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ABSTRACT. African agriculture is one of the less productive of the world because of low use of available water resources and of
limited fertilizer input. A large increase in agricultural production is needed to meet increasing food requirements of the growing
population of Africa, augmenting the risk of environmental pollution. In order to limit this risk adoption of sustainable irrigation and
fertilization practices is required. The efficiency of these practices depends on numerous and conflicting objectives which lead to a
complex multi-objective decision process. In this work we quantified the trade-offs among the agricultural gross margins and nitrates
pollution for the major African crops. Based on an integrated biophysical model and a multi-objective evolutionary algorithm, we
estimated optimal solutions (Pareto front) among both objectives to identify efficient irrigation and fertilization management patterns
in several African countries. This analysis pointed out how the increase of farmer benefit is always related to a higher amount of
nitrates losses. Knowledge of these sets of solutions helps decision-makers to choose optimum alternative strategies specifically
tailored to each country. The multi-objective analysis indicates that in most of African countries farmers can significantly increase their
income while preserving at the same time environment by adopting efficient fertilization and irrigation strategies.
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1. Introduction

African agriculture is one of the less productive of the
world because of low use of available water resources and of
limited fertilizer input (Fleshman, 2006). A large increase in
agricultural production is needed to meet increasing food
requirements of the growing population of Africa. According
to FAO estimates (FAO, 2009a) a general increase of food pro-
duction by 70% is expected between 2005 and 2050 and, Afri-
can countries in particular will have almost to double their a-
verage crop production to meet these new needs. African ag-
riculture has enormous potential for growth thanks to its na-
tural resources including water and land, which in many cases
are only partially used (Morris et al., 2009). African agricul-
ture will need to invest capital and technology to adapt to the
new situation, ensure a proper policy environment and pro-
vide adequate training to farmers in order to achieve higher
crop yields and ultimately ensure food security (Rosegrant
and Cline, 2003).

Recent research has shown that in most African countries,
the main biophysical factor limiting crop production is nitro-
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gen while water scarcity (including precipitation and irriga-
tion) is the main issue in a more restricted number of coun-
tries (Pastori et al., 2011). Producing more food is feasible in
Africa, but it should not be done at the expenses of degrading
the environment (The Montpellier Panel, 2013). Even in water
rich regions, irrigation has to be managed properly through
appropriate infrastructure and efficient technology in order to
preserve water resources and to avoid large nutrient losses
that may occur through bad practices. For example, increased
water abstraction for irrigation could conflict with the de-
mands of water for domestic or industrial use, leading also to
adverse ecological effects (Bates et al., 2008). Some countries
(mainly Northern Africa) are already mining and overexploit-
ting water resources (Pastori et al., 2011), an issue destined to
increase in the context of rising climate stresses including
drier and hotter climate and increased variability of the water
availability.

Negative impacts of intensive farming on water quality
are already reported in several regions of Africa (Fianko et al.,
2009; Maherry et al., 2008; Sall and Vanclooster, 2009; Fetou-
ani et al., 2008). This degradation might continue in the near
future since the most important increase in reactive nitrogen
input over the next decades will occur in tropical African
countries, regions that have already shown evidence of high N
deposition and that are also an important reserve of biodiver-
sity (Galloway et al., 2008).

Proposed alternatives to achieve higher yields are given
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by Easterling and Apps (2005). However an uncontrolled in-
tensification could potentially increase adverse agriculture im-
pacts on the environment and lead to new conflicts between
different end-users (Schroter et al., 2005; IPCC, 2007). The
regional identification of realistic and effective Best Manage-
ment Practices (BMPs) contributes to a better policy-making
procedure (Romero and Rehman, 2003; Gomez-Limoén and
Riesgo, 2004; Rizov, 2004; Arabatzis and Manos, 2005; Pujol
et al., 2006; Manos et al., 2007, 2010, 2013) and minimizes
the costs of implementation of the selected strategies while
increasing their acceptability by the end-users (Bouraoui and
Grizzetti, 2014). However, for a given region (country, basin,
etc.) with different farm typologies, soils, climatic conditions
and crops the possible number of potential and effective ma-
nagement practices can increase vastly, and finding the right
balance between maximizing crop income, while limiting at
the same time environmental (and social) impacts becomes a
high complex task. A large number of BMPs are available for
implementation from local to national scales. The selection of
the optimal set of solutions requires a simultaneous optimiza-
tion of two or more conflicting criteria.

