main 
systems of rice cultivation exist with respect to water supply, 
soil hydrology and topography (Windmeijer et al. 1994). 
Irrigated rice systems are primarily cultivated in deltas and 
floodplains with good water control. The lowland rainfed 
rice systems are mostly cultivated in valley bottoms and 
floodplains with varying degrees of water control. The rain-
fed upland rice systems are cultivated on upland and slopes 
on aerobic soils. The deepwater and mangrove systems pre-
sent along riverbeds and in tidal areas (lagoons, deltas and 
coastal) rarely have water control on anaerobic soils for most 
of the season.

Compared to traditional cereals (millet, sorghum, maize), 
rice has the highest yield potential. Improving the availabil-
ity, fertilizer recommendations could highly contribute to 
food security while reducing rice import in Africa. There 
is scope for sustainable intensification of the existing crop-
ping rice-based systems through an efficient management 
of nutrients both from soil and fertilizers. In line with the 
efforts by African governments, under the Abuja Convention 
to increase mineral fertilizer use to 50 kg of nutrients per 
hectare by 2015 and based on its potential productivity as 
well as its regional and international market opportunities, 
ECOWAS has identified rice as one of its priority crops. 
While rice has tremendous potential to be a cash crop, it is 

also a cereal crop, which is widely cultivated in diversified 
environments and ecologies.

For example, lowland rice is cultivated in heavy soils 
under periodical submersion that affect the dynamic of soil 
organic carbon, soil nutrients and fertilizer use efficiency. 
In contrast, upland rice is cultivated on upland soils, which 
are generally of poor quality compared to lowland soils. 
The main constraints of upland soils are the low contents of 
clay, organic carbon, exchange capacity (EC) and nutrients 
availability. Between the lowland and upland ecologies and 
depending on water management and cropping systems, rice 
is cultivated in a diversity of biophysical environments that 
affect the nutrient use efficiency and productivity of rice-
based systems. While nitrogen (N) deficiency is the main 
limiting factor of yield for lowland irrigated rice (Wopereis 
et al. 1999; Haefele et al. 2002; Bado et al. 2008), phos-
phorus deficiency particularly in the low acidic soils is the 
main limiting factor for upland rice. Any fertilizer recom-
mendation should take into account the biophysical envi-
ronment, the cropping system and also the socio-economic 
environment of farmers including market opportunities. This 
paper reviews rice-based systems and the main achievements 
on fertilizer recommendation to improve fertilizer use and 
rice productivity. Rice ecologies are used as the basis for 
strategic management of fertilizers for rice-based systems. 
Based on the main achievements and weakness, this paper 
discusses the challenges and opportunities to improve fer-
tilizer use efficiency in rice-based systems. The goal is to 
suggest alternatives for better management of fertilizers to 
improve nutrient use efficiency and productivity of rice-
based systems in diverse ecologies.

Soil constraints in rice ecologies

Rice is both a staple and cash crop but also a strategic 
commodity in the international and regional markets. 
Due to the fast-growing demand for rice, many efforts 
and initiatives have been invested to increase rice produc-
tion, particularly after the food crisis of 2008 (Diagne 
et al. 2012; Seck et al. 2012). As for many crops, mineral 
fertilizer is one of the main factors of productivity and 
profitability. However, the use of fertilizer is limited by 
several factors. Most important factors limiting the use 
of fertilizers are cost, affordability and profitability. The 
development of fertilizer recommendation is generally 
based on the use of response curves to different nutrients 
(N, P, K) and calculation of the dose of fertilizer nutrients 
to apply for a target yield. Then, fertilizer recommenda-
tions are based on the optimum yields calculated from 
different nutrient requirements. However, in most coun-
tries in Africa, fertilizer recommendations are out of date 
and too general (‘blanket recommendations’) for different 



573Paddy and Water Environment (2018) 16:571–586 

1 3

ecologies of rice. The rice-based systems have three main 
ecologies Africa: irrigated lowlands, rainfed lowlands, 
and rainfed upland. The characterization of rice-growing 
environments is based on two concepts: toposequence and 
rice cropping system (Andriesse and Fresco 1991). Rain-
fed upland rice depends exclusively on rainwater. Rain 
is the main source of water on the crests and the upper 
and middle slopes of the toposequence. Excess water is 
stored in the soil is discharged by run-off or by percola-
tion. Rainfed lowland rice also depends exclusively on 
rainwater as main source of water. But lowland rice is 
cultivated in the inland valleys and floodplains in the low-
est toposequence. Because of the higher clay content and 
lower position in the toposequence, excess water is peri-
odically stored in the soil. Irrigated rice is cultivated in 
inland valleys and flood plains with full control of water 
through irrigation. With the availability of water, irri-
gated rice is sometimes cultivated on upland soils. Each 
cropping system has specific biophysical, agronomic and 
socio-economic constraints that limit crop productivities. 
Moreover, the demand for fertilizer and the application 
of fertilizer recommendations by farmers vary with the 
rice ecologies (rainfed or irrigated). Water availability, 
capacity of farmers to purchase fertilizers, manage water 
and weeds determine their decision and quantity of ferti-
lizer they might apply. For example, irrigated rice systems 
are the most intensive systems. While mineral fertilizers 
are systematically used in the intensive irrigated lowland 
rice-based systems, the use of mineral fertilizers in the 
rainfed lowland or upland systems is limited.

Soil constraints

As a consequence of biophysical factors and water regimes, 
rice is cultivated on a diversity of soils. The dynamic of 
nutrients from soil and fertilizer is differently affected by the 
management practices of water during the cropping seasons. 
The main constraints and distribution of fertility groups of 
soils within the different rice ecosystems and total rice area 
per system are summarized in Table 1. Using the fertility 
capability soil classification (FCC) system (Sanchez and 
Buol 1985; Sanchez et al. 2003), Haefele et al. (2014a, b) 
identified four groups of soils. The first two groups (‘good’ 
and ‘poor’ soils) do not have major soil chemical constraints, 
but differ in their degree of weathering and, therefore, their 
indigenous soil fertility. The third group (‘very poor’ soils) 
represents highly weathered soils with very low nutrient 
availability and a high probability of soil chemical con-
straints to crop growth (acid, low nutrient reserves, low 
CEC, Al toxicity, high P-fixation). The last group combines 
the most frequently cited ‘problem soils’, i.e., acid-sulfate 
soils, peat soils, saline and alkaline soils, which are char-
acterized by specific and severe soil chemical constraints. 
In general, soil pH, available P, exchangeable bases (Ca, 
Mg, K, and Na), and ECEC decrease while total C, total N 
and exchange acidity (Al and H) increase with increasing 
rainfall. This tendency is mostly explained by the enhanced 
biomass production and soil weathering sequence governed 
by the climate (Abe et al. 2010). The majority of rice soils 
are very poor (37%), followed by equal fractions of poor 
(28%) and good soils (27%). Overall, problem soils are not 
common and make up ‘only’ 8% of all rice soils in Africa.

Table 1  Distribution of the different soil characteristics, constraints and fertility groups (%) within the different rice ecosystems (%) and total 
rice area per system in Africa. Source Adapted from Haefele et al. (2014a, b)

Fertility groups and soil constraints Cropping systems/ecologies of rice (%)

Irrigated 
summary

Rainfed 
summary 

Other, 
deepwater/
mangroves

Rainfed, 
lowlands

Rainfed uplands

Good soils: Calcareous (basic reaction) common Fe and Zn deficiencies  
cracking clays, vertic properties, very sticky plastic clay, amorphous vol-
canic, high P-fixation by allophane 
 waterlogging, gleyic conditions

19.7 17.8 11.8 22.8 11.4

Poor soils: Limited aluminum toxicity, intermediate, Weathering, low 
organic C, shallow/obstacles to roots, gravel 
slight alkalinity

25.7 16.0 25.2 16.7 12.8

Very poor soils: Low nutrient capital reserves, Al toxicity for most common 
crops or very low pH, Very shallow 
 soil moisture stress (three month dry season); High leaching potential, low 
buffering capacity, low ECEC, very low organic C, 
high P-fixation by Fe and Al oxides

47.8 63.9 60.8 57.6 74.4

Problem soils: Saline, sulfidic, presence of cat clays, organic 
 alkaline or sodic

6.3 2.3 2.1 2.9 1.3

Total rice area per system (000 ha) 2215 8251 678 4611 2963
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Rainfed upland rice

Rice upland soils cover the upper and middle slopes of the 
catena are generally well drained, deep to very deep, and 
coarse- to medium-textured or gravelly in the humid for-
est and Guinea savanna zones. Soils in the upper parts of 
the toposequence are moderately to well drained, shallow 
to medium in depth, and coarse- to medium-textured or 
gravelly in the Sudan savanna transition zones (Andriesse 
and Fresco 1991). The red clayey or clay-loam soils domi-
nant in the humid forest and Guinea savanna zones are 
classified as Ultisols and Oxisols, and some as Alfisols; 
the brown sandy or sandy loam soils of the Sudan savanna 
transition zones belong to Alfisols, Inceptisols, or Enti-
sols; and the organic matter (OM)-rich, relatively fertile 
soils of the highlands of East and Central Africa and Mad-
agascar are mostly Inceptisols. The inherent fertility of 
most upland soils is low pH, cation exchange capacity, and 
base saturation in warm and humid zones due to intense 
weathering of parent materials, and medium to high in 
semiarid zones due to less intense weathering and, deposi-
tion of Ca, Mg, and K from dust deposits from the Sahara 
Desert that occur in the dry season (DS) (Andriesse and 
Fresco 1991). Subsoil acidity and Al and Mn toxicity are 
common problems in some soils. Due to high P-fixation, P 
fertilization is an important requisite to get a crop response 
to other nutrients such as N (Sahrawat et al. 2003).

