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ARTICLE INFO ABSTRACT

Keywords: Production of cereals (maize, sorghum, millet) in southern Mali is challenged by several hazards that affect yield
HaZ‘ard and yield variability. The research aims to inform decision making towards effective risk management by
Maize quantifying cereal yield losses at field level due to production hazards under different management strategies.
Millet . . . .. .

Five hazards relevant for farmers were analysed: late onset of rains, insufficient total rainfall, dry spells, low
Sorghum s . . .
West-Africa fertiliser quality and sudden lack of labour. The frequency and impact on yield of these hazards were assessed by
Crop model combining a long term weather database (1965-2019) with outputs of the DSSAT crop model (baseline and

optimised variety, fertiliser rates and sowing dates), and visualised in a risk matrix. The prevalence of the
weather hazards was common, with all of them occurring at least once every five years. Frequency of non-
weather hazards were perceived to occur once every five years (labour hazards) and once every ten years
(fertiliser hazards). Under baseline conditions maize (3.39 t / ha) outperformed sorghum (1.74 t / ha) and millet
(1.33 t / ha), except in cases of fertiliser hazard when sorghum yielded more than maize. Maize responded
relatively well to N application, and sorghum performed relatively well without N application. The benefit of
millet resided in low yield variability, and lower sensitivity to the weather hazards. Changing management to
optimise yields generally involved early sowing (22 days, 2 days and 27 days after onset for maize, sorghum and
millet), increased N applications (66 kg N / ha, 27 kg N / ha and 111 kg N / ha for maize, sorghum and millet),
and using short duration varieties. For millet the long duration variety was more beneficial. For maize there was
opportunity to increase the yield without affecting the risk of yield loss, while for sorghum there was a synergy
and for millet a trade-off between yield and risk. The different interactions between hazards and management for
the three cereals stress the importance of maintaining farm diversity, as well as operational farm flexibility to
respond to production risks.

1. Introduction

Smallholder farmers in West Africa are challenged by a diversity of
agricultural risks for both food production and income (Huet et al.,
2020; Komarek et al., 2020), with climate change likely to increase the
hazards (Campbell et al., 2016; IPCC, 2012). The risk for farmers de-
pends on both the impact of a hazard and the frequency with which it
occurs (World Bank, 2016). In such volatile circumstances, much
research focuses on how farmers can build resilience because they are
vulnerable to hazards and the resulting production variability leads to
food insecurity and low income (Kloos et al., 2015; Bullock et al., 2017;
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Meuwissen et al., 2019). Further, climate hazards are linked to migra-
tion and conflicts, although this relationship is complex and remains
debated (Benjaminsen et al., 2012; Mach et al., 2019). By understanding
the extent of risks and identifying possible mitigation measures,
research can generate knowledge needed to build farmers’ resilience.
Such risk information helps farmers to fine-tune farm management and
helps policy makers to define policies to mitigate risk (Descheemaeker
et al., 2016).

In Sudano-Sahelian farming systems, cereals play a central role as
staple crops, contributing to food self-sufficiency, as well as generating
income (Falconnier et al., 2015). Current cereal yields remain far below
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the water limited potential (ten Berge et al., 2019; Adam et al., 2020). In
addition, yields vary strongly between fields, farmers, and years (Fal-
connier et al., 2016). For example, in the cotton zone of Mali farmers
obtain average maize (Zea mays L.) yields of 2 t / ha, while 5 t / ha is
obtained by some in good years (Traore et al., 2014; Falconnier et al.,
2016). Sorghum (Sorghum bicolor (L.) Moench) and millet (Pennisetum
glaucum (L.) R.Br.) yield less: on average 0.9 and 0.8 t / ha with maxima
of around 3 and 2 t / ha respectively (Traore et al., 2014; Falconnier
et al., 2016; Adam et al., 2020). Crop yield variability is partly induced
by incidences of hazards, including climate hazards (Aune and Bationo,
2008; Schmitt Olabisi et al., 2017; Akumaga and Tarhule, 2018), pest
attacks (Schlecht et al., 2006) and farmer or animal illness (Huet et al.,
2020; Segnon et al., 2020).

Farmers’ perceptions and attitudes towards such hazards guide crop
management decisions to prioritise either maximising or stabilising
yield (Descheemaeker et al., 2016; Khumairoh et al., 2018). Further-
more, smallholder farmers apply several measures to deal with risks in
semi-arid regions. For example, farmers might target or spread sowing
dates strategically (Milgroom and Giller, 2013; Traore et al., 2015), plan
fertiliser use carefully (Piha, 1993; Freduah et al., 2019; Adam et al.,
2020), or use diverse varieties that have a different response to stress
(Frison et al., 2011; Adam et al., 2018). Many risk management de-
cisions are operational or tactical, which means they are planned and
implemented on a short- to medium-term horizon going from a couple of
days (e.g. adapting fertiliser application, harvest timing, pest manage-
ment) to a couple of months (e.g. land allocation, selection of crop
cultivars, planning of fertiliser application) (Nissan et al., 2019). The
long-term strategic decisions that farmers implement are diversification
(Mubaya and Mafongoya, 2016) and maintaining flexibility so that they
are prepared for, and can adapt to occurrences of hazards that influence
crop production (van Noordwijk et al., 1994; Brouwer et al., 2007).
However, the effect of these management decisions in the face of haz-
ards, both in terms of average yields as yield variability, is often not well
quantified for West-African cropping systems.

Crop growth models, combined with long-term weather data, are
powerful tools to assess crop production risks (van Noordwijk et al.,
1994; Ewert et al., 2015). In West-Africa, crop models have been
extensively used to understand the response to climate change (Traore
et al., 2017; Amouzou et al., 2019; Sultan et al., 2019; Defrance et al.,
2020). Less literature describes the effects of current seasonal variability
(e.g. Fosu-Mensah et al., 2012) or non-climate related hazards. Yet,
understanding how farmers can deal with current variability helps to
design risk management strategies for a future affected by climate
change (Cooper et al., 2008). When crop models are used to assess risks
they are also often focused on a single crop, and on a limited set of
management practices without including their interaction (Ewert et al.,
2015), or on the impact without taking into account the frequency of the
hazard (Challinor et al., 2018). Of the three cereals commonly grown in
the drylands of West Africa (maize, sorghum, millet), millet is less
investigated through crop models (e.g. Akponikpe et al., 2010).

