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Many studies have dealt with crop production under climate change projections in sub-Saharan Africa,
focusing on average long term trends over time-windows of five to twenty years. The efforts undertaken
in this study rather combine effective farm management/abiotic factors (e.g., soil tillage, sowing date,
fertilizer use, soil fertility status) with variabilities in rainfall conditions at decadal scale to simulate
rainfed maize yield in Benin (West Africa). To achieve this goal, the model system Environmental Policy
Integrated Climate (EPIC) was used. Management options such as fertilizer use and sowing date
scenarios were considered. Variability in rainfall conditions were considered to account for extremes in
yield production. Changes in plant growth limiting factors such as water stress and nitrogen stress
were conjointly analyzed to account for not only the effects of climate changes, but also soil fertility
status and various pressures on the land resources. Excluding catastrophic factors such as floods and
pests the results indicate %/ield production ranges of about 500 to 1400 (+250) kg ha™ a™* in the North and
1100 to 2300 (+300) kg ha™™ a™ in the South of the investigated region. The impacts of sowing date on the
production were within comparable magnitudes of that of climate changes/ rainfall variability (up to -
50% of the yield in the North). Higher yield production was globally associated with earlier sowing date
referring to the period 2000 to 2009, while associated with later sowing dates referring to period 2010-
2050. Moreover, higher water stress is associated with earlier sowing dates, while higher nitrogen
stress is associated with later sowing dates referring to the period 2010 to 2050. Shifting towards late
sowing dates corresponding to a cumulated rainfall of 180 mm may reduce water stress and make
efficient use of fertilizers in future (2010 to 2050), regardless high or low annual rainfall.

Key words: Maize yield, sowing date, fertilizer use, rainfall variability, climate change impacts.

INTRODUCTION

Benin is not classified at the same vulnerability level as development of the country (Kuhn et al., 2010). Up to a
the sahelian countries, but is highly dependent on the recent past a stable yield production in Benin is mainly
agricultural sector, which determines the economic the results of shifting agriculture based on fallow
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systems, without the use of fertilizers. The country is
characterized by harsh climatic conditions, high rainfall
intensities, prolonged dry seasons, extensive drought
periods, high population growth, and the excessive use of
resources (Heldmann and Dovenspeck, 2008; Hiepe,
2008; Gaiser et al., 2011; Bossa et al., 2012b, Bossa and
Diekkrtiger, 2012). Compared to temperate regions, the
decline in food productivity since the 70s is drastic due to
the climate condition, low soil fertility, and the poor quality
of the subsoil and unstable soil properties (Hiepe, 2008;
Bossa et al.,, 2012b). Some regional climate models
predict a decrease in annual rainfall up to 30% by 2050
with a significant within-region differences (Paeth et al.,
2008). This change will decrease yield production already
challenged by low knowledge of efficient agricultural
management. Although it is well known that yield
reduction could be compensated by fertilizer availability
and use, without exact knowledge of the reduction
mechanism, adaptation and resilience measures are less
efficient.

Variability in food availability may be seen as the
results of complex interactions between a large number
of process factors (Diepen and van der Wall, 1996) and
different sources of climate variability (IPCC, 2001): (1)
abiotic factors, such as soil moisture, soil fertility,
weather; (2) farm management factors, such as soil
tillage, sowing date, fertilizer use, irrigation; (3)
socioeconomic factors, such as population pressure,
education levels; (4) catastrophic factors, such as
droughts, floods, and pests; and (5) changes in the mean
annual rainfall or/and spatial/intra-seasonal patterns.
Climate change increases the variability of rainfall in
many parts of the world. This will be a critical concern for
Benin, whose food security is essentially based on
rainfed agriculture. Rainfall variability and mean effects of
climate changes are already shown as the highest
potential risk for food security in Benin (Paeth et al.,
2008; Speth et al., 2010; Agbossou et al., 2012), but this
still needs to be regionally nuanced due to combined
effects of large variability in the intra-seasonal rainfall
pattern, large variability in the abiotic factors (soil fertility
status), uncertainties concerning the onset of the rainy
seasons (sowing date), and variability in fertilizer use as
well as tillage techniques. A clear consideration of all
these aspects in the simulation models may be seen as
relevant assets to support specified adaptation and
resilience measures under different conditions at the
regional scale.

Lacatusu and Lacatusu (2011) combined field and
laboratory description of abiotic factors to suggest a
complex indicator for assessing soil fertility using two
groups of potentiating and penalty indicators. They
included in the first category climatic indicators (mean
precipitation and temperature), the nutritive spaces, water
and air regime (edaphic volume, and gleization level),
physical indicators (texture, bulk density), chemical
indicators (pH, humus content and the content of macro

elements). The second category includes levels of
salinization, alkalization, carbonation, pollution and
artifacts content. It was a successful approach that may
be associated with the simulation efforts to account for
the prediction uncertainties and the significance of soil
fertility effects while attempting to quantify the impacts of
climate changes on yield production. Many studies have
shown the importance of planting date for agricultural
management (Stern et al., 1981; Mandal et al., 2005;
Baldwin and Cossar, 2009; Egli and Cornelius, 2009).
The sowing date determines moisture availability through
the growing season as well as the schedule of
management practices such as tillage and fertilizer use.
Planting too early might lead to crop failure and planting
too late might reduce valuable growing time and crop
yield, but there is still no consensus in literature about the
question of how much rain over which period defines the
onset of the rainy season for agro-climatological impact
studies (Laux et al.,, 2010). Inter-annual variable and
spatially distributed planting dates may be developed on
the basis that wet season starts when, for the first time
after March 1st, 25 mm of rain falls within 2 consecutive
days, and no dry period of 10 or more days occur in the
following 30 days (Stern et al., 1981; Kiniveton et al.,
2009; Laux et al., 2008, 2010). Ati et al. (2002) as well as
Ndomba (2010) mentioned that such criteria are rather
useful for retrospective analysis but not for guiding
farmers in a particular year. llesanmi (1972) successfully
used cumulated percentage mean rainfall (7 to 8%) to
derive the onset of the rainy season. It is a commonly
used approach, mathematically elegant, efficient, free of
assumptions, and relying only on rainfall data rather than
the mere inferential methods (Olaniran, 1983; Odekunle
et al. 2005; Odekunle, 2006; Ndomba, 2010). For Burkina
Faso, Waongo et al. (2014) showed that a Fuzzy Rule
based approach is helpful for determining optimal sowing
date and that yield may increase by 20%. For their
regional scale study, the General Large-Area Model for
Annual Crops was used.

This study rather used early and late sowing dates
derived from cumulated rainfall amount of 100 and 180
mm counting from the first day of the year, to better
discuss the impacts of scenario-based rainfall conditions
on maize production.

The study analyzed at a regional scale the spatial
limitations of maize production under different conditions
of climate changes, agricultural management, soil fertility
status and planting dates. The aim of the study was to
use the agro-ecosystem model Environmental Policy
Integrated Climate (EPIC) to answer the following
questions: (1) are there any regional differentiations in
maize production in Benin? (2) How significant are the
influences of management practice and fertilizer use on
maize yield? (3) What are the changes in maize
production under climate change up to 20507 (4) Under
climate change conditions are water and nitrogen stress
the limiting factors for maize production? Are there any
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Figure 1. Study area and location of the three communes. Climate diagrams of the North (Soudanian climate) and South
(Guinean coast) of the Ouémé catchment (after Speth et al., 2010).

regional differentiations? (5) Are there any potential
management responses to constrain the effects of
climate change on maize production?