Upland rice production is mostly by subsistence-ori-
ented farm households with limited use of external inputs. 
Upland rice is grown as a sole crop or mixed with maize 
and beans both in slash-and-burn systems and in intensi-
fied systems, where upland rice is rotated with other crops 
on permanently cultivated lands. Under this rice-growing 
system, the land is tilled before the rainy season arrives, 
and the rice seed is normally broadcasted. While the 
upland rice area is relatively small (9.2%) in Asia, it cov-
ers 44% of the total rice cultivated in Western and Central 
Africa, mainly in coastal areas in the humid and sub-humid 
agro-ecological zone (Defoer et al. 2002; Seck et al. 2010). 
Due to erratic rainfall patterns, poor weed control, low fer-
tilizer use, and high disease incidence, yields remain low, 
averaging about 1 ton ha−1. Weed competition is the most 
important yield-reducing factor (Johnson 1997) followed 
by drought, blast, soil acidity and general soil infertility. 
Farmers traditionally manage these stresses through long 
periods of bush fallow. However, population growth has 
forced farmers to reduce the fallow periods and concen-
trate their farming activities toward the fragile upper parts 
of the upland slopes. The slash-and-burn method of land 
clearing can reduce weed pressure but also led to a decline 
in soil fertility. Farmers also face high risk of crop failure 
and generally lower productivity levels. The main factors 

that limit rice yields under rainfed conditions are frequent 
drought, lack of water management and poor soils.

The upland rice production systems account for almost 
one-half of the rice area and contribute to 29% of the total 
rice production in West Africa. Upland rice is cultivated on 
poor soils, which are generally acidic, fragile and prone to 
degradation and nutrient depletion. The low productivity of 
the upland rice-based system is partly due to the limited use 
of nutrient inputs by resource poor smallholder farmers and 
limited investment in fertilizers (Buresh et al. 1997; Becker 
and Johnson 1999; Oikeh et al. 2010). Even though these 
production systems have the potential for 2–4 tons ha−1, 
rice yields are seldom above 1-ton ha−1 in most smallholder 
farmers’ fields due to constraints such as soil acidification, 
inherently low soil fertility, and limited use of fertilizers 
(Oikeh et al. 2010). Most upland rice-based systems under 
shortened fallow management are characterized by inher-
ently acidic, P-deficient and low organic matter contents. 
An Appropriate management option is to develop low exter-
nal input systems that sustainably increases soil fertility 
to match appropriate varieties (acid-tolerant, P-efficient), 
enhances soil organic matter N-balance through integra-
tion of N-fixing legume, crop residue management and use 
of phosphate rock alone or in combination with organic 
amendments.

Lowland rice

Rainfed lowland rice and irrigated lowland rice are culti-
vated on wetlands or lowlands in different ecologies. Low-
lands are found not only in low-lying areas (river and coastal 
flood-plains, deltas, and depressions) but also on upper river 
terraces, foot slopes, and hilltops. For example, in West and 
Central Africa, lowlands are a part of the inland valley sys-
tem, which is a continuum of drylands on upper and mid-
slopes and lowlands in valley bottoms. On lower slopes, the 
boundary between wetland and dryland is often gradual. 
About 40% of lowlands are found in the equatorial region 
and the rest in the Guinea savannas. About 36 million ha of 
lowlands are located in the tropical highlands of East and 
Central Africa and Madagascar (Balasubramanian et al. 
2007). Inland basins are the largest area suitable for rice 
with 45% of the total lowlands in Sub-Saharan Africa (SSA). 
They comprise drainage depressions and inland deltas of 
rivers, with imperfectly to poorly drained and potentially 
acidic soils (Ultisols, Oxisols, Alfisols, Entisols, and Verti-
sols). Inland valley lowlands occupy 36% of the total wet-
land area in SSA (Balasubramanian et al. 2007). Most inland 
valley lowlands are concentrated in the intertropical zone 
where rainfall is superior to 700 mm. The soils (Entisols) 
in the valley bottoms are flooded during the rainy season, 
whereas the soils (Ultisols, Oxisols, Alfisols, and Incepti-
sols) on adjacent drylands are aerobic and prone to erosion. 
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Floodplains (12% of lowlands) are wide, flat plains of allu-
vium bordering streams and rivers that periodically flood 
them. Well-developed flood plains extend from either side of 
large rivers such as the Gambia, Niger, Benue, Zaire, Zam-
bezi, Limpopo, Tana, White and Blue Nile, and Chari. Soils 
of the floodplains (Entisols, Inceptisols) are moderately well 
to poorly drained and medium to fine textured with moder-
ate to high fertility. Soils can be saline and/or alkaline in 
drier regions (Balasubramanian et al. 2007). Coastal low-
lands (7%) of lowlands) comprise Deltas of Niger in Nigeria, 
Rufiji in Tanzania, and Zambezi in Mozambique; Estuar-
ies at the mouths of the Zaire, Cross, Gambia, and Corubal 
rivers; Intertidal flats or lagoons along the West and East 
African coasts. Soils (Entisols, Inceptisols, Histosols) are 
poorly drained and nonsaline in freshwater swamps, acid 
sulfate (Entisols, Inceptisols) in mangrove swamps, poorly 
drained and saline (Inceptisols) in lagoons, coarse-textured 
(Entisols, Inceptisols) in sand bars and dunes, and organic 
(Histosols) in permanently flooded areas. In general, soils 
of lowlands are fairly rich in exchangeable bases (Ca, Mg, 
and K), slightly acidic to neutral (pH 6–7), low in P-fixation 
capacity, and not Al toxic (Balasubramanian et al. 2007).

Rainfed lowland rice

About 40–45 million ha of rainfed lowlands supply around 
20% of the world’s rice production (IRRI, AfricaRice, CIAT 
2010). The rainfed lowlands constitute 26% of the total rice 
area in Asia (Swain et al. 2005). In West and Central Africa, 
the rainfed lowland systems (floodplains and valley bottoms) 
constitute 31% of the total rice area (Defoer et al. 2002). 
Inland valleys constitute over 38% of the total wetlands in 
sub-Saharan Africa and are cropped extensively with rain-
fed lowland rice in the wet season (Africa Rice Center—
WARDA 2008). In West Africa, this ecosystem forms sig-
nificant rice-growing areas in Senegal (47%), Burkina Faso 
(65%) and Gambia (64%) (Seck et al. 2010). On-farm yield 
level is generally low due to various biophysical constraints 
and poor crop management practices (Becker and Johnson 
2001b; Touré et al. 2009). Furthermore, in inland valleys, 
natural resources (particularly water and soil resources) are 
strongly correlated with their position in the toposequence 
(Homma et al. 2003; Haefele et al. 2006; Tsubo et al. 2006). 
Most lowland fields have no water control such as bunds or 
drainage system, despite the fact that bunds could improve 
productivity by 30–100% (Raes et al. 2007; Worou 2012). 
For example, in Cote d’Ivoire, applied nitrogen efficiency of 
rainfed lowland rice is improved by bunds increasing gain 
by 10–12 kg grain (Becker and Johnson 2001a; Asubonteng 
2001; Touré et al. 2009). In a combined analysis over four 
seasons in Benin, Worou (2012) demonstrated that bound-
ing increased rice yield by 29% and fertilizer application 
increased rice yield by 28% without interaction between the 

two factors. Rainfed lowlands in inland valleys present a 
high potential for rice production in Africa. However, rice 
yield in the lowlands is in general low due to various con-
straints such as, poor soil fertility, drought, iron (Fe) toxicity, 
and poor crop management practices (Worou 2012). Many 
studies indicate that the application of P, K and Zn in con-
junction with N in lowlands is an effective way of reducing 
iron toxicity in rice (Yamauchi 1989; Yoshida 1981; Worou 
2012). Furthermore, iron (Fe) toxicity is considered as one 
of the major constraints to rice production in rainfed low-
lands in West Africa (Becker and Asch 2005). The reduc-
tive conditions found in lowland soils are a prerequisite for 
the development of iron toxicity through the solubilization 
of virtually all iron compounds in the soil into its ferrous 
form (Fe2 +). Two levels of toxicity can be observed in the 
wetland system: the primary iron toxicity explained by an 
apparent sensitivity of rice seedlings to high amounts of 
Fe2 + accumulated just after flooding, and the secondary iron 
toxicity described by the excessive Fe2 + uptake caused by 
an increased root permeability and enhanced microbial iron 
reduction in the rhizosphere (intensive exudation) during the 
physiologically active phase of rice plant between heading 
and flowering (Prade et al. 1986). Iron toxicity can be also 
linked to nutritional imbalances due to low availability of 
P, K, Zn, Ca or Mg rather than to a high content of soluble 
iron in the soil solution. Therefore, iron concentration in the 
leaf tissue is a much better indicator of the occurrence of 
iron toxicity than extractable iron in collected soil samples. 
High iron concentrations in soil can reduce the uptake of 
other minerals such as nitrogen (N) and phosphorus (P) by 
rice plants (Yoshida 1981; Diatta and Sahrawat 2005) and 
consequently reduce rice yield (Chérif et al. 2009). Increased 
pond water level due to development of bunds to avoid water 
stress may increase risk for Fe toxicity, resulting in reduced 
rice yield or fertilizer use efficiency. However, little is known 
about the effects of bounding and fertilizer application on 
rice yield in areas where Fe toxicity is a major constraint.

Irrigated lowland rice

The availability of water in irrigated lowland rice system 
induces some agronomic problems such as weed pressure 
and nitrogen losses (denitrification, volatilization) more 
than in the rainfed lowlands system. Irrigation systems 
include dams, water diversion from rivers and pump irri-
gation from surface water or tube-wells (Defoer et  al. 
2002). High-yielding varieties are cultivated with appro-
priate doses of fertilizers coupled with improved man-
agement techniques. During rainy season, farmers do not 
always have full control over water. Hence, the bounda-
ries between lowland and irrigated systems are not rigid. 
Water control may change over time and space. The level 
of water control dictates, in broad terms, the production 
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potential of a system, and knowledge about the dynamics 
of water control is therefore extremely important. Nutri-
ent recoveries (in particular N use efficiency) are affected 
by water management. In West and Central Africa, only 
12–14% (0.5 million ha) of the total rice area is irrigated 
(Somado et al. 2008). This includes 80% of the rice area in 
Cameroon (14,700 ha), 55% in Niger (14,000 ha), 30% in 
Mali (52,920 ha) and 20% in Burkina Faso (6750 ha). Irri-
gated rice in these countries (except Cameroon) is mainly 
in the Sudan Savanna and Sahel, which account for nearly 
60% of the irrigated rice area in West and Central Africa. 
On average, yields from farmers’ irrigated rice fields in the 
Sahel are around 5–6 tons ha−1 per season, with potential 
yields varying from 8 to 11 tons ha−1 per season (Haefele 
et al. 2000). The very high yield potential in the Sahel is 
due to high solar radiation levels and relatively favorable 
temperatures. African rice gall midge, rice yellow mottle 
virus and blast are the major pests found in the irrigated 
rice ecosystems in Africa (Nwilene et al. 2007). Despite its 
high yield potential, ‘blanket recommendations’ of mineral 
fertilizers are widely used without taking account the new 
improved varieties, soil type, cropping system, growing 
season and water management. These lead to poor inputs 
use returns, increasing production cost and decreasing 
competitiveness of irrigated rice.