Optimization algorithms have been widely used in envi-
ronmental modelling (Reed et al., 2013; Jegannathan et al., 20
11; Recknagel, 2013; Nicklow et al., 2010) with an increase
use of multi-objective approaches. In the case of multi-objec-
tive optimization problems, usually there is no unique optimal
solution, but there is a set of solutions which are superior to
the rest of solutions: these are known as Pareto-optimal or
non-dominated solutions (Hans, 1988). This type of approach
has great potential for addressing problems in managing con-
flicting objectives (Ines et al., 2006; Bryan and Crossman,
2008; Higgins et al., 2008; Sadeghi et al., 2009; Meyer et al.,
2009; Whittaker et al., 2009; Latinopoulos, 2009). Several au-
thors have combined the use of biophysical and multi-objec-
tive programming models (Fernandez-Santos et al., 1993; Ra-
botyagov et al., 2010; Panagopoulos et al., 2012; Panagopou-
los et al., 2013). Pandey and Hardaker (1995) provide an
overview of the usefulness of bio-economic modelling for stu-
dying the interaction between farm management practices and
economic criteria to analyse sustainability of farming systems.

The overall goal of this paper is to apply a multi-objec-
tive evolutionary optimization which combines the biophysi-
cal farm model EPIC (Williams, 1995) and a multi objective
optimization algorithm (Udias et al., 2011) to assess the ef-
fects of potential agricultural management practices in Africa.
We evaluate two main potentially conflicting objecttives in-
cluding the maximization of farmer’s income and the minimi-
zation of the environmental impact using the nitrogen leach-
ing loss as a proxy. The main outputs of the analysis are the
identification and quantification of trade-off strategies (Pareto
frontier curves) between these two potentially conflicting ob-
jecttives at country level for representative African countries.

The novelty of the study lays in the application of the
multi-objective optimization approach at continental scale
based on high resolution data (global studies resolution is
often larger than 50 km x 50 km) providing a multi-scale tool

for identifying at large scale hot spots of mismanagement, and
providing at the regional scale detailed optimal sets of sustain-
nable water and fertilizer management strategies. Identified
irrigation and fertilization Pareto strategies will help deter-
mine the opportunity costs of reducing nitrate pollution, and
facilitate the choice of most appropriate management strate-
gies according to stakeholders (farmers, citizens and environ-
ment) specific needs at the local and regional scales.

2. Material and Method

2.1. Multi-objective Approach

The aim of this work is to apply for the whole African
continent a multi-objective optimization tool to identify trade-
off optimum strategies for agricultural land management be-
tween profit and environmental impacts in view of helping
decision makers to select the optimal solutions according to
specific needs and requirements including social, health, eco-
nomic and environmental priorities. Indeed, decision analysis
requires the choice of one alternative among others, a difficult
process, especially if the alternatives are non-dominated for a
given set of criteria. An alternative is dominant when it is the
best solution by considering all decision criteria. Since the
decision criteria considered in this study reflect both econo-
mic costs as well as environmental status, no single alterna-
tive will be dominant because of the potential conflicting na-
ture of the two decision criteria: intensifying agriculture could
lead to increase water depletion and degradation and endanger
ecological health.

Our analysis is based on the combination of the biophy-
sical model EPIC (Williams, 1995) with a multi-objective
evolutionary algorithm (Udias et al., 2011). The model EPIC
was chosen as it simulates crop production under different
farming practices and operations including fertilization and
irrigation application rates and timing, and since it considers
nutrient losses to the environment. In addition, it has been
thoroughly evaluated and applied from local to continental
scale (Gassman et al., 2005) and used in global assessment
(Liu et al., 2008; Liu et al., 2009; Pastori et al., 2011). The
model has been applied for irrigation scheduling assessment
(Rinaldi, 2001; Wriedt et al., 2009) and impact assessment of
nutrient on crop yield production (Van der Velde et al., 2014).
Finally the model has demonstrated good performance in si-
mulating actual yields in most of the African countries for
different crops and agricultural environments (Pastori et al.,
2011; Folberth et al., 2012).

A flowchart of the methodological framework is dis-
played in Figure 1. The agricultural management strategies
considered in the optimization process are linked to crop
fertilization and irrigation schemes (total amount and schedu-
ling). They are the most important factors controlling yield
gaps (difference between current and attainable yields for a
given region) which are generally very high in several African
regions (Mueller et al., 2012). The optimization approach re-
quires the following steps: a) define the set of agriculture ma-
nagement options and their range of variability, b) select
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Figure 1. Flow chart of the integrated MOEA-EPIC-GIS methodology.

major crops in each country, ¢) collect information about mar-
ket price of crops, and cost of water and fertilizer in each
country, d) define the area (countries) where to perform the
analysis, e) specify the objective functions for the optimiza-
tion algorithm.