MATERIALS AND METHODS
Study area

Benin is located in the West of Africa, between Togo and Nigeria
(Figure 1) with an economic situation entirely based on agriculture,
forestry and fisheries (Kuhn et al., 2010c). Compared to other
countries located at the same geographical latitudes Benin records
up to 400 mm less precipitations, because of the Dahomey gap
anomaly. During the year the region is successively influenced by
the humid monsoon air and the dry and hot harmattan. Situated in
the wet (Guinean coast) and the dry (Soudanian zone) tropical
climate, the Ouémé catchment (as considered in this work) (Figure
1) records annual mean temperatures of 26 to 30°C, annual mean
rainfalls of 1,280 mm (from 1950 to 1969) and 1150 mm (from 1970
to 2004) at the climatic station of Parakou (cf. Figure 1) (Speth et
al.,, 2010). As shown in Figure 1,the Soudanian zone has a

unimodal rainfall season that starts in April and peaks in August
whereas the Guinean zone exhibits a bimodal rainfall season that
starts in March and peaks in June and October (Fink et al., 2010). A
complex rainfall pattern is observed within the study region. Indeed,
it was shown that the daily rainfall accumulation at one location may
surpass 150 mm (corresponding to roughly 8% of mean yearly
accumulation), with 80 mm falling within two hours, while slight or
no rainfall may occur at a point only 20 km away from that location
(Diederich and Simmer, 2008). At regional scale, predominant soils
are fersialitic soils (ferruginous tropical soils), characterized by clay
translocation and iron segregation (ferruginous tropical soils with
concretions), which lead to a clear horizon differentiation (Faure
and Volkhoff, 1998; Gaiser et al., 2010a; Bossa, 2012). A local
scale description has shown a typical catena with soils formed on
the slopes, leached ferruginous tropical soils (Orthidystri-Epi- or
Endoskeletic Acrisols/Haplic Lixisols or Typic Kandi-ustults/Typic
Kandiustalfs) (Busche et al., 2005; Junge, 2004; Sintondji, 2005;
Hiepe, 2008; Gaiser et al., 2010a; Bossa et al., 2012a,b). Leached
and indurated ferruginous tropical soils (Hyperalbi-Petric
Plinthosols/Plinthic Petraquepts) are developed at lower parts of the
slopes. Hydromorphic soils (Humic Gleysols/Typic Epiaquepts) are
found in the inland valleys. In the riverbeds, poorly evolved soils are
distributed (Arenic Fluvisols/Typic Ustifluvents) (Junge, 2004;
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Sintondji, 2005; Hiepe, 2008; Gaiser et al., 2010a; Bossa et al.,
2012a,b).

Different types of savannahs and agricultural lands dominate the
landscape in Benin. Whereas the South of the country is already
stamped by agriculture, the remaining natural vegetation in the
Northern regions is converted step by step to agriculture (Wezel
and Bocker, 2000). Maize constitutes the most important crop and
one of the main staple foods. Despite the increasing maize
production in central- and Northern Benin, the South still accounts
up to 60% of total maize production in Benin (van den Akker, 2000).
Usually shifting agriculture with fallow systems is used to
regenerate soil fertility. Due to very low degree of mechanization,
tillage is only possible with traditional hand tools and man power.
Irrigation and fertilizer use are still weak in Benin. Furthermore, the
amounts of fertilizer usually applied are under strict policies (Kuhn
and Gruber, 2010). This study concentrates on three
communes/localities indicated in light-brown, light-green and dark-
green within the Ouémé catchment (Figure 1): (1) Nikki (light-
brown), North of the Ouémé catchment; (2) Ketou (light-green) in
the South; and (3) Bonou (dark-green), also in the South of the
catchment.

Modeling approach

The EPIC (Williams et al., 1989) is an agro-ecosystem model able
to calculate crop growth under different environmental conditions. It
takes into account all relevant processes required for simulating
maize production and has already been successfully applied in
Benin (Gaiser et al., 2010b). In addition it allows the evaluation of
crop growth stress factors including water stress, nitrogen stress,
temperature stress which are very important for discussing the
limitations of the production at a specific location. Besides maize,
EPIC is suitable for many other crops. EPIC is a field scale model
using a daily time step and allows long term simulation up to
hundreds years. Although there is already an update version, in this
study the version 3060 is used due to technical consideration
concerning manual fertilizer application. To represent the important
processes for crop growth, EPIC contain eight sub-models
accounting among others for weather, soil and hydrological
processes (Williams 1995; Williams et al., 2006). The crop growth is
calculated through the leaf area development, the light interception
and the conversion into biomass. Biomass is therefore estimated
with the Monteith’s approach (Monteith, 1977) which is indicated
through Equation (1).

AB,; =0.01xWAxPAR| 0

Where, Pl s the potential increase in biomass in kg ha™ in day

i, W¥A is the Biomass-energy ratio describes the conversion of
energy to biomass in (kg ha')(MJ m?)", PARi is the photosynthetic
active radiation in MJ m*d™".

Only maize yield is simulated in this study as amount of economic
dry yield (kg ha™), estimated in EPIC through the harvest index
Equation (2):

YLD = HIAXB,, 2

Where, YLD is the amount of dry and economic useful yield in kg
ha™, HIA is the adjusted (water stress reduced) harvest index and
Bac is the cumulative above-ground biomass (kg m™) before
senescence OCCurs.

The harvest index is calculated using Equation (3)(Williams et al.,
1989):

HI,A = HI, ,A-HI L
1+WSFY x FHU (0.9 -WS ) 3)

Where, Hl is the potential harvest index on the day of harvest and is
defined as the ratio of harvestable yield to total aboveground
biomass), WSFY is the crop parameter expressing the sensitivity of
harvest index to drought, FHU is the crop growth stage factor, WS
is the water stress factor, i and i-1 are the Julian days of the year.

Crop growth is limited through stress factors if their values are
below 1. In EPIC five stress factors could constrain the daily
increase in biomass production. These five factors include water
stress, temperature stress, nitrogen stress, phosphor stress and
aeration stress. For our work only water and nitrogen stress are
interesting. Water stress is calculated through supply and demand,
occurring when demand is higher than supply controlled by
available water in the soil Equation (4):

e o b5 O,
WS, By 4)

Where, WS is the water stress, u is the water use in horizon ¢, Ep is
the potential water use of plant on day i.

Nitrogen stress is calculated similarly to water stress, considering
also supply and demand. The accumulated nitrogen content of the
plant is compared with optimal nitrogen content (Williams, 1995). All
stress factors are indicated through stress days, without
differentiation of stress intensity.

Model parameterization

To simulate the maize production with EPIC, many different types of
information are necessary to obtain realistic yields. Among the most
important data required are information about the geographical
location (latitude, longitude, elevation, etc.), soil data, management
data, weather data and hydrological information (Williams et al.,
2006). Table 1 shows the nature, source, scales and types of
parameters required for applying the EPIC model in the study area.
Each soil type is described through many parameters including
hydrological soil group (derived from internal drainage
characteristics) (Gaiser et al., 2010), number of soil horizon, albedo,
previous years of cultivation, minimum and maximum depth of
groundwater and soil organic matter pool (Liu, 2009). EPIC can
accept up to 20 parameters for up to 10 soil layers. Specific
information on soil layers such as number and depth of soil layer
(m), bulk density (t/m?®), sand content, silk content, carbon and
organic content (%), cation exchange capacity (cmol/kg), saturated
hydraulic conductivity (mm/h) (Liu, 2009; Tan and Shibasaki, 2003).
In total six different soil types including 2 from each investigated
locality together with their associated parameters were considered
for the simulations (cf. Table 2). These parameters are combined
with other abiotic parameters such as the mean annual weather
conditions to compute a complex indicator of fertility (CIF) to
discuss the simulation issues. The CIF (Lacatusu and Lacatusu,
2011) is defined as the difference between the sum of potentiating
indicators (x) and the sum of the penalty indicators (y) and is
expressed for agricultural soils by the Equation (5):

12 5
CIF =) x; -y, (5)
i=1 i=1

Where the potentiating indicators x; = annual average precipitations
(mm), x2 = annual average temperature (°C), x3 = level of gleization,
x4 = level of pseudo-gleization, x5 = textural class, clay content of
<24 (%), xs = edaphic volume (%), x7 = bulk density (g cm™), xs =
reaction pHwz0, X9 = humus content (%), x10 = total nitrogen content
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Table 1. General model input data used in this study. Soil and land use data are from IMPETUS (Christoph et al., 2008) and INRAB (Institut
National de la Recherche Agricole du Bénin; Igue, 2005), Climate data are from IMPETUS, IRD (Institut de Recherche pour le Développement),
and DMN (Direction de la Météorologie Nationale). Management information are obtained from the MAEP (Ministere de I'Agriculture, de
I'élevage et de la Péche) and the CeRPA (Centre Régional de Promotion Agricole).

Data (data sources) Scale Parameter and types of investigation
Topography (DEM SRTM) 90 m resolution Elevation and slopes.
Soil (SOTER INRAB and IMPETUS) 1 : 200,000 Saturated conductivity, organic carbon, bulk density, Texture, soil

Management (CountryStat, MAEP,
CeRPA)

Weather (DMN, IRD, IMPETUS)

Commune level

1 per site

erodibility factor, soil available water content, pH, OrgN, etc.
Tillages, crop systems, conservation measures, fertlization, etc.

Daily wind speed, precipitation, temperature, solar radiation, etc.

