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Abstract  Weather volatility is increasing, hence the need to build resilience for 
farmers and the poor, who are affected the most. Using Mali and Nigeria as case 
study countries, this study shows that climate change may reduce the yield of staple 
food crops – namely maize, rice, and millet – by 20% in 2050 compared to their 
levels in 2000. Sustainable land and water management (SLWM) – which includes 
a combination of organic soil fertility, inorganic fertilizer, and water managements – 
will more than offset the effect of climate change on yield under the current man-
agement practices. Additionally, SLWM is more profitable and could therefore 
increase household income and address poverty.

Unfortunately, adoption rates of SLWM remain low. Policies and strategies for 
increasing their adoption includes improvement of market access, enhancing the 
capacity of agricultural extension service providers to provide advisory services on 
SLWM, and building an effective carbon market that involves both domestic and 
international buyers. The recent United Nations Framework Convention on Climate 
Change (UNFCCC) provides one of the opportunities for reducing climate risks and 
achieving sustainable agricultural production under climate change.

1  �Introduction

Building smallholder farmer resilience in sub-Saharan Africa (SSA) is increasingly 
becoming an important policy agenda due to an increase in frequency and magni-
tude of shocks and stresses resulting from significant changes in biophysical and 
socio-economic factors. Food and energy price volatility, economic recession, cli-
mate change, and land degradation are the recent major changes that have increased 
smallholder farmer vulnerability to shocks and stresses (Torero 2015; Nazlioglu and 
Soytas 2012; Barrett and Constas 2014; Nkonya et al. 2016a). The global food price 
index increased dramatically in 2007/08 and 2011/12 and have remained relatively 
higher than the long-term average (Torero 2015). Rainfall variability in SSA is high 
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and frequency of hydrological shocks is increasing (Zseleczky and Yosef 2014). The 
impacts of these shocks on food security and welfare of smallholder farmers in 
general are enormous. Climate change is predicted to decrease production of major 
crops in SSA significantly. Maize production – the region’s most important crop 
that account for 13% of cropland area (FAO 2012) – is estimated to decrease by 
22% by 2050 – the largest impact among the major crops in SSA (Schlenker and 
Lobell 2010). Similarly, production of sorghum and millet are each estimated to 
decrease by 17% (Ibid). IPCC (2007) estimates a 50% reduction in rainfed crop 
yield due to climate change.

In the last decade, SSA experienced the worst land degradation in the world, 
accounting for 22% of the total global annual cost of land degradation of about 
US$300 billion (Nkonya et al. 2016b). In addition to reducing agricultural produc-
tivity, land degradation increases production risks  – especially for smallholder 
farmers who do not use greater inputs to mask negative impacts of land degradation 
(Moussa et al. 2016; Nkonya et al. 2015a).

SSA countries have designed a number of policies and strategies for adaptation 
to climate change and to address other shocks and stressors. All 51 countries in SSA 
have ratified the UNFCCC and two thirds have submitted their national adaptation 
program of action (NAPA) (UNFCCC 2014a). In terms of mitigation, 22 SSA coun-
tries have submitted the Nationally Appropriate Mitigation Actions (NAMA) to the 
UNFCCC (UNFCCC 2014a, 2014b). The NAMAs are voluntary mitigation strate-
gies designed by developing countries. They include technology, financing, and 
capacity-building that lead to mitigation of greenhouse gas emissions (GHG). In 
addition to the NAMAs, parties to the UNFCCC were asked to submit country level 
strategies for reduction of GHG to the 21st Conference of Parties (COP21) in Paris 
(Höhne et al. 2014). The COP21 GHG emission reduction strategies are known as 
intended nationally determined contributions (INDC). By December 2015, a total of 
47 SSA countries had submitted their INDC (UNFCC 2015a, 2015b).1 All NAPAs 
and NAMAs/INDC mention generic land improvement action plans.

In order to design cost-effective and appropriate adaptation and mitigation strate-
gies, policy makers and development partners need empirical evidence of effective-
ness of policies and strategies for building resilience and adaptation to climate 
change. Accordingly, this study addresses the following major research questions:

	 (i)	 What are the impacts of climate change on production of staple foods in SSA?
	(ii)	 What are the SLWM practices that could be used to adapt to climate change?
	(iii)	 What is the impact of SLWM practices on production risks in SSA?
	(iv)	 What are the drivers of adoption of SLWM practices?
	(v)	 What are the policy implications for enhancing adaptation to climate change 

using SLWM practices?

In this study, we define SLWM practices as the use of soils, water, animals, and 
plants, for the production of ecosystem services in a manner that maintains their 
long-term productive potential and ecosystem functions (Liniger and Critchley 

1 Exceptions are Cote d’Ivoire, Mayotte, Cape Verde, & Reunion.
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2007). Given that this definition involves complex processes, we will refer to a 
management practice as an SLWM when it is better than the common land degrad-
ing management practices – which largely includes no external or other organic soil 
fertility management (OSFM) practices that enhance soil fertility. Our SLWM prac-
tice will focus on integrated soil fertility management (ISFM) practice and irriga-
tion. ISFM is a management practice in which appropriate germplasm is used 
together with judicious amounts of inorganic fertilizer and organic inputs as well as 
good agronomic practices (Vanlauwe et  al. 2015). In addition to increasing soil 
carbon and thus contributing to mitigation of climate change (Vanlauwe et al. 2015), 
ISFM and other SLWM reduce downward production risks and increase food secu-
rity (Kassie et al. 2015).

Using Mali and Nigeria as case study countries, this chapter examines the 
impacts of climate change on maize, rice, and millet production and risks. Selection 
of the countries was driven by data availability and their biophysical and socio-
economic characteristics. Mali and Nigeria represent a large share of drylands – 
which are most affected by climate change (Christensen et al. 2007). Nigeria and 
parts of Kayes and Sikasso regions in Southern Mali are also in sub-humid and 
humid agroecological zones (Fig. 5). This further enhances the two countries’ rep-
resentativeness of agroclimatic characteristics in SSA.

The section below sets the context of the chapter by discussing the background 
of the case study countries. The discussion explores the biophysical and socio-
economic characteristics of the case study countries relevant to climate change.

2  �Background of the Case Study Countries

We explore the general socio-economic and biophysical characteristics of the case 
study countries and compare them with SSA. To put into context the climate risk 
management, we also discuss risk management and climate change policies.