The productivity and profitability of irrigated rice-based 
systems can be improved by an integrated development and 
management of technologies adapted to the production envi-
ronment of small-scale farmers (Kebbeh and Miezan 2003). 
This objective could be achieved by a systems approach 
helping decision makers and farmers to adopt dynamic 
choices according to environment opportunities rather than 
traditional research (Jones et al. 1998). In addition to these 
three main ecosystems, mangrove rice-growing systems also 
form an important part of the rice production systems in 
some countries.

Fertilizer recommendation for rice

The fertilizer dose, type and nutrients applied by various 
African countries are summarized in Table 2. The main 
observation is the high variability of recommendations 
even for the same ecology. For example, N fertilizer recom-
mendations vary from 90 to 130 kg ha−1 in Burkina for the 
same ecology of irrigated rice cultivated under full water 
control conditions. As showed by Bado et al. (2011), some 
explanations of this variability in fertilizer recommendations 
may result from multiple interactions within soil type, yield 
potential of varieties, the cropping season, farmer’s practices 
(such as weed control) and the type of fertilizer available to 
be used for calculating fertilizer recommendations (Fig. 1). 

Rainfed upland

In contrast with lowlands, phosphorous deficiency and high 
P-fixing capacity associated with low organic carbon and 
low availability of nitrogen are the main limiting factors in 
upland soils (Becker and Johnson 2001b; Sahrawat et al. 
2003). Due to water constraints and frequent droughts, fer-
tilizer application is more effective during high rainfall. In 
general, the recommended N rates for upland rice usually 
range from 50 to 80 kg ha−1, applied in 2–3 splits at planting, 
early tillering and panicle initiation. The critical limit of soil 
extractable P for upland rice ranges from 14 to 16 mg ha−1 
(Sahrawat et al. 1997, 2001; Bado et al. 2010), and P fer-
tilizer applications vary from 13 to 25 kg ha−1. Potassium 
is less limiting, and around 10–20 kg K ha−1 are usually 
applied. Due to poor quality of upland soil (low OC, clay 
content, acidity and high P-fixing) and limited resources 
of smallholder farmers to afford mineral fertilizer, organic 
inputs are an important productivity factor. Promising alter-
native cropping systems include the use of weed suppress-
ing and multipurpose legumes as short-term fallow crops 
(Becker and Johnson 1998, 1999; Akanvou et al. 2000; Saito 
et al. 2010). Intercropping upland rice with grain legumes 
like cowpea or soybean, rice–grain legume rotations or inte-
grating early maturing legumes as pre- or post-rice crops 
improve the productivity of upland rice systems (Oikeh et al. 
2008).

Fertilizer recommendations (Table 2) present the diffi-
culty of calculating accurate doses of nutrients. Fertilizers 
communally available in the local market are not always 
adapted to rice. For example, many formulations of the com-
plex NPK fertilizer available in many countries are formu-
lated for the most important industrial crops such as cocoa 
(Côte d’Ivoire) or cotton (Burkina Faso). Fertilizer recom-
mendations for rice are generally adjusted using urea and the 
available NPK fertilizers. For example, excessive doses of P 
are recommended on lowland rice in Burkina Faso because 
of the difficulty in balancing N, P and K nutrients with urea 
(46% N) and NPK fertilizer (14-23-14).

Irrigated and rainfed lowlands

In general, the recommended N rates for lowland rice 
usually range from 60 to 120 kg ha−1, applied in 2–3 
splits at planting, early tillering and panicle initiation. An 
additional split at booting can be beneficial in very high-
yielding systems (Wopereis-Pura et al. 2002), depending 
of yield potential of varieties and weed control. Good 
control of weeds is an important factor of fertilizer N use 
efficiency in irrigated and lowland systems. Good response 
to fertilizer applications is obtained through adequate 
weed control, while poor control of weeds leads to poor 
response to N applications (Bado et al. 2008) (Fig. 1). 
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Many studies indicate that N fertilizer recommendations 
depend on the cropping. The optimum rate of N fertilizer 
varies from 90 to 120 kg N ha−1 during the wet season 
(Haefele et al. 2002; Bado et al. 2010). Very high N rates 
up to 150 kg ha−1 can be recommended in irrigated rice 
system during the dry season, if high solar radiation ena-
bles potential grain yields of up to 12 ton ha−1 (Haefele 
and Wopereis 2004). The critical limits of soil extractable 
P vary from 7 to 9 mg P ha−1 and from 15 to 17 P ha−1 
with the P-Bray1 and Olsen method, respectively (Haefele 
et al. 2004; Bado et al. 2008) (Fig. 2). Below these critical 
limits, the application of 20–25 kg P fertilizer can main-
tain good level of P to ensure good yields. Potassium fer-
tilizers are to be applied along with N and P on poor soils, 
if higher yields are desired, and especially if two (high-
yielding) crops are grown per year on a regular basis. The 
amount of K that needs to be applied also depends on 
K inputs from the irrigation water and from dust deposi-
tions. In West Africa, the dust deposition (dry deposition) 
is high at the northern fringes of the Sahel (e.g., in the 

Table 2  Fertilizer 
recommendations for rice in 
some countries in Africa

Country Rice ecology Doses of nutrient 
applied (kg ha−1)

References

Nigeria Lowland 60N–13P–25K Ekeleme et al. (2008)
Rainfed Upland 50N–30P–30K Oikeh et al. (2017)

Benin Rainfed Lowland 55N–18P–33K Worou (2012)
Rainfed Upland 78N–15P–27K Oikeh et al. (2017)

Togo Lowland 122N–13P–25K Meertens 2001
Rainfed Upland 45N–10P–19K Aboa et al. 2008

Senegal Irrigated Lowland 120N–26P–50K Haefele et al. 2013
Rainfed (upland/Lowland) 100N–13P–25K Lô 2010

Mali Irrigated Lowland 133N–20P–40K Nwilene et al. (2007)
Rainfed (upland/Lowland) 60N–10P–10K Haefele et al. (2001)

Côte d’Ivoire Irrigated Lowland 71N–20P–38K CNRA (2005)
Rainfed upland 70N–21P–30K Gala-Bi et al. (2011)

Burkina Faso Lowland 82N–31P–30K Segda et al. (2005)
Rainfed upland 67N–16P–18K Karboré (2011)

Ghana Lowland 90N–26P–50K Buri et al. (2012)
Rainfed Upland 90N–20P–30K Nyalemegbe et al. (2012)

Tanzania Lowland 40N–10P–0K Mowo et al. (1993)
Rainfed Upland –

Sierra Leone Lowland 60N–18P–34K Nyalemegbe et al. (2012)
Upland 60N–18P–34K Oikeh et al. (2017)

Egypt Lowland 143N–16P–47K Abd El-Hadi et al. (2013)
Malawi Lowland 83N–11P–0K Mutegi et al. (2015)

Upland 83N–11P–0K
Gambia Lowland 70N–30P–30K Ceesay (2011)

Upland 70N–30P–30K
Ethiopia Lowland 69N–10P–0K Tilahun et al. (2007)

Upland –
Mauritania Lowland 156N–20P–0K Haefele et al. (2001)
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Fig. 1  Effects of weeds control (weeding and no weeding) on irri-
gated rice responses to N fertilizer applications in the Senegal River 
Valley (Reproduced with permission from Bado et al. 2011)
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Senegal River valley and in the Office du Niger, Mali) and 
decreases toward the south (Haefele et al. 2004, 2013).

On two long-term fertility experiments implemented 
by AfricaRice in the Senegal river valley, Bado et  al. 
(2010) showed that soil organic carbon remained steady 
or increased irrespective of fertilizer application and rice 
yields declined only when rice was cultivated without 
NPK fertilizer or when only N fertilizer was used (Fig. 3). 
They suggested seeking alternatives for better management 
of fertilizers in order to improve irrigated rice productivity 
and profitability. While N should be applied each season, 
it is probably not necessary to apply P and K each season. 
For example, seasonal applications of N (each cropping 
season) and annual applications (one season per year) of P 
and K can be an option to improve fertilizer management, 
rice production and profitability.

New concepts and tools for fertilizer 
recommendations

The strategic objective of self-sufficiency in rice has become 
the political slogan of most of the countries in Economic 
Community of West African States (ECOWAS). Improving 
fertilizer use efficiency through appropriate fertilizer recom-
mendations would contribute to increasing the productiv-
ity, profitability and competitiveness of local rice produc-
tion, a huge option to reach rice self-sufficiency. Specific 
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Valley, as determined by the Cate and Nelson graphical method with 
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approaches and decisions supports tools have been devel-
oped for better management of fertilizers in rice systems. 
The new approaches of fertilizer recommendations aim to 
achieve more efficiency in the use of fertilizer, increase pro-
ductivity with more profit to farmers, result in higher yields 
per unit of applied fertilizer, and protect the environment by 
preventing excessive use of fertilizer.

The challenges

The technical and environmental challenges to be consid-
ered are related to the high diversity of rice ecologies and 
rice-based cropping systems. The diversity of soils, water 
regimes, frequent droughts (Balasubramanian et al. 2007), 
cropping systems and management practices are to be con-
sidered in the development of fertilizer recommendations 
for rice. On the uplands, weak buffering capacity of soils 
due to low soil organic carbon (SOC) and clay content, low 
cation exchange capacity (CEC) and P deficiency are the 
main limiting factors to agricultural productivity of any crop 
including upland rice. Data from many long-term experi-
ments in upland soils usually show yield declines over time 
as a consequence of a decrease in SOC, soil acidification 
and a decrease of nutrient use efficiency (Bationo and Mok-
wunye 1991; Bado et al. 1997; Bationo et al. 2008). It is 
necessary to consider the socio-economic realities of small-
holder and poor farmers who possess limited resources to 
buy fertilizers.