In this paper we address the above knowledge gaps by using a crop
model to explore impacts on three major cereal crops in southern Mali, a
region prone to risks as is much of semi-arid West-Africa. The research
aims to inform decision making towards effective risk management by
quantifying cereal crop yield losses at field level due to the interactions
of different production hazards under varied management strategies.
Firstly, we assess the frequency of the most important hazards in the
region. These hazards were identified and defined by farmers; a starting
point deemed crucial by Challinor et al. (2018) for a meaningful risk
assessment. Secondly, we quantify the impact of the hazards on crop
yields and explore how current and optimised management practices
influence yield and yield stability. Additionally, frequency and impact of
the hazards are combined in a risk matrix for both current and optimal
management. Finally, we explore the interaction effects of management
factors (variety, sowing dates, fertiliser rates and soil type) on yield to
understand where the baseline and optimal management are situated
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within the decision space available to farmers.
2. Methods
2.1. Site description

Our study area comprises the rural area around Koutiala (12°23' N,
5°27" W) in the cotton zone of southern Mali, located in the semi-arid,
Sudano-Sahelian region. With Lixisols as the dominant soil type (FAO,
2006), farmers recognise three subgroups (Falconnier et al., 2016):
sandy soils were most common on farmers’ fields, occupying 65 % of the
cultivated area, followed by black (25 %) and gravelly soils (10 %).
Agriculture is rainfed during a unimodal rainy season between May and
October.

Farmers aim to cultivate sufficient maize, millet and sorghum to feed
their households (Kanté, 2001). Income is generated by cultivating
cotton and by selling their surplus of cereals, especially maize (Bosma
et al.,, 1999; Losch et al., 2012; Falconnier et al., 2015). On average
farmers cultivated 12.6 ha and targetted 8.6 ha to cereal production, of
which 27 % was maize, 30 % sorghum and 43 % millet. Crop-livestock
interaction is important in this farming system with crops providing feed
and livestock providing manure, as well as draught power and cash
(Kanté, 2001; Van Dijk et al., 2004).

2.2. Hazard identification and general approach

Huet et al. (2020) described the hazards that farmers perceived
important. Here we consider a subset of these hazards that affect cereal
production (Table 1). The risk of these hazards is quantified by the
simulated impact on cereal yield and the frequency with which they
occur.

The frequency of weather hazards was analysed based on long-term
weather data (see Section 2.3). For the additional hazards, such as
sickness of animals or labour force, and bad quality of fertiliser, the
frequency was estimated by farmers as described in Huet et al. (2020).
The crop response to hazards was evaluated by comparing simulated
yields under hazardous and non-hazardous conditions. The non-weather
hazards were reflected by changes in crop management practices
(Table 1) which can be captured by a crop model.

2.3. Frequency of weather hazards

During four focus group discussions, farmers defined at what point
they judged a certain weather situation to be problematic (Table 2). For
example, an onset of the rainy season after the 1st of June was deemed
late in one focus group (i.e. moderate hazard level), while the other
groups benchmarked the 15th of June (i.e. strong hazard level). Dry
spells longer than one week in the early stages of the rainy season and
total rainfall of less than 750 mm / year were also seen as problematic.

Table 1
The hazards farmers ranked as having strongest impact on cereal production
according to Huet et al. (2020).

Hazard Rank  Risk assessment Hazard
type
Sickness labour 1 Evaluate impact of late sowing because Non-
force of labour shortage weather

Sickness animals 2 Evaluate impact of late sowing because =~ Non-

of labour shortage weather
Late onset 3 Evaluate frequency and impact of late Weather
start rains
Bad rainfall 4 Evaluate frequency and impact of dry Weather
distribution spells during the growing season
Lack of rain 5 Evaluate frequency and impact of low Weather
total yearly rainfall
Bad quality 8 Evaluate impact of smaller N Non-
fertiliser application rate (set to 0 kg N / ha) weather
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Table 2
Farmers’ definition of weather hazards, complemented with information from literature and definition of thresholds.
Hazard Farmers’ definition of hazard Threshold Level of Rainfall-based parameters from literature Reference
hazard used to calculate threshold
Late onset rain After 1 June (some farmers mentioned 15th 1st June Moderate First day in sowing window when > 20 mm of Wolf et al. (2015);
June) rainfall is received cumulatively within 7 GYGA (2020)
15th June Strong consecutive days
Uneven Dry spells are problematic from 1 to 2 weeks ~ 1-3 moderate dry Moderate The length of a dry spell is the number of Sivakumar (1992);
distribution without rain. In the middle of the rainy spells (7-14 days) in consecutive dry days between two rainy days.  Salack et al. (2011);
of rain season, dry spells can last up to 3 weeks first 60 days after A day with a rainfall amount less than 1 mmis  Boansi et al. (2019)
without doing much harm. onset considered a dry day.
> 3 moderate dry Strong
spells in first 60 days
after onset
Long dry spell (>14 Strong
days) in first 90 days
after onset
Low total rain < 750-800 mm 750 mm Moderate Annual rainfall
650 mm Strong Annual rainfall below limit of Sudano-

Sahelian agro-ecological zone

Definitions for onset and dry spells obtained from literature (Table 2)
were used to complement farmers’ definitions when setting thresholds
for different hazard levels.

Long term daily observed weather data (1965-2019) from the
nearby N’Tarla research station (12°35° N, 5°42’ W) (Traore et al.,
2013) were used to calculate the frequency of weather hazards using the
above definitions. Recent (2012-2019) solar radiation data was
extracted from the Prediction of Worldwide Energy Resource (POWER)
dataset (NASA, power.larc.nasa.gov, accessed 24,/09,/2020), often used
in crop growth simulations (Van Wart et al., 2015; Joseph et al., 2020).