Table 2. Investigated site soil types and soil properties as used in the simulations. Only mean values of the topsoil (depth < 0.4 m) are displayed in this table.

3397

. . Luvic arenosol
Types and soil properties

Eutric Vertisol Eutric Vertisols

Ferric Acrisols

Haplic Lixisol

Eutric Gleysol

(Bonou) (Bonou) (Ketou) (Ketou) (Nikki) (Nikki)
gggf’h‘;" depth (M) (total profile 0.38 (1.2) 0.3 (0.6) 0.35(0.7) 0.25 (1.6) 0.38 (1.2) 0.28 (0.7)
Soil porosity (M/M) 0.39 0.49 0.50 0.38 0.33 0.40
Field Capacity - soil water
(M/M) 0.20 0.44 0.25 0.11 0.12 0.22
Saturated conductivity (MM/H) 5.01 1.92 22.00 37.69 22.46 4.59
Sand content (%) 61.50 19.65 51.35 82.90 81.70 58.47
Silt content (%) 22.25 23.70 30.85 14.70 9.85 22.43
Clay content (%) 16.25 56.65 17.80 2.40 8.45 19.10
Rock fraction (%) 2.60 5.30 7.65 5.30 15.00 2.60
pHH20 5.80 5.95 6.60 6.10 5.65 5.80
Cationic exchange capacity
(CMOL/KG) 9.30 34.50 10.80 37.40 5.80 8.63
Organic P (G/T) 46.50 189.50 218.00 76.00 45.50 67.00
Organic N (G/T) 370.00 1515.00 1740.00 610.00 360.00 536.67
Organic C (%) 0.37 1.52 1.74 0.61 0.36 0.54

(%) or the amount of nitrogen index (NI), x4 = mobile
phosphorus content (mg kg”), x;2 = mobile potassium
content (mg kg™); and the indicators for penalty y; = level
of salinity, y, = level of alkalization, y; = level of

carbonation, ys = level of pollution, ys = level of artifacts
(%). Additionally to all the above-described general
parameters, the model was provided with literature-based
(sensitive/experimental-based/calibrated) validated model

parameters under regional conditions for maize production
in Benin, mainly from Gaiser et al. (2010b).

He pointed out that the physiological parameter set for
maize in the EPIC database was only slightly changed to
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Table 3. Scenario-based annual rainfall [nm] at decadal scale from 2000 to 2050. D = dry condition, W = wet condition. A dry year
(resp. wet year) is considered as a year recording the smallest (resp. highest) amount of rainfall.

Variables 2000-2009 [Reference] 2010-2019 2020-2029 2030-2039 2040-2049
Nikki W+A1B 1302 1436 1270 1454 1370
Nikki D+A1B 1041 801 752 816 792
Nikki W+B1 1302 1309 1468 1314 1337
Nikki D+B1 1041 768 781 760 792
Bonou W+A1B 1258 1489 1340 1323 1309
Bonou D+A1B 862 783 803 773 715
Bonou W+B1 1258 1472 1485 1465 1353
Bonou D+B1 862 760 828 813 813
Nikki W+A1B
120%
Bonou D+B1 Nikki D+A1B
e ) (000-2009 [Reference]
e 2(010-2019
Bonou W+B1 ¢ Nikki W+B1 2020-2029
e ) (030-2039
2040-2049
Bonou D+A1B Nikki D+B1

Bonou W+A1B

Figure 2. Relative changes in the scenario-based annual rainfall at decadal scale from 2000 to 2050. D = dry
condition, W = wet condition. A dry year (resp. wet year) is considered as a year recording the smallest (resp.

highest) annual amount of rainfall within a ten years period.

fit the conditions in Benin (Gaiser et al., 2010c). Nevertheless, it
was found necessary to strike the values of the indicated most
sensitive parameters by an uncertainty rate of +20% to account for
all potential uncertainties affecting the simulations. It is the case of
5 model parameters including the harvest index (HI = 0.35 [-]), the
minimum harvest index (via WSYF = 0.01 [-]), the Aluminium
tolerance index (ALT = 3 [-]), critical aeration factor [-] (CAF = 0.85)
and previous years of cultivation (RTN = 50 years). Thus, a
relatively large parameter matrix was created and used to evaluate
maize yield at the three investigated locations, based on two
different management scenarios associated with two sowing date
scenarios and for a reference dry year (2001) and a reference wet
year (2003) (cf. section 2.4 for detailed information on the different
scenarios). A dry year is considered as a year recording the
smallest amount of rainfall in a given decade, and a wet year
recording the highest rainfall. The variability associated with the
simulated yield was useful to estimate the possible production
range at each location with the potential uncertainty. The results
were finally used to validate the commune level observed yield,
recorded by the Ministry of Agriculture and Livestock (MAEP) and
published online (countrystat.org/ben).

The climate observation in Benin is based on a national rain-
gauge network (under DMN authority, ‘Direction Nationale de la
Météorologie’) counting roughly 100 measurement sites by 2005
(Diederich and Simmer, 2010). As already reported by Bossa et al.
(2012) and documented in more detail by Speth et al. (2010), the

climate scenarios used were provided by Paeth et al. (2009) for the
Africa continent between -15°S and 45°N latitude, using the
regional climate model REMO driven by the IPCC SRES scenarios
A1B and B1. REMO is a regional climate model that is nested in the
global circulation model ECHAMS5/MPI-OM (Paeth et al., 2008).
Considering REMO initial runs, the rainfall amount and variability
were systematically underestimated over West Africa with a shift in
its pattern towards more weak events and fewer extremes (Paeth
and Diederich, 2010). This has led to the application of MOS
(Model Output Statistics) to adjust the rainfall data (monthly bias
correction) using other near-surface parameters such as
temperature, sea level pressure and wind components from the
model. Since the regional-mean spatial patterns of daily rainfall
events strongly differed from the observed a conversion of the
MOS-corrected regional-mean data derived from REMO to local
rainfall event patterns has been done. As reported by Gaiser et al.
(2011), a weather generator (WEGE) was applied, producing virtual
station data, matching the rainfall stations in Benin, which was
finally adjusted to the statistical characteristics of observed daily
precipitation at the rainfall stations by probability matching (Paeth
and Diederich, 2010). Table 3 and Figure 2 show the scenario-
based highest/lowest annual rainfall amounts at decadal scale from
2010 to 2050. It can be seen that rainfall amounts in the wet years
will likely increase of up to 20% at all investigated locations, while
decreasing in the dry years of up to 25% mainly occurs in the
locality of Nikki.
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Figure 3. Rainfall distribution in 2001 and 2003 for the three communes Nikki, Ketou and Bonou. 100 and
180 mm cumulated rainfall are indicated by the black and red lines while the dots are examples indicating
two different sowing dates in the dry year 2001 for the locality of Nikki.

Management scenarios

The most commonly used tools in the study area are the hoe and
the machete (Bossa, 2012). Thus field preparation starts with
cutting shrubs and bushes with machete, burning of trees and
cleaning up with hoes depending on the season. Maize is grown
with or without ridges and a spacing of 0.80 m is generally practiced
for the ridges. From experience, the farmer often choose the best
ridge orientation in order to significantly reduce losses of soil and
nutrients and allow good water drainage of soils. Motor tractors are
still rarely used by the farmers. Shifting cultivation is practiced
(subsistence farming), consisting of cultivating the fields for a few
years and leaving them for fallows in order to restore soil fertility.
Agricultural inputs such as NPK and urea are currently at very low
level but increasingly used for maize, cotton and rice. Mixed
cropping practiced in the study area include yam-maize-okra,
maize-cassava, maize-groundnut, maize-sorghum, or maize-
cowpeas. Crop rotations are not very common in the cultural
practices of farmers, since there is still enough potential cultivation
spaces (due to relatively low population density in most parts of the
Ouémé catchment). In this study crop associations and rotations
are not considered.