In contrast to the poor upland soils, lowland soils of the 
inland valleys have generally higher organic carbon and clay 
contents, a better CEC and water retention capacity, offering 
better conditions for crop production (Bado et al. 2010). The 
wetlands of sub-Saharan Africa are affected by Fe, Al and 
Mn toxicity in the wet forest zones and in waterlogged soils 
(Buddenhagen 1986; Sahrawat 2004). Moreover, permanent 
water logging and rice monoculture have caused microele-
ment deficiencies, especially zinc and sulfur. Zinc deficiency 
is normally observed in soils with one or more of the fol-
lowing characteristics: high pH, high organic matter, high 
availability of P or Si, high Mg/Ca ratio and low availability 
of Zn (Ponnamperuma and Deturck 1993). The traditional 
rainfed lowlands are also complex. Soils have better prop-
erties, and water is more available compared to the upland 
environment. However, one of the main constraints comes 
from the non-control or poor control of irrigation systems, 
leading to other problems such as nutrient loss (particularly 
N), pest, weed pressure, and sometimes  Fe2+ toxicity. Due to 
these problems, rainfed lowlands are under-utilized. Farmers 
use many cropping systems in the upland rice-based sys-
tem. Crop diversification can help better exploit the high 
production potential of lowlands. Water regime and inputs 
(fertilizer, herbicides) could help to identify appropriate 
management options.

Fertilizer requirements of irrigated rice are higher in 
the more intensive production systems. However, the long-
term and intensive cultivation of irrigated rice with peri-
odical flooding affect the dynamics of SOC, soil pH, cation 
exchange capacity and nutrient use efficiency (Cassmann 
et al. 1997). Results from long-term experiments in Asia 
show yield declines of 70 to more than 200 kg ha−1 with best 
management practices over a period of 10–24 years (Flinn 
and De Datta 1984; Cassman et al. 1995; Cassmann et al. 
1997). In West Africa, data of a long-term fertility experi-
ment conducted by AfricaRice showed that soil organic car-
bon was maintained or even increased with monocropping of 
irrigated rice over 18 years or 36 cropping seasons (Haefele 
et al. 2004; Bado et al. 2010). The recycling of crop residues 
and roots in the flooded conditions of irrigated rice systems 
explained the status of SOC (Bado et al. 2010). The decom-
position of plant residues is typically slower in submerged 
soil than in aerated soil (Powlson and Olk 2000; Regmi et al. 
2002; Sahrawat 2004; Zhang and He 2004; Mirasol et al. 
2008). Crop residues are continuously recycled in the soil 
twice a year as a source of carbon, which are incorporated 
into young soil organic matter fraction (Cassman et al. 1995; 
Olk et al. 1996; Witt et al. 2000). In general, most of the 
irrigated lowland valleys in the Sahel and Sudan savannah 
have considerable soil K reserves (Buri et al. 1999; Wop-
ereis et al. 1999; Haefele et al. 2004). Probably because of 
the relatively high soil K status, the exchangeable K did not 
show any significant depletion with the recommended doses 
of NPK fertilizer as already noted by Haefele et al. (2004). 
However, the highest doses of N fertilizers (180 kg N ha−1 
or more) can probably induce K depletion with long-term 
cropping. While the quick decline of SOC necessitates the 
need for organic fertilizers in upland aereted soils, the main-
tenance or buildup of SOC is consistent or even increases 
in flooded conditions of irrigated rice (Bado et al. 2010), 
coupled with the improvement of soil chemical properties 
(Sahrawat 2004) and better use of nutrients both from soil 
and fertilizers. Bado et al. (2010) observed that rice yields 
could be maintained for 18 years with the seasonal appli-
cation of only chemical NPK fertilizers, probably because 
of the improvement of soil chemical fertility with flooding 
(Sahrawat 1998) and the maintenance of SOC and NPK 
nutrient. Thus, the standard or traditional approach for devel-
oping fertilizer recommendations based on the selection of 
a soil test, calibration of the test levels with crop response 
to added nutrients, and identification of response categories 
cannot give accurate recommendations in wetland ecolo-
gies of rice. Many studies validate the argument that tradi-
tional approach to fertilizer recommendation is unsuitable 
in lowland soils due to dynamic nutrients in the periodical 
waterlogging wetlands environment (Haefele et al. 2004). 
In the traditional approach, fertilizer recommendations are 
formulated for specific crops regardless of the cropping 
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system or the management of other nutrient sources such 
as crop residues. Experiments are usually conducted at a 
particular experimental site in time and space with one or 
a limited number of plant genotypes. This traditional agri-
cultural research is time consuming, and many experiments 
on diverse sites over several seasons sometimes provide lit-
tle information (Jones et al. 1998). The new challenge is 
to develop new fertilizer management strategies that could 
integrate the complex interactions within ecological, bio-
physical and socio-economic factors of rice-based systems.

New concepts and tools

National and international research institutions have invested 
several efforts to develop decision support tools that aim 
at improving fertilizer recommendations for rice systems 
(Table 3). In particular, the International Rice Research 
Institute (IRRI) and AfricaRice (formerly WARDA) have 
developed various concepts and methods for better manage-
ment of fertilizer in rice systems. Moving beyond blanket 
recommendation, the main objective of the institutions was 
to propose appropriate methods and tools to develop spe-
cific doses of fertilizer for diverse ecologies of rice (uplands, 
lowlands), time of application, cropping season and system. 
These recommendations facilitate better productivity and 
profitability. This approach gave rise to the development of 
the new concept of site-specific nutrients management for 
rice.

Site‑specific nutrient management (SSNM)

The International Rice Research Institute has developed 
the concept of site-specific nutrient management (SSNM) 
for rice (Dobermann and White 1999; Witt et al. 1999; 
Dobermann et al. 2002; Saito et al. 2015). This approach 
relies on the scientific principles determined during 
15 years of site-specific nutrient management research 

in Asia (Saito et al. 2015). The concept of SSNM is the 
dynamic, field-specific management of nutrients in a par-
ticular cropping season to optimize the supply and demand 
of nutrients according to their differences in cycling 
through soil–plant systems (Dobermann and White 1999; 
Wang et al. 2001). Balanced fertilization increases nutrient 
use efficiency, results in higher yields per unit of applied 
fertilizer and protects the environment by preventing 
excessive fertilizer use.

A cloud-based decision support tool named Nutrient 
Manager for Rice (NMR) was developed to deal with such 
specificity and provide farmers with field-specific nutrient 
management recommendations before the cropping season. 
The version currently in the public domain is called Crop 
Manager; http://cropm anage r.irri.org/) (Saito et al. 2015). 
The NMR provides advice on when, how much, and what 
sort of fertilizer to apply. Agricultural extension officers or 
lead farmers can access NMR through a personal computer, 
smartphone, or tablet. The recommendations are calculated 
from farmers’ replies to questions about the agro-ecological 
or administrative zone of their field, variety of rice, avail-
ability of irrigation water, previous crop and crop residue 
management, previous rice yield levels, and fertilizer use 
(Saito et al. 2015). Fertilizer recommendations are devel-
oped in five steps: (1) selecting a desired economic yield 
based on the average yield of the past 3–5 crops (same sea-
son) attained by farmers’ good crop management practices 
when nutrient-related constraints are overcome; (2) estimat-
ing soil nutrient supplies by using grain yield in nutrient 
omission plots (under favorable weather conditions and good 
growing conditions) as an indicator of the potential soil sup-
ply of N, P, and K in a cropping season; (3) calculating ferti-
lizer N rates and use of plant need-based N management; (4) 
calculating fertilizer  P2O5 rates; and (5) calculating fertilizer 
 K2O rates. More details are published in a practical guide 
by Fairhurst et al. (2007). SSNM technologies have been 
successfully evaluated in a wide range of farmers’ fields in 

Table 3  Concept, tools and methods utilized by different institutions to develop fertilizer recommendation in rice-based systems

a IPNI International Plant Nutrition Institute
b IFDC International Center for Research on Soil Fertility and Agricultural Development
c AfricaRice (Africa Rice Center, former WARDA)

Rice system Concept Tools Institution

Lowland irrigated rice Site-Specific Nutrient Management (SSNM) Nutrient manager or Rice Advice AfricaRice
Integrated Crop Management (ICM) RIDEV AfricaRice
Site-Specific Mutrient Management Nutrient Expert IPNIa

Rainfed Lowland Site-Specific Nutrient Management (SSNM) Nutrient manager or Rice Advice AfricaRicec

Site-Specific Nutrient Management Nutrient Expert IPNIa

Integrated Soil Fertility Management (ISFM) DSSAT QUEFTS IFDCb

Rainfed Upland Site-Specific Nutrient Management (SSNM) Nutrient manager AfricaRice
Integrated Soil Fertility Management (ISFM) DSSAT QUEFTS IFDC

http://cropmanager.irri.org/
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Asia and are now positioned for wider-scale validation and 
adaptation by farmers in Asia (Fairhurst et al. 2007).

Other decision supports tools are also used to develop 
SSMN recommendations. The most popular is the QUEFTS 
model (Quantitative Evaluation of Fertility of Tropical 
Soils). The QUEFTS model was initially developed to simu-
late interactions between N, P and K for tropical soils under 
maize crop (Janssen et al. 1990; Smaling and Janssen 1993; 
Janssen 1998; Witt et al. 1999). Information required to esti-
mate the total amount of N, P, and K to be applied included: 
climatic yield potential; yield goal; definition of the relation-
ship between grain yield and nutrient uptake; recovery effi-
ciencies of N, P, and K fertilizers; field-specific estimates of 
the indigenous N, P, and K supply; and potential constraints 
to fertilizer use. Some modified versions of QUEFTS have 
been performed later for different crops including rice (Hae-
fele et al. 2004; Sattaria et al. 2014).

Haefele et al. (2003) developed a framework for improv-
ing fertilizer recommendations by combining the rice yield 
model ORYZA_S (Dingkuhn and Sow 1997) with a sim-
plified version of QUEFTS, called FERRIZ. The dynamic 
eco-physiological model, ORYZA_S provided potential rice 
yields under irrigation, based on weather condition, cultivar 
choice and sowing date. This yield potential was then used 
in the static FERRIZ model, together with on-farm data on 
recovery efficiency of applied N, P and K, indigenous soil N, 
P and K supply. AfricaRice (former WARDA) has developed 
a decision support tool called RIDEV, a dynamic model 
that simulates the optimal timing of the dates of sowing or 
transplanting, fertilizer application, weeding and harvesting 
(Dingkuhn et al. 1995; Dingkuhn and Sow 1997; Haefele 
et al. 2003). This approach revealed that (1) current uniform 
recommendations for the wet season performed well except 
on low K soils where the application of K was profitable 
and (2) adjusting fertilizer doses to the lower yield potential 
in the dry season reduced costs and risks without reducing 
profit. Based on the analysis, the existing recommendation 
could be adjusted for the wet and dry seasons, keeping fer-
tilizer costs and risks low, and having close to optimal net 
benefits (Haefele et al. 2001).