2.2. The EPIC Biophysical Model

EPIC is a biophysical, continuous, field scale agriculture
management model. It simulates crop water requirements and
the fate of nutrients and pesticides as affected by farm mana-
gement activities such as the timing of agrochemicals applica-
tion, tillage, crop rotation, irrigation strategies, etc. The main
components can be divided in the following items: hydrology,
weather, erosion, nutrients, and plant growth. The model esti-
mates crop development on a daily time-step based on light
interception and conversion of COz to biomass. The crop phe-
nological development is based on daily heat units accumula-
tion. Root growth is limited by temperature stress, soil strength,
and aluminum toxicity whereas above ground biomass growth
is constrained by water, nutrient (N and P), temperature, and
aeration stress. Water and nutrient stresses are based on
deficits compared to the optimal supply on each day. Crop

18

yield is calculated via harvest index as a fraction of above-
ground biomass. The hydrological model is based on the
water balance equation in the soil profile where the processes
simulated include surface runoff and infiltration, evapotrans-
piration, lateral subsurface flow, and percolation. EPIC takes
into account nitrogen and phosphorus cycles (mineralization,
denitrification, volatilization, fixation processes). Nitrate lo-
sses are related to the processes of leaching, runoff and lateral
subsurface and are calculated as a function of flow volumes
and nitrate average water concentration. For a detailed and
complete description of the model and the simulated process-
es see Williams (1995).

2.3. Input Data

A geo-database was developed to support the application
of EPIC for the whole African continent. It includes all data
required by EPIC (meteorological daily data, soil data, land
use data with crop distribution, and agriculture management
information) to simulate different agronomic management
strategies.

The Harmonized World Soil Database (HWSD) (FAO et
al., 2012) with a resolution of about 1 km (30 arc second) was
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used to characterize the soils of the simulation units. A global
digital elevation model (DEM) with a horizontal grid spacing
of 30 arc seconds (FAO, 2009b) was processed to obtain the
mean elevation and slope within each unit. The global crop
dataset SAGE (Monfreda et al., 2008) was selected to derive a
complete land use dataset for all countries. SAGE dataset is a
detailed database of global land use describing the area (har-
vested) and yield of 175 distinct crops for the year 2000 on a
5 min by 5 min (approximately 10 km x 10 km) resolution.

A daily meteorological data with a resolution of 10’ (in-
cluding precipitation, wet-day frequency, minimum and maxi-
mum temperature, relative humidity, solar radiation, and wind
speed) was derived by combining two sources: the Princeton
University Global Meteorological Forcing Dataset for Land
Surface Modelling daily dataset with a resolution of 1° (She-
ffield et al., 2006) and the CRU monthly dataset for the period
1961-2006 with a 10’ resolution (New et al., 2002).

Crop management is one of the most important inputs
required for EPIC modelling. It consists of detailed schedules
and characteristics of the most common crop operations (sow-
ing, harvesting, tillage, fertilisation, irrigation, etc.) for each
crop used in EPIC simulations. The management practices
were derived at sub-national units using the administrative
boundaries provided by FAO Sub-National Administrative
boundaries Level 2 and 3 (FAO, 2009c). These administrative
units of an average area of 7100 km? were considered as the
reference spatial scale for crop management.

Considering the available data resolution of soil, land use
and crop management datasets, a reference spatial unit grid of
15 km x 15 km covering all the African territory was selected.
The whole Africa was discretized into 135000 grid cells. Each
grid cell, representing the unit for simulation, is characterized
by an average topography, soil, and climate data. Maize, sorg-
hum, wheat and barley are the most important cereals crop in
Africa, with maize being the most important crop in Central
and Southern Africa and wheat being the dominant crop in
Northern Africa. So, for our study we applied the integrated
tool (EPIC model-MOEA routine) for all these major crops in
countries representative of different agricultural systems and
environments of the African continent. The list of selected
countries is given in Table 1.

2.4. Control Variables: Fertilization and Irrigation

Fertilizer and irrigation strategies control crop yield pro-
duction at local and global scale (Mueller et al., 2012) and
they are directly managed by farmers. Consequently, variables
related to fertilization and irrigation were used as model con-
straints to derive via the Multi-Objective Evolutionary Algori-
thm (MOEA) alternative management strategies from which
the optimal solutions will be selected. Additional constraints
(such as a minimum value for crop income or a maximum
accepted value for nitrate leaching losses) were not consi-
dered not to limit the output information provided to final
users. More specifically, for each crop, we considered the
total amount of nitrogen fertilizer applied and also different
strategies of application (number of applications by cropping

season and minimum/maximum amount for each individual
application). For irrigated crops, amount and scheduling of
total water applied were also variables taken into account
(Table 2).

The ranges of decision variables to be used via the
MOEA to modify EPIC inputs and to perform random simu-
lations are summarized in Table 2. The EPIC model was set-
up with the auto-fertilization and auto-irrigation options. With
this configuration the model schedules automatically the ma-
nagement operations according to daily plant nitrogen and
water stresses while respecting the values of variables descri-
bed in Table 2. The plant stress threshold varies from 0 (no
stress is considered) to 1 (no stress is allowed thus applica-
tions occur as soon as the stress is felt). The model was run
for 20 years. For each year, the model calculates the amount
of fertilizer and irrigation water to be applied for each crop
according to the decision variables (decision triggers), the cli-
matic conditions, and the soil characteristics.