2.1  �Socio-Economic and Biophysical Characteristics of Mali 
and Nigeria

With more than 50% of the population in Mali and Nigeria living below the interna-
tional poverty line, the 2015 United Nations human development report puts both 
countries in the low human development group (Table  1). Mali and Nigeria are 
respectively 179th and 152th countries in the human development index (HDI) 
ranking of 188 countries (Table 1).2 Mali’s economy is heavily dependent on agri-
culture as the sector accounts for 42% of the GDP and 75% of the economically 

2 HDI is an index of life expectancy, education, and per capita gross income. HDI ranges from 1 to 
0. The higher the HDI the higher the human development.
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active population is employed in agriculture (Table 1). For Nigeria, 54% of the 54 
million economically active population is employed in agriculture – a sector that 
contributes 31% of the country’s GDP (NBS 2012).3

In terms of investment in land-based sectors in general, Mali allocates over 13% 
of its public expenditure budget to agriculture (Benin and Yu 2012) – which is more 
than twice the SSA regional average and larger than the Maputo Declaration target 
of allocating 10% of public expenditure to agriculture (AU 2014). Nigeria’s public 
expenditure budget allocation is about the regional average of 5% and half of the 
Maputo Declaration target (Ibid).

As stated above, Mali and Nigeria represent well SSA’s agroecological zones. 
The drylands areas in both countries represent a large share of SSA as 54% of SSA 
land area is in the arid and semi-arid zone (Jahnke 1982) – which is home to 268 
million people, 75% of which live in rural areas and are heavily dependent on agri-
culture (Fabricius et al. 2008). About 51% of Mali’s land area is in the hyper-arid 
zone (Sahara desert) while 23% and 18% is in the Sahelian and Sudan-Guinean 
zones respectively (RDM 2007). The share of population residing in the Sahelian 
and Sudan-Guinean zones are respectively 27% and 68% (INS 2009). In Nigeria the 

3 The oil sector accounts for 41% of the GDP. The agricultural sector includes crops, livestock, fish, 
and forestry (NBS 2012).

Table 1  Human development status in the case study countries

Development indicator Mali Nigeria SSA

HDI 2014 0.42 0.51 0.52
HDI rank 179 152
Gross National income per capita (US$)
 � Men 2.195 6.585 4.148
 � Women 961 4.052 2.626
Percent of population living below
 � National poverty line 44 46
 � International poverty line (PPP US$1.25 per day) 51 62
Agricultural value added as % of GDP 42 20 14
Agricultural share (%) of economically active populationa 75 54 58
Agricultural expenditure as % of total public expenditure 13.4 5.2 5
Area equipped for irrigation as share of total irrigation 
potentialb

42 13

Ratified UNFCC? Yes Yes
Year submitted NAPA/INDC 2007 2015
Submitted NAMA? No No
Savings in a formal financial institution (% of population 
15 years or older)

5 24 12

aFor Nigeria, (NBS 2012)
bAQUASTAT raw data (Available at http://www.fao.org/nr/water/aquastat/main/index.stm)
Sources: Agriculture value as percent of GDP – World Bank (2015); Rest of the data – UNDP 
(2015)
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Sudan Sahelian area  – covering the Northeast and Northwest geopolitical zones 
accounts for 51% of the total area and is home to a third of the country’s population 
(NBS 2012). The humid and subhumid areas in represent about 57% of land area in 
SSA (Dixon et al. 2001), which is home to over 61% of SSA population (Fabricius 
et al. 2008).

2.2  �Risk Management Policies and Irrigation Development

Savings are one of the key strategies for risk management (World Bank 2014). In 
developing countries, livestock serve as savings and insurance against risks. Only 
5% and 24% of the population above 15 years old in Mali and Nigeria, respectively, 
has savings in a formal banking institution (World Bank 2014). The SSA regional 
average is 12% indicating that Mali is below and Nigeria is above the regional aver-
age. Nigeria represents regional average human development and above average 
risk management while Mali is below average for both indicators. Livestock 
accounts for more than 50% of capital held by SSA rural households (Kamuanga 
et al. 2008). However, the livestock sector’s contribution to income is low because 
of its low productivity (Nkonya et  al. 2016b). Accordingly, livestock contributes 
respectively 15% and 3.3% of Mali and Nigeria GDP (FAO 2005a, 2005b). In both 
countries, over 90% of the rural households own livestock – suggesting that small-
holder farmers use the traditional savings and insurance mechanisms more than the 
formal instruments. Unfortunately, government investments in enhancing the live-
stock sector are quite low: the sector receives less than 5% of the public expenditure 
budget in SSA (Nkonya et al. 2016b).

On climate change adaptation policies, Nigeria submitted its INDC prior to the 
Paris COP21 in which one of its strategies for adaptation to climate change include 
climate smart agriculture and reforestation. The country has not yet delivered NAPA 
or NAMA  – suggesting a weak political will to invest in adaptation to climate 
change. Mali has submitted its NAMA in which SLWM practices are among the 
adaptation strategies (RDM 2007). However, Mali has has also submitted its INDC 
with an agriculture-related commitment to increase rice irrigation efficiency to 
reduce water loss. The INDC also aims at protection of forests and reforestation to 
enhance carbon mitigation (Ibid).

Irrigation development is an important strategy for climate change adaptation 
and for enhancing food security in SSA (Burney et  al. 2013). This is especially 
important in the drylands which will be most affected by climate change. Nelson 
et al. (2009) estimate that about 24% of the US$3 billion annual investment expen-
diture (as of 2000) required to offset the effect of climate change on nutrition in 
SSA will be for irrigation development (Fig. 1).

Mali has significantly invested in irrigation as 42% of its irrigation potential is 
equipped for irrigation (FAO 2005c). However, the country remains highly vulner-
able due to the large area being in the drylands and large share of population depen-
dent on agriculture. Only 13% of irrigable area in Nigeria is equipped for irrigation – a 
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level that puts Nigeria among 24 SSA countries with less than 50% of irrigation 
potential equipped for irrigation (FAO 2005c). However, Nigeria has invested sig-
nificantly to support irrigation development in the semi-arid areas as 68% of the 
irrigated area in Nigeria is located in the semi-arid northern zone (FAO 2005c).