Segda et al. (2005) used a combination of two simula-
tion models and selected field data to develop alternative 
fertilizer recommendations for irrigated rice in the irriga-
tion scheme of Bagré (Burkina Faso). RIDEV was used to 
improve the timing of sowing and application of N fertilizer. 
The FERRIZ framework was used to determine fertilizer 
recommendations based on estimations of indigenous nutri-
ent supply for N, P and K, yield potential, internal N, P and 
K efficiency of rice, fertilizer N, P and K recovery fractions, 
and fertilizer and rice prices. Simulations suggested decreas-
ing P and K doses while increasing the N dose, leading to an 
increase in gross returns (Segda et al. 2010).

Nutrient expert (NE)

The International Plant Nutrition Institute (IPNI) has devel-
oped a tool, called Nutrient Expert (NE) for fertilizer recom-
mendation. The algorithm for calculating fertilizer require-
ments in NE is determined from a set of on-farm trial data 
using SSNM guidelines. The N, P and K requirements 
are based on the relationship between balanced uptake of 
nutrients at harvest and grain yield using the quantitative 
evaluation of the fertility of tropical soils (QUEFTS) model 
(Mirasol 2016). The fertilizer requirement for a field or loca-
tion is estimated from the expected yield response to each 
fertilizer nutrient, which is the difference between the attain-
able yield and the nutrient-limited yield. These parameters 
are determined from nutrient omission trials in farmers’ 
fields, while attainable yield is the yield for a typical year at 
a location using best management practices without nutrient 
limitation. Nutrient-limited yield is obtained when only the 
nutrient of interest is omitted. In the absence of trial data 
for a specific location, NE estimates the attainable yield and 
yield response to fertilizer from site information using deci-
sion rules developed from on-farm trial data. The NE deci-
sion support tool allows farmers to set their own yield goal, 
which might be less than the location attainable yield. The 
NE is applicable to any cereal crop and geographic location 
(Mirasol 2016). Versions of the NE software are available 
for free download to personal computers, tablets and smart 
phones. However, field validation is needed for a specific 
crop in specific zones. Field-validated version for rice (NE 
Rice) is available for China and India.

Rice advice (RA)

Based on the experience in Asia, IRRI and AfricaRice have 
developed Nutrient Manager for Rice (NMR) and later the 
Rice Advice (RA) starting with the Senegal River Valley 
(SRV). It uses data on yields from previous fertilizer trials 
in irrigated lowland rice for estimating indigenous N supply 
(e.g., Wopereis et al. 1999; Haefele and Wopereis 2004), 
potential yield and optimum sowing windows (Dingkuhn 
and Sow 1997), and expert knowledge on crop duration of 
popular varieties and crop management (Saito et al. 2015). A 
NMR for SRV has been developed with IRRI as an HTML5 
application, which means it can be accessed through a web 
browser using any of the major operating systems with equal 
effectiveness, from a smartphone or a personal computer 
(http://webap ps.irri.org/nm/wa/).

Saito et al. (2015) presented a pre-release version 1 of this 
tool called, Rice Advice. Evaluating the fertilizer recom-
mendations provided by Nutrient Advice in terms of yield 
of irrigated lowland rice and profitability in comparison 
with farmers’ fertilizer management practices (FFP) in the 

http://webapps.irri.org/nm/wa/
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Senegal River valley, Saito et al. (2015) concluded that this 
new tool increases the yields and profitability in farmers’ 
fields.

Integrated crop management (ICM)

More than availability of inputs (water, seeds or fertiliz-
ers), appropriate management of inputs and crop calen-
dars is one of the most important factors for efficient use 
of resources and rice production and productivity. This is 
clearly observed for irrigated rice in the Sahel. Despite 
good climatic conditions and water availability on irrigated 
schemes, good management of inputs remains essential to 
increase irrigated rice production and profitability. Based 
on this experience, AfricaRice has developed the concept of 
Integrated Crop Management (ICM) for rice. The concept of 
ICM recognizes that rice cultivation is a production system 
involving a wide range of components from land prepara-
tion to harvest and post-harvest management. These factors 
interact in an array of complex relationships and interde-
pendencies that together determine crop growth, yield and 
profitability. Thus, rice productivity and profitability can 
be boosted through integrated technologies adapted to the 
production environment of small-scale farmers, combined 
with optimum management of fertilizers, weeds, varieties, 
seeds and cultural calendar (Wopereis et al. 1999; Haefele 
et al. 2000, 2002; Kebbeh and Miezan 2003). A change in 
the management of one factor can affect the performance 
of other factors and/or crop growth, yield and profitability. 
The gains obtained through improved rice cultivars can be 
further enhanced through application of good agricultural 
practices, improving nutrient, water and weed management 
technologies. Adapting technologies to local conditions and 
using rice production decision support tools based on good 
agricultural practices could improve resource-use efficien-
cies and crop productivity (Nhamo et al. 2014). The concept 
of ICM incorporates a participative approach, focused on 
integrated management of resources and inputs of farmers 
for increasing efficiency and productivity of rice. It seeks to 
develop farm level integrated technologies (with the farmer 
as the ultimate integrator of management factors) to manage 
the cultivation of the crop as a total production system, tak-
ing into account all factors that impact crop growth, yield, 
quality and profitability. AfricaRice has particularly used 
the ICM concept to develop different management options 
of fertilizer (dose and time of application) for cropping cal-
endar of irrigated rice.

Integrated soil fertility management (ISFM)

Organic inputs are one of the main resources of nutrient 
inputs for small farmers, particularly on the upland soils. Yet 
large amounts of organic fertilizer (often not available) are 

required to maintain adequate levels of soil fertility. Organic 
input alone cannot ensure optimum productivity and sustain-
able maintenance of soil fertility. In contrast, the application 
of inorganic fertilizers alone leads to yield gains in the short 
term but may lead to soil acidification and declining yields 
in the long term (Bado et al. 2010). The use of both inor-
ganic and organic fertilizers, associated with high-yielding 
germplasm, improves nutrient and water use efficiency lead-
ing to optimum productivity.

The concept of Integrated Soil Fertility Management 
(ISFM) is defined as a set of soil fertility management prac-
tices that necessarily include the use of fertilizer, organic 
inputs and improved germplasm, combined with the knowl-
edge of how to adapt these practices to local conditions, 
aimed at maximizing agronomic use efficiency of the applied 
nutrients and improving crop productivity (Vanlauwe et al. 
2010). All inputs need to be managed as per sound agro-
nomic principles. The goal is to optimize crop produc-
tivity through maximizing interactions that occur when 
farmers integrate fertilizers, organic inputs and improved 
germplasm, along with the required knowledge. The ISFM 
approach is more appropriate for rice in the rainfed (lowland 
and upland) system. Good productivity is obtained by the 
upland rice-based system with the combined applications of 
mineral and organic fertilizer and crop rotation with nitrogen 
fixing legume crops.

Selecting a decision support tool

Despite the availability of tools and methods, many factors 
should be considered for adoption of specific decision sup-
port tool for development of fertilizer recommendations. 
Depending of the rice ecologies, suitable tools could be 
adopted as indicated in Table 2. But the first factor for adop-
tion of specific tool is the technical capacities of the research 
teams and end-users for implementation. This should be 
accompanied by training support. The Nutrient Manager (or 
the new version called Rice Advice) is particularly one of 
the most appropriate tools for rice; which is making success-
ful experience in West Africa. The position of AfricaRice as 
an association of twenty-four member countries is a compar-
ative advantage that could help for wide dissemination of the 
Rice Advice in Africa. With more efforts on capacity build-
ing of the traditional partners of AfricaRice, mainly scien-
tists of the nation agricultural research systems of member 
countries, the Rice Advice  could be widely disseminated 
in the twenty-four member countries of AfricaRice as a first 
step. At the same time, the process could be extended from 
member countries to many other countries in Africa. But 
in more complexes situation (balancing of nutrient, sowing 
date, weed control ect), different tools need to be combined 
for better management of fertilizers on cropping systems. 
A good example was given by Haefele et al. (2003) who 
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developed a framework of different tools for optimum man-
agement of fertilizers, weeds, varieties and cropping cal-
endar in irrigated cropping system. Similarly in the more 
complex systems of rainfed lowlands, the concept of ISFM 
could be used with modeling tools such as DSSAT, APSIM 
or IAT for better management of fertilizers.

Conclusion

Mineral fertilizers will continue to play a key role in boost-
ing rice productivity given the current very low level of fer-
tilizer use in Africa. In light of the increasing demand, rice 
is one the best opportunity to enhance the use of fertilizer 
in Africa. The most pressing challenge for rice-based sys-
tems is to promote the use of new decision support tools to 
improve fertilizer use efficiency on an integrated nutrient 
management system for rice, rather than blanket fertilizer 
recommendations. Appropriate management of fertilizers in 
the complex ecologies of rice systems cannot be achieved 
with blanket recommendations without considering the spe-
cific and diversified ecologies of rice. The development of 
integrated technologies to increase synergies, using decision 
support tools would enable rice farmers to improve resource-
use efficiencies and rice productivity and profitability. Sys-
tem approaches with decision support tools are providing 
more flexibility for better management of fertilizers in rice 
ecologies.

The challenges for popular use of the new tools are the 
availability of qualified human resources and the limited 
access to these tools. There is a need to train a new genera-
tion of hands-on rice experts, including the management of 
fertilizers in rice-based systems. To this end, AfricaRice has 
recently developed a regional training facility in Senegal 
(West Africa) for this purpose. The two regional institutions, 
AfricaRice and IFDC have the technical expertise to coordi-
nate and promote the wide diffusion of new decisions sup-
port tools in West Africa. There is a need to make these new 
tools available for use by scientists of National Agricultural 
Research Institutions, extension agents and farmers. This 
could be achieved through voluntary training efforts of the 
stakeholders in partnerships with regional institutions. For 
example, the West and Central Africa Center for Research 
and Development (CORAF/WECARD), the Association for 
Sthrengphening Agricultural Research in East and Central 
Africa (ASARECA), the Forum for Agricultural Research 
in Africa (FARA) could contribute to mobilize financial and 
human resources with international research institutions 
(AfricaRice, IFDC) to develop and implement a strategy 
to facilitate the use of decision support tools for fertilizer 
recommendations in agriculture, including the rice-based 
systems.