EPIC requires a detailed description of management practices (Tan
and Shibasaki, 2003). As common in Benin, the fertilizers NPK and
Urea were specified in this study for maize production. Other
variables were also specified: (1) the N and P element fractions of
the total fertilizer applied to the soil surface, (2) the heat unit
fraction for management operations, (3) tillage depth, (4) the mixing
efficiency, etc. Heat unit may be defined as the accumulated

number of daily temperature degrees above a certain threshold
base temperature (needed to reach plant maturity), which varies
among crop species. The mixing efficiency of the tillage implement
defines the fraction of the residue, nutrients, and bacteria pool in
each soil layer that is redistributed through the depth of soil that is
mixed by the implement (Bossa et al., 2012). The scenarios used in
this study were based on the current management practices to give
a realistic representation of the current situation. Two management
scenarios essentially based on tillage and fertilizer use were
considered. In both scenarios soil plowing is made with the hoe
once at 25 cm depth following by two consecutive maintenance
tillages to 10 cm depth. These are respectively assigned in the
model with mixing efficiencies of 0.5 and 0.25. The first scenario
describes the most widespread situation based on tillage schedule
without fertilizer use, while the second scenario took in addition the
use of fertilizer NPK and urea with annual rates of 80 kg ha™ (NKP)
and 40 kg ha™ (urea) at all simulated locations. These amounts of
fertilizer were taken from Kuhn et al. (2010a).

To set the cultivation period, two different scenarios of sowing
dates (PCP100 and PCP180) were derived from the dates for
cumulated amounts of mean annual rainfall amounts accounting for
percentages of 7 to 15%, relying on the literature (llesanmi, 1972).
An earlier sowing date was fixed to the day after the rainfall event
that resulted in a cumulative rainfall of 100 mm, counting from the
first day of the year (Figure 3), whereas the later sowing was set to
the day after a threshold of 180 mm.

To take into account the effects of the climate conditions and to
highlight the high rainfall variability within the region, the
established management scenarios as well as the sowing date
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Table 4. Abiotic factors and soil fertility status for the simulated sites.

Soil type
Indicators Haplic Lixisol Eutric Gleysol Eutric Vertisols Ferric Acrisols Luvic arenosol Eutric Vertisol
(Nikki) (Nikki) (Ketou) (Ketou) (Bonou) (Bonou)
X1= a.anlnue.al average 1 1 1 1 1 1
precipitation (mm)
X2 = annual average
temperature (°C) 1 1 L L L 1
x3 = level of gleization 0 2 5 0 5 5
X4 = Ie\_/el of pseudo- 0 0 0
gleization
Xs = textural class, clay
content of <2um (%) 4 2 L 4 4 4
Xe = edaphic volume (%) 4 2 5 4 5 5
x7 = bulk density (g cm™) 3 3 2 3 2 5
Xg = reaction pHuz0 3 3 3 4 2 3
g X9 = humus content (%) 2 2 2 2 2 1
S xq0 = total nitrogen
‘E content (%) 4 5 5 5 5 5
o = i
= X171 = mobile ph_?sphorus 1 1 5 5 5 5
= content (mg kg™)
2 X712 = mobile potassium
& content (mg kg™) 4 4 3 3 3 3
. = level of salinity 1 1 2 2 2 2
% g y2 = level of alkalization 0 0 1 1 1 1
S © y3 = level of carbonation 1 1 2 2 2 4
& = y, = level of pollution 1 1 2 2 2 2
CIF 24 25 26 25 28 29
Fertility level medium medium medium medium medium medium

scenarios were combined with different soil conditions to simulate
maize yield for the years with the highest/lowest annual rainfall
amount observed for the period 2000 to 2009: (1) 2001 represents
the reference dry year, and (2) 2003 the reference wet year. Figure
3 shows the rainfall distribution (cumulated amounts) for the
reference years 2001 (dry) and 2003 (wet) for the three different
locations investigated (Nikki, Ketou and Bonou).

RESULTS AND DISCUSSION

Variability of abiotic factors and fertility status for all
investigated locations

As mentioned in model parameterization, soil parameters
are combined with other abiotic factors such as the mean
annual weather conditions to compute a complex
indicator of fertility (CIF) (Lacatusu and Lacatusu, 2011),
defined as the difference between the sum of potentiating
indicators and the sum of the penalty indicators (Table 4).
Fertility status was found medium at all investigated
locations with slightly higher values for the South, mainly
for the commune of Bonou showing a CIF of up to 28-29
against 24-25 for the North (Commune of Nikki). The
fertility status in the commune of Ketou was found similar

to that of Nikki with a very small advantage (CIF of 25-
26). This already suggests a decreasing gradient in yield
production from the South to the North. To answer the
research questions we split the modeling results into four
parts: (1) Combined effects of management options —
sowing date scenarios — variable abiotic factors on maize
yield production; (2) Water and nitrogen stress under dry
and wet conditions for the reference period (2000 to
2009); (3) Impacts of scenario-based rainfall conditions
on maize yield production under sowing date sensitivity;
and (4) Water and nitrogen stress under scenario-based
dry and wet conditions at decadal scale from 2010 to
2050.

Combined effects of management options — sowing
date scenarios — variable abiotic factors on maize
production under different rainfall conditions for the
reference period 2000 — 2009

Figure 4 shows the combined effects of management
options — sowing date scenarios — variable abiotic factors
on maize yield production with associated uncertainty
ranges. Significant differences of up to 800 kg ha™ a™ of
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Figure 4. Box-wisker plots of the combined effects of management options — sowing date
scenarios — variable abiotic factors on maize yield production under different rainfall conditions for
all investigated communes (for the reference years 2001 and 2003). DF = dry condition + fertilizer,
WF = wet condition + fertilizer, D = dry condition, W = wet condition. Local variety means a variety
of maize grain traditionally cultivated in a given area. Improved variety means a maize grain
variety that is experimentally selected to better fit to specific climate and soil conditions.

yield between the South (Bonou) and the North (Nikki) of
the study area are indicated. Beyond catastrophic factors
such as floods and pests the extreme yield productions
are likely of about 500 to 1400 (+250) kg ha™ a™' in the
North (Nikki) and 1100 to 2300 (+300) kg ha™ a™ in the
South (Bonou). This is consistent with the soil fertility
status, which is gradually higher in the South compared
to the North. It is well known that the cultivation of maize
is only possible by sufficient water availability (Zech and
Hintermaier-Erhard, 2002). Given the fact that the
simulations in Bonou included a Luvic Arenosol with also
relatively high yield, it could be stated that moisture
availability over the growing season as well as soil fertility
were good in this region compared to the North. It can be
seen from Table 4 that soil nitrogen and phosphorus
indicators (x40 and x;;) are weak in the North (Nikki)
compared to the South (Bonou) and this is critical for the
most widespread soil type Haplic Lixisol (Table 4), which
is already shown in many study as significantly affected
by soil erosion (Bossa and Diekkruger, 2012). This soil
condition in the North does not allow optimal maize
production. Similarly, it is not even the best soil condition

for maize production in the locality of Bonou, since
Vertisol was found to be not suitable for maize cultivation
in the tropics (Zech and Hintermaier-Erhard, 2002). As
also shown in Figure 4, the observed yields for the local
as well as the improved maize variety are within the
simulated ranges for Nikki and Ketou, but are much lower
than simulated for Bonou. This is in contrast to the fertility
status in the locality of Bonou and is due to the fact that
most of the agricultural lands in this commune are
located in the Deltaic flooding zone of the Ouémé River.
Two different negative scenarios are often observed: (1)
the growing processes are significantly inhibited by high
water saturation of the soils leading to reduction of the
harvested vyield; and (2) the growing processes are
perfect until crop maturity, but finally destroyed before the
harvest. The farmers usually avoid the second scenario
by arbitrarily anticipating the harvesting activities. This
completely escapes the control of the competent services
of the Ministry of Agriculture (MAEP) and reports are only
based on the normal harvesting time. MAEP usually
provide statistics only for mean seasonal yields at
commune level, hiding high disparities/spatial variations.
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The EPIC model is unfortunately unable to simulate this
inhibition of the growing processes, since it is a field
scale model that is not dynamically linked to upland
hydrology. Although the simulated results for Bonou
could not be directly validated by the observations, it
could be at least explained.