2.4. DSSAT crop model for estimating yields

2.4.1. General settings

Crop growth and development was simulated with the Cropping
System Model (CSM) (Jones et al., 2003) of the Decision Support System
for Agrotechnology Transfer (DSSAT) Version 4.7.5 (Hoogenboom et al.,
2019) using the CERES model components (Jones and Kiniry, 1986;
Ritchie et al., 1998). Crop growth is simulated on a daily time step based
on cultivar genetic coefficients, crop management, weather conditions,
and soil water and nutrient dynamics, with a re-initiation of the model
each year. N and P are the most limiting nutrients in the region
(Fosu-Mensah and Mensah, 2016), but as the effects of P on crop growth
are only included in DSSAT for CERES-maize (Dzotsi et al., 2010) and
CERES-sorghum (Adam et al., 2018), we focused only on N. The CEN-
TURY model (Parton et al.,, 1988, 1994) was used to simulate soil
organic matter dynamics (Gijsman et al., 2002; Jones et al., 2003). For
other soil-plant-atmosphere calculation methods, we used the default
DSSAT methods. We indicated sowing dates manually (at five-day in-
tervals within a sowing window of 10th of May to the 1st of August), but
harvesting was simulated automatically at crop maturity. The sowing
window was set with a minimum starting date to exclude false starts of
the rainy season and to reflect general farmers’ practices.

The DSSAT soil and cultivar parameters were obtained from peer-
reviewed publications that parameterised and evaluated the soils and
cultivars in semi-arid regions of West-Africa, as specified below. Three
soil subgroups were considered for the area: sandy (baseline), gravelly
and black soils. The DSSAT soil profiles (*. SOL) were constructed with
information from soil analysis described in Falconnier et al. (2016)
(Table S1). The SLPF parameter (soil-limited photosynthesis factor) was
set to 0.7, similar to on-station soils in Mali (Singh et al., 2014), and
confirmed by comparing simulated and observed yields from a
three-year cereal trial in the nearby N’Tarla research station (Traore
et al., 2014). With a high content of sand, all soils were considered well
drained with a respective drainage rate (SLDR) of 0.6 fraction / day
(Gijsman et al., 2007). Crop residues were not taken into account, as

farmers’ practice is to remove a large proportion of them for animal feed
or composting. The simulations were initiated on the first of April of
each year, when the water content was considered to be at wilting point
for all soil profile layers. For the sandy and black soils, mineral N at the
start of simulation was estimated at 20.8 kg N / ha (Falconnier et al.,
2020). The initial mineral N content of the more shallow, gravelly soils
was set at half this content, being 10 kg N / ha.

For each of the cereals, we compared a baseline variety considered as
an intermediate crop cycle that is regularly used by farmers in Koutiala,
with a short and long duration variety. If no parameters were available
for varieties grown by farmers, we used parameters for similar varieties
(Table S2). An overview of general cultivar characteristics is provided in
Table S3. For maize, parameters of the baseline Obatampa variety and
the short duration TZEEY-SRBC5 variety were obtained from Freduah
et al. (2019) while parameters of the long duration SUWAN 1-SR were
used from Falconnier et al. (2020). The sorghum variety CSM335 was
used as baseline (Adam et al., 2018; Faye et al., 2018b). CSM 63E is a
Malian variety that has a shorter maturity cycle (100 days), while
IS15-401 generally has a longer cycle (110-160 days). For all sorghum
varieties, we used the DSSAT parameters of Adam et al. (2018). Pa-
rameters for millet varieties grown in West Africa are scarce. CIVT is a
variety that is best described and parameterised, often for studies in
Niger, and therefore used as baseline variety in our study. Singh et al.
(2017) defined parameters for CIVT, as well as a hypothetical short
duration CIVT variant (10 % shorter) and a hypothetical longer duration
CIVT variant (10 % longer). Planting density was set at 50,000 plants per
ha for sorghum and millet, and at 62,500 plants for maize (Traore et al.,
2014).

2.4.2. Cereal management

DSSAT was run for a wide range of factor level combinations for
varieties (short, intermediate and long duration), sowing dates (18 fixed
sowing dates between 10th May and 1st August), soil types (sandy, black
and gravelly), and fertiliser (N) rates between zero and 200 kg N / ha
given in split-application (Table S4) to understand how these manage-
ment factors interacted in affecting yield, yield variability and yield loss
due to hazards. Within this range of management settings in DSSAT we
defined specific management combinations that reflect (1) farmers’
practice as baseline management, (2) management leading to optimal
yields and (3) management reflecting non-weather hazards.

Baseline cereal management practices were derived from detailed
farm management surveys conducted with 25 farmers in 2018 and 2019
(Dissa A., personal communication). The baseline N application was
rounded to 50 kg N / ha for maize, 10 kg N / ha for sorghum and 15 kg N
/ ha for millet. In 2018 and 2019, on average farmers planted millet first
on the 9th of June, followed by maize on the 24th or June, and sorghum
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on the 1st of July. These sowing dates occurred 23, 36 and 39 days after
the onset of the rainy season respectively, confirming that farmers first
target sowing of cotton (Soumaré, 2008). For the baseline simulations,
each year’s sowing date was based on the above average number of days
after the onset of the rainy season.

Optimal management was defined for a single factor under otherwise
baseline conditions and for all factor combinations, whereby the method
for calculating the optimal level differed per management factor (fer-
tiliser, sowing date, variety), as explained below. The optimal sowing
date of each year was defined as the sowing date relative to the onset of
the rainy season (i.e. number of days after onset) that resulted in the
largest yield. The average of these number of days was regarded as the
period between onset and yearly optimal sowing date. Conversely, the
least optimal sowing date was the average sowing date resulting in the
smallest grain yield. The optimal variety was the variety that most often
resulted in the largest yield over the 55 years. The optimal N rate was the
average of the rates that resulted in the maximum yield per year with a
positive return on fertiliser investment (Getnet, 2016). Applying one
extra unit of N obtained from subsidised fertiliser cost 4.87 USD PPP / kg
N, while the grain price was 0.50, 0.52 and 0.66 USD PPP / kg for selling
maize, sorghum and millet respectively. Grain prices were averaged
from monthly prices in 2016 (OMA, 2016) and fertiliser prices from a
market analysis (Dissa A., personal communication; World Bank, 2020).
The optimal management for the combined factors was defined by first
identifying the variety that most often gave the largest yield, and then
determining the combination of sowing date and N rate that gave the
largest yield with a positive return on investment.