Ranges were set up to the maximum extent allowed by
the model for water and fertilizer stress (0 to 1) while maxi-
mum constraint values for other parameters were set choosing
a reasonable agronomic value. For instance according to stati-
stical data reference average fertilization in Africa is about 20
kg/ha, so we considered a maximum ranging between 200 kg
/ha and 700 kg/ha as sufficient to describe a potential increase
for all major crops.

2.5. The Optimization Method

It is important to note that, for a given crop, the yield
could increase by a factor 2 to 3 with the appropriate appli-
cation of water and fertilizers. However, this increase is not
linear and depends on the interactions between the amounts
and timing of application of both fertilizers and irrigation, and
on other factors including climate and soil characteristics.
Objective functions arising from real world problems do not
ensure nice mathematical properties as required by many
optimization methodologies (Sarker and Ray, 2009). Thus, we
apply a Multi-Objective Evolutionary Algorithm (MOEA) that
is capable of dealing efficiently with most of this mathema-
tical function complexities. We have adapted the C-sharp
implementation of the MOEA by Udias et al. (2011). This
algorithm applies binary gray encoding (Goldberg, 1989) for
each “chromosome” (optimization string) to represent agrono-
mic strategies (variables of Table 2). Each “gene” uses 7 bits
to encode the value of each variable, so the total length of the
chromosome is 42 bits (6 var x 7 bit/var). The MOEA algori-
thm evaluates the objective functions fitness based on the out-
puts of EPIC and the economic model described in the next
section.

The initial population is generated randomly if no pre-
vious management information is available. The implementa-
tion of the algorithm uses the usual procedures of selection
(tournament), crossover (single point), and mutation (bit in-
version) to generate the new population. It also introduces
elitism by maintaining an external population. In each gene-
ration, the new solutions that belong to the internal population
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Table 1. Crop Values, Water and Fertilizer Costs for the Countries Considered in the Analysis

Crop value [US § tons™']

Water irrigation cost [US $ 100 mm™']

Country Maize Wheat Barley Sorghum

Algeria 270 340 210 160

Congo DEM 370 n.a. n.a. n.a. 9
Ethiopia 180 280 250 230 12
Kenya 310 300 260 270 9
Libya n.a. 280 250 n.a. 5
Morocco 250 280 220 300 7
Mozambique 150 n.a. n.a. 140 9
Nigeria 375 n.a. 230 330 8
South Africa 140 210 200 150 7
Tunisia n.a. 250 160 n.a. 29

Table 2. Range of the Decision Variables Considered in All the Analyses

Parameter Description Minimum Maximum
BIR Water stress 0 1

VIMX Maximum annual irrigation (mm) 20 900
ARMX Maximum irrigation in single application (mm) 50 80
ARMN Minimum irrigation in single application (mm) 10 60

BFTO Fertilizer stress 0 1

FMX Maximum annual fertilization (kg/ha) 200 700

and are not Pareto dominated by any solution of the external
population, are moved to the external population. If the solu-
tions of the external population are dominated by some of the
new solutions, these solutions are deleted from the external
population. The external elitist population is simultaneously
maintained in order to preserve the best solutions found
during the iterative process and to incorporate part of the
information in the main population by means of the crossover.
Elitism is also included in the recombination process, sele-
cting each of the parents through a fight (tournament), be-
tween two randomly-selected chromosomes from the external
Pareto set (according to a density criterion) or from the popu-
lation set (according to a ranking determined through a domi-
nance criterion). Three recombination possibilities are also
implemented in the algorithm: crossover of two chromosomes
from the external Pareto set, crossover of two chromosomes
from the previous population, and crossover of one chromo-
some from the previous internal population with another from
the external elitist population.

After a parameter tuning phase, the algorithm gets a set
of near-optimal trade-off solutions with less than 2,000 evalu-
ation of the model (with a population size of 10 and a muta-
tion rate of 3%). Using a higher number of evaluations (tested
for a sub sample of the data) proved to introduce a very limit-
ed increase in the process performance as indicated by the
limited difference (less than 5%) between the two (2,000 vs
20,000 evaluations) resulting hypervolumes. The hypervo-
lume is used as a valid index of convergence of multi-objec-
tive problem (Deb, 2001). Since the execution of the EPIC
model at continental scale has high computational require-
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ments and the results are an approximation of the real value
(both monetary and nitrate leaching), we have considered this
level of convergence as an adequate compromise solution.