Contrary to the finding of Kuhn et al. (2010), no
correlation was found between the annual rainfall
precipitation and the simulated yield. This is rather
consistent with the statement of Gruber et al. (2009), who
emphasize that the annual precipitation is not meaningful
for evaluating the influence of rainfall on maize
production. This can also be explained by the fact that
the minimum amount of annual rainfall for maize of 500
mm (Lafitte, 2000) is reached in all simulation years and
locations. Even the total amount of rainfall during the
growing period was not correlated with the yield. Higher
rainfall amount in the dry year (2001) is found for Nikki
compared to the wet year 2003. Additionally, the intra-
seasonal rainfall patterns over the growing season (June
— July — August) in Nikki is characterized by an additional
monthly rainfall amount of roughly 40 mm compared to
the South (an example is shown in Figure 1). During the
growing period Nikki recorded in mean about 270 mm
more rainfall than Bonou, nevertheless the yield is higher
in Bonou (calculations were based on the reference years
2001 and 2003). The arising question is whether this
particular rainfall pattern (good water availability within
the growing period) is negatively affecting the maize yield
production at this location (Nikki). But this situation at
least explained the higher variability in the yield obtained
in Nikki compared to the others locations (Ketou and
Bonou) (as shown in Figure 4). For analyzing crop
production’s dependence on available water, the
investigation of the agronomic water availability is useful.
It is an outcome of the meteorological water availability
but also considers evapotranspiration, the groundwater
table, as well as the water demand of plants (Dikau and
Weichselgartner, 2005). Although the calculation is not
simple, the EPIC model as used in this work was
parameterized to account for that, even the modeled yield
at this location (Nikki) are well validated by the
observations as discussed in the previous paragraph and
presented in Figure 4. From analyzing the management
scenarios it can be concluded that even though the
fertilizer amount used in the simulations are relatively low
they resulted in higher yields in all communes (Figure 4).
This is consistent with Kormawa et al. (2003). The
amount of fertilizer was set equal for the three communes
even if in the South the currently used amount is almost
zero in many small farming systems. The use of fertilizer
could help overcoming the problem of increasing land
scarcity due to population growth and be an incentive for
intensification instead of shifting agriculture (Kuhn et al.,
2010a). “Higher productivity on existing farmland will
reduce cultivation extension into forest or savannahs”
(Angelsen and Kaimowitz, 2001). It could be assumed

that as long as there is still new land available and
fertilizer remains expensive, farmer would never invest in
fertilizer use. This is already expressed with the theory of
Boserup (1965).

Regardless the use of fertilizer the planting date is one
of the most important factors influencing the maize
production. As previously mentioned the sowing date
determines the moisture availability through the growing
season as well as the schedule of management practices
such as tillage and fertilizer use. The sowing date
scenarios contributed to the variability in the yield as
displayed in Figure 4. This contribution can be better
observed in Figure 5. The highest sensitivity is pointed
out for Nikki. Higher yield production was in general
associated with earlier sowing date and this was
significantly pronounced in the wet years. It can be
clearly seen from Figure 5 that sowing date influence
maize yield by + 500 kg ha™ in Nikki, but only + 100 kg
ha™ in Ketou and Bonou.

Water and nitrogen stress under dry and wet
conditions for the reference period (2000 to 2009)

As indicated before, changes in plant growth limiting
factors such as water stress and nitrogen stress were
conjointly analyzed under different management options
to account for not only the effects of rainfall variability, but
also soil fertility status and pressure status on the land
resources. The increasing gradient in the yield production
from the South to the North can be once more explained
with Figure 6 presenting water and nitrogen stress days
and fraction of the total limiting factors.

It appears that nitrogen stress is clearly significantly
higher than water stress by more than 50% over all
regions. It can be assumed that the medium soil fertility
pointed out all over the region is the main explanation.
Specifically, high nitrogen stress is observed for Nikki and
may be associated with the most widespread soil type
Lixisols in the North. This is consistent with Table 4,
showing a weak nitrogen indicator (xi;p) for Nikki
compared to Ketou and Bonou. As mentioned before,
there are studies (Bossa and Diekkriiger, 2012) that have
clearly shown a strong link of soil erosion with this soil
type. Even the use of fertilizer NPK and urea only reduce
the stress by about 5% (Figure 6). It should be noticed
that although the required total annual rainfall amount is
met all over the study region (Lafitte, 2000), water stress
was shown as the dominant limiting factor in the South,
due to better soil fertility status (commune of Bonou) and
the intra-seasonal rainfall pattern characterized by a
relatively low rainfall amount over the growing period.
This is not the case of the North (commune of Nikki)
characterized by sever nitrogen stress, due to high
sensitivity of soil resources to constant pressures leading
to poorer soil fertility status with time. This is also due to
intra-seasonal rainfall patterns characterized by an
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Figure 5. Sensitivity of the maize yield to sowing date in the three
communes under different management scenarios (for the reference years
2001 and 2003). DF = dry condition + fertilizer, WF = wet condition +
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additional monthly rainfall amount of roughly 40 mm
compared to the South. It becomes clear that the
heterogeneity in natural conditions (variability in the
abiotic factors) influenced the yield all over the
investigated communes and the use of fertilizer is more
efficient in the North, due to higher nitrogen stress.

Impacts of scenario-based rainfall variability on
maize yield production under sowing date sensitivity

The impacts of climate change on maize production until

2050 are presented in the Tables 5, 6 and 7 as well as
Figure 7. Due to the contrasting differences up to here
shown between the North and the South, only Bonou and
Nikki were considered for the analysis. The figures show
relative changes (in reference to the period 2000 to 2009)
in the maize yield under rainfall variability (dry and wet
years at decadal scale, based on the IPCC scenario-
based A1B and B1) and different management options as
well as different sowing date scenarios. An overall
decreasing trend reaching -50% is indicated for maize
production by 2050 due to climate changes. Two majors
issues are pointed out in Nikki under the climate scenario
A1B (Figure 7a): (1) combined effects of dry conditions in
the scenario A1B and the early sowing date scenario
PCP100 have resulted in a reduction of yield close to -
50%, while (2) the combined effects of dry conditions in

the same climate scenario A1B, fertilizer use and the late
sowing date scenario PCP180 have resulted in a stable
production level compared to the reference period 2000
to 2009. These are very contrasting results since it was
clear on one hand that fertilizer has a positive effect on
the production, and on the other hand that the early
sowing date scenario PCP100 has also a positive effect
on the production computed for the observed period 2000
to 2009. This is simply indicating an inversion of the
situation for the future decades, where a rather late
sowing date combined with fertilizer use should be the
potential alternative to a stable production level. For
climate scenario B1, two majors issues are pointed out in
Nikki (Figure 7b): (1) combined effects of wet conditions
in the scenario B1 and the early sowing date scenario
PCP100 have resulted in a reduction of less than -30%
and close to -50%, while (2) the combined effects of wet
conditions in the same scenario B1, fertilizer use and the
late sowing date scenario PCP180 have resulted in a
stable production level (even more) as computed for the
reference period 2000 to 2009. These are also very
contrasting results that may have the same
understanding as explained above in the case of the
scenario A1B for the same location Nikki. It could be
concluded from these analyses that with respect to the
climate scenarios used (from 2010 to 2050), extremely
low maize yields may be avoided if optimal sowing dates
are chosen after an accumulated rainfall significantly
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more than 100 mm, regardless dry or wet conditions.

In Bonou, only the late sowing date scenario PCP180
was considered for investigating climate changes impacts
on the yield production, since the sowing date impacts
were previously found very weak. Generally, maize yield
sensitivity to climate changes at this location is higher
than found in Nikki. It could be seen that the yield
production is almost insensitive to the type of climate
scenarios (A1B and B1) as well as the fertilizer use
option. Only dry and wet conditions have shown to impact
the production either negatively or positively. This
suggests that, with respect to the climate change
scenarios, a stable or an increase yield compared to the
period 2000 to 2009 can be reached in Bonou with
increased moisture availability.

Water and nitrogen stress under scenario-based dry
and wet conditions at decadal scale from 2010 -2050

Figure 8 presents the trend in the water and nitrogen
stress for Bonou and Nikki under rainfall variability
(climate change scenarios A1B and B1), sowing date
scenarios (corresponding to cumulated rainfall more than
100 and 180 mm) and management scenarios (fertilizer
use). This figure revealed an overall increase in water
stress by 2050. This is critical for Bonou where more than

50% increase is shown, compared to Nikki (30%).
Nitrogen stress in the North (resp. water stress in the
South) is expected to reach 95 % (resp. 100%) of the
total stress factors depending on the management
options by 2050. High water stress is generally
associated with the climate scenario A1B compared to
the scenario B1. Moreover, higher water stress is
associated with earlier sowing dates, while higher
nitrogen stress is associated with the late sowing date
(with respect to the climate scenarios over the period
2010 to 2050).