Acknowledgements The authors are grateful to the two anonymous 
reviewers who contributed to improve the content and quality of the 
manuscript.

References

Abd El-Hadi AH, Negm AY, Marchand M (2013) Impact of potas-
sium on nitrogen utilization by the rice crop under saline con-
dition. Research Findings: eifc No. 35. www.ipipo tash.org/en/
eifc/2013/35/3/engli sh. Accessed 3 July 2017

Abe SS, Buri MM, Issaka RN, Kiepe P, T Wakatsuki (2010) Soil fertil-
ity potential for rice production in West African Lowlands. JARQ 
44(4):343–355. http://www.jirca s.affrc .go.jp

Aboa K, Didjeira A, Kpemoua K (2008) Produire du riz, bien le trans-
former pour mieux le vendre. Institut Togolais de Recherche 
Agronomique-Collection brochures et fiches techniques

Africa Rice Center (WARDA) (2008) Africa Rice Trends 2007. Coto-
nou, Benin: Africa Rice Center (WARDA), p 84. http://www.
afric arice .org/publi catio ns/2007%20Afr ica%20Ric e%20Tre 
nds%205th %20edi tion.pdf. Accessed 1 Sept 2017

Akanvou R, Becker M, Chano M, Johnson DE, Gbaka-Tcheche H, 
Toure A (2000) Fallow residue management effects on upland 
rice in three agroecological zones of West Africa. Biol Fertil 
Soils 31:501–507

Andriesse W, Fresco LO (1991) A characterization of rice-growing 
environments in West Africa. Agric Ecosyst Environ 33:377–395

Asubonteng OK (2001) Characterization and evaluation of inland val-
ley watersheds for sustainable agricultural production: case study 
of semi-deciduous forest zone in the Ashanti Region of Ghana. 
Tropics 10:539–554

Bado BV, Sedego MP, Cescas MP, Lompo F, Bationo A (1997) Effets 
à long terme des fumures sur le sol et les rendements du maïs au 
Burkina Faso. Cah Agric 6:547–626

Bado BV, DeVries ME, Haefele SM, Wopereis MCS, Ndiaye MK 
(2008) Critical limit of extractable phosphorus in a Gleysol for 
rice production in the Senegal River valley of West Africa. Com-
mun Soil Sci Plant Anal 39:202–206

Bado BV, Aw A, Ndiaye MK (2010) Long-term effect of continuous 
cropping of irrigated rice on soil and yield trends in the Sahel of 
West Africa. Nutr Cycl Agroecosyst 88:133–141

Bado BV, Sawadogo A, Thio B, Bationo A, Traoré K, Cescas M (2011) 
Nematode infestation and N-effect of legumes on soil and crop 
yields in legume-sorghum rotations. Agric Sci 2:49–55

Balasubramanian V, Sie M, Hijmans RJ, Otsuka K (2007) Increasing 
rice production in sub-saharan africa: challenges and opportu-
nities. Adv Agron 94:55–133. https ://doi.org/10.1016/S0065 
-2113(06)94002 -4

Bationo A, Mokwunye AU (1991) Role of manures and crop residue 
in alleviating soil fertility constraints to crop production: with 
special reference to the Sahelian and Sudanian zones of West 
Africa. Fertil Res 29:117–125

Bationo A, Kihara J, Vanlauwe B, Kimetu J, Waswa BS, Sahrawat KL 
(2008) Integrated nutrient management: concepts and experi-
ence from Sub-Saharan Africa. In: Aulakh MS, Cynthia A (eds) 
Integrated nutrient management for sustainable crop production. 
The Haworth Press, New York, pp 467–521

Becker M, Asch F (2005) Iron toxicity in rice conditions and manage-
ment concepts. J Plant Nutr Soil Sci 168:558–573

Becker M, Johnson DE (1998) Legumes as dry season fallow in upland 
rice-based systems of West Africa. Biol Fertil Soils 27:358–367

Becker M, Johnson DE (1999) The role of legume fallows in intensified 
upland rice-based systems in West Africa. Nutr Cycl Agroecosyst 
53:71–81

http://www.ipipotash.org/en/eifc/2013/35/3/english
http://www.ipipotash.org/en/eifc/2013/35/3/english
http://www.jircas.affrc.go.jp
http://www.africarice.org/publications/2007%20Africa%20Rice%20Trends%205th%20edition.pdf
http://www.africarice.org/publications/2007%20Africa%20Rice%20Trends%205th%20edition.pdf
http://www.africarice.org/publications/2007%20Africa%20Rice%20Trends%205th%20edition.pdf
https://doi.org/10.1016/S0065-2113(06)94002-4
https://doi.org/10.1016/S0065-2113(06)94002-4


584 Paddy and Water Environment (2018) 16:571–586

1 3

Becker M, Johnson DE (2001a) Improved water control and crop man-
agement effects on lowland rice productivity in West Africa. Nutr 
Cycl Agroecosyst 59:119–127

Becker M, Johnson DE (2001b) Cropping intensity effects on upland 
rice yield and sustainability in West Africa. Nutr Cycl Agroeco-
syst 59:107–117

Buddenhagen IW (1986) Strategies and approaches to wetland rice 
improvement. In: Juo ASR, Lowe JA (eds) The Wetlands and rice 
in Sub-Saharan Africa: Proceedings of an international confer-
ence on Wetland utilization for rice production in Sub–Saharan 
Africa, Ibadan, pp 97–106

Buresh RJ, Smithson PC, Hellums DT (1997) Building soil phospho-
rus capital in Africa. In: Buresh RJ, Sanchez PA, Calhoun F 
(eds) Replenishing soil fertility in Africa. Soil Science Society 
of America, Madison, pp 111–149

Buri MM, Ishida F, Kubota D, Masunaga T, Wakatsuki T (1999) Soils 
of flood plains of West Africa: general fertility status. Soil Sci 
Plant Nutr 45:37–50

Buri MM, Issaka RN, Senayah JK, Fujii H, Wakatsuki T (2012) Low-
land soils for rice cultivation in Ghana. In: Production Crop (ed) 
Crop Production Technologies. InTech, England, pp 138–150

Cassman KG, De Datta SK, Olk DC, Alcantara J, Samson M, Descal-
sota JP, Dizon M (1995) Yield decline and the nitrogen economy 
of long-term experiments on continuous, irrigated rice in the 
tropics. In: Lal R, Stewart BA (eds) Soil management: experi-
mental basis for sustainability and environmental quality. CRC 
Press, Boca Raton, pp 181–222

Cassman KG, Peng S, Dobermann A (1997) Nutritional physiology of 
the rice plants and productivity decline of irrigated rice systems 
in the tropics. In: Ando T, Fujita K, Mae T, Matsumoto H, Mori 
S, Sekiya J (eds) Plant nutrition for sustainable food production 
and environment. XIII International plant nutrition colloquium. 
Kluwer Academic, Dordrecht, pp 783–788

Ceesay M (2011) An opportunity for increasing factor productivity 
for rice cultivation in The Gambia through SRI. Paddy Water 
Environ 9:129–135

Chérif M, Audebert A, Fofana M, Zouzou M (2009) Evaluation of iron 
toxicity on lowland irrigated rice in West Africa. Tropicultura 
27:88–92

CNRA (2005) Bien cultiver le riz irrigué en Côte d’Ivoire, Fiche tech-
nique. Centre National de Recherche Agronomique, Abidjan, 
Dissertation, p 25

Defoer T, Wopereis MCS, Jones MP, Lançon F, Erenstein O (2002) 
Challenges, innovation and change: towards rice-based food 
security in sub-Saharan Africa. Paper presented at the 20th ses-
sion of the International Rice Commission, Bangkok 22–25 July

Diagne M, Demont M, Seck PA, Diaw A (2012) Self-sufficiency policy 
and irrigated rice productivity in the Senegal River Valley. Food 
Secur 5:55–68

Diatta S, Sahrawat LK (2005) Iron toxicity of rice in West Africa: 
screening tolerant varieties and the role of N, P, K and Zn. In: 
Audebert A, Narteh LT, Kiepe P, Millar D, Beks B (eds) Iron 
toxicity in rice-based systems in West Africa. Africa Rice Center 
(WARDA), Cotonou, p 75

Dingkuhn M, Sow A (1997) Potential yields of irrigated rice in African 
arid environments. In: Miezan KM, Wopereis MCS, Dingkuhn 
M, Deckers J, Randolph TF (eds) Irrigated rice in the Sahel: 
prospects for sustainable development. West Africa Rice Devel-
opment Association, Bouaké, pp 361–379

Dingkuhn M, Sow A, Samb A, Diack S, Asch F (1995) Climatic 
determinants of irrigated rice performance in the Sahel. I. Pho-
tothermal and microclimatic responses of flowering. Agric Syst 
48:385–410

Dobermann A, White PF (1999) Strategies for nutrient management 
in irrigated and rainfed lowland rice systems. Nutr Cycl Agro-
ecosyst 53:1–18

Dobermann A et al (2002) Site-specific nutrient management for 
intensive rice cropping systems in Asia. Field Crops Res 
74:37–66

Ekeleme F, Kamara AY, Omoigui LO, Tegbaru A, Mshelia J, Onyibe 
JE (2008) Guide to rice production in Borno State, Nigeria. Inter-
national Institute of Tropical Agriculture, Ibadan, p 27

Fairhurst T, Witt C, Buresh R, Dobermann A (2007) Rice, a practi-
cal guide to nutrient management, nutrient deficiencies, mineral 
toxicities, tools and information, 2nd edn. International Rice 
Research Institute, International Plant Nutrition Institute and 
International Potash Institute, Singapore, p 89

Fiamohe R, Bamba I, Seck PA, Diagne A (2012) Regional bulk pur-
chase of imported rice initiative by ECOWAS: a feasibility 
assessment. OIDA Int J Sustain Dev 10:79–89

Flinn JC, De Datta SK (1984) Trends in irrigated rice yields under 
intensive cropping at Philippine research stations. Field Crops 
Res 9:l–15

Gala-Bi TJ, Camara M, Yao KA, Keli ZJ (2011) Profitability of mineral 
fertilizers on rainfed upland rice cultivation: case of Gagnoa zone 
in the middle West of Cote d’Ivoire. J Appl Biosci 46:3153–3162

Haefele SM, Wopereis MCS (2004) Combining field and simulation 
studies to improve fertilizer recommendations for irrigated rice 
in the Senegal River valley. In: Doberman A, Witt C, Dawe D 
(eds) Increasing productivity of intensive rice systems through 
site-specific nutrient management. Science Publishers, Enfield, 
pp 265–286