2.6. Objective Function

Our analysis considered only two objectives since multi-

plying the number of objectives increases the computational
effort and enhances the complexity of interpreting the trade-
off solutions curves. The objectives used during the optimiza-
tion process are defined as follows:
(a) Minimization of the environmental impact of the agricul-
tural strategy. Average nitrate leaching below the root zone is
selected as a proxy for the environmental impact, since nitro-
gen loss from agricultural sources is a major contributor to
water quality degradation (Sutton et al., 2011):

1

Nlav =
A©)

NI A () (1)
where:

NI,, : nitrate leaching average (kg N/ha);

¢ : specific crop;

i : index of the cells in the country;

Ncells
A(C) : total crop area (ha) in the country;
A(c) : area (ha) of crop ¢ in cell i;

: total number of cells in the country;
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Figure 2. Simulated (grey cross) and Pareto solutions (green dots) obtained when maximizing the economic benefit and
minimizing N leaching for barley for one region in Morocco (left) and for maize in one region in Ethiopia (right).

NI, : nitrate leaching in the cell i (kg N/ha).

(b) Maximization of the net income based on crop yield and
water and fertilizer costs computed according to the following
equation:

NI(©)= 35" A(S)[Y;(€) *SP(c)
~WC, (c) *WP — FC,(c) * FP]

@

where:
NI(c) : net income (US $/ha) for the crop c;
Y;(c) : yield average (tons/ha) of crop C in cell i;

SP(c) : selling price (US $/tons) for the crop € in the country
(Table 2);

WC, (c) : irrigation water use (m*/ha) for the crop ¢ in cell i;
WP : irrigation water cost (US $/m?) in the country (Table 2);
FC,(c): fertilizer use (kg/ha) for the crop ¢ in cell i;

FP : fertilizer cost (US $/kg) in the country (Table 2).

2.7. Economic Information

The economic analysis was performed considering the
potential income deriving from the selling of the crop on the
local market and the management costs linked to the different
management practices adopted (fertilization and irrigation
costs). More specifically, for each crop the selling price was
considered homogenous at country level and the average
value was calculated from FAO statistical data (FAOSTAT,
2014) using the last 10 years of the simulation period (Table
1). We used a 10 year average because the focus of this study
was to identify management practices that can be adopted on
the long-term. We considered the average price of two impor-
tant fertilizers commonly used and available on the African
market: di-ammonium phosphate (DAP) and urea with an
average cost of 1.7 and 0.5 US $ per kg N ha’!, respectively. A
generic cost of 1.1 US $ per kg N ha! was used for all coun-
tries. The impact of the fertilizer price will be assessed in a

section dedicated to sensitivity analysis.

Having an accurate estimate of the water cost is an im-
portant issue when performing a trade-off assessment of cost
benefit of alternative management practices. Water cost is va-
riable year by year and depends on many variables such as the
availability of water, the type of irrigation applied and the
investments cost required to set up the irrigation plant. In our
analysis we considered only the operating costs since the fo-
cus of the research is on the assessment of different manage-
ment practices rather than on evaluating the pertinence of
developing new irrigation projects.

The long term average operating water cost for each
country (10 year average) was approximated by considering
the use of a pump to extract water from the aquifer and/or
distribute water in the field. The water cost depends on the
diesel cost and the well depth. The method and the equation
used for the calculation are described in detail in Hogan et al.
(2007), and the calculated prices are given in Table 1. The
estimated costs are within the range of reported national
values (Chohin-Kuper and Strosser, 2008).

3. Results

Trade-offs between different objectives are presented as
Pareto front solutions that are the final output that end users
can use to drive their decision. The Pareto trade-off strategies
are calculated for each crop and each country (Figures 2-6).
All the selected control variables (Table 2) are related to the
fertilization and irrigation operations, so the resulting best
management practices will be linked to these two agricultural
management aspects.

As illustrated in Figure 2 the tool runs a large number of
management combinations (small grey dots) trying to find the
optimal solutions. The cloud of points (solutions) presented in
the graph is denser close to the Pareto front because the
MOEA iteratively redefines improved sets of management
variables to be tested, and determines approximate near-opti-
mum solutions (taking into account the uncertainty of the con-

21



M. Pastori et al. / Journal of Environmental Informatics 29(1) 16-28 (2017)

e Algeria ® Ethiopia ®Kenya eLibya « Morocco eSouth Africa Tunisia

107 Irrigation (mm/ha)
. 0 +188@375
8_
@
- @
_‘g °
D6 =
*‘; J ; o
£ ° RV 4
S ) ° S-r
<@ 49 . e 0 V]
z &
L]
L]
21 o
o o
H
200 400 600 800 1000 1200

Benefit ($/ha - for Barley)

Figure 3. Pareto solutions by country obtained when maxi-
mizing the economic benefit and minimizing N leaching for
barley. The pixel size represents the magnitude of applied
irrigation water.

