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Summary
For sustainable agriculture, both yield stability and high productivity are important. In
southern Mali, farmers are exposed to many risks. Especially the risk related to climatic
condition is a major problem, resulting in high interannual yield variability. Diversification is a
common and traditional risk-coping strategy in the region. Nevertheless, the effect of
diversification on production variability has not been quantified before. This master thesis
therefore aimed to explore the meaningful diversification patterns in southern Mali.
In this research, four crops (maize, millet, sorghum, and cotton), two fertilisation levels,
and two cultivars for the cereals (local cultivar and short-duration cultivar) were diversified on
two soil types. Two assets (defined as a combination of crop, cultivar, fertilisation, soil type)
were combined at various land allocation patterns and the expected yield and yield variability
calculated with modern portfolio analysis. Furthermore, we investigated whether the
diversification strategies were constrained by farm type-specific food self-sufficiency and
income thresholds.
We found that there is a trade-off relationship between the yield and variability,
meaning that aiming at high yield is likely to result in high variability. Of the three management
components (crop, cultivar, and fertilisation), crop diversification resulted in the largest
diversification benefit. Especially the combination of cotton and cereals provided a large
diversification benefit. Our result also indicated that diversifying more components at the same
time increased the diversification benefit. Some diversification strategies were superior to
current farmers’ practice in terms of both yield and variability, indicating that the current
farming system can be improved by well-considered diversification strategies. While energy
requirements for food self-sufficiency hardly constrained the diversification strategies, the
income threshold strongly constrained several strategies. For exceeding the income threshold,
the combination of maize and cotton performed relatively well.
Our results suggested that the farming system in southern Mali can become more stable
by selecting proper assets and land allocation. However, to overcome the income constraint, it
is better for farmers to aim for higher yield even if it results in high variability.
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1 Introduction
In southern Mali, mainly cotton, maize, sorghum, millet, and legumes are cultivated
by farmers. All cotton produced and a part of grains are sold in the market. A portion of maize
and other cereals are utilised as a staple food. Farmers apply fertiliser predominantly on
cotton and maize fields. They often keep livestock because of its various values, such as milk,
meat, manure, labour, and social asset (Falconnier et al., 2016). Annual rainfall is between
600-1400mm, and the rainy season is from May to October (Falconnier et al., 2016). Farmers
mainly perform rainfed agriculture (Birhanu et al., 2019). The population growth rate in Mali
is relatively high at approximately 3.0%, and food insecurity is a severe problem (World bank
2021; WFP 2021). Consequently, majority of research focuses on the improvement of
productivity (Rattunde et al., 2013; Falconnier et al., 2016; Diallo et al., 2020). For example,
Rattunde et al. (2013) studied the yield of hybrid sorghum varieties at farmers’ condition and
they suggested that hybrid sorghum yields more than local variety. Diallo et al. (2020)
investigated the effect on yield of adaptation strategies to climate change such as introducing
a short-duration variety. They showed that productivity was improved by introducing a shortduration variety and applying organic fertiliser, while changing planting date did not improve
the productivity. Although Falconnier et al. (2016) mentioned the crop yield variability
among fields, they mainly focused on improving average yield. Falconnier et al. (2016)
investigated what kind of farming practices can increase productivity. These articles
suggested that the yield can improve through various pathways, while some did not improve
the yield.
The inhabitants in this area primarily rely on their production for food selfsufficiency and income. With rapid population growth, their self-sustaining capacity may be
more vulnerable in the future. The diet in southern Mali is cereal-centred (Smale et al., 2020),
and such a monotonous diet is expected to worsen the nutrient status (Arimond and Ruel,
2004). Therefore, even if the self-sufficiency is met, the diet may be unsatisfactory in terms
of nutrition.
In southern Mali, yield variability is a crucial problem as well as low productivity
(Falconnier et al., 2016; Huet et al., forthcoming). As a general trend, both yield stability and
high productivity are needed for sustainable agriculture due to increasing environmental
uncertainty, such as climate change (Paut et al., 2020). Traore et al. (2013) showed that
climate uncertainty is growing in southern Mali. Agricultural practices to improve
productivity do not necessarily increase yield stability but often the contrary. Integrated soil
3