Below, we discuss the methods and data used in this study, in which we show the 
temporal and spatial scale of the analysis of impact of climate change on food secu-
rity. In order to draw relevant policy implications and strategies required to enhance 
adaptation to climate change, we discuss the analytical approaches of the drivers of 
adoption of SLWM practices and their impacts on climate-related risks.

3  �Methods and Data

3.1  �Impact of Climate Change on Food Security

We estimate the impact of climate change on crop productivity in the year 2050 
using climate simulation models with different assumptions that lead to optimistic 
and pessimistic predictions. The National Center for Atmospheric Research (NCAR) 
predicts greater precipitation (10% increase), while the Commonwealth Scientific 
and Industrial Research Organization (CSIRO) model predicts a drier climate (2% 
decrease in 2050) (Nelson et al. 2009).

Additionally, we use a crop simulation model to estimate the impact of SLWM 
practices on climate-related production risks with and without climate change from 
the year 2000 to 2050. We also use the same model to estimate carbon sequestration 
since soil carbon is one of the most important elements determining adaptation and 

[VALUE]%

[VALUE]%

Agricultural research Irrigation efficiency roads

Fig. 1  Contribution of irrigation, roads, and R&D to total additional annual investment (2000 
US$3 billion) required to offset the effects of climate change on nutrition in SSA (Note: Nelson 
et  al. (2009) separate irrigation and road investments into supporting area expansion and yield 
increase (for roads) and enhancement of water use efficiency (for irrigation). The Percentages 
reported for irrigation & roads are derived from a sum of the two groups (Source: Extracted from 
Nelson et al. 2009)
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mitigation to climate change (Lal 2004, 2011). We use the DSSAT (Decision 
Support System for Agrotechnology Transfer) Cropping System Model v4.5 
(Hoogenboom et  al. 2010; Jones et  al. 2003), which combines crop, soil, and 
weather databases for access by a suite of crop models embodied in one system. The 
models integrate the effects of crop system components and management options to 
simulate the states of all the components of the cropping system and the interaction 
between them. DSSAT crop models are designed on the basis of a systems approach, 
which provides a framework for users to understand how the overall cropping sys-
tem and its components function throughout cropping seasons, on a daily basis. The 
DSSAT model has been widely used in various types of cropping systems all over 
the world, including low-input subsistence ones in SSA. The model was modified 
by incorporating a soil organic matter and residue module from the CENTURY 
model and this combined model, DSSAT-CENTURY, was used in this study, as it 
was designed to be more suitable for simulating low-input cropping systems and 
conducting long-term sustainability analyses in SSA (Gijsman et al. 2002).

3.2  �Drivers of Adoption of SLWM Technologies and their 
Impact of Climate-Related Production Risks

We estimate the drivers of adoption of SLWM using a Probit model shown below:

	
Y Y* = - ( ) = +F b e1 X ,

	

Where Y* is a latent variable, given by:
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Φ is a normally distributed cumulative static with Z-distribution, i.e. Φ(Z)ϵ(0, 1),X 
is a vector of covariates of determinants of adoption of SLWM practices and β is a 
vector of the associated coefficients. Xβ ~ N(0,1); ε is an error term with normal 
distribution, i.e., ε ~ N(0,1).

Choice of the elements of the X vector in the empirical model is guided by litera-
ture4 and data availability. Given that some drivers of adoption of SLWM are poten-
tially endogenous, we estimate a reduced form model to determine the robustness of 
the coefficients. The coefficients reported in the results section show that they were 
generally robust to statistical errors.

Impacts of SLWM on production risks is estimated using Just-Pope mean-
variance model (Just and Pope 1979) – a model that estimates deviation from con-
ditional mean crop yield:

4 Please see Nkonya et al. (2008) and Di Falco (2014) for a review.
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Y f X C p X C X C e= ( ) = ( ) + ( ) ( ), , ,j x

	

Where Y = yield which is affected by a deterministic production function P(∙) 
and stochastic risk function φ(∙) with an error term (e(ξ)) determined by rainfall and 
other production risks.

C and X are respectively covariates of land management practices and other 
covariates, which simultaneously affect P(∙) and φ(∙).
¶

¶
var Y

C

( )
> 0  ➔ Risk-increasing land management practice,

¶
¶
var Y

C

( )
< 0  ➔ Risk-reducing land management practice.

3.3  �Data

Plot and household level survey data were used from both countries to determine 
farmers’ land management practices and yield. For Mali, the 2004/05 agricultural 
household survey data were used. The data were nationally representative and 
included 10,000 households. The agricultural household survey data from Nigeria 
were collected by IFPRI for impact assessment of a large agricultural project that 
covered the entire country. A total of 9176 households from all 37 states were sur-
veyed. The 37 states formed the strata and the data were representative at state level. 
Unfortunately, the data collected in Mali and Nigeria were not the same and the 
covariates included in each country differ slightly but largely remain comparable on 
a broader scale.

We use three staple crops – namely maize, rice, and millet, which account for the 
largest caloric requirements in both countries. The three crops are staple crops in 
both countries and in total account for 45% and 27% of the harvested area in Mali 
and Nigeria respectively (FAOSTAT 2013). However, rice consumption in both 
countries is rising and for the case of Nigeria, the country is the second largest rice 
importer in the world (after China) (Johnson et  al. 2013). Nigeria rice import is 
worth about US$2 billion per year (Ibid). Through its agriculture transformation 
agenda policy, the country has embarked on achieving rice self-sufficiency by 2015 
(Ibid) – a target that was not achieved.

The major soil fertility management practice scenarios simulated for maize, rice, 
and millet are given in Table 2. Irrigation is not shown since it is only used for rice 
and no scenario for rainfed rice is simulated. In all simulations, we assumed no 
carbon fertilization, since maize and millet are C4 species, which are not signifi-
cantly affected by carbon fertilization (Leakey 2009). However, carbon fertilization 

E. Nkonya et al.



453

is likely to increase yield for rice (C3) and this means our estimates for rice under 
climate change may be underestimated.

3.3.1  �DSSAT Model Calibration

Calibration of the DSSAT model was achieved through a process of parameter 
adjustment in the DSSAT default settings so that the final simulations were as close 
as reasonably possible to data that were reported in the literature as representing 
farmers’ fields. Data for calibration of the DSSAT model were obtained from agri-
cultural research institutes in Mali and Nigeria that focused on soil fertility manage-
ment practices.