Hazards not related to weather events (Table 1) were reflected in a
change in crop management within DSSAT. Household members or
draught animals falling sick at the beginning of the rainy season affects
land preparation and sowing of crops. We assumed that this labour
shortage delays the sowing date by two weeks. Bad quality of fertiliser
was reflected by setting the mineral N application rate to zero.

2.5. Impact of hazards and crop response to management

We compared crop yields in years with and without weather hazards
under baseline and optimal management. For the non-weather hazards,
baseline yields for all years were compared with yields under adjusted
management. The impact of a hazard was indicated by the percentage
yield loss. For each of the cereals, this percentage yield loss (YL) is
calculated as follows:

(Z Ymn,NH, n— Z Yman,H, / m)
YL =1 ! x 100

n
Z sz/n,NH; /n
1

where,

e man: Type of crop management (baseline, optimal)

e Y: Cereal yield (kg / ha)

e NH: Years with no hazard, and management not affected by hazard i

e H: Years with hazard, or management affected by hazard i

e i: Type of hazard (late onset, low total rainfall, fertiliser, labour
hazard)

e n: Number of years without hazard i (in case of the fertiliser or
sowing hazard, n = 55 because they are independent of the weather
conditions)

e m: Number of years with hazard i (in case of the fertiliser or labour
hazard, m=55 because they are independent of the weather
conditions)

We also assessed the effects of management practices and their in-
teractions on yields and on the stability of yields over the 55 years. The
stability of yields was determined by the coefficient of variation.
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Analysing how management factors interact helps to understand how
baseline and optimal management relate to each other within the de-
cision space that farmers have. When focussing on certain management
interactions, the other management factors were held at baseline level.

2.6. Risk assessment

Risk is a combination of the frequency and impact of hazards, which
was visualised in a two-dimensional risk matrix, with frequency
following the scale of the World Bank, 2016 on the x-axis and impact as
the percentage yield loss on the y-axis. A high frequency in combination
with a high impact, indicated a high risk. The frequency of two hazards
occurring simultaneously was calculated by multiplying the probability
related to each individual hazard. For example, if the first hazard occurs
one out of two years, and the second hazard one out of three years, we
assume the combination occurs once every six years. In the case of two
simultaneous weather hazards, the frequency was deduced from the
weather data. The risk matrix was constructed for baseline and for
optimal management.

3. Results
3.1. Frequency of weather hazards

Long-term weather data over 55 years gave insight into the likeli-
hood of occurrence of climatic hazards that were important to farmers: a
small total rainfall amount, late onset of the rains, and dry spells. The
mean total annual rainfall was 863 mm, ranging from 482 mm to
1249 mm. Total rainfall was less than 750 mm in 35 % of the years
(Fig. 1a). Nevertheless, in five out of these 19 years the rainfall dropped
less than 10 mm below the 750 mm threshold. In 7 % of the years a
strong hazard with less than 650 mm occurred.

The onset of the rainy season was on average on the 23rd of May and
ranged from the 10th of May (in nine years), to the 1st of July (Fig. 1b).
On average, the rainy season lasted 168 days and ended on the 7th of
November, with a range between the 20th of September and the 29th of
November. A moderately late onset of the rainy season, after the 1st of
June, occurred in 18 % of years, whereas the rains started after the 15th
of June in 7 % of the years (strong hazard). Moderately late onset of the
rainy season combined with a moderately low total rainfall happened in
13 % of the years.

On average a rainy season counted 116 dry days and 52 rainy days
(Fig. 2). Dry spells of at least a week within the first month after onset
occurred in 71 % of years, and in 7 % of years these lasted longer than 14
days. After this first 30-day period after onset, dry spells tended to be
shorter. Overall, a quarter of the years did not exhibit any hazardous dry
spells.

3.2. Crop response to hazards under farmers’ practice

Maize, which received more N under baseline management, yielded
more than sorghum and millet overall, with an average yield of 3.39 t /
ha, 1.74 t / ha, and 1.33 t / ha, respectively. When comparing yields
under baseline management in years with and without a weather hazard
(Fig. 3), sorghum and maize performed worse in years with low total
rainfall, while millet yields were more robust and did not exhibit such
variation (Fig. 3a). In years with a late onset of the growing season, all
three cereals yielded less, although for millet only in years with a strong
hazard (Fig. 3b). The presence of dry spells had a limited effect on cereal
yields (Fig. 3c). The small positive tendency in yields with dry spells
could be related to a confounding effect with the other two weather
characteristics analysed. Years with a hazardous dry spell had an earlier
average onset of the rainy season (18th May) and a higher mean total
rainfall (874 mm) compared to years without a hazardous dry spell
(30th May and 830 mm). Additionally, cereals are sown relatively late
under farmers’ practices compared with the onset, which allows these
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b. Onset and length rainy season
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Fig. 1. Overview of years (1965-2019) from the N'Tarla weather data that carry a climatic hazard according to farmers’ definitions. The grey dotted lines represent
the average situation, the red dotted lines the hazard benchmark of total rain and day of onset. Years with hazards for total yearly rainfall (a) and onset of the rainy

season (b) are coloured red for strong hazards and orange for moderate hazards.

crops to escape the early dry spells that are seen as most hazardous by
farmers.

Of the non-weather hazards, a lack of good quality fertiliser influ-
enced the mean yield negatively, especially for maize (Fig. 3d). Labour
hazards, expressed by delayed sowing, also reduced cereal yields,
although to a lesser extent (Fig. 3e).

3.3. Cropping risk with farmers’ practices

The risk matrix combines the above findings on frequency and
impact under baseline management (Fig. 4). Since the impact of dry
spells (Fig. 3c) did not indicate a risk for cereal yields under baseline
conditions, we excluded this hazard from further analysis on yield loss.
The hazards that induced a larger yield loss occurred less often, sug-
gesting that impact and frequency are inversely related. Sorghum
responded differently than maize and millet to different types of haz-
ards. For sorghum, yield losses were larger than for the two other ce-
reals, except for the fertiliser hazard.