fertility management, for example, is proposed as a way to improve productivity, but this
practice often leaves the yield variability still high (Falconnier et al., 2016).
Yield variability in this region is attributed to several factors. One cause is climate
variability, which is problematic especially for farmers who rely on rainfed agriculture.
Traore et al. (2013) analysed the climate variability in southern Mali between 1965 and 2005
and suggested that inter-annual rainfall variability in this region is considerably high. The
onset of the rainfall, which is important for deciding the sowing date, is often uncertain
(Traore et al., 2013). The uncertainty of onset causes planting delay, and subsequently, this
delay leads to yield loss (Traore et al., 2015). Farmers in southern Mali perceived the lack of
rain and the late onset of rain as problematic (Huet et al., 2020). Moreover, the temperature
is expected to get higher and dry spells will occur more frequently in the future due to the
ongoing climate change (Traore et al., 2013).
Soil heterogeneity also causes yield variability. In this region, farmers recognised
three main soil types: gravelly soils, sandy soils, and black soils (Falconnier et al., 2016).
Although they are all classified as lixisol, which is highly weathered with low nutrient
availability (ISRIC, 2021), fertility or soil profile differ among soil types, and subsequently,
this results in yield variability (Table S1).
Heterogeneity in farm management also is also linked to yield variability. In Sub
Saharan Africa, it is common for farmers to use more fertiliser in the field close to their house
because of security reasons or labour availability. This phenomenon has also been suggested
in southern Mali (Ripoche et al., 2015). This heterogeneous management creates a gradient
of soil fertility, affecting yield variability at the end. This gradient is more significant for
farmers with limited resources (Rowe et al., 2006). One characteristic of a farm in southern
Mali is that resource endowment is highly variable (Falconnier et al., 2015). Farms were
classified based on resource endowment. Many factors were different among farm types, such
as the number of household members, productivity, land area, and input intensity (Falconnier
et al., 2015). Falconnier et al. (2015) also showed the yield variability was higher in low
resource endowment farms (LRE), which indicates that the relative importance of reducing
variability is higher for LRE.
In addition to yield variability, income variability is a crucial problem for people in
the area. The main source of income is from agricultural activity, and off-farm work accounts
for only 6% of total revenue in southern Mali (Abdulai and CroleRees, 2001). Recent studies
implied that the off-farm working opportunity in the area remains limited (Falconnier et al.,
2018; Giller et al., 2021). Although the price of cereals has been slightly increasing in the
4

past 20 years, the price often fluctuates (FAO, 2021). Price fluctuation in West African
countries is caused by many factors such as government policy and social unrest (Brown et
al., 2009). In addition to the interannual fluctuation, the cereal price is variable within a year
because of the poor storage capacity (Brown et al., 2009). The price is typically lower at the
harvest season and higher before the harvest season (Brown et al., 2009). The price of cotton
within a particular year is stable because CMDT (La Compagnie Malienne pour le
Développement des Textiles), which is a cotton company in Mali, guarantees the price at the
beginning of the season (Falconnier et al., 2015). Despite this fact, prices can still vary
between years because of the fluctuation of international cotton price. This affects farmers’
income stability because cotton is the primary source of income (Falconnier et al., 2015).
The factors that cause yield and income variability can be divided into constraints
and factors linked to hazards. For example, soil characteristics are constraints because these
are constant factors that cannot be changed by farmers. Weather factors, such as rainfall
variability, can become a hazard if a rainfall characteristic reaches a negative threshold. When
farmers encounter a hazard, farming conditions become less optimal (e.g. high temperature,
dry spell), which results in yield loss. The agricultural risk is defined by the frequency and
impact of a hazard (World Bank, 2016). It means that the agricultural risk gets higher with
the increase in the frequency or/and impact of a hazard. If a farmer is exposed to a particular
hazard, yield and economic value loss is likely to occur. Farmers in this area are generally
surrounded by various risks throughout the growing season (Huet et al., 2020). The
interactions between different hazards are likely to increase the uncertainty on impact and
frequency.

Consequently, the degree of yield loss becomes uncertain and variable year to

year, and it results in interannual yield variability.
A hypothetical example how management and hazards relate to each other is
provided here. When a farmer in a region where annual rainfall strongly fluctuates would
cultivate only one crop species, which yields high but is susceptible to water stress, the yield
will decline drastically with drought. In that case, the yield variability between years will be
large. However, suppose the farmer added another crop species, which has a lower yield
potential than the first crop but is tolerant to drought stress. In that case, the total productivity
will increase in a dry season. The first crop would still be beneficial in the case of the wetter
season and therefore should not be entirely replaced by the second crop. Although
diversifying farming systems will not reduce the exposure to hazards, the system’s sensitivity
to hazards is expected to go down.
5