The weather data solar radiation, minimum and maximum temperatures, and 
rainfall were generated using stochastic functions based on historical weather data 
obtained from WorldClim http://worldclim.org; Hijmans et al. 2005). For the base 
climate scenario, the WorldClim current conditions data set, which are an average 
of 1950 to 2000, and which reports monthly average minimum and maximum tem-
peratures and monthly average precipitation, are used. Precipitation rates and solar 
radiation data were obtained from NASA’s LDAS website (http://ldas.gsfc.nasa.
gov). The future rainfall data (2000 to 2050) were obtained from CSIRO 
(Commonwealth Scientific and Industrial Research Organization) and NCAR. All 
average climate variables were generated at a 10 km × 10 km grid scale. In order to 
decrease the simulation workload, only projections under the IPCC 
(Intergovernmental Panel on Climate Change) scenarios a2 and 2050s (correspond-
ing CO2 concentration of 599 ppm) are used.

Table 2  Soil fertility management scenarios used for crop simulation

Treatment 
code Description of treatment (scenario) Relevance

TR0 Normal practices, all zero inputs, no crop 
residues left on farm after harvest

Farmer practice as majority of 
farmers in both countries don’t 
apply any inputs

TR1 100% Crop residue left on farm after harvest Farmer practice
TR2 Manure 5 tons/ha +100% Crop residue left on 

farm after harvest
First level of improved farmer 
practice

TR3 40kgN/ha + 1.67 t/ha Manure + 50% Crop 
residue left on farm after harvest – most likely 
practice that farmers are likely to afford

About half the recommended 
application rate for maize and 
rice

TR4 80kgN/ha + 100% Crop residue left farm after 
harvest

Represents government policies 
that provide fertilizer subsidy

TR5 80kgN/ha + 5 t/ha Manure +100% Crop 
residue left on farm after harvest – 
recommended practices for maize and rice

Recommended soil fertility 
management practice – Aduayi 
et al. (2002)

Source: Authors’ review
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Soil profile data were obtained from the FAO harmonized soil profile database.5 
Topographic data were obtained from the HydroSHEDS database – a global topo-
graphic database derived from NASA’s SRTM (Shuttle Radar Topography Mission) 
data and contains 90 m hydrologically conditioned digital elevation model (DEM) 
data.

On water management, farmer management practices are reflected by using rain-
fed scenarios for maize and millet and irrigation for rice. In Nigeria, 52% of rice 
production is under lowland flood irrigation and 16% under fully equipped irriga-
tion (Johnson et al. 2013). In Mali, 50% of rice production is under equipped irriga-
tion (Ministère de l’Agriculture (2009) and about 68% of farmers use some form of 
irrigation for rice production (Dillon 2008). In both countries, maize and millet are 
almost entirely rainfed.

4  �Results

4.1  �Impact of Climate Change on Crop Yield and Food 
Security Implications

In both countries, maize and rice yields are significantly reduced by climate change. 
Table 3 shows that between 2000 and 2050, yields of maize and rice are expected to 
decrease by 3% to 39% depending on the climate change scenario used. Yield of all 
three staple crops would decrease under both the NCAR and CSIRO models. As 
expected, yield reduction under CSIRO is greater than is the case under 
NCAR. Decrease of millet is the lowest – underscoring its resilience in the drylands. 
The maize and rice yields in both countries have a greater decrease for treatments 
receiving inorganic fertilizer than those which do not receive the treatment (Tables 
3 and 4). This could be due to the higher variability of high input production sys-
tems under climate stress. Rainfed millet yield will decrease the least due to its 
resilience to dry conditions.

The results show an average decrease of about 21% of staple food production – 
suggesting a reduction of household food security. This is especially high under 
farmer management practices, which are already lower and will decrease further 
even without climate change. Additionally, the results show different crop response 
to climate change and the need to emphasize crop diversification among farmers as 
one of the strategies for climate risk management.

5 http://www.fao.org/soils-portal/soil-survey/soil-maps-and-databases/harmonized-world-soil-
database-v12/en/.
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4.2  �How Much Does SLWM Help Reduce Impact of Climate 
Change on Crop Yield?

We compared the yield of crops with and without SLWM under climate change to 
determine the level at which SLWM could help reduce the impact of climate change. 
The impact of SLWM practices on climate adaptation strategies offers some insights 
on the options that farmers could use to adapt to climate change. For brevity, we 
only compared TR3, i.e., 40kgN/ha, 1.67 t/ha Manure and 50% crop residue (TR3) – 
which could be regarded as an ISFM practice since 40kgN/ha is half of the recom-
mended amount of 80kgN/ha (Table 2). We compare T3 with the average yield of 
farmer practice (TR0 & TR1). Figure 2 shows that SLWM practices are predicted 
more than double the yield of maize and rice under farmer practice in both coun-
tries. This means SLWM could not only offset the negative impact of climate change 
but could increase yield under farmer practice. The results underscore the impor-
tance of promoting SLWM practices as a strategy for addressing climate change.

Table 3  Maize, rice, and millet yield in 2050 under different climate change scenarios, Mali

TR0 TR1 TR2 TR3 TR4 TR5

Yield (tons/ha)
No climate change
Maizea 0.4 0.5 0.7 3.4 1.7 3.6
Riceb 0.6 1.6 1.3 6.4 3.5 6.8
Milletc 0.4 0.4 0.3 0.4 0.4 0.4
Climate change: NCAR
Maizea 0.34 0.48 0.63 2.72 1.43 2.87
Riceb 0.45 1.19 0.91 4.65 1.77 5.01
Milletc 0.39 0.38 0.32 0.37 0.32 0.39
Climate change: CSIRO
Maizea 0.38 0.50 0.69 3.03 1.58 3.25
Riceb 0.67 1.48 1.07 4.93 2.04 5.20
Milletc 0.40 0.39 0.34 0.42 0.40 0.50
Impact of climate change on yield (Percent change)d

Maizea −13.3 −2.7 −12.0 −16.3 −19.3 −19.1
Riceb −20.2 −31.0 −33.9 −37.3 −35.6 −34.0
Milletc 6.3 2.1 −0.8 5.7 −3.6 −1.9