Under baseline conditions, the yield was largest and most stable for
maize compared to the other two cereals (Table 3). The coefficient of
variation was largest for sorghum (0.49) while it remained below 0.2 for
millet and maize. Among the hazards, a low total rainfall occurred most
often but had relatively little impact on maize and millet (8 % and 5 %
yield loss respectively), but affected sorghum with 24 % yield loss. Also
the impact of a late onset and the labour hazard was larger for sorghum
(65 % and 32 % yield loss respectively), compared with maize (17 % and
5 %) and millet (12 % and 3 %). A late onset and labour hazard both
happened around once every five years. Fertiliser hazards occurred
rarely, once every ten years, but had a large effect on maize yields (54 %
yield loss), followed by millet (19 %) and sorghum (9 %).

The risk of simultaneous hazards was not larger than that of the

individual hazards, since the frequency decreased and the impact only
increased to a limited extent (not more than 10 %) compared with the
impact of the most influential hazard. However, for millet and sorghum,
a labour hazard combined with a late onset or a low total rainfall
increased the yield loss substantially (more than a 10 % point increase).

3.4. Optimal management

First, we defined the optimal level per factor with the other man-
agement factors held constant under baseline conditions. The optimal N
rates were 66 kg N / ha, 27 kg N / ha, and 111 kg N / ha for maize,
sorghum and millet respectively (Table 3b). The optimal sowing date
was 22 days, 2 days, and 27 days after onset for maize, sorghum and
millet, whereas the optimal variety was the short duration variety for
maize and sorghum, and the long duration variety for millet.

Secondly, when allowing for interaction between management fac-
tors, the optimal levels shifted (Table 3b, NO*SO*VO). Generally, when
sowing date or variety were optimised, the optimal N rates were larger.
With optimal N rates and variety, the optimal sowing date for maize
remained similar, while for sorghum and millet it was brought forward.
The average optimal sowing date of sorghum (baseline variety) even
appeared before the onset, suggesting that the drought tolerance at early
vegetative stages of the sorghum baseline variety is strong enough to
benefit from the minor rainfall events that lead up to the onset of rains.
The optimal combined management included the baseline variety for
sorghum, while for maize the short and for millet the long duration
variety.

The optimised management was based on maximum yields, with for
N application a limit when the profit from additional yield became equal
to the cost of additional input. However, not only the absolute yield
matters but also the stability of the yield over the years (Table 3).
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Fig. 2. Number of dry days within six subsequent 30-day periods counting from the onset (numbered in the facet label). The colours represent the length of the dry
spell the day belongs to, being a very short dry spell (1-3 days), a short dry spell (4-6 days), a moderately long dry spell (7-13 days), or a long dry spell (14-20 days).
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Table 3

Factor combinations, of variety, N rate and sowing date (DOS), that represent the baseline, a certain hazard, recommended management, or the optimal treatment
(average of treatments that maximised yield, with the standard deviation between brackets) for the three cereals on sandy soils. For each treatment the average yield (t
/ ha) and coefficient of variation is presented. Variety 1 represents the baseline, Variety 2 the short duration and Variety 3 the long duration variety.

Type of Code Treatment Crop Variety N rate DOS [days DOS Yield [t  Coefficient of Explanation
treatment description [kg N / after onset] [date] / ha] variation
ha] (sd) (sd)
a)Baseline  BL Baseline situation Maize Baseline 50 36 28th 3.39 0.13 Farmers’ practices
June
Sorghum  Baseline 10 39 1st 1.74 0.49
July
Millet Baseline 15 23 15th 1.33 0.17
June
b) Optimal NO BL + optimal N Maize Baseline 66 (15) 36 28th 3.60 0.18 Average N rate that gives the
June largest yield with an economic
Sorghum Baseline 27 (23) 39 1st 2.65 0.27 margin > 0
July
Millet Baseline 111 23 15th 2.93 0.12
(16) June
SO BL + optimal Maize Baseline 50 24 (26) 16th 3.63 0.10 Average sowing date that gives
sowing date June the largest grain yield per year
Sorghum Baseline 10 2 (20) 25th 2.67 0.16
May
Millet Baseline 15 27 (22) 19th 1.47 0.12
June
\'(¢] BL + optimal Maize Short 50 36 28th 4.62 0.16 Variety that most often gives
variety June the largest grain yield
Sorghum  Short 10 39 st 2.27 0.14
July
Millet Long 15 23 15th 1.54 0.13
June
NO*SO*VO  BL + optimal Maize Short 68 (10) 24 (27) 16th 5.63 0.11 Average N rate, sowing date
N + sowing June and variety that gives the
-+ optimal variety Sorghum  Baseline 85 (24) -10 (13) 13th 4.19 0.26 largest yield (with economic
May margin >0)
Millet Long 160 4(19) 27th 4.04 0.12
(25) May

Optimising N management more than doubled yield for millet and
lowered the coefficient of variation (CV). Sorghum yields increased by
50 %, while halving the CV. Optimising N resulted in a limited benefit
for maize yield (less than 20 % increase) while it increased variability.
The optimal N rates for millet were much higher than those for maize
and sorghum, which is related to a different fertiliser response and a
better price for millet grain. Although also beneficial for maize and
millet, sowing earlier or cultivating a short duration variety, especially
benefitted sorghum both in terms of absolute yields (50 % yield in-
crease) and yield variability (CV dropping below 0.2). For sorghum the
lag between optimal and farmers’ sowing dates spanned more than five
weeks, while for maize and millet this gap was less than two and one

week respectively. Optimising the variety increased maize and sorghum
yields with about a third, while it reduced the coefficient of variation of
sorghum to below 0.2 and did not affect the CV of maize much. Benefits
for millet were less striking.

Yield of all three cereals benefitted from optimising all management
practices simultaneously compared with optimising one factor at a time.
The gain was mainly in a raise in absolute yields, while for sorghum the
CV was also reduced.

3.5. Cropping risk with optimal management

Adapting crop management alters the risks associated with various
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Fig. 5. Risk matrix with cereal yield loss plotted against frequency of hazards for a) maize, b) sorghum, and c¢) millet, under baseline and optimal management for
two weather hazards (late onset and low total rain), two non-weather hazards (no fertiliser and labour). Optimal management reflected optimal N rates, sowing date
and variety, or a combination of these three factors (Combination), as described in Table 4.

hazards (Fig. 5), and the changes in risk were more pronounced for
sorghum and millet than for maize. The relative yield loss of maize
under optimal management remained fairly similar (less than 10 % point
difference in yield loss) compared with baseline management for all
hazards. The late onset of the rainy season was the exception, where the
yield loss reduced from 17 % to 3 % when optimising all management
factors combined, and to 5 % when only optimising sowing dates. Thus
overall, optimal management improved maize yields and did not in-
crease the risk.