e Algeria @ Ethiopia ® Kenya eLibya » Morocco ®South Africa Tunisia

101 Fertilization (kg/ha)
. 0 ©104@207
8_
®
Py L ]
g ®
611 :
- / . Y 4
=
S j : Ser ™" M
< 4 . w o8 &
z : . ;r“ " y
» [ ]
24 s o°
s .'
i
200 400 600 800 1000 1200

Benefit ($/ha - for Barley)

Figure 4. Pareto solutions by country obtained when maxi-
mizing the economic benefit and minimizing N leaching for
barley. The pixel size represents the magnitude of fertiliza-
tion input.

sidered problem) in less than 200 iterations. It can be seen in
Figure 2 that for barley in Morocco and maize in Ethiopia, the
Pareto curves show similar trends with the benefits initially
increasing significantly while nitrogen leaching is increasing
moderately. After a cut-off point, the Pareto curves show that
the production can no longer be increased significantly while
nitrogen leaching increases exponentially. This indicates that
even with additional fertilizer or irrigation water (in irrigated
areas) the yield will not increase significantly (maximum
yield reached with the proposed management strategy). In this
part of the Pareto curve, the proposed management strategies
will lead to a significant increase of nitrogen leaching since
the excess fertilizer applied can no longer be taken up by
Ccrops.

The generated Pareto curves for single crops indicate best
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management practices specific to the studied area (Figures
3-8). In all African countries the increase of benefit is always
related to a higher amount of nitrate losses to the environment.
However, substantial variations and different patterns can be
observed among the countries. The increase of N leaching per
unit income increase varies significantly among countries
depending on local climatic and soil conditions (factors that
can facilitate or limit nitrogen losses), especially in the case of
high productive management practices. For example, the sha-
pe of the barley Pareto front for Algeria and Tunisia (very
steep) is very different from that for Kenya and Ethiopia. In
Algeria, crop production is nearly optimal under the current
management strategies (Table 3). Barley is irrigated in very
limited areas, and crop production is water limited in Tunisia
and Algeria (Pastori et al., 2011). Hence, increasing the
amount of applied water in irrigated areas will not result in
any significant increased income (Figure 3). On the other
hand, in Tunisia, where the yield of barley could potentiality
double, the increase of fertilization and irrigation inputs can
lead to an additional production, but with limited benefit be-
cause of the high water cost and especially high nitrogen
losses (Figures 3 and 4). In South Africa, crop production is
strongly dependent on water availability with large areas
being irrigated but with low amounts of fertilizers applied.
Thus, increasing nitrogen application will result in higher
benefits however with increased nitrogen losses. In South
Africa, the increase of benefit is independent from the irriga-
tion amount (amount of water applied is optimal under current
management practices for barley). For all countries after a
specific tipping point the relation N leaching vs benefit starts
to increase much more rapidly. This steeper slope of the
curves indicates that the farmer can gain less net benefit for
the same additional net environmental impact or, in other
words, that it is necessary to accept a higher pollution to
achieve the same amount of economic benefit.

All previous conclusions can be also extended to other
crops. For example in the case of maize (Figures 5 and 6) we
focused the analysis in central and southern countries, where
the crop is dominant. Nigeria shows important potential for
benefit increase: this partially depends on the crop price that
is quite high on the local market (380 US § tons in the period
2000~2009), and also on the high water availability (no or
very limited irrigation is required) that reduces the manage-
ment costs required to increase the yield. For all the countries
it is possible to identify the value of threshold benefit beyond
which the environmental impact starts to increase dispropor-
tionally: in the case of South Africa after a benefit of 1300
$/ha the Pareto curve tends almost to be vertical. In the case
of Mozambique the resulting Pareto front is especially steep
indicating that any small increase in crop production and so in
farmers’ benefit is coupled to high nitrogen losses. This spe-
cific behaviour is linked to the presence of highly draining
soils (arenosols) in this country where the cultivation of maize
is both water and nitrogen limited. The dependence of the yie-
1d on the fertilization strategy is shown in Figure 5 for barley
and maize. Yields are higher where water is less limited and,
conversely, lower where water availability is limiting crop
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Figure 5. Pareto solutions by country obtained when maxi-
mizing the economic benefit and minimizing N leaching for
maize. The pixel size represents the magnitude of applied
irrigation water.
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Figure 6. Pareto solutions by country obtained when maxi-
mizing the economic benefit and minimizing N leaching for
maize. The pixel size represents the magnitude of fertilization
input.

growth (Tunisia and Algeria). The optimal solutions show a
clear linear relationship between yield increase and fertilizer
application; for some countries it is also possible to identify
the tipping point at which the yield increase becomes more
limited (in South Africa, Tunisia and Kenya for barley and
Kenya, Congo and Nigeria for maize). The actual yield for
barley and maize for the selected countries is given in Table 3.
Most of the countries are still in a low input production
system, and the optimization tool indicates large potential
increase of yield while preserving natural resources. It can be
seen that based on the yields reported in Table 3, Figures 7
and 8 that for barley, Libya, Tunisia are in the lower part of
the Pareto curve, while South Africa, and Kenya in particular
are in the higher part of the Pareto curve. The actual yield in
Kenya is around 3 tons/ha with an estimated maximum opti-

mal yield around 4 tons/ha, while for Morocco the actual yield
is less than 1 ton/ha and the estimated optimum yield around
3.5 tons/ha.