Note: see Table 2 for definition of Treatments TR0-TR5
Sites: a Sikasso,
bSegou
cCinzana

d No CC CC

No CC

_

_

-
*100 where No_CC  =  No climate change, CC  = average yield for NCAR & 

CSIRO models
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Table 4  Maize, rice, and millet yield in 2050 under different climate change scenarios, Nigeria

TR0 TR1 TR2 TR3 TR4 TR5

Maize
No CC 1.03 1.32 1.58 4.32 3.26 4.33
NCAR 1.0 1.2 1.4 2.6 3.4 3.4
CSIRO 0.9 1.1 1.6 2.3 3.1 3.1
Average 0.9 1.1 1.5 2.5 3.3 3.2
Rice
No CC 1.12 2.79 1.98 9.49 4.33 10.24
NCAR 1.0 2.3 1.4 3.5 7.8 8.8
CSIRO 0.9 2.2 1.6 8.1 3.5 8.9
Average 0.9 2.3 1.5 7.9 3.5 8.9
Millet
No CC 0.71 1.22 1.27 1.38 1.22 2.31
NCAR 0.7 1.1 1.2 1.1 1.0 1.7
CSIRO 0.6 1.1 1.1 1.2 1.0 1.8
Average 0.6 1.1 1.1 1.2 1.0 1.8
Impact of climate change on yield (Percent change)a

Maize −8.5 −13.2 −5.7 −24.6 −23.5 −25.9
Rice −18.4 −19.4 −23.8 −16.4 −18.8 −13.5
Millet −9.2 −9.9 −10 −15.2 −15.5 −22.7

Note: 
No CC CC

No CC

_

_

-
*100 where No_CC = No climate change, CC = average yield for NCAR & 

CSIRO models
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Fig. 2  Change of crop yield under farmer practice change under climate change due to use of 
SLWM practices
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It is important to examine SLWM adoption rate and drivers of adoption in order 
to identify the appropriate polices and strategies for enhancing their adoption. The 
next section addresses these important questions.

	
Dy

y y

y
=

-1 0

0

100*
	

Where y1 = T3 yield & y0 = average yield of T0 & T1 under climate change (see 
Table 2 for definition of T0, T1 & T3).

4.3  �Adoption Rate of SLWM Practices

About 50% of farmers in SSA do not use external inputs such as inorganic fertilizer 
or organic inputs (Table 5). Adoption of inorganic fertilizer and organic inputs are 
respectively about 19% and 25% (Table 5). Pender et  al. (2009) observed lower 
adoption rates of external inputs since they observed that only 3% of farmers in SSA 
use low-cost productivity enhancing management practices – such as organic inputs. 
The low adoption of organic inputs is especially troubling given that it could be 
produced by farmers and is crucial in reducing climate-related production risks.

Even though irrigation could increase crop yield by at least 50% (Ringler and 
Nkonya 2012), its adoption is only 7% (Table 5) – an aspect which illustrates the 
weak irrigation development in SSA (You et al. 2011). As discussed earlier, irriga-
tion development is one of the key investments required for adaptation to climate 
change in SSA (Nelson et al. 2009) and its low adoption rate underscores the urgent 
need for increasing investment and promoting its adoption.

More detailed analysis for the case study countries shows an interesting pattern. 
About 6% of crop farmers in Mali and 12% in Nigeria use irrigation (Figs. 3 and 4). 
There is large variation of adoption of irrigation in both countries across 

Table 5  Adoption and profitability of soil fertility management practices in SSA

Country
ISFM Fertilizer Organic inputs Irrigation Nothing
Adoption (percent)

Mali 18 16 39 6.0 27
Uganda 0 1 68 0.1 31
Kenya 16 17 22 2.0 44
Nigeria 1 23 28 12.0 47
Malawi 8 52 3 2.3 38
Tanzania 1 1 3 3.6 95
Average adoption rate and profit
Adoption rate (%) 6.2 19.1 24.6 7.0 49.8
Profit (US$/ha/year) 36.5 24.6 15.1 10.4

Source: Nkonya et al. (2016a)

Climate Risk Management through Sustainable Land and Water Management…
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agroecological zones and crops. Drylands account for the largest share of irrigated 
area. About 30% of rice is irrigated in Mali (Fig. 3), a level that reflects the domi-
nance of rice as an irrigated crop in Africa. About 14% of the area under full or 
partial control irrigation in Africa is planted with rice (FAO 2005). On spatial distri-
bution, irrigation is concentrated in the drylands in both countries. About 70% of 
irrigated area in Mali is in the Sahelian zone located in the middle belt (Fig. 5). 
Likewise, adoption of irrigation is highest in the Sahelian Sudan and Guinea Sudan 
in Nigeria (Figs. 4 and 5), both of which account for 68% of irrigated area in Nigeria 
(FAO 2005).

0

10

20

30

40

50

60

Manure Fertilizer Fertilizer & manure Irrigation

Pe
rc

en
t a

do
pt

ed

Rice Millet Maize Any crop

Fig. 3  Adoption rates of manure, fertilizer, and irrigation in Mali. Source: computed from raw 
data, Mali agricultural census 2004/05
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Adoption of OSFM is very high in Mali but quite limited in Nigeria. Over 50% 
of millet farmers in Mali apply manure and 39% of all crop farmers in the country 
apply manure (Fig. 3). This level is much higher than the adoption rate of inorganic 
fertilizer – which is only 16%. In Nigeria, only 16% of farmers apply OSFM prac-
tices, which includes animal and green manure, agroforestry, and composting. 
Adoption of inorganic fertilizer is much higher (32%) (Fig. 4). One of the reasons 
behind such high adoption of inorganic fertilizer could be the high fertilizer subsidy 
rate and relatively higher income of farmers in Nigeria compared to those in Mali 
(Table  1). Adoption of ISFM is 18% and 1% in Mali and Nigeria, respectively 
(Table 5) – and in both cases lower than less profitable practices (Figs. 3 and 4).

Given the adoption patterns of soil fertility management practices discussed 
above, it is important to analyze the adoption incentives and drivers of their adoption. 
To better understand the adoption incentives and competitiveness of the land man-
agement practices, the section below analyzes profitability of soil fertility manage-
ment practices in the case study countries. This is followed by analysis of the drivers 
of adoption of soil fertility management practices, which will be used to draw impli-
cations on policies and strategies for increasing their adoption, and consequently 
enhancing adaptation to climate change.