For sorghum, most optimal management options reduced, or did not
influence, the relative yield loss (compared to yield loss under baseline
management). This means that optimal management that increased
absolute yields, did not increase risks in general. Sorghum yield losses
were only slightly exacerbated when applying optimal N rates in the
case of weather hazards, yet with less than 10 % point increase in yield
loss. The other management practices decreased the yield loss in case of
weather hazards. This was most pronounced for applying the optimal
variety when rains started late (65-17 %) and for adapting sowing date
when total rainfall was low (24-9 %). Cultivating the optimal short

duration variety also induced a reduction in the yield loss for the labour
hazard (324 %). The risk related to fertiliser hazards was less influ-
enced by management.

Optimal management often increased relative millet yield losses
under hazardous circumstances, contrary to what was the case for maize
and sorghum. Nevertheless, the differences were negligible for the fer-
tiliser and labour hazards. The yield loss was greatest when combining
management (N rate, sowing date and variety) when a late onset
(increasing from 12 % to 36 %) or low rainfall (5-25 %) occurred. While
optimised N rates contributed most to the absolute yield increase for this
combined management of both weather hazards, they contributed
relatively little to worsening relative yield loss.

3.6. Crop response to baseline and optimal management within a window
of management options

Baseline and optimal management are only a selection of manage-
ment options farmers have. To better understand the crop response to
adapted management, we examined in detail the yield response to the
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Fig. 6. Response curve of maize, sorghum and millet grain yield to different rates of N application on three soil types (sandy, gravelly and black soils) with baseline

sowing date and variety.
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interaction of a range of levels of management factors (soil, variety, N
rates and sowing date) over the 55 years.

Firstly, we explored the interaction of N rates with soil types. The
cereals yielded similarly on sandy (baseline) and black soils, but yields
were less and more variable on the shallow gravelly soils (Fig. 6). With
small N rates, sorghum outperformed maize and millet on sandy and
black soils, but not on gravelly soils. Nevertheless, sorghum responded
little to N addition, and millet and maize yields were better than sor-
ghum yields at larger N application rates on all soil types. Although
maize yielded best at almost all N application rates, millet yields showed
less variability and plateaued at larger rates (around 140 kg N / ha).
Maize yields plateaued at around 100 kg N / ha, and sorghum around
40 kg N / ha.

Secondly, we scrutinised the interaction between variety, sowing
date and N rate. The yields and N response curves changed when
adapting sowing dates. Focusing on sorghum, which benefited most
from optimising the sowing date, we compared the average yields of
optimal sowing dates with that of the least optimal sowing date for the
three varieties (Fig. 7a). Without adding fertiliser, sorghum yields
ranged from an average of 0-2 t / ha between least optimal and optimal
sowing dates. The baseline sorghum variety yielded best (at optimal
sowing date), except at small N rates when the short duration variety
(CSM63E) yielded equally well, yet with a weaker N response. At larger
N rates the longer duration and short duration varieties gave similar
yields. In most years, it appeared optimal to sow the baseline and long
duration variety early in the sowing window (Fig. 7b). For the short
duration variety, it was often beneficial to wait until mid-June to sow; in
about half of the years the optimal sowing date was after the 10th of
June, regardless of the N rate. When small rates of N were applied, the
optimal sowing dates were generally more spread out and later than
with high N rates, for all varieties. Yield losses could reach 25 %, when
sowing only five days earlier or later than the optimal sowing date, and
crops could entirely fail when sowing was postponed by two months.
With small N rates the relative yield loss was similar when sowing too

a. Sorghum yield on sandy soils
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early or too late, while with larger N rates the yield penalty was larger
when sowing too late, explaining the optimal management combination
of high N rates with early sowing.

Maize and millet had a similar, yet less pronounced, behaviour
(Fig. S1 and S2). Yields also improved considerably when sowing dates
were optimised to relatively early in the season (early to mid-June).
When applying less N, it appeared beneficial to sow millet and maize
later (Fig. S1). The long duration variety of millet yielded slightly better
than the two other varieties, but when sowing late, the difference in
yield between the varieties disappeared, which explains that the opti-
mised management contains the interaction of the long duration variety
at large N rates and early sowing. The difference in yield between
optimal and least optimal sowing date was least pronounced for maize
(Fig. S2). The short duration maize variety yielded best across all N
rates. The baseline and long duration variety had similar yields, but the
long duration variety benefitted more from large N rates.

4. Discussion
4.1. Frequency of production hazards

The prevalence of dry spells, insufficient total rainfall and late onset
of the rains confirmed the hazardous nature of agriculture in southern
Mali. In an earlier study in the same region, farmers perceived that these
three weather hazards have become more frequent and severe over time,
which they attributed partially to climate change (Traore et al., 2015).
Nevertheless, no significant changes in rainfall variability (onset and
total rain) were found over time (1965-2005), except for an increase in
total number of dry days and an increase in minimum daily temperature
(Traore et al., 2013). This is in line with the findings of the latest IPCC
report on West Africa, that stated an increase in temperature accom-
panied by higher variability of precipitation (e.g. fewer but more intense
rainfall events) (Trisos et al., 2022).

Dry spells were more complex to define and interpret than the two

b. Optimal sowing dates
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other weather hazards. The severity does not only depend on the num-
ber, but also on the sequence and timing of dry days as farmers deemed
the hazard stronger if more and longer dry spells occurred early after the
onset of the growing season. Hence, the impact depends a lot on the
sowing date, which was relatively late for sorghum, and only somewhat
earlier for maize and millet, which explains why we did not discern yield
losses related to this hazard under baseline conditions (Fig. 3). In Kou-
tiala, farmers first sow the cotton fields, thus delaying sowing of the
cereals (Soumaré, 2008). Another possible reason for not observing a
negative impact on cereal yields could be that hazardous dry spells
occurred more often in years with a relatively early onset of rains and
high total rainfall, both positively related to yields.