One of the main outcomes of these analyses is that it is
possible for each country to identify a specific Pareto front
that is closely related to the specific local characteristics of
the country, such as climate and soils. In our study we consi-
dered generalized average costs that can potentially vary and
fluctuate year by year. This variability was not taken into ac-
count in this analysis. We tested the impact of varying the
input costs in a range of 50% for selected crops and countries.
In general no drastic change was observed as illustrated for
barley in Morocco (Figure 9). The shape of the Pareto front
did not change significantly, in particular in the initial linear
part of the curve. The most significant difference occurs in the
tipping point, which moves to the right at lower costs. In
particular, the price of fertilizer shows the largest impact. At
the current cost, the tipping point is at around 490 $/ha. When
the price of fertilizer is reduced, the tipping point occurs at a
benefit of 550 $/ha, while when fertilizers become more ex-
pensive, the tipping points corresponds to a benefit of 410
$/ha.

Because the optimization process has a significant sto-
chastic component, each Pareto set comprises a different num-
ber of solutions that are distributed not uniformly along the
Pareto front. In order to limit this effect in our comparative
analysis, we sub-sampled the original Pareto set distribution
to se lect the same number of points distributed as uniformly
as possibly. The analysis was performed several times repea-
ting the sub-sampling process.

Table 3. Reported Barley and Maize Yield (FAOSTAT, 2014)
for the Countries Considered in the Analysis

Barley yield (ton/ha) ~ Maize yield (ton/ha)
Algeria 1.27 4.07
Congo N/A 0.81
Ethiopia 1.26 1.99
Kenya 3.02 1.62
Libya 0.49 2.15
Morocco 0.88 0.67
Mozambique N/A 0.88
Nigeria N/A 1.68
South Africa 2.46 3.44
Tunisia 1.02 N/A
4. Discussion

The multi-objective optimization approach applied pro-
vides Pareto curves according with one economic (global far-
mers Income) and one environmental objective (nitrogen lea-
ching below the root zone). For some of the trade-off resulting
curves, the solutions are not perfectly distributed along the
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efficient frontier for some of the executions (even with the
best set of the MOEA parameter configuration). This is be-
cause the optimization process is stopped after 2000 evalua-
tions (with 10 chromosomes/generation) in order to reduce
computation times. However the final trade-off curves are
close enough to the Pareto frontier, and they provides accurate
optimized solutions.
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Figure 7. Relation between the quantity of fertilizer applied
(FTN) and the yield obtained for barley in selected African
countries. All the solutions are Pareto optimal considering
the maximization of economic benefit and minimization of
nitrate percolation.
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Figure 8. Relation between the quantity of fertilizer applied
(FTN) and the yield obtained for maize in selected African
countries. All the solutions are Pareto optimal considering the
maximization of economic benefit and minimization of nitrate
percolation.

The tool can be used by managers to choose optimized
solutions for increasing crop production to limit the depen-
dency on crop import. For instance, wheat is one of the major
crops in Morocco and accounts for 42% of the total agricul-
tural harvested area according to FAO statistics (FAOSTAT,

24

2014). Although the production of wheat in Morocco is one of
the highest in Africa and the average yield per ha has increa-
sing in the last years, the production is not yet sufficient to
satisfy entirely the local demand, in particular during the
periods of lower production (for example, during 2009-2012
period the yield decreased from 2.1 to 1.2 tons/ha). We can
observe (Figure 10) that the optimal management solutions
identified in the Pareto front result in a wide range of eco-
nomic and environmental outcomes. All the selected solutions
are optimal but they have different impact on farmers’ income,
stakeholders’ interests, and environmental impact. For exam-
ple, the optimal solution identified in the Figure 10 (top-left)
as optimal-1, is characterized by very low fertilizer input (N
input less than 20 kg/ha); while it is very protective for the
environment (resulting in a very limited N leaching), it may
be not acceptable from a farmer’s perspective. The optimal-2
and optimal-3 solutions are characterized by a medium input
management, with an average fertilization of 50-70 kg/ha and
an irrigation water use of 180 mm and 210 mm, respectively.
The high input solution (optimal-4) is characterized by a very
high use of fertilizer and water resources (N input 180 kg/ha,
irrigation 300 mm/ha/y) that could potentially harm the envi-
ronment and lead to an overuse of water resources.
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Figure 9. Pareto solutions obtained in Morocco considering
the maximization of the benefit and the minimization of the N
leaching for barley for various fertilizers and irrigation costs.