Haefele SM, Johnson DE, Diallo S, Wopereis MCS, Janin I (2000) 
Improved soil fertility and weed management is profitable for 
irrigated rice farmers in Sahelian West Africa. Field Crops Res 
66:101–113

Haefele SM, Wopereis MCS, Donovan C, Maubuisson J (2001) 
Improving the productivity and profitability of irrigated rice 
production in Mauritania. Eur J Agron 14:181–196

Haefele SM, Wopereis MCS, Wiechmann H (2002) Long-term fertility 
experiments for irrigated rice in the West African Sahel: agro-
nomic results. Field Crops Res 78:119–131

Haefele SM, Wopereis MCS, Ndiaye MK, Kropff MJ (2003) A frame-
work to improve fertilizer recommendations for irrigated rice in 
West Africa. Agric Syst 76:313–335

Haefele SM, Wopereis MCS, Schloebohm A, Wiechmann H (2004) 
Long-term fertility experiments for irrigated rice in the West 
African Sahel: effect on soil characteristics. Field Crops Res 
85:61–77

Haefele SM, Naklang K, Harnpichitvitaya D (2006) Factors affecting 
rice yield and fertilizer response in rainfed lowlands of Northeast 
Thailand. Field Crops Res 98:39–51

Haefele SM, Saito K, Ndiaye KM, Mussgnug F, Nelson A, Wopereis 
MCS (2013) Increasing rice productivity through improved nutri-
ent use in Africa. In: Wopereis MCS, Johnson DE, Ahmadi N, 
Tollens E, Jalloh A (eds) Realizing Africa’s rice promise. CAB 
International, Wallingford, pp 250–264

Haefele SM, Nelson A, Hijmans RJ (2014a) Soil quality and constraints 
in global rice production. Geoderma 235–236:250–259

Haefele SM, Nelson A, Hijmans RJ (2014b) Soil quality and constraints 
in global rice production. Geoderma 235–236(2014):250–259. 
https ://doi.org/10.1016/j.geode rma.2014.07.019

Homma K, Horie T, Shiraiwa T, Supapoj N, Matsumoto N, Kabaki N 
(2003) Toposequential variation in soil fertility and rice produc-
tivity of rainfed lowland paddy fields in mini-watershed (Nong) 
in Northeast Thailand. Plant Prod Sci 6:147–153

http://books .irri.org/97110 40522 _conte nt.pdf. Accessed 20 Aug 2013
Janssen BH (1998) Efficient use of nutrients: an art of balancing. Field 

Crops Res 56:197–201
Janssen BH, Guiking FCT, Van der Eijk D, Smaling EMA, Wolf J, 

van Reuler H (1990) A system for quantitative evaluation of the 
fertility of tropical soils (QUEFTS). Geoderma 46:299–318

https://doi.org/10.1016/j.geoderma.2014.07.019
http://books.irri.org/9711040522_content.pdf


585Paddy and Water Environment (2018) 16:571–586 

1 3

Johnson DE (1997) Weeds of rice in West Africa. West Africa Rice 
Development Association (WARDA), Bouaké

Jones JW, Tsuji GY, Hoogenboom G, Hunt LA, Thornton PK, Wilkens 
PW, Imamura DT, Bowen WT, Singh U (1998) Decision sup-
port system for agrotechnology transfer; DSSATv3. In: Tsuji GY, 
Hoogenboom G, Thornton PK (eds) Understanding options for 
agricultural production. Kluwer Academic Publishers, Dordrecht, 
pp 157–177

Karboré SP (2011) La riziculture pluviale stricte une contribution à 
l’accroissement de la production du riz au Burkina Faso. MSc 
Thesis, Univesity of Bobo-Dioulasso, p 56

Kebbeh M, Miezan K (2003) Ex-ante evaluation on integrated crop 
management options for irrigated rice production in the Senegal 
River Valley. Field Crops Res 81:87–97

Lô EM (2010) Diagnostic agronomique de la culture du riz en Haute- 
Casamance et au Sénégal- Oriental. MSc Thesis, National School 
of Agronomy, Thiès, Sénégal, p 56

Meertens B (2001) La riziculture irriguée dans la vallée de Zio, Région 
Maritime, Togo: Contraintes et Possibilité. International Ferti-
lizer Developement Center (IFDC), Lomé

Mirasol P (2016) Optimizing fertilizer recommendations for small-
holder farmers in Asia and Africa. Fertilizer FOCUS. July/
August 42–45. http://seap.ipni.net/ipniw eb/regio n/seap.
nsf/0/53CB4 02514 5B3FA F8525 80120 03767 33/$FILE/01%20
NE%20in%20Fer tiliz er%20Foc us%20Jul -Aug20 16%20pg4 2-45.
pdf. Accessed 1 Sept 2017

Mirasol FP, Eufrocino VL, Gines HC, Buresh JR (2008) Soil carbon 
and nitrogen changes in long-term continuous lowland rice crop-
ping. Soil Sci Soc Am J 72:798–807

Mowo JG, Floor J, Kaihuura FBS, Magoggo JP (1993) Review of fer-
tilizer recommendations in Tanzania. Soil fertility report number 
F6. Tanga, Tanzania: National Soil Service, Ministry of Agri-
culture, Tanzania. http://libra ry.wur.nl/isric /fullt ext/isric u_i1355 
7_001.pdf. Accessed 1 Sept 2017

Mutegi J, Kabambe V, Zingore S, Harawa R, Wairegi L (2015) The 
fertilizer recommendation issues in Malawi: gaps, challenges, 
opportunities and guidelines. The Malawi Soil Health Consor-
tium, Malawi, p 56

Nhamo N, Rodenburg J, Zenna N, Makombe G, Luzi-Kihupi A (2014) 
Narrowing the rice yield gap in East and Southern Africa: using 
and adapting existing technologies. Agric Syst 131:45–55. https 
://doi.org/10.1016/j.agsy.2014.08.003

Nwilene FE, Oikeh SO, Agunbiade TA, Oladimeji O, Ajayi O, Sié M, 
Gregorio GB, Togola A, Touré AD (2007) Growing lowland rice: 
a production handbook. Africe Rice Center (WARDA), Cotonou, 
Benin, p 40. Accessed http://www.fao.org/filea dmin/user_uploa 
d/ivc/docs/Growi ng%20low land%20ric e_%20pro ducti on%20han 
dbook _prepr ess%20fin al%20ver sion_19-05-08_low%20res .pdf

Nyalemegbe KK, Yangyuoru M, Osei-Asare Y, Ofosu-Budu GK, 
Mellon S, Tegbe RE (2012) Enhancing soil productivity in the 
rain-fed Upland ecology through rotational cropping of NERICA 
(new rice for Africa) and Cowpea (Vigna unguiculata). Agric Sci 
Res J 4:159–166

Oikeh SO, Nwilene FE, Agunbiade TA, Oladimeji O, Ajayi O, Semon 
M, Tsunematsu H, Samejiman H (2008) Growing upland rice: a 
production handbook. Africe Rice Center (WARDA), Cotonou, 
Benin, p 40. http://www.fao.org/filea dmin/user_uploa d/ivc/docs/
uplan drice .pdfm. Accessed 1 Sept 2017

Oikeh SO, Houngnandan P, Abaidoo RC, Rahimou I, Toure A, Niang 
A, Akintayo I (2010) Integrated soil fertility management involv-
ing promiscuous dual-purpose soybean and upland NERICA 
enhanced rice productivity in the savannas. Nutr Cycl Agroeco-
syst 88:29–38

Oikeh SO, Nwilene FE, Agunbiade TA, Oladimeji O, Ajayi O, Semon 
M, Tsunematsu H, Samejiman H (2017) Growing upland rice: a 
production handbook. Africa Rice Center (WARDA), Cotonou, 

Benin, p 40. http://www.fao.org/filea dmin/use_uploa d/ive/docs/
uplan drice .pdfm. Accessed 1 Sept 2017

Olk DC, Cassman KG, Randall EW, Kinchesh P, Sanger LJ, Anderson 
JM (1996) Changes in chemical properties of organic matter with 
intensified rice cropping in tropical lowland soil. Eur J Soil Sci 
47:293–303

Ponnamperuma FN, Deturck R (1993) A review of fertilization in rice 
production. Int Rice Comm Newsl 42:1–12

Powlson DS, Olk DC (2000) Long-term soil organic matter dynam-
ics. In: Kirk GJD, Olk DC (eds) Carbon and nitrogen dynam-
ics in flooded soils. International Rice Research Institute, Los 
Banos, pp 49–63. http://books .irri.org/97122 01406 _conte nt.pdf. 
Accessed 1 Sept 2017

Prade K, Ottow JCG, Jacq VA (1986) Excessive iron uptake (iron toxic-
ity) by wetland rice (Oryza Sativa L.) on an acid sulfate soil in 
the casamance/Senegal. Select Pap Dakar Sympos Acid Sulphate 
Soils 44:150–163

Raes D, Kafiriti EM, Wellens J, Deckers J, Maerten A, Mugog S, Don-
deyne S, Descheemaeker K (2007) Can soil bunds increase the 
production of rain-fed lowland rice in South Eastern Tanzania? 
Agric Water Manag 89:229–235

Regmi AP, Ladha JK, Pathak H, Pasuquin E, Bueno C, Dawe D, Hobbs 
PR, Joshy D, Maskey SL, Pandey SP (2002) Yield and soil fertil-
ity trends in a 20-year rice-rice-wheat experiment in Nepal. Soil 
Sci Soc Am J 66:857–867

Sahrawat KL (1998) Flooding soil: a great equalizer of diversity in soil 
chemical fertility. Oryza 35:300–305

Sahrawat KL (2004) Iron toxicity in wetland rice and the role of other 
nutrients. J Plant Nutr 27:1471–1504

Sahrawat KL, Jones MP, Diatta S (1997) Extractable phosphorus and 
rice yield in an Ultisol of the humid forest zone in West Africa. 
Commun Soil Sci Plant Anal 28:711–716

Sahrawat KL, Jones MP, Diatta S, Adam A (2001) Response of upland 
rice to fertilizer phosphorous and its residual value in an Ultisol. 
Commun Soil Sci Plant Anal 32:2457–2468

Sahrawat KL, Jones MP, Diatta S, Sika M (2003) Long-term phos-
phorus fertilizer effects on phosphorus uptake, efficiency, and 
recovery by dryland rice on an Ultisol. Commun Soil Sci Plant 
Anal 14:999–1011