By considering only the hazards that farmers perceived as most
important, some weather characteristics were not taken into account.
For example, rising temperatures (Traore et al., 2013) are known to
result in shorter crop cycles, or induce grain sterility (Bassu et al., 2014).
There is agreement that temperatures will further rise due to climate
change, while for precipitation the climate models are more uncertain
on the direction of change, although the frequency of more intense
rainfall events is expected to increase (Roudier et al., 2011; Niang et al.,
2014; Sultan et al., 2019; Trisos et al., 2022).

Our risk assessment comes with some uncertainty as the frequency of
weather hazards depended on farmers’ definition of the hazards, while
the frequency of the non-weather hazards was entirely based on their
perception. Farmers tend to have several biases that lead to either under-
estimating or over-estimating the probability of a hazard, with the latter
particularly common for hazards that have recently taken place (Har-
daker et al., 2015). In our assessment, we reduced the amount of N
application to zero in case of poor fertiliser quality. This is only valid in
the most extreme case, but could also be a result of other circumstances
(e.g. lack of access to fertiliser). The most important hazards for farmers
were related to labour issues. As the start of the season is a critical period
for farmers’ decision making (Traore et al., 2014), we mimicked labour
hazards by inducing late sowing in our analysis, while we did not take
into account effects on weeding and harvest time. Although late sowing
avoids water stress due to early season dry spells (Fig. 3), there are also
negative effects of delayed farming practices (Wolf et al., 2015), for
example from plants missing the possible benefit from the N flush with
the first rains (Milgroom and Giller, 2013; Masvaya et al., 2018).

4.2. Management influences yields and impact of hazards

Under baseline conditions maize outperformed millet and sorghum
in all studied circumstances, except in cases of fertiliser hazard when
sorghum yielded more than maize (Fig. 2, Fig. 4). Farmers generally
applied more N to maize than to sorghum and millet, which is justified
since maize responded strongly to N application, and sorghum per-
formed relatively well without N (Fig. 4, Fig. 3d). These crop charac-
teristics drive farmers’ choice to grow sorghum in semi-arid areas as well
as maize in case fertiliser is available (Kante et al., 2019). Millet yielded
less than sorghum and maize at low N rates, but surpassed yields of
sorghum when more N is applied. The benefit of millet resided in its low
yield variability (low CV in Table 3), and less sensitivity to the weather
hazards (Fig. 3). Indeed, millet is often promoted as the more drought
tolerant cereal (Ewansiha and Singh, 2006), and it increases in impor-
tance north of Koutiala where the climate becomes increasingly drier
and hotter.

Adapting management aspects does not only influence average yields
but the potential impact of different hazards as well. The hazards of late
onset of the rainy season and the lack of labour are closely related. In
Malian cropping systems, late sowing often results in yield losses in
maize, sorghum and cotton (Traore et al., 2014) while a late starting
date of the rainy season forces farmers to adapt their planning and af-
fects the feasibility of crop varieties, with short duration varieties usu-
ally having smaller potential yields (Traore et al., 2017). Our analysis
nuanced this commonly spread information: early sowing is a good
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strategy, but in some circumstances it could also be beneficial to wait,
for example when applying low N rates (Fig. 7). Short duration varieties
of maize and sorghum yielded most and reduced the yield losses when
there was a late onset of the rainy season (Table 3 and Fig. 5). The use of
photoperiodic sensitive varieties of millet and sorghum, which flower
and mature at the same time of the year regardless of their sowing date,
could allow for more flexibility in targeting the optimal sowing date
(Traore et al., 2014; Faye et al., 2018b). Since labour is a bottleneck for
farmers, with a lot of activities in the beginning of the season, and
farmers’ first focus is cotton, we hypothesise that farmers will be
interested to sown cereals later when this can be done without much
yield penalty. Also for the hazard of total rainfall, adapting the variety or
sowing date reduced risk most while increasing yield, compared to
adapting N rates. Increasing N rates even increased the risk of sorghum
yield losses under weather hazards.

The optimised management treatments differed from what is
currently advocated in the region. For example, CMDT (Compagnie
Malienne pour le Développement du Textile) recommends maize fertil-
iser rates of 80 kg N / ha (Falconnier et al., 2016; Traore et al., 2017),
whereas the recommended rates for both millet and sorghum in the
Sudano-Sahelian region are around 40kgN / ha (Kanté, 2001;
Akponikpe et al., 2010; Traore et al., 2017; Amouzou et al., 2019). For
maize (66 kg N / ha) and sorghum (27 kg N / ha) our simulation results
indicated lower optimal N rates, while for millet the optimal rates were
much higher (111 kg N / ha). Nevertheless, since the risk increased for
several hazards by applying such high fertiliser rates for millet, lower N
rates may be more appropriate for farmers (Akponikpe et al., 2010).
Recommended management further included using a short duration
variety (Niang et al., 2014) and the strategy of farmers to sow as early as
possible (Huet et al., 2020). In our simulations for millet the long
duration variety led to the highest yield, which is in line with other
model findings for Niger and Mali (Singh et al., 2017).

4.3. Risk mitigation

Much literature stresses the importance of not only considering
maximum average yields in volatile environments, but to include vari-
ability in the analysis (Urruty et al., 2016; Vanlauwe et al., 2016). Our
analysis revealed differences in trade-offs between maximising yields
and mitigating risk between the three cereals. Sorghum had the highest
crop production risk of the three cereals, yet benefitted most from
applying optimal management since it increased yields and simulta-
neously reduced yield losses under hazards. Millet had a comparable risk
to maize, but for millet the risk often increased when adapting man-
agement to optimise yields. Applying optimal management for maize
did not increase the risk. These different responses of cereals show the
multiple options within the decision space of farmers when planning
field and farm management.