Actual management practices are non-optimal (see dark
point in Figure 10) with production levels comparable to
optimal-1 scenario (corresponding to the lowest benefit for
farmers) and moderate nitrogen leaching. As a result, the
country has to import high quantities of wheat and other ce-
reals: for example the value of the imported wheat in 2011
was of about 1300 M$, 70% of Morocco total import value
for cereals (FAOSTAT, 2014). The optimization tool indicates
the possibility to move towards more profitable yield produc-
tion while preserving at the same time the environment (limi-
ting nitrate leaching). The “medium input” scenarios (Figure
10) show a set of optimal solutions that correspond to a very
significant increase of the yield, reaching a potential average
production ranging between 2.2 and 3.3 tons/ha/y. Current need
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Figure 10. Predicted wheat yields maps for 3 optimal management solutions obtained with the application of the optimization
algorithm. The 3 maps correspond to the yellow, blue and red circled symbols in the top-left figure (Pareto solutions for wheat).

for wheat in Morocco is around 9.5 Mtons (year 2011 pro-
duction plus import, FAOSTAT, 2014). To be self-sufficient
for wheat, an average yield of 3.1 tons/ha would be required
considering the total harvest area of 3 Mha. This yield level
corresponds to the optimal-3 solution that, notwithstanding a
medium/high use of fertilizer and irrigation, is environmental-
ly sustainable and results in higher farmer income.

According to our analysis the increase of nitrogen input
is the most adequate solution to increase crop yields in Moro-
cco. Conversely, irrigation does not appear to have a signifi-
cant potential impact. This is because the area of barley culti-
vation being actually irrigated is limited (around 4% accor-
ding to FAOSTAT). Indeed we tested only changing the
application rates, not extending the irrigated areas. Nonethe-
less, increasing irrigation in Morocco is feasible. According to
Aquastat (FAO, 2010), an important part of the total Moroc-
can available water resources (154.5 km?/y) are not yet exp-
loited (the current total water withdrawal is 12.6 km®/y).

5. Conclusions

African agriculture is one of the less productive because
of low use of available water resources and of limited ferti-

lizer inputs that is one-tenth of the world average. It is expe-
cted that African agriculture will shift to more productive farm-
ing systems to face growing food and products demand of the
local market. In this context, the application of supporting
tools for the identification of best management practices that
can minimize the impact on the environment, including water
quality degradation and sustainable use of water resources,
while preserving at the same time the benefit for farmers is
important. Literature so far has focused solely on gap analysis,
without considering water requirement or the environmental
impact of the proposed management practices. In our study a
multi-objective optimization tool has been linked to a crop
management simulation model (EPIC) in order to identify op-
timal best management practices for different crops and coun-
tries in Africa while considering the sustainability of the na-
tural resources.

Even though we focused our analysis at the country scale,
the tool also provides information at higher resolution that can
be used by decision makers for local and regional manage-
ment. In addition, if required the tool can be downscaled in
order to accommodate regional specificities (costs, projected
increased irrigated areas, etc.). We show that current mana-
gement practices are, in general, inefficient solutions or corre-
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spond to the lowest values of potential production and bene-
fits that farmers can realize. This implies that African farmers
can improve their gross margin while preserving at the same
time the environment. However, it has been shown that mo-
ving towards higher input management options (even if opti-
mal) can lead to significant impact on water quality.

The proposed solutions provide a wide range of local
management strategies for optimizing farmers’ benefit while
considering the environmental impacts, but the final choice of
decision-makers may also consider additional factors, such as
the socio-economic aspects. The methodology is based on ob-
jective quantitative data and gives valuable information to
decision-makers. It can be easily modified to incorporate ad-
ditional criteria for inclusion in the optimization process. This
type of approach also offers the possibility of integrating in
the decision criteria all major concerns of all stake-holder.

However, is important to quantify the impact of the vari-
ous inputs on the results of the optimization. In particular,
future research should evaluate how representative of current
conditions the soil characteristics are (e.g. organic carbon
content). Indeed, organic content values reported by the FAO
et al. (2012) may no longer be up to date since it has been
reported widely that nutrient mining is taking place in Africa,
affecting the prediction of crop yield. Similarly, it will be
necessary to evaluate the impact of climate variability and
potential climate change on the optimization results. At the
scale of the study, it might not be necessary to look for more
detailed input data as they might not improve the yield pre-
diction (Waha et al., 2015). Instead, it will be more critical to
evaluate how the model responds to critical shocks (climate
change, droughts) both in time and space. In addition, com-
parable studies based on other crop growth models will be
necessary as several authors have reported that the selection
of the crop growth model introduces more uncertainties in the
predictions than that linked to the spatial and temporal reso-
Iution of the input data (Angulo et al., 2013).
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