4.4  �How Profitable Are the SLWM Practices?

Soil fertility management practices that combine manure and inorganic fertilizer – 
or ISFM (TR3 & TR5) generally have the highest profit for all crops (Table 6). This 
is consistent with other studies (e.g. Doraiswamy et  al. 2007; Sauer et  al. 2007; 
Nkonya et  al. 2016a). The predominant management practices (TR0 & TR1)  – 
regarded in this study as farmer management practices – are least profitable, and are 
shown to have greater yield variability.

Fig. 5  Distribution of irrigated area across agroecological zones, Mali & Nigeria (Sources: RDM 
(2009) and FAO (2005))
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If a household switches from the farmer practice (TR0 & TR1) to medium-level 
ISFM (TR3), their maize and rice profits are expected to more than double in both 
countries (Fig. 6) – suggesting that adoption of ISFM will simultaneously reduce 
poverty and production risks and increase food security.

As seen in Table 5, adoption rate of ISFM is low – despite its high returns. There 
are several reasons that contribute to this pattern and the econometric analysis below 
will shed light on this. However, a couple of factors need to be examined in detail 
since they may not be reflected fully in an econometric analysis.

	(i)	 ISFM and OSFM practices are labor intensive: In all treatments using manure, 
labor costs amounted to 50–80% of total production costs. This is a major con-
straint for OSFM that includes a transfer of biomass – especially under SSA’s 
low mechanization. Ownership of livestock is an important driver given that 

Table 6  50-year average profit of soil fertility management practices with no climate change

Soil fertility management practices
Country/crop TR0 TR1 TR2 TR3 TR4 TR5

US$/ha

Mali
 � Maize 13.34 15.72 20.05 126.57 52.53 127.16
 � Rice 109.53 128.09 248.66 383.39 72.74 494.63
 � Millet 8.88 9.65 16.05 14.72 13.21 20.90
Nigeria
 � Maize 206.13 295.98 451.41 881.51 904.52 1142.46
 � Rice 66.93 115.78 96.38 192.71 201.01 447.39
 � Millet 47.74 63.87 66.43 75.38 53.52 78.09

Notes: See Table 2 for definition of TR0-TR5
Average profit for the 50-year average (2000–50), 2015 constant price
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Fig. 6  Change of profit per ha due to a switch from farmer practice to ISFM
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there are no marketing mechanisms for organic inputs and that biomass transfer 
could require animal draft power. This means farmers need to produce their 
own organic inputs and must have transportation to move animal and household 
refuse from home to crop plots.

	(ii)	 Low capacity of agricultural extension agents to provide advisory services on 
ISFM & adaptation to climate change: Studies done in Nigeria and Uganda 
involving agricultural extension agents (AEAs) on topics they promote to farm-
ers showed that improved seeds and agrochemicals are the most important 
technologies promoted (Fig. 7). Promotion of chemical fertilizers in Nigeria is 
high but limited in Uganda. Promotion of agroforestry and other organic inputs 
was quite low in both countries. No AEAs promoted agroforestry in Nigeria 
though 51% promoted organic fertilizer like manure. In both countries, no 
AEAs promoted climate change adaptation strategies. The results reflect the 
low capacity of AEAs to provide advisory services on OSFM and climate 
change.

Where average profit is given by:

	

Dp
p p

p
% *=

-ISFM c

c

100

	

Where ∆π = change in crop profit per ha, πISFM= Profit with middle-level ISFM (40 
kgN/ha + 1.7 tons manure/ha, 50% crop residues, pC  = Average profit per ha for 
farmer practice, i.e., TR0 & TR1.

The section below analyzes the drivers of adoption of SLWM by taking into 
account other factors.
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Fig. 7  Major topics promoted by AEAs in Nigeria and Uganda (Notes: AEAs Agricultural exten-
sion agents, SWC Soil and water conservation practices. Sources: Extracted from: Banful et al. 
(2010) – Nigeria results; Nkonya et al. (2013) – Uganda results)
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4.5  �Drivers of Adoption of SLWM Practices

Human capital We find that in Mali, older farmers are more likely to use manure 
and ISFM while younger farmers are more likely to use inorganic fertilizer (Table 7). 
In Nigeria however, older farmers are more likely to use inorganic fertilizer 
(Table 8) – a reflection of older farmers’ higher income and/or political influence 
that increase their access to subsidized fertilizer. The results in Mali suggest that for 
quick wins, fertilizer subsidy programs need to be targeted to younger farmers, who 
also happen to be poorer and – as observed in Ethiopia by Krishnan and Patnam 
(2014) – could serve as AEAs to other farmers. As demonstrated by Bandiera and 
Rasul (2006), and Conley and Udry (2010) young adopters of agricultural production 
technologies could influence other farmers decision to adopt new technologies 
through peer influence. The dependence ratio in Mali and Nigeria increases the 
propensity to use ISFM and inorganic fertilizer. This is likely driven by an attempt 
by households with a large number of children to increase per unit area production 
to address family food needs. Household size in Mali and Nigeria increases with 
adoption of ISFM and inorganic fertilizer in Mali. Family size also increases the 
propensity to use OSFM in Nigeria. This could be due to high family labor for large 
households allowing them to adopt labor intensive practices  – especially those 
including biomass transfer.

Secondary and post-secondary education has a negative impact on propensity to 
adopt irrigation in Nigeria. Contrary to Di Falco (2014), level of formal education 
has no significant effect on probability to adopt any soil fertility management prac-
tice considered in Nigeria. This could be due to a small percent of households of the 
benchmark group – farmers with no formal education – who only constitute 10% of 
the sample population. In Mali, primary and secondary education increases adop-
tion of manure. Similarly, secondary and post-secondary education increases adop-
tion of inorganic fertilizer in Mali.

Female-headed households in Mali have greater propensity to adopt ISFM but 
the converse is the case in Nigeria. The greater likelihood of adoption of ISFM in 
Mali by female-headed households reflects their greater efficiency in utilizing 
labor and agricultural investments (Oladeebo and Fajuyigbe 2007). It is also a 
reflection of the higher and lower adoption rates of organic inputs in Mali and 
Nigeria respectively. In both countries, female-headed households are less likely 
to adopt irrigation. This is consistent with van Koppen et al. (2013) who found 
that the irrigation adoption rate of female headed households in SSA is only two-
thirds of the rate of male-headed households.