It could be seen that these results are consistent with
the previous finding indicating that future sowing date
should be shifted significantly towards a cumulated
rainfall of 180 mm to avoid extremely low yield
production, while reducing significantly water stress. It
should be highlighted that this will offer a possibility to
make efficient use of fertilizer. From field experiences, it
is often observed that despite the use of high fertilizer
amount the harvested yields are very low. These results
clearly explained why. It is due to inadequate setting up
(beginning) of the growing season. Under rainfall
conditions (rainfed agriculture), inadequate beginning of
the growing season may result in high water stress as
dominant limiting factor, and this could not be
unfortunately solved by putting high amount of fertilizer.
Fertilizer can only lead to higher crop production when
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Table 5. Simulated maize yields for Nikki (in tons ha™) under rainfall variability (climate change scenario A1B), sowing date
scenarios (corresponding to cumulated rainfall of 100 mm and 180 mm) and management scenarios (fertilizer use). DF = dry
condition + fertilizer, WF = wet condition + fertilizer, D = dry condition, W = wet condition.

Nikki [A1B] 2000-2009 [Reference] 2010-2019 2020-2029 2030-2039 2040-2049
W+PCP180+A1B 1.39 1.07 0.75 1.05 1.34
D+PCP100+A1B 1.40 1.18 1.25 1.10 1.06
W+F+PCP100+A1B 1.03 0.63 0.52 0.71 0.94
W+F+PCP180+A1B 1.23 0.76 0.77 0.67 0.72
W+F+PCP180+A1B 1.26 1.15 0.97 0.89 1.12
D+PCP100+A1B 1.09 1.11 1.08 1.13 1.04
D+F+PCP100+A1B 0.91 0.66 0.54 0.56 0.68
D+PCP180+A1B 0.76 0.65 0.64 0.63 0.62

3405

Table 6. Simulated maize yields for Nikki (in ton ha™) under rainfall variability (climate change scenario B1), sowing date
scenarios (corresponding to cumulated rainfall of 100 mm and 180 mm) and management scenarios (fertilizer use). DF = dry
condition + fertilizer, WF = wet condition + fertilizer, D = dry condition, W = wet condition.

Nikki [B1] 2000-2009 [Reference] 2010-2019 2020-2029 2030-2039 2040-2049
D+PCP180+B1 1.39 1.39 1.12 0.90 0.97
D+PCP100+B1 1.40 1.31 1.22 1.17 1.14
D+F+PCP180+B1 1.03 0.91 0.69 0.63 0.63
D+F+PCP100+B1 1.23 0.88 0.68 0.81 0.67
W+PCP100+B1 1.26 1.21 1.21 0.99 1.08
W+F+PCP180+B1 1.09 1.08 1.04 1.00 1.22
W+PCP180+B1 0.91 0.69 0.75 0.61 0.67
W+F+PCP100+B1 0.76 0.67 0.60 0.61 0.63

Table 7. Simulated maize yields for Bonou (in ton ha™) under rainfall variability (climate change scenarios A1B and B1),
sowing date corresponding to cumulated rainfall 180 mm and management scenarios (fertilizer use). DF = dry condition +
fertilizer, WF = wet condition + fertilizer, D = dry condition, W = wet condition.

Bonou [A1B & B1] 2000-2009 [Reference] 2010-2019 2020-2029 2030-2039 2040-2049
D+PCP180+B1 2.34 1.22 1.46 1.41 1.30
D+PCP180+A1B 2.18 1.77 1.72 1.29 1.29
D+F+PCP180+B1 2.14 1.20 1.39 1.30 1.23
D+F+PCP180+A1B 2.02 1.64 1.55 1.29 1.22
W+PCP180+A1B 2.34 1.61 1.57 1.33 1.48
W+F+PCP180+B1 2.18 2.01 1.59 1.11 1.70
W+PCP180+B1 2.14 1.53 1.46 1.25 1.41
W+F+PCP180+A1B 2.02 1.67 1.50 1.07 1.53

soil fertility constrains the crop growth. Considering the
fact that land resources are becoming scarce with
significant reductions of shifting agriculture or fallow
systems, efficient use of fertilizer (regardless the types)
will be the potential alternatives for farmers in Benin to
secure the food production in the future.

One can conclude by stating that with respect to the
climate scenarios, possibilities are clearly offered to
Benin to successfully deal with food security in the future
(by 2050) by increasing or at least keeping stable the

rainfed maize production. As a relatively low fertilizer
amounts are currently used in the country (compared to
rainfall of 100 mm towards sowing dates corresponding
to 180 mm (cumulated rainfall) can be combined with
increasing rate of fertilizer to enhance maize production.

Conclusion

On the global scale, climate change will influence the
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Figure 7. Simulated relative changes in maize yields for Bonou (referring to the period 2000 to 2009) under rainfall variability,
sowing date corresponding to cumulated rainfall of 180 mm and management scenarios (fertilizer use). (a): climate change
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wet condition + fertilizer, D = dry condition, W = wet condition.



Regh et al. 3407

100 100
— — = 90 Q
< 90 2 ¥ &)
£ 8 £ 'g
v 80 cg® =
[>] 2 70 =
n 70 g 2 o3
S o = 2
= 60 2 o 60 =
] - 2 &
# 50 g % 50 £
c s S 4
o v g c
® 40 : S © 40 g"
= WS (%) g £ £
< 30 WS (day) s 5 30 =
T c c Eel
s - © i b c
5 20 S © 20 et WS (%) o
s 5 © WS (day) 9
= 10 2 =2 10 NS (day) &
g =

0 0

2000 - 2009 | 2010 - 2019 | 2020 - 2029 | 2030 - 2039 | 2040 - 2049
100 0 100

Nikki [Scenario A1B + PCP10

[Yo]
o

[o]

o
[o]
o

10

~
o

NS (%)

MDD WS (%)
WS (day)
-- NS (day)

~
o

15

[e)]

o
D
o

20

(9]
o

25

I

o
S
o

30

w

o
w
o

35

Water and nitrogen stress [WS & NS in %]
w
<)

Water and nitrogen stress [WS & NS in days]

Water and nitrogen stress [WS & NS in days]
Water and nitrogen stress [WS & NS in %]

20 Ea 40 20
: NS (%)
SRS WS (%) 10
10 Ws (day) 45
o 1\\\ 7777777777 NS (day) 50 0
D |oF|w|wH b [oF| w|wF D [oF|W|WH D |DF| wWH D |DF| W
2000- 2009 | 2010- 2019 | 2020- 2029 | 2030 - 2039 | 2040 - 2049 2000- 2009 2010- 20192020~ 2029] 2030- 20352040 - 2049
100 0 100 0
< 90 5 g 890 %
c 3 £ 3
£ 2 80 10
2 80 10 £ 023 Nikki [Scenario B1 + PCP180] =
5 5 2 270 15 =
g 3 =2 R WS (%) o3
= ws (d 2
2 60 20 £ g 60 ol 0z
g % 5 g
*3 50 25 8 % 50 25 §
g Z g 40 0 ¢
1] S o g
% 40 0 g 5 5
x o c
= o 30 35 5
£ 30 35 2 8 £
5] - 220 40 2
S 20 A 40 £ 9 &
B NS ) 5 S 10 45 8
WS (%
= 10 WS (day) 45 § g
o X — NS (day) 50 0 50

D |DF| W|WH D |DF| W |WH D |DF| W|WH D |DF| W WH D |DF|W

2000-2009 [ 2010-2019 | 2020- 2029 | 2030 - 2039 | 2040 - 2049

2000-2009|2010-2019|2020-2029|2030-2039|2040- 2049

Figure 8. Water and nitrogen stress for Bonou and Nikki under rainfall variability (climate change scenarios A1B and B1), sowing
date scenarios (corresponding to cumulated rainfall of 100 and 180 mm) and management scenarios (fertilizer use). DF = dry
condition + fertilizer, WF = wet condition + fertilizer, D = dry condition, W = wet condition.



3408 Afr. J. Agric. Res.

food situation (FAO, 2008; Kang et al., 2009). The high
dependency of agricultural production on climate
conditions has a negative effect on food production and
increasing food prices lead to a more difficult access to
other West African countries or Western countries),
shifting the sowing dates corresponding to a cumulated
food. West African countries including Benin are highly
dependent on rainfed agriculture. Up to date a stable
yield production at a low level is mainly the results of
shifting agriculture based on fallow systems and
inefficient fertilizer uses (Igué, 2000). Facing with
increasing food demands as well as with increasing dry
spells during the rainy season (Christoph et al., 2008),
relevant issues are specific adaptation and resilience
measures under different sub-regional conditions. This
study successfully analyzed effects of different soil
conditions, management options, different sowing dates
and climate change conditions on maize production at
different sub-regional scales in Benin. Occurrences of
plant growth limiting factors such as water and nitrogen
stress were successfully linked to spatial/intra-seasonal
rainfall pattern and pressures on land resources.