Diversification, the strategy introduced in the hypothetical example, has often been
discussed as a common and traditional strategy to reduce variability in southern Mali (Traore
et al., 2013; Huet et al., 2020). As described above, diversification reduces the sensitivity to
hazards through different responses to a specific environment. For example, while hybrid
varieties often have a higher productivity than local varieties, the latter are more likely to be
suitable for the local environment (El-Namaky et al., 2017). The different response of hybrid
and local varieties suggests that combining hybrids with local varieties will decrease the
overall yield variability. This effect is well known as the insurance effect, and many examples
have been discussed (Yachi and Loreau, 1999; Altieri et al., 2015). Diversifying in fertiliser
use is another option. While high fertilisation often leads to high productivity, it is also
possible that crops do not respond to fertiliser (Traore et al., 2015). Low fertilisation could
also be susceptible to crop failure, but farmers do not lose an investment in this case.
Therefore, combining high and low fertilisation level is expected to reduce the sensitivity to
crop failure.
Although diversification is a popular strategy in southern Mali and it has the
potential to mitigate the variability, this effect has not been quantified yet in this region.
Modern portfolio theory can quantify the variability reduction that is possible through
diversification (Noordwijk et al., 1994; Paut et al., 2019).
Modern portfolio theory has been used mainly in the economic field when
quantifying how diversification of financial assets affects the expected return and the
variability of the expected return (Elton and Gruber, 1997). This theory can be applied to
agriculture as it reveals the expected yield and variability with various combinations of
management. Modern portfolio theory enables us to quantify how land allocation to specific
management within the total cultivated farm area affects yield and the yield variability at the
farm level. According to Paut et al. (2019), diversification benefits vary among the
diversification strategy. Paut et al. (2019) defined the benefit as how much the variability can
be reduced by diversification, and this research follows that definition. In general, a
combination of assets which are poorly correlated is more effective for variability reduction.
Although Paut et al. (2019) offered a breakthrough to quantify the agricultural risk by modern
portfolio theory, their research only focused on horticultural crop diversification in France,
which is not applicable to southern Mali. Our research focused on the crops that are important
for farmers in southern Mali. Additionally, in our study, not only crops but also cultivars and
fertilisation levels are diversified. From a practical perspective, our research aims to inform
farmers on the potential reduction in yield variability and the associated yield through
6

diversification. It is expected that investigating effective diversification combinations and
land allocation which result in a high benefit will generate a powerful decision support tool
for farmers in southern Mali.
Even if promising combinations of diversification are found by modern portfolio
theory, the combinations may not match all farm types as they have different resource
endowments and constraints. For example, if an optimal combination requires a lot of
fertilisation, it would not be applicable for low resource endowed farmers due to economic
constraints. In addition to this, diversification is more likely to be adopted by farmers exposed
to riskier conditions (e.g. small-scale farmers, warmer climate) (Ochieng et al., 2020).
Ochieng et al. (2020) showed that small-scale farmers diversified crop more than large-scale
farmers. These facts suggest that a single strategy may not be applied to different farm types,
and therefore there is a need for a tailor-made design for each farm type.
This study aimed to answer the overall research question on how agricultural
production in southern Mali can be more stable through diversification. To explore the
research question, several sub-questions were proposed.
●

How does the diversification strategy affect the yield and stability at the farm level?
We hypothesise that diversification strategies will increase the stability (i.e. reduce the
variability) and decrease the farm-level yield.

●

Which management component (crop, cultivar, and fertilisation) has the potential to
increase stability the most through diversification?
We hypothesise that crop diversification will have the most potential because different
crops will respond to the environment most differently compared to other components
(cultivar and fertilisation). For crop diversification, we hypothesise that the
combination of maize with sorghum or millet will reduce the variability because these
crops differ in terms of drought tolerance (Hadebe et al., 2017). Combining cereals
with cotton will lessen the risk more because they respond to the environmental
conditions differently.

●

How does diversification strategy which changes more than one management component
affect yield stability?
We hypothesise that a diversification strategy that changes more than one management
component will reduce the variability more compared to diversifying one component
because diversifying more than one component will result in the different response to
the environment between two assets.