4.5.1  �Financial and Physical Capital

As expected, access to credit increases probability to use inorganic fertilizer, ISFM, 
and irrigation in both countries (Tables 7 and 8). However, access to credit reduces 
propensity to adopt manure. This could be due to a substitution effect in that farmers 

E. Nkonya et al.
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with access to credit substitute manure with fertilizer. The results suggest the impor-
tance of access to credit for adoption of purchased inputs and its role in adaptation 
to climate change. Remittances reduce the probability to use inorganic fertilizer and 
ISFM in Nigeria. This could be due to the fact that remittances are received in time 
of emergencies and not used for purchase of inputs.

Contrary to Di Falco (2014), access to extension services also has no significant 
impact on propensity to adopt soil fertility management practices in both countries. 
In fact extension services reduce probability to adopt manure. As discussed earlier, 
only a small share of AEAs promote OSFM practices (Fig. 7). Consistent with Di 
Falco (2014) and Barrett and Constas (2014), proximity to roads increases the pro-
pensity to irrigation in both countries. This is consistent with the theory that irri-
gated crops are marketed more than rainfed crops because irrigation involves large 
investments in equipment and infrastructure and use greater amounts of inputs for 
irrigated crops (You et al. 2011). Proximity to roads also increases the probability to 
use manure and ISFM in Mali. In Nigeria, proximity to roads and cities of more than 
50,000 residents increases the probability to use all three soil fertility management 
practices considered. Consistent with Nelson et al. (2009), the results underscore 
the importance of market access for enhancing adaptation to climate change.

As expected, physical capital endowment (livestock and farm size) increases 
propensity to use fertilizer and ISFM in both countries but reduces the propensity to 
adopt irrigation in Mali. The inverse relationship between irrigation adoption and 
farm size is expected given that farmers in SSA irrigate small farms more than large 
ones (Domenech and Ringler 2013). The number of livestock owned also increases 
the probability to use manure in Mali – an aspect that underscores the lack of a 
market for OSFM that forces farmers to depend on their own production. The num-
ber of livestock is also inversely associated with the probability to use irrigation – an 
aspect that is expected given that pastoralists with large herds of cattle are less likely 
to be engaged in large investment crop production.

Of specific interest is the topography of plots, which is an indicator for irrigation 
use, and here analyzed in Mali only.6 Small scale irrigation is largely done on gentle 
slope plots because irrigation on steep slopes is difficult and expensive to imple-
ment (Nielsen et al. 2015). Accordingly, irrigation is more likely to be done on plots 
with flatter terrain than on any other topography (Table 7).

4.6  �Reducing Climate-Related Risks – The Role of Soil Carbon 
and SLWM Practices

Soil carbon enhances soil moisture conservation and consequently reduces yield 
variability in areas with low-rainfall and highly variable moisture (Lal 2015; 
Govaerts et  al. 2009; Manna et  al. 2005). Consistent with this, our 30-year 

6 Plot topography data were not collected in Nigeria.
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simulation results show that maize and millet yield variance in the dry areas of Mali 
fell as the amount of soil carbon increased (Fig. 8).

Accordingly, the Just-Pope mean-variance results show that almost all SLWM 
practices in both countries reduce production risks (Tables 9 and 10) – underscor-
ing their importance in designing appropriate climate change adaptation 
strategies.

Other variables are also important in reducing climate-related production risks. 
Specifically, access to roads reduces production risks in both countries further dem-
onstrating the role played by market access in adaptation to climate change. This 
supports Nelson et  al. (2009) findings that two thirds of US$3 billion additional 
investment required to offset climate change impacts on nutrition in SSA will need 
to be directed to roads (Fig. 1). Similarly, irrigation is associated with lower produc-
tion risks in both countries.

Rainfed area also reduces production risks. This could be due to largescale 
farmers’ ability to invest in management practices that could lead to reduction of 
production risks. The number of livestock is a risk reducing asset in both coun-
tries. This underscores the role played by livestock in risk management through 
organic soil fertility improvement and provision of animal power for biomass 
transfer.

Post-primary education in Mali reduces production risks – underscoring the key 
role of human capital in adaptation to climate change. Like the case of adoption of 
SLWM however, education does not have a significant impact on production risks 
in Nigeria.
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Table 9  Impact of SLWM practices on climate-related production risks  – Just-Pope mean-
variance model, Mali

Explanatory variables Variance Function, (FGLS)

SLWM practices: Ln(crop value XOF)2

 � Manure −0.084***
 � Inorganic fertilizer −0.131***
 � ISFM −0.005***
Human capital
 � (Ln(age of household head) 0.094***
 � Male-headed household head −0.185**
 � Dependence ratio 0.001**
 � Ln(Family size) −0.023**
 � Level of education of household head (cf no formal education)
 �   Primary −0.016
 �   Secondary −0.605***
 �   Post-secondary −0.508**
Physical endowment
 � TLU −0.087***
 � Access to credit 1.58***
Access to rural services
 � Access to extension services −0.112
 � Ln(distance to road, km) −0.030**
Plot level characteristics
 � Plot owned by male 0.373
 � Ln(Distance (km) – homestead to plot) −0.019**
 � Slope position (cf flat)
 �   Plateau −0.023**
 �   Valley bottom −0.078**
 �   Gentle slope 0.003***
 �   Steep slope −0.026***
Constant −0.294***

Note: FGLS feasible generalized least squares
*,**, & *** means associated coefficient is statistically significant at 0.10, 0.05 & 0.01 confidence 
interval

5  �Conclusions and Policy Implications

Our estimates show that climate change is predicted to reduce production of staple 
foods (maize, rice, and millet) by about 20% by 2050 if farmers do not take adaptive 
strategies. This jeopardizes food security – especially for the poorest farmers who 
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Table 10  Impact of SLWM practices on climate-related production risks  – Just-Pope mean-
variance model, Nigeria

Variance model (FGLS)