Saito K, Azoma K, Oikeh SO (2010) Combined effects of Stylosanthes 
guianensis fallow and tillage management on upland rice yield, 
weeds and soils in southern Benin. Soil Tillage Res 107:57–63

Saito K, Diack S, Dieng I, Ndiaye MK (2015) On-farm testing of a 
nutrient management decision-support tool for rice in the Sen-
egal River valley. Agriculture 116:36–44

Sanchez PA, Buol SW (1985) Agronomic taxonomy for wetland soils. 
In: Wetland Soils: characterization, classification, and utilization. 
International Rice Research Institute, Los Baños, pp 207–229. 
http://pdf.usaid .gov/pdf_docs/PNAAX 072.pdf. Accessed 1 Sept 
2017

Sanchez PA, Palm CA, Buol SW (2003) Fertility capability soil clas-
sification: a tool to help assess soil quality in the tropics. Geo-
derma 114:157–185

Sattaria SZ, Van Ittersuma MK, Bouwmanb AF, Smit AL, Janssen BH 
(2014) Crop yield response to soil fertility and N, P, K inputs 
in different environments: testing and improving the QUEFTS 
model. Field Crops Res 157:35–46

Seck PA, Tollens E, Wopereis MCS, Diagne A, Bamba I (2010) Rising 
trends and variability of rice prices: threats and opportunities for 
Sub-Saharan Africa. Food Policy 35:403–411

Seck PA, Diagne A, Mohanty S, Wopereis MCS (2012) Crops that feed 
the world 7: rice. Food Secur 4:7–24

Segda Z, Haefele SM, Wopereis MCS, Sedogo MP, Guinko S (2005) 
Combining field and simulation studies to improve fertilizer 
recommendations for irrigated rice in Burkina Faso. Agron J 
97:1429–1437

http://seap.ipni.net/ipniweb/region/seap.nsf/0/53CB4025145B3FAF8525801200376733/%24FILE/01%20NE%20in%20Fertilizer%20Focus%20Jul-Aug2016%20pg42-45.pdf
http://seap.ipni.net/ipniweb/region/seap.nsf/0/53CB4025145B3FAF8525801200376733/%24FILE/01%20NE%20in%20Fertilizer%20Focus%20Jul-Aug2016%20pg42-45.pdf
http://seap.ipni.net/ipniweb/region/seap.nsf/0/53CB4025145B3FAF8525801200376733/%24FILE/01%20NE%20in%20Fertilizer%20Focus%20Jul-Aug2016%20pg42-45.pdf
http://seap.ipni.net/ipniweb/region/seap.nsf/0/53CB4025145B3FAF8525801200376733/%24FILE/01%20NE%20in%20Fertilizer%20Focus%20Jul-Aug2016%20pg42-45.pdf
http://library.wur.nl/isric/fulltext/isricu_i13557_001.pdf
http://library.wur.nl/isric/fulltext/isricu_i13557_001.pdf
https://doi.org/10.1016/j.agsy.2014.08.003
https://doi.org/10.1016/j.agsy.2014.08.003
http://www.fao.org/fileadmin/user_upload/ivc/docs/Growing%20lowland%20rice_%20production%20handbook_prepress%20final%20version_19-05-08_low%20res.pdf
http://www.fao.org/fileadmin/user_upload/ivc/docs/Growing%20lowland%20rice_%20production%20handbook_prepress%20final%20version_19-05-08_low%20res.pdf
http://www.fao.org/fileadmin/user_upload/ivc/docs/Growing%20lowland%20rice_%20production%20handbook_prepress%20final%20version_19-05-08_low%20res.pdf
http://www.fao.org/fileadmin/user_upload/ivc/docs/uplandrice.pdfm
http://www.fao.org/fileadmin/user_upload/ivc/docs/uplandrice.pdfm
http://www.fao.org/fileadmin/use_upload/ive/docs/uplandrice.pdfm
http://www.fao.org/fileadmin/use_upload/ive/docs/uplandrice.pdfm
http://books.irri.org/9712201406_content.pdf
http://pdf.usaid.gov/pdf_docs/PNAAX072.pdf


586 Paddy and Water Environment (2018) 16:571–586

1 3

Segda Z, Mando A, Haefele SM, Sedogo MP, Guinko S, Wopereis 
MCS (2010) Closing yield gaps through partnerships and good 
agronomy in Africa. Presentation at the 3rd international rice 
congress, Hanoi, Vietnam

Smaling EMA, Janssen BH (1993) Calibration of QUEFTS, a model 
predicting nutrient uptake and yield from chemical soil fertility 
indices. Geoderma 59:21–44

Somado EA, Guei RG, Keya SO (2008) NERICA: the new rice for 
Africa—a compendium. Africe Rice Center (WARDA), Coto-
nou, Benin, p 210. www.afric arice .org/publi catio ns/neric a-comp/
Neric a%20Com pediu m.pdf. Accessed 1 Sept 2017

Swain DK, Herath S, Pathirana A, Mittra BN (2005) Rainfed lowland 
and flood-prone rice: a critical review of ecology and manage-
ment technology fro improving productivity in Asia rainfed low-
land and flood-prone rice. www.mekon gnet.org/image s/e/e9/Dilli 
p.pdf. Accessed 3 July 2017

Tilahum T, Minale L, Alemayehu A, Belesti Y, Tesfaye W (2007) 
Effect of nitrogen and phosphorus fertilizers on the yield of rice 
in Fogera and Metama areas. In: Ermiase A, Akalu T, Alemayehu 
A, Melaku W, Tadesse D, Tilahum T (eds) Proceedings of the 1st 
annual regional conference on completed crop research activities, 
Bahir Dar, pp 14–17

Touré A, Becker M, Johnson DE, Koné B, Kossou DK, Kiepe P (2009) 
Response of lowland rice to agronomic management under dif-
ferent hydrological regimes in an inland valley of Ivory Coast. 
Field Crops Res 114:304–310

Tsubo M, Basnayake J, Fukai S (2006) Toposequential effects on water 
balance and productivity in rainfed lowland rice ecosystem in 
Southern Laos. Field Crops Res 97:209–220

Vanlauwe B, Bationo A, Chianu J, Giller KE, Merckx R, Mokwunye U, 
Ohiokpehai O, Pypers P, Tabo R, Shepherd KD, Smaling EMA, 
Woomer PL, Sanginga N (2010) Integrated soil fertility manage-
ment: operational definition and consequences for implementa-
tion and dissemination. Outlook Agric 39:17–24

Wang G, Dobermann A, Witt C, Sun Q, Fu R (2001) Performance of 
site-specific nutrient management for irrigated rice in Southeast 
China. Agron J 93:869–878

Windmeijer PN, Duivenbooden NV, Andriesse W (1994) Characteri-
zation of ice-growing agro-ecosystems in West Africa: semi-
detailed characterization of inland valleys in Côte d’Ivoire. Tech-
nical Report 3. WARDA, IITA, SC-DLO, WAU, Wageningen, 
Netherlands

Witt C, Dobermann A, Abdulrachman S et al (1999) Internal nutrient 
efficiencies in irrigated lowland rice of tropical and subtropical 
Asia. Field Crops Res 1999(63):113–138

Witt C, Cassman KG, Olk DC, Biker U, Liboon SP, Samson MI, Ottow 
JCG (2000) Crop rotation and residue management effects on 
carbon sequestration, nitrogen cycling and productivity of irri-
gated rice systems. Plant Soil 225:263–278

Wopereis MCS, Donovan C, Nebié B, Guindo D, Ndiaye MK (1999) 
Soil fertility management in irrigated rice systems in the Sahel 
and savanna regions of West Africa. Part I. Agronomic analysis. 
Field Crops Res 61:125–145

Wopereis-Pura MM, Watanabe H, Moreira J, Wopereis MCS (2002) 
Effect of late nitrogen application on rice yield, grain quality and 
profitability in the Senegal River valley. Eur J Agron 17:191–198

Worou ON (2012) Experimental analysis and modelling of the rainfed 
rice cropping systems in West Africa. PhD Thesis, Institut für 
Pflanzenernährung der Rheinischen Friedrich-Wilhelms-Univer-
sität zu Bonn, p 126. http://hss.ulb.uni-bonn.de/2012/2896/2896.
pdf. Accessed 4 Sept 2017

Yamauchi M (1989) Rice bronzing in Nigeria caused by nutrient imbal-
ances and its control by potassium sulfate application. Plant Soil 
117:275–286

Yanggen D, Kelly V, Reardon T, Naseem A (1998) Incentives for fer-
tilizer use in sub-Saharan Africa: a review of empirical evidence 
on fertilizer response and profitability. MSU International Devel-
opment Working Paper No. 70. http://www.aec.msu.edu/ageco n/
fs2/index .htm. Accessed 12 July 2016

Yoshida S (1981) Fundamentals of rice crop science. IRRI, Los Baños
Zhang M, He Z (2004) Long term changes in organic carbon and nutri-

ents of an Ultisol under rice cropping in south-east China. Geo-
derma 118:167–179

http://www.africarice.org/publications/nerica-comp/Nerica%20Compedium.pdf
http://www.africarice.org/publications/nerica-comp/Nerica%20Compedium.pdf
http://www.mekongnet.org/images/e/e9/Dillip.pdf
http://www.mekongnet.org/images/e/e9/Dillip.pdf
http://hss.ulb.uni-bonn.de/2012/2896/2896.pdf
http://hss.ulb.uni-bonn.de/2012/2896/2896.pdf
http://www.aec.msu.edu/agecon/fs2/index.htm
http://www.aec.msu.edu/agecon/fs2/index.htm

	Developing fertilizer recommendations for rice in Sub-Saharan Africa, achievements and opportunities
	Abstract
	Introduction
	Soil constraints in rice ecologies
	Soil constraints
	Rainfed upland rice
	Lowland rice
	Rainfed lowland rice
	Irrigated lowland rice


	Fertilizer recommendation for rice
	Rainfed upland
	Irrigated and rainfed lowlands

	New concepts and tools for fertilizer recommendations
	The challenges
	New concepts and tools
	Site-specific nutrient management (SSNM)
	Nutrient expert (NE)
	Rice advice (RA)
	Integrated crop management (ICM)
	Integrated soil fertility management (ISFM)

	Selecting a decision support tool

	Conclusion
	Acknowledgements 
	References