The EPIC model (Wiliams et al., 1989) has been
successfully applied at three different locations (from the
South to the North of the Ouémé catchment, 50,000 km?,
Benin) with contrasting rainfall patterns, different edaphic
conditions and fertility status. Contrary to the finding of
Kuhn et al. (2010), no correlation was found between the
annual rainfall precipitation and the simulated yield. This
was found rather consistent with Gruber et al. (2009) as
well as Lafitte (2000) pointing out a minimum annual
rainfall of 500 mm for maize production, which is always
met in the simulated years and locations considered in
the study. Because the growing period in the North
usually records in average 200 mm of rainfall more than
the South, nitrogen stress is currently the limiting factor in
the North in opposite to the South where water stress
was revealed as the dominant limiting factor. This was in
agreement with the significantly higher yields simulated
for the South as response to favorable fertility conditions.

The impact of climate change on maize production
under IPCC scenarios A1B and B1 specified for Benin
(2010 to 2050) does not result in a dramatic or non-
manageable situation. Higher yields were associated with
the late sowing dates in opposite to the reference period
(2000 to 2009) where higher yield were associated with
the early sowing dates. An overall increase in the water
stress of up to 50% was shown in all considered sub-
regions. Higher water stress was associated with earlier
sowing date, while higher nitrogen stress was associated
with the late sowing date. Although a decrease of maize
production of up to 50% may be caused by climate
change, this study has indicated potential management
options to keep stable or even increase the maize
production. Therefore, shifting towards late sowing dates
corresponding to a cumulated rainfall of 180 mm may
reduce water stress and make efficient fertilizer use. It

has to be mentioned that the impact of sowing dates on
the maize yield were within the same magnitudes of that
of climate changes. One can conclude that the current
study has demonstrated the importance of having a
differentiated regard on the various factors affecting
maize production in Benin to specific adaptations and
management strategies at regional scale.

Conflict of Interest

The authors have not declared any conflict of interest.

ACKNOWLEDGEMENTS

The authors would like to thank Dr. T. Gaiser of the
Institute of Crop Science and Resource Conservation of
the University of Bonn (Germany) for the scientific
support. This work has been funded by the German
Federal Ministry of Education and Research (BMBF) as
part of the West African Science Service Center on
Climate Change and Adapted Land Use (WASCAL)
research project.

REFERENCES

Agbossou E, Toukon C, Akponikpe PBI, Afouda A (2012). Climate
variability and implications fpr maize production in Benin: A stochastic
rainfall analysis. Afr. Crop Sci. J. 20:493-503.

Angelsen A, Kaimowitz D (Hrsg.) (2001). Agricultural Technologies and
Tropical Deforestation. CABI Publishing and Center for International
Forestry Research (CIFOR) Wallingford and New York.

Ati OF, Stigter CJ, Oladipo EO (2002). A comparison of methods to
determine the onset of the growing season in Northern Nigeria. Int. J.
Climatol. 22:731-742.

Baldwin BS, Cossar RD (2009). Castor yield in response to planting
date at four locations in the South-central United States. Industrial
Crops Prod. 29(2-3):316-319.

Boserup E (1965). The Conditions of Agricultural Growth the Economics
of Agrarian Change Under Population Pressure. (Earthscan
Publications Ltd.) London.

Bossa AY (2012). Multi-scale modelling of sediments and nutrient flow
dynamics in the Ouémé catchment (Benin) — towards an assessment
of global change effects on soil degradation and water quality. Ph.D.
thesis. University of Bonn. http://hss.ulb.uni-
bonn.de/2012/2983/2983.htm.

Bossa AY, Diekkriiger B (2012). Estimating scale effects of catchment
properties on modeling soil and water degradation. In: R. Seppelt,
A.A. Voinov, S. Lange, D. Bankamp (Eds.). Managing Resources of a
Limited Planet: Pathways and Visions under Uncertainty,
International Environmental Modelling and Software Society (iEMSs),
Sixth Biennial Meeting, Leipzig, Germany. ISBN: 978-88-9035-742-8.
pp. 2974-2981.
http://www.iemss.org/sites/iemss2012//proceedings/l4_0572_Bossa_
Diekkrueger.pdf [01.07.2013].

Bossa AY, Diekkruger B, Giertz S, Steup G, Sintondji LO, Agbossou
EK, Hiepe C (2012b). Modeling the effects of crop patterns and
management scenarios on N and P loads to surface water and
groundwater in a semi-humid catchment (West Africa). Agric. Water
Manag. 115:20-37.

Bossa AY, Diekkruger B, Igué AM, Gaiser T (2012a). Analyzing the
effects of different soil databases on modeling of hydrological
processes and sediment yield in Benin (West Africa). Geoderma. pp.
61-74, 173-174.



Busche H, Hiepe C, Diekkriger B (2005). Modeling the Effects and
Land Use and Climate Change on Hydrology and Soil Erosion in a
Sub-humid African Catchment. 3rd International SWAT Conference
Proceedings, Zurich.
http://www.brc.tamus.edu/swat/3rdswatconf/Bookofabstracts -
3rdswatconf1.pdf (consulted on 10.03.2011).

Christoph M, Fink AH, Paeth H, Born K, Kerschgens M, Piecha K
(2008). IMPETUS: Implementing Help in the Upper Ouémé basin. In:
Water SA 34(34):481-489.

Diederich M, Simmer C (2008). Observations of Past and Present
Rainfall in Benin. In: IMPETUS Atlas Benin. Research Results 2000 —
2007 - 3rd Edition. Department of Geography of Bonn, Germany:
19-20. http://www.impetus.uni-koeln.de/en/impetus-atlas/.

Diederich M, Simmer C (2010). Weather and climate monitoring in
Benin. In: Speth, P., Christoph, M., Diekkrlger, B., (Eds.) Impacts of
Global Change on the Hydrological Cycle in West and Northwest
Africa. Springer Heidelberg Germany pp. 114-121.

Diepen CA, van der Wall T (1996). Crop growth monitoring and yield
forecasting at regional and national scale. In: J.F. Dallemend, P.
Vossen (Eds.), Proc. Workshop for Central and Eastern Europe on
Agrometeorological Models: Theory and Applications, the MARS
Project Ispra, Italy, November 21-25, 1994. Eur. Com. Luxembourg
pp. 143-157.

Dikau R, Weichselgartner J (2005). Der unruhige Planet. Der Mensch
und die Naturgewalten. (Primus Verlag) Darmstadt.

Egli DB, Cornelius PL (2009). A regional analysis of the response of
soybean yield to planting date. Agronomy J.101 (2):330-335.

FAO (2008). Climate change and food security: a framework document.
Food and Agriculture Organization of the United Nations, Rome, P.
107. http://www.fao.org/forestry/15538-
079b31d45081fe9c3dbc6ff34de4807e4.pdf [24.06.2013].

Faure P, Volkoff B (1998). Some factors affecting regional differentiation
of the soils in the Republic of Benin (West Africa). Catena 32:281-
306.

Fink AH, Christoph M, Born K, Briicher T, Piecha K, Pohls S, Schulz O,
Ermert V (2010a). Climate. In: Speth P, Christoph M, Diekkrliger B,
Bollig M (Hrsg.): Impacts of global change on the hydrological cycle
in West and Northwest Africa. Springer Heidelberg Germany pp. 54-
59.

Gaiser T, De Barros |, Sereke F, Lange FM (2010b). Validation and
reliability of the EPIC model to simulate maize production in small-
holder farming systems in tropical sub-humid West Africa and semi-
arid Brazil. Agric. Ecosyst. Environ. 135:318-327.

Gaiser T, Goldbach H, Giertz S, Hiepe C, Klose A (2010a). Soils. In:
Speth, P., Christoph, M., Diekkriger, B., (Eds.) Impacts of Global
Change on the Hydrological Cycle in West and Northwest Africa.
Springer Heidelberg Germany pp. 46-52.

Gaiser T, Judex M, Igué AM, Paeth H, Hiepe C (2011). Future
productivity of fallow systems in Sub-Saharan Africa: Is the effect of
demographic pressure and fallow reduction more significant than
climate change?. Agric. For. Meteorol. 151:1120-1130
GDB, WFP, FAO (2009). République du Benin. Analyse Globale de
la Vulnérabilité, de la Sécurité Alimentaire et de la Nutrition
(AGVSAN). (données de novembre et décembre 2008).
Gouvernement du Bénin, Institut National de la Statistique et de
'Analyse Economique (Bénin), Programme Alimentaire Mondial,
Fonds de Nations Unies pour I'Enfance et Organisation des Nations
Unies pour I'alimentation et I'agriculture.
http://documents.wfp.org/stellent/groups/public/documents/
ena/wfp203247.pdf) [14.02.2013].