SLWM practices
 � Irrigation −0.009***
 � Soil bunds −0.613***
 � Stone bunds −0.843***
 � Mulching 0.248
 � Grass strip −0.592***
 � Ditches −0.715***
 � Ridges −0.272***
 � Animal manure 0.13
 � Compost −0.427***
 � Inorganic fertilizer −0.139**
 � ISFM −0.134**
Human capital
 � Ln(Age of household head) 0.034
 � Ln(number of adult males) −0.055
 � Ln(adult females) −0.065
 � Female household head 0.062
 � Education of household head (cf no formal education)
 �   Primary 0.044
 �   Koranic 0.114
 �   Secondary 0.001
 �   Post-secondary −0.098
Physical and financial capital
 � Remittance −0.157***
 � Ln(value of productive) assets) −0.023**
 � Ln(TLU) −0.025*
 � Ln(rainfed area) −0.177***
Access to rural services
 � Ln(distance to market, km) 0.021
 � Ln(distance to road, km) −0.032*
Agroecological zones (cf Sahelian Savannah)
 � Humid forest 1.101***
 � Guinea Savannah 0.192***
Constant 1.470***

Note: FGLS feasible generalized least squares
*,**, & *** means associated coefficient is statistically significant at 0.10, 0.05 & 0.01 confidence

heavily depend on rainfed agriculture and who do not use soil carbon-enhancing 
management practices. Our results show that even though all land management 
practices considered lead to a lower yield due to climate change, adoption of SLWM 
practices could completely offset the negative effect of climate change on crop pro-
duction related to farmer management practices and significantly reduce production 
risks. Specifically, adoption of SLWM will simultaneously increase crop yield and 
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profit under current farmer practice by at least twofold. This means SLWM could 
simultaneously increase food security and reduce poverty and climate-related pro-
duction risks. This is in addition to the off-site benefit of carbon sequestration, 
which farmers do not consider in their planning. This underscores the importance of 
promoting SLWM practices to help smallholder farmer adaptation and resilience to 
climate change and to help SSA countries to achieve their commitment to the 
UNFCCC 21st Conference of Parties (CO21) to contribute to the reduction of GHG 
emissions.

The low adoption rate of SLWM calls for major changes in the agricultural 
development policies and strategies.

The major drivers for adoption of SLWM include access to agricultural extension 
services, market access, credit, and greater endowment of physical resources. The 
results underscore the need for increasing access to rural services – especially for 
farmers in remote areas and poor farmers and female-headed households. Improvement 
of market access will provide incentives for farmers to use SLWM and other produc-
tion technologies. Development of market infrastructure could serve multiple pur-
poses of rural poverty reduction and modernization of agriculture. This could be done 
in conjunction with other rural development and poverty reduction programs. This 
demonstrates that adaptation to climate change will need to be more holistic and go 
beyond the traditional approach of compartmentalized development strategies.

There is need for increasing the training of agricultural extension service provid-
ers about SLWM and climate change – both of which are relatively new to many 
older agricultural extension services. Additionally, advisory services on irrigation 
development and management remain weak. This is especially true for irrigation 
engineering advisory services, which remain largely confined to large-scale irriga-
tion schemes (Nkonya et al. 2015b). As a result of this and other factors, water loss 
in irrigation schemes and irrigation systems is more than 50% in Africa (Delaney 
2009). Short-term training with specific focus on these important topics will be 
more effective and practical than long-term training. Additionally, sex of extension 
agent providers has a large impact on type of advisory services provided and benefi-
ciaries of such services (Takeshima and Edeh 2013; Davis et al. 2012). Our results 
show that female-headed households are less likely to adopt SLWM. One strategy 
for increasing their adoption is to recruit more female extension agents who are bet-
ter able to provide advisory services and SLWM messages to women than male 
extension agents (Nkonya et al. 2013; Davis et al. 2012; Takeshima and Edeh 2013).

The challenges of adoption of SLWM also includes high labor intensity of prac-
tices which involves biomass transfer, limited marketing infrastructure, and produc-
tion of organic inputs like manure. Promotion of agroforestry is likely to be an 
amenable practice since it is less labor intensive once it gets established and it 
simultaneously addresses both lack of markets and production challenges of organic 
inputs. Unfortunately, current soil fertility management policies gravitate around 
inorganic fertilizer subsidy. There are no programs that provide incentives for adop-
tion of OSFM practices like agroforestry. Given the multiple benefits of OSFM 
practices, it is important to consider initiatives that provide incentives for adoption 
of agroforestry, ISFM, and OSFM practices. For example, it is possible to provide 
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conditional fertilizer subsidies given to beneficiaries who have planted trees in crop-
lands. Such incentives are easy to verify and could serve as a form of payment for 
ecosystem services since they will increase carbon sequestration. A study in Malawi 
showed that farmers are highly receptive to conditional fertilizer subsidies given to 
farmers to plant agroforestry trees (Marenya et al. 2014).

Following UNFCCC’s COP21 resolution to include agriculture in the carbon 
sequestration program, adaptation and mitigation in the agricultural sector is 
included in 80% of the national INDCs (Richards et al. 2015). This provides a unique 
opportunity for building carbon markets in SSA by organizing smallholder land 
users to participate in the carbon market. This could be effectively achieved by orga-
nizing them in groups and giving them the mandate to manage their natural resources. 
Implementing this would require revision of the Decentralization Act in order to give 
villagers a full mandate to manage their own resources. Efforts to increase economic 
interest groups and cooperatives would also help smallholder land users to work col-
lectively. Success of carbon markets is greater when both international and domestic 
buyers are involved. The domestic buyers could include governments. Additionally, 
experience has shown that the payment for ecosystem services (PES) are successful 
in countries with strong policies and investment in PES. For example, the Costa Rica 
constitution sets a framework for rewarding land users who provide significant off-
site benefits (Salazar and Chacón 2011). The constitution further states that revenue 
collected from fossil fuel taxes, water fees, and from donors be allocated to PES 
(Ibid). The land users also are exempted from paying some local taxes. These incen-
tives have significantly helped to combat deforestation in Costa Rica. This suggests 
that the governments in SSA need to enhance their policies that enhance incentives 
of land users to adopt ISFM and OSFM practices.

The impact of climate change on food security and rural development in general 
are large and require immediate action to offset their effects on the rural poor. The 
opportunities for addressing climate risks using SLWM are large but they need 
strong government commitment to exploit them in order to achieve food security 
and ensure sustainable agricultural development in Africa.
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