●

How do applicable diversification strategies differ among farm types?
7

We hypothesise that farms with large resource endowment can reduce risk more
because they have more options to choose compared to farmers with low resource
endowment.
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2 Materials and Methods
2.1 Concept: Risk and Modern Portfolio Theory
The agricultural risk is defined by the frequency and impact of a hazard (World Bank,
2016). Since agricultural hazards are probabilistic events, risk is linked to yield uncertainty.
In this study, we focused on interannual yield variability affected by weather conditions as a
proxy of risk.
The reduction of yield variability by diversifying management can be quantified by
modern portfolio theory, which is illustrated in this section. Using modern portfolio theory,
the effect of diversification strategies on crop yield and its interannual variability at farm
level was investigated. In this research, the variability was represented by standard deviation
(SD).
The modern portfolio theory was developed by Harry Markowitz in the 1950s and
is used mainly in the economic area (Elton and Gruber, 1997). This theory is helpful to
identify the extent to which the yield variability is reduced with a specific combination and
proportion of two (or more) different assets. In this study, an asset was defined as the
combination of type of crop, cultivar, fertilisation level, and soil type. Modern portfolio
analysis requires at least two assets that are combined, which is called as a combination of
assets in this research. The trade-off relationship between the yield variability and the farmlevel yield can be visualised as in Fig. 1. In
the hypothetical example of Fig. 1, the
relationship between yield variability and
yield is illustrated when combining asset A,
which has a low variability (i.e. low risk, or
high stability) and low yield, with asset B,
which has a high variability and high yield,
at various proportions of the assets. The red
point is called as minimum variability point
in our study where the yield variability is
minimised. While the red dot is determined

Fig. 1 The relationship curve between risk and return

simply as the point where the variability is

created by modern portfolio theory. Blue point and red

minimal, the blue dot is determined by how

point represent optimal point and minimum variability

much variability is reduced due to

point respectively.

diversification, which we called optimal point. At this blue point, while the expected yield is
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smaller than the maximum yield point, the variability is smaller than that at the maximum
yield point.
The first step of modern portfolio theory for two assets is to determine the assets to
combine as a diversification strategy. As shown in Fig. 1, the farm-level yield and SD depend
on the proportion of farm land allocated to each asset. The combination of two assets at a
certain proportion was here defined as a strategy. In other words, a certain strategy uniquely
specifies the yield and variability.
Suppose we have two assets called asset A and asset B, the proportion of A and B lie
between 0 and 1. Therefore, it can be represented as
𝑤𝑤𝐴𝐴 + 𝑤𝑤𝐵𝐵 = 1

where wA and wB is the proportion of asset A and B, respectively.

(2.1)

The farm-level yield of two assets is calculated as a weighted sum of the yield of
each asset. It means that we take into account the proportion of each asset. Given that yield
is represented as YA and YB, the farm-level yield is calculated as the following equation
𝑌𝑌 = 𝑌𝑌𝐴𝐴 𝑤𝑤𝐴𝐴 + 𝑌𝑌𝐵𝐵 𝑤𝑤𝐵𝐵

(2.2)

𝜎𝜎 = �𝑤𝑤𝐴𝐴 2 𝜎𝜎𝐴𝐴 2 + 𝑤𝑤𝐵𝐵 2 𝜎𝜎𝐵𝐵 2 + 2𝑤𝑤𝐴𝐴 𝑤𝑤𝐵𝐵 𝜎𝜎𝐴𝐴 𝜎𝜎𝐵𝐵 𝜌𝜌𝐴𝐴𝐴𝐴

(2.3)

For example, if most of the farmland is managed by asset A, the total yield will be close to
YA. The combined SD of two assets is calculated as follows,
where σA and σB is the individual standard deviation of A and B, and ρAB is the correlation

coefficient between A and B. Smaller σ indicates a more stable yield. Therefore, smaller
individual SD and low correlation between A and B will lead to more stable systems.
For each proportion of two assets, the farm-level yield (Y) and standard deviation
(σ) were calculated. The value of wA and wB was incremented with 0.01 in each step. The
yield and SD at every land allocation proportion was plotted and a curve like Fig. 1 was
drawn. Based on the curve, we explored the optimal risk reduction point, by assessing the
benefits of the diversification by reduction in variability and the influence on the farm-level
yield.
One important principle of modern portfolio theory is that more diversification
benefit is generated from diversifying when the assets react differently to hazards, and are
thus less correlated. If one asset is completely correlated with the other asset, it results in no
diversification benefit, and this state is represented as a dashed line in Fig. 1. Therefore,
comparing the point on the dashed line with the point on the curve under the condition of the
same proportion of two assets can reveal the reduction in variability due to diversification.
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Here, the degree of variability reduction was defined as Δσ, with the following equation (Paut
et al., 2019).
∆𝜎𝜎 (%) =

𝜎𝜎𝐴𝐴𝐴𝐴 − 𝜎𝜎
× 100
𝜎𝜎𝐴𝐴𝐴𝐴

(2.4)

Where, for a certain allocation to asset A and B, σAB is the variability on the dashed line, and
σ is the variability on the modern portfolio curve. σAB is the weighted variability of asset A
and asset B and does not consider the diversification benefit. σAB is defined by equation 2.5.
Additionally, σAB – σ is defined as the absolute value of Δσ.
𝜎𝜎𝐴𝐴𝐴𝐴 = 𝜎𝜎𝐴𝐴 𝑤𝑤𝐴𝐴 + 𝜎𝜎𝐵𝐵 𝑤𝑤𝐵𝐵 = �𝑤𝑤𝐴𝐴 2 𝜎𝜎𝐴𝐴 2 + 𝑤𝑤𝐵𝐵 2 𝜎𝜎𝐵𝐵 2 + 2𝑤𝑤𝐴𝐴 𝑤𝑤𝐵𝐵 𝜎𝜎𝐴𝐴 𝜎𝜎𝐵𝐵

(2.5)

For example, if ∆σ is 0.2, it means that variability is decreased by 20% compared to σAB. As

shown in Fig. 1, the yield was decreased to some extent at a certain point on the curve. The
extent of yield decrease was calculated with the following equation.
∆𝑌𝑌 (%) =

𝑌𝑌𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑌𝑌
× 100
𝑌𝑌𝑚𝑚𝑚𝑚𝑚𝑚

(2.6)

Where Y is the yield at a certain proportion of two assets, and Ymax is the maximum yield of

the modern portfolio curve. ∆Y is also a relative value to maximum yield, which reveals how
much the yield is reduced compared to the maximum yield. Therefore, ∆Y always indicates
the yield loss, and Ymax – Y is defined as the absolute value of ΔY.
For each combination of two assets, the optimal point was determined. The process to
determine the optimal point depended on the shape of the modern portfolio curve. When two
assets are combined in modern portfolio theory, the shape of the curve can be classified into
four types (Fig. 2). Type a and type b are combinations of low variability – low yield asset
with high variability – high yield asset (Fig. 2a and 2b), characterized by a trade-off between
yield and variability benefit. For those two types, the optimal point was defined as the point
where Δσ was maximised. The difference between these types is that the minimum variability
is achieved at the edge in type b. Type c and type d are combinations of low variability – high
yield asset and high variability – low yield (Fig. 2c and 2d). For those types, the point that
maximises Δσ has lower yield and higher variability than the point that minimise the
variability. Therefore, the point that maximises Δσ is inferior to the point that minimises the
variability. As a result, for those cases, the optimal point is the point where the variability is
minimised. Type c still has trade-off between yield and variability on the curve between
optimal point and the edge where yield is maximised. For type d, there is synergy in the yield
and variability benefits. Mathematically, the condition in which curves classified as type a
and c are generated is defined as
11

𝜌𝜌𝐴𝐴𝐴𝐴 <

𝜎𝜎𝐴𝐴
𝜎𝜎𝐵𝐵

(2.7)

which is derived from equation (2.3) (note that σB is larger than σA).

Fig. 2 Four types of modern portfolio curve. The optimal point of type a and type b is the point where Δσ
is maximised. The optimal point of type c and d is the point where minimises the variability.

2.2 Datasets and analytical tool
Four crops were used in the research: maize, sorghum, millet, and cotton. Cereal data
(maize, sorghum, millet) was obtained from simulation outputs from DSSAT-CERES crop
model (Huet et al., forthcoming). In the model, the yield between 1965 and 2019 was
simulated for maize, sorghum, and millet by using soil profile and weather data in N’Tara, a
town in our research region. In terms of nutrient, only N data was used as an input of the
model. The weather data was from Traore et al. (2014), and the soil profile was derived by
using the information from Falconnier et al. (2016).
For cotton, observed yield data in N’Tara between 1965 and 1993 was used for the
analysis. The original data was obtained within the research conducted by Traore et al. (2013).
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To ensure a realistic correlation, cereal data from the same time period was used for the
comparison with cotton.
All calculations were conducted in R 4.0.4 and the plots were created with the ggplot2
package in R.
Although yield was used for modern portfolio theory in the example above, in this
research three variables were used: yield, energy, and economic value (Table 1). Since 1 kg
of one crop is technically not equivalent to 1kg of another crop in terms of value, combining
the yield of two crops may not be appropriate. Nevertheless, the energy content did not vary
much between the cereals used in this research (Stadlmayer et al. 2012), and as a result, yield
was used for most part of analysis. The yield which aggregates the yield of two assets was
defined as farm-level yield. When comparing the modern portfolio results with food selfsufficiency requirements of farms, the calculations were represented by energy levels.
Economic value was used for the analysis with cotton. This is because cotton value per 1 kg
largely differed from cereals and therefore, cotton yield could not be combined with cereal
yield. Since cotton was sold at the market, economic value was selected for the analysis.
Table 1 Variable used for modern portfolio analysis
Variables

Type of analysis

Yield (kg/ha)

Analysis with cereal baseline asset (Ch 2.4)
Cereal management combinations (Ch 2.5)
Economic value (USD PPP/ha) Analysis with cotton (Ch 2.6)
Farm type analysis for income threshold (Ch 2.7)
Energy (kcal/year/ha)
Farm type analysis for food self-sufficiency (Ch
2.7)

2.3 Asset used in the analysis
Management was defined as the combination of crop, cultivar, and fertilisation level,
and an asset was set as the combination of the management and a soil type. In this study, we
considered three cereals, two cultivars, two fertilisation levels, and two soil types (Table 2).
Crop, cultivar, and fertilisation level were defined as management components in this study.
Two cultivars were used per cereal: a local variety (-C) that we call baseline cultivar, and
short-duration variety (+C) that grew faster than the baseline cultivar. The chosen baseline
variety was representative of the local variety. The lower fertilisation dose (-F) was
determined based on farmers’ practice in southern Mali. The higher fertilisation level (+F)
was optimal for obtaining the highest yields while still having a positive return on investment.
13

Since farmers applied fertiliser to each crop at a different level, the actual amount of
fertilisation was different among cereals (Table 2). Although there were three soil types
defined by farmers in this area (Falconnier et al., 2016) as described in the introduction, we
regarded the black soil as sandy soil because the simulated yield on black soil resembled the
yield at sandy soil. The main difference between sandy soil and gravelly soil is that gravelly
soils are more shallow than the sandy soils (Table S1). For cotton, two fertilisation levels
were selected from the experimental data. One is the control treatment (low fertilisation level)
in which no or little amount of fertiliser was applied, and the other one is the mineral fertiliser
treatment (relatively high fertilisation level). Note that the fertilisation level of mineral
fertiliser treatment was higher than the control, but lower compared to the farmers practice
as it did not include manure application. Only fertilisation level were diversified and other
management components were not diversified for cotton (Table 2).
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Table 2 Overview of 26 assets
Crop

Cultivar

Fertilisation

level Soil type

Strategy abbreviation2

(kg N/ha)
Maize

Obatampa (baseline1)

50
70

TZEE-SRBC5 (short

50

Sandy

Maize -C/-F/S

Gravelly

Maize -C/-F/G

Sandy

Maize -C/+F/S

Gravelly

Maize -C/+F/G

Sandy

Maize +C/-F/S

Gravelly

Maize +C/-F/G

Sandy

Maize +C/+F/S

Gravelly

Maize +C/+F/G

Sandy

Sorghum -C/-F/S

Gravelly

Sorghum -C/-F/G

Sandy

Sorghum -C/+F/S

Gravelly

Sorghum -C/+F/G

Sandy

Sorghum +C/-F/S

Gravelly

Sorghum +C/-F/G

Sandy

Sorghum +C/+F/S

Gravelly

Sorghum +C/+F/G

Sandy

Millet -C/-F/S

Gravelly

Millet -C/-F/G

Sandy

Millet -C/+F/S

Gravelly

Millet -C/+F/G

Sandy

Millet +C/-F/S

Gravelly

Millet +C/-F/G

Sandy

Millet +C/+F/S

Gravelly

Millet +C/+F/G

Sandy

Cotton -C/-F/S

Sandy

Cotton -C/+F/S

duration )
3

70

Sorghum

CSM335 (baseline)

10
80

CSM63E (short duration)

10
80

Millet

CIVT (baseline)

15
100

CIVT-10 (short duration)

15
100

Cotton

Local cultivar

17

3

40
1

The baseline asset is highlighted with bold letter

2

Minus sign (-) represents the baseline cultivar for the cultivar component, and low fertilisation level for the

fertiliser component. Plus sign (+) represents the improved cultivar and high fertilisation level.
3

Since the application amount was different in the same treatment, fertilisation level for cotton is the average

from the experiment from which the cotton yield data was taken during the data observation period.

We considered all possible combinations of assets for cereals that were listed in
Table 2. In total, we have 24 cereal assets and 2 cotton assets. In particular, current farming
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practice in southern Mali was called the baseline asset in our research. More concretely, the
baseline asset used local variety with low fertilisation on sandy soil. The baseline asset was
set for each crop, so there were four baseline assets: maize baseline, sorghum baseline, millet
baseline, and cotton baseline.
2.4 Analysis with cereal baseline assets
Analysis with cereal baseline assets was conducted to check the benefit of
diversification of a component (crop, cultivar, fertilisation) compared to the baseline situation
of each cereal, and what was the proportion of two assets at the optimal point. For exploring
the diversification benefit, the baseline asset was combined with an asset that was the same
as the baseline except for the component we wanted to explore. For instance, for cultivar
diversification, the baseline asset was combined with asset of the same crop, using shortduration cultivar with low fertilisation on sandy soil, which meant only the cultivar
component was different from the baseline asset. The same logic was applied for fertilisation
diversification per each crop. For crop diversification, two different baseline assets were
combined (e.g. maize baseline and millet baseline). Cultivar diversification and fertilisation
diversification were conducted for three crops, and there were three combinations of crop
diversification. Therefore, there were nine baseline analyses in total (Table 3). In all
combinations, the soil type was sandy soil, as the sandy soil was the most present soil in the
area.
Table 3 Design of 9 diversification strategies of the cereal baseline asset
Diversification

Asset 1

Asset 2
Crop

Cultivar

Fertilisation

Soil type

Cultivar

Baseline maize

Maize

Short duration1

Low

Sandy

diversification

Baseline sorghum

Sorghum

Short duration

Low

Sandy

Baseline millet

Millet

Short duration

Low

Sandy

Fertilisation

Baseline maize

Maize

Local variety

High

Sandy

diversification

Baseline sorghum

Sorghum

Local variety

High

Sandy

Baseline millet

Millet

Local variety

High

Sandy

Crop

Baseline maize

Baseline sorghum

diversification

Baseline Sorghum

Baseline millet

Baseline millet

Baseline maize

1

The component that is diversified is highlighted in bold.
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2.5 Modern portfolio analysis for cereal management combinations
After the baseline analysis, modern portfolio analysis was conducted for all possible
combinations of cereal assets. The purpose of this analysis was to explore the insights around
improving the diversification strategies.
Since we had 24 different assets (3 crops * 2 cultivars * 2 fertilisation levels * 2 soil
types), 276 combinations were analysed by modern portfolio theory. First, we divided
combinations into two categories: combinations on the same soil (i.e. both of two assets were
on the same soil type) and combinations on different soil (i.e. one asset was on sandy and the
other on gravelly soil). The former could be analysed in the same way as the baseline analysis,
but the latter could not be analysed in the same way, because farmers cannot change their soil
type. In this study, the actual soil configuration was used for the latter case, meaning that the
proportion of two asset was fixed as 90% of sandy soil and 10% of gravelly soil.
For all combinations on the same soil, the optimal strategy which maximised the
diversification benefit, was identified. Each optimal point has information about expected
variability, yield, Δσ, and ΔY, and the proportion of two assets. From that information, the
relationship between yield and variability was investigated (Fig. 3).
To investigate how the baseline asset could
be improved, the superiority of strategies to
baseline asset was explored through the comparison
between

baseline

asset

and

diversification

strategies. In the framework in Fig. 3, strategies that
are located in the green area are superior to the
baseline asset as this strategy achieves higher yield
with lower variability than 100% land allocation of
the baseline asset. With the same logic, strategies in
the red area are inferior to the baseline asset.
Finally, strategies on the blue area have a
higher/lower yield with higher/lower variability
compared to the baseline asset. Therefore, there is a
trade-off between yield and variability. Besides the
baseline assets, farmers’ current practice was also

Fig. 3 Framework to compare with baseline
strategy. Point at green area is superior to baseline
asset, and that at red area is inferior to
baselineasset. Point at blue area face trade-off
between yield and variability.

considered as a reference point for comparison with all cereal diversification strategies. The
reference point was defined where the three cereals are cultivated with equal proportion
because every farm in southern Mali cultivated three crops more or less equally. Although
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the concrete land allocation proportion to three cereals slightly differs among different farm
types, we decided the reference point where 33% of farmland was equally allocated to each
cereal for simplification. While we only look at combinations of two assets due to the
limitation of calculation, three cereal baseline assets were combined for the reference point
as an exception.
In a next step, we investigated the relation between the diversification level and the
diversification benefit. The purpose was to look at the additional benefit when diversifying
more components. The diversification level of each diversification strategy was determined
by the number of components that were diversified within the strategy. For example, for crop
component, when the crop of asset A is different from that of asset B, the diversification level
of the crop component is one. The same logic was applied to cultivar and fertilisation
components and numbers were added. As such, each combination had a minimum
diversification level of one and a maximum level of three.
For the actual soil configuration case (i.e. one asset on sandy, and the other on gravelly
soil), the proportion of two assets was automatically determined because the proportion of
soil type cannot be changed. Here, we assumed that 90% was sandy soil and 10% was
gravelly soil in our research area, which is the average proportion of the soil types in the area.
For each possible combination, the point which combines 90% of sandy soil asset with 10%
of gravelly soil asset is extracted instead of using the optimal point.
2.6 Analysis with cotton
In contrast to other crops, cotton is not consumed but entirely sold at the market. Since
the economic value per kg was different among crops, economic value was used for this
modern portfolio analysis instead of yield. For simplification, an assumption was made that
the price of each crop was stable. Grain price was calculated as the monthly average price in
2016 (OMA, 2016). The local price had to be divided by PPP conversion factor to convert
USD PPP. The most recent PPP conversion factor in Mali was 211.41 (World Bank, 2020).
The calculated grain price was 0.50, 0.52 and 0.66 USD PPP (Purchasing Power Parity) / kg
for maize, sorghum and millet respectively. For cotton, the local price between 2015 and 2021
(Dissa, 2021) was averaged and converted into USD PPP. The average cotton price was 260
FCFA/kg and therefore the cotton price was 1.23 USD PPP/kg.
For cereals, only assets on sandy soil were used because cotton was cultivated on
“typical soils for the region”, which is sandy soil in our research (Traore et al., 2013). In total
there were 12 assets for cereals and two asset for cotton. In total, 91 assets were investigated
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and 25 of 91 assets included cotton in the combination. By comparing the combinations
including cotton with the combination of cereals, the effect of adding cotton was investigated.
2.7 Farm type analysis
After conducting the modern portfolio theory, the effect of certain constraints per farm
type on the diversification strategy was examined. For farm type analysis, information about
the household was needed. For that analysis, previous survey data (RHoMIS) was used. Two
constraints were proposed in farm type analysis: food requirement for self-sufficiency and
the income threshold. For the food requirement, since the minimum yield requirement for
food self-sufficiency was expressed on energy basis, the yield needed to be converted to
energy. The energy data per each cereal was referred to in the research by Stadlmayer et al.
(2012). The income threshold was calculated based on poverty line, and compared with
economic value of the yield.
There are four farm types classified by previous research: high resource endowment
with large herds (HRE-LH), high resource endowments (HRE), medium resource endowment
(MRE), and low resource endowment (LRE) (Falconnier et al., 2015). Since farms had a
different land area and household size per farm type, the minimum production requirement
for food self-sufficiency differed (Table 4). First, a simple energy threshold was made per
farm type. We assumed that daily caloric need per capita was 2500 kcal/capita/day. To
consider the age of household members, male adult equivalent (MAE) was used. Under the
assumption, the yearly caloric need was calculated as equation below.
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 (𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 ⁄ℎ𝑎𝑎 /𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦) =

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑐𝑐𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑝𝑝𝑝𝑝𝑝𝑝 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × 𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 × 365
(2.8)
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡𝑡𝑡 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

The yearly caloric need was compared with the calories obtained from production at
the optimal point of all possible strategies. Then, based on the survey data (RHoMIS), an
additional assumption was made that a certain amount of products was sold because farmers
had to gain their income from the product regardless of their consumption. We used the
average sold rate of the three crops for all three crops (Table 4). Therefore, the new formula
to calculate threshold was defined as below.
𝑇𝑇ℎ𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑓𝑓𝑓𝑓𝑓𝑓 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 ×
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =

100(%)
(2.9)
100(%) − 𝐴𝐴𝐴𝐴𝐴𝐴. 𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (%)

(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 + 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝑢𝑢𝑢𝑢 + 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)
(2.10)
3
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Table. 4 Farm information needed for calculating food self-sufficiency threshold. Number of
male adult equivalent, land area allocated to cereals, and sold rate per each farm type were
shown. Source: Survey data from RHoMIS.
Nr of MAE

Sold rate

Land area allocated

Average sold

to cereals (ha)

Maize (%)

Sorghum (%)

Millet (%)

rate (%)

Farm type
HRE-LH

35

14.7

18

18

38

24.7

HRE

21

8.0

21

21

27

23

MRE

12

5.4

25

20

35

26.7

LRE

10

2.9

20

27

34

27

For income threshold analysis, the economic value per unit area (USD PPP/