Gruber |, Kloos J, Schopp M (2009). Seasonal water demand in Benin’s
agriculture. J. Environ. Manage. 90:196-205.

Heldmann M, Doevenspeck M (2008). Demography: Spatial Disparities
and Hight Growth Rates. In: IMPETUS Atlas Benin. Research
Results 200-2007 - 3rd edition. Department of Geography, University
of Bonn, Germany: 103 - 104. http://www.impetus.uni-
koeln.de/en/impetus-atlas/

Hiepe C (2008). Soil degradation by water erosion in a sub-humid West-
African catchment, a modelling approach considering land use and
climate change in Benin. Doctoral Thesis University of Bonn,
Germany. Available: http://hss.ulb.uni-
bonn.de/2008/1628/1628.htm[05.04.2011].

Regh et al. 3409

Igué AM (2005). Soil information system for the Oueme basin.
http://www.rivertwin.de/ assets/publications/D15_  SLISYS_Oueme
basin2.pdf [05.08.2009].

llesanmi OO (1972). An empirical formulation of the onset, advance and
retreat of rainfall in Nigeria. In: J. Trop. Geogr. 34:17-24.

IPCC (2001). Climate Change 2001: The scientific basis. Contribution of
Working Group | to the Third Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge University
Press, Cambridge, UK.

Junge B (2004). Die Boden des oberen Ouémé-Einzugsgebietes in
Benin/Westafrika - Pedologie, Klassifizierung, Nutzung und
Degradierung. Dissertation. Institut fur Bodenkunde. Bonn,
Universitat Bonn. http://hss.ulb.uni-bonn.de/2004/0401/0401-dt.htm

Kang Y, Khan S, Ma X (2009). Climate Change impacts on crop yield,
crop water poductivity and food security - A review. Nat. Sci.
19:1665-1674.

Kniveton DR, Layberry R, Williams CJR, Peck M (2009). Trends in the
start of the wet season over Africa. Int. J. Climatol. 29(9):1216-1225.
Kormawa P, Munyemana A, Soule B (2003). Fertilizer market reforms
and factors influencing fertilizer use by small — scale farmers in

Benin. Agriculture, Ecosyst. Environ. 100:129-136.

Kuhn A, Gruber | (2010). Climate and socio-economic impacts on
Benin’s agriculture. In: Speth P, Christoph M, Diekkriiger B, Bollig M
(Hrsg.). Impacts of global change on the hydrological cycle in West
and Northwest Africa. Springer, Heidelberg, Germany, pp. 316-328.

Kuhn A, Gaiser T, Gandonou E (2010a). Simulating the effects of tax
exemption on fertiliser use in Benin by linking biophysical and
economic models. Agric. Syst. 103:509-520.

Kuhn A, Gruber |, Heidecke C (2010b). Economy and Infrastucture. In:
Speth P, Christoph M, Diekkriiger B, Bollig M (Hrsg.). Impacts of
global change on the hydrological cycle in West and Northwest
Africa. Springer, Heidelberg, Germany, pp. 82-87.

Kuhn A, Gruber |, Heidecke C (2010c). Economy and Infrastucture. In:
Speth P, Christoph M, Diekkriger B, Bollig M (Hrsg.). Impacts of
global change on the hydrological cycle in West and Northwest
Africa, 82-87. Springer, Heidelberg, Germany.

Lacatusu R, Lacatusu AR (2011). Complex indicator for assessing soil
fertility. Res. J. Agric. Sci. 43(3):95-101.

Lafitte HR (2000). Abiotic stresses affecting maize. In: Paliwal RL,
Granados G, Lafitte HR, Violic D (Hrsg.): Tropical Maize. Imporvment
and production. FAO Plant Production and Protection Series. 28:93-
103.

Laux P, Kunstmann H, Bardossy A (2008). Predicting the regional onset
of the rainy season in West Africa. International Journal of
Climatology 28(3):329-342.

Laux P, Jackel G, Tingem RM, Kunstmann H (2010). Impact of climate
change on agricultural productivity under rainfed conditions in
Cameroon — A method to improve attainable crop yields by planting
date adaptations. Agricultural and Forest Meteorology 150:1258-
1271.

Liu J (2009). A GIS — based tool for modelling large — scale crop water
relations. Environmental Modelling & Software 24:411-422.

Mandal N, Nag K, Ghosh M (2005). Planting date effects on
phenological development, yield, and quality of hybrid rice. Trop.
Agric. 82(1-2):34-39.

Monteith JL (1977). Climate and the efficiency of crop production in
Britain. Philosophical Transactions of the Royal Society B 281:277-
294.

Ndomba M (2010). Development of Rainfall Curves for Crops Planting
Dates: A Case Study of Pangani River Basin in Tanzania. Nile Basin
Water Sci. Eng. J. 3:13-27.

Odekunle TO (2006). Determining rainy season onset and retreat over
Nigeria from precipitation amount and number of rainy days, Theor.
Appl. Climatol. 83:193-201.

Odekunle TO, Balogun EE, Ogunkoya OO (2005). On the prediction of
rainfall onset and retreat dates in Nigeria. Theor. Appl. Climatol.
81:101-112.

Olaniran OJ (1983). The onset of the rains and the start of the growing
season in Nigeria, Nig. Geogr. J. 26 (1-2):81-88.

Paeth H, Born K, Heuer KO (2008). Human Activity and Future Climate
Change. In: IMPETUS Atlas Benin. Research Results 200-2007 - 3rd
edition. Department of Geography, University of Bonn, Germany: 13—



3410 Afr. J. Agric. Res.

14. http://www.impetus.uni-koeln.de/en/impetus-atlas/

Paeth H, Diederich M (2010). Postprocessing of simulated precipitation
for impact research in West Africa. Part II: A weather generator for
daily data. Climate Dynamics, 36(7):1337-1348.

Sintondji L (2005). Modeling the rainfall-runoff process in the Upper
Ouémé catchment (Térou in Benin Republic) in a context of global
change: extrapolation from the local to the regional scale. PhD
Thesis in Hydrology and Environmental Management of the
Mathematics and the Natural Sciences Faculty of the University of
Bonn. Shaker Verlag GmbH., Aachen Germany.

Speth P, Christoph M, Diekkriiger B (2010). Impacts of Global Change
on the Hydrological Cycle in West and Northwest Africa. Springer,
Heidelberg, Germany.

Stern RD, Dennett MD, Garbutt DJ (1981). The start of the rains in West
Africa. J. Climatol. 1:59-68.

Tan G, Shibasaki R (2003). Global estimation of crop productivity and
the impact of global warming by GIS and EPIC integration. Ecol.
Model. 168:357-370.

van den Akker E (2000). Makrodkonomische Bewertung der
Auswirkungen von technischen und institutionellen Innovationen in
der Landwirtschaft in Benin. Dissertation. Universitdt Hohenheim.
Stuttgart.

Waongo M, Laux P, Traoré SB (2014). A Crop Model and Fuzzy Rule
Based Approach for Optimizing Maize Planting Dates in Burkina
Faso, West Africa. J. Appl. Meteorol. Climatol. 53:598-613. doi:
10.1175/JAMC-D-13-0116.1.

Wezel A, Bocker R (2000). Vegetation of Benin. In: Graef, F.; Lawrence,
P. & M. von Oppen (Hrsg.): Adapted Farming in West Africa: Issues,
Potentials and Perspectives - Final Report (1986-1999) of the Special
Research Programme 308 "Adapted Farming in West Africa". Verlag
Ulrich E. Grauer (University of Hohenheim) Stuttgart: pp. 219-225.

Williams J (1995). The EPIC model. In: Singh V (Hrsg.): Computer
Models of Watershed Hydrology Highlands Ranch, USA: pp. 909-
1000.

Williams JR, Jones CA, Kiniry JR, Spanel DA (1989). “The EPIC Crop
Growth Model.” Trans. ASAE 32(2):497-511.

Williams J, Wang E, Meinadus A, Harman WL, Siemers M, Atwood JD
(2006). EPIC User Manu Guide v.0509.
http://epicapex.brc.tamus.edu/media/23015/epic0509usermanualupd
ated.pdf [03.01.2013].

Zech W, Hintermaier — Erhard G (2002). Boden der Welt. (Spektrum)
Heidelberg.