Farmers prepare for, and deal with, several hazards by adapting field
management practices related to, for example, fertiliser application,
choice of varieties and sowing dates (Huet et al., 2020). Some hazards
allow for a reactive flexible response, which means crop management
can be adapted as the season progresses (Piha, 1993; Andrieu et al.,
2015). For example, when the onset of the rainy season is late, farmers
have time to adapt the sowing date, variety and allocation of fertilisers,
without losing much investments. This could be especially useful for
millet since the relative impact of the hazard increases under optimal
management compared with baseline millet management, or in other
words, investing in yield increasing management is less beneficial for
millet in case of late onset the rainy season. Andrieu et al. (2015)
described that farmers in Burkina Faso plan and implement operational
flexibility options of adapting crop choice, land allocation, and input
use, confirming that the options analysed in our study are within the
decision portfolio of farmers. The potential of reactive flexibility was
demonstrated since it limited farm gross margin variability (Andrieu
etal., 2015). Piha (1993) suggested to split fertiliser applications so that
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the amount of N applied as top-dressing could be adjusted to the likely
crop demand as the season develops. From our results, such an approach
could be useful for millet and sorghum fields, where higher fertiliser use
increased the risk when rainfall is limiting. Overall, maintaining a
short-term operational flexibility requires an enabling environment that
foresees access to inputs and labour throughout the growing season, as
well as storage facilities. Currently, access to subsidised fertilisers on
credit for cotton and maize production is readily available through the
parastatal CMDT during the planning phase in August-September, more
than half a year before the actual start of the rainy season. Apart from
input supply through CMDT, access to mineral fertiliser through other
sources or later in the year is difficult for farmers (Koné et al., 2020b).
Additionally, access to improved cereal varieties is limited in the region
(Koné et al., 2020a). Other hazards occurring at later stages or after crop
growth, cannot readily be addressed by reactive flexible management.
Longer term strategies like maintaining farm diversity of crops and
management or keeping a strategic buffer of resources to maintain
flexibility are more suitable for dealing with such hazards.

Diversifying to spread the risk by growing more crops, more varieties
of crops and with differing management might be beneficial since crops
responded differently to hazards and management (van Noordwijk et al.,
1994). Farmers often cultivate several sorghum varieties on their farm
(Siart et al., 2008), but not so much for maize and millet, although they
intercrop many cereal fields with legumes as a within-field diversifica-
tion of crops (Ganeme et al., 2021). Targeting or spreading sowing dates
requires access to labour. Good access to animal and human health care
may reduce the frequency of the labour hazard, while mechanisation
tools potentially make field practices more efficient and reduce the delay
of sowing in case there is a lack of manual or animal labour. Policies that
support farmers to maintain these strategies of diversification and
flexibility by for example enabling continuous access to inputs, storage
facilities, weather forecasts or mechanisation, would contribute to
increased resilience to risks.

4.4. Limitations of tools and further research

The DSSAT-CERES crop model is able to predict maize and sorghum
crop yields in the Sudano-Sahelian region reasonably well (Adam et al.,
2018; Worou et al., 2018; Falconnier et al., 2020). Nevertheless, the
simulated yields in our study are higher than average observed yields
under smallholder conditions (Traore et al., 2014; Falconnier et al.,
2016), which could be due to hazards and management factors not taken
into account, model characteristics, or parameter uncertainty. Firstly,
yield reducing factors that are not taken into account in the model are
for example the incidence of pests and diseases, bad weeding manage-
ment, or lack of good quality inputs other than fertiliser, which are all
potential stressors present in the area (Huet et al., 2020; Segnon et al.,
2020). Secondly, DSSAT-CERES does not take into account soil nutrient
dynamics other than N, and overall soil fertility was reflected through a
single parameter (SLPF). In a comparative study, Falconnier et al. (2020)
found that DSSAT-CERES was one of the more consistent crop models for
maize yield simulation and that overall model uncertainty was relatively
high for low-input systems where adequate calibration of soil processes
is extremely important. Nevertheless, this comparative study did not
find any increase in uncertainty of model response to rainfall with low N
rates for the Mali case, which reflects our baseline situation. Lastly,
parameter uncertainty may play a role, with cultivar settings for millet
varieties particularly difficult to obtain. CIVT, which we used in the
baseline, is a hybrid millet variety that has a higher yield potential than
what is expected of the varieties used by farmers, which could partly
explain the relatively good yields simulated by DSSAT (Faye et al.,
2018a). Although all parameters were evaluated in literature, it is
known that there is GXE interaction when cultivar parameters are cali-
brated (Fleisher et al., 2020), which could also have influenced our re-
sults when using these cultivars in slightly different circumstances.
Nevertheless, in our study we focus on relative yield changes under
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changing circumstances rather than the absolute yields, keeping confi-
dence in the model dynamics.

Farmers’ criteria served as a starting point for our hazard selection
and analysis, which makes the risk assessment relevant for stakeholders
(Challinor et al., 2018). Nevertheless, the production hazards that
farmers ranked highest among the perceived important hazards
(Table 1) (Huet et al., 2020), were not necessarily the ones that bore the
highest risk (frequency x impact) (Fig. 4). This discrepancy implied that
farmers’ risk perception sprouted from a farm perspective, also taking
into account other crops and farm components. The analysis focused on
cereal risks at field level, and gave insights in crop management that
could increase production without increasing the variability and the
risk. Other management practices that could be taken into account have
a strong interaction with the livestock component of the farm, such as
applying organic fertiliser or mulching (leaving the crop residues un-
available as animal feed). A next step to inform measures to build
farmers’ resilience would be to analyse how risk management and cereal
production play out at farm level.

5. Conclusion

Our analysis revealed differences in trade-offs between maximising
yields and mitigating risk between the three cereals. Sorghum had the
highest crop production risk out of the three cereals, for all analysed
hazards (late onset of the rainy season, low rainfall and sudden lack of
labour) except for the fertiliser hazard. An additional hazard of labour
shortage on top of weather hazards increased yield losses of millet and
sorghum substantially. Nevertheless, sorghum benefitted most from
applying optimal management since it increased yields and simulta-
neously reduced yield losses under hazards. Millet and maize had similar
relative yield losses under hazards, but for millet the risk often increased
when adapting management to optimise yields. Applying optimal
management for maize did not increase the risk.

The management options we explored (adapting fertiliser rates,
choice of varieties and sowing dates) are within the decision space of
farmers and provided opportunity to increase yields. The analysed
hazards all occurred more than once every ten years, making it relevant
for farmers to take these hazards into account in their farm management
decision making. Since the consequences on risks are different per crop,
the interaction between management practices and hazards stress the
importance to maintain farm diversity and operational flexibility. This
requires an enabling environment that foresees storage capacities as
well as year-round access to labour and inputs as fertiliser and varieties
for farmers to build resilience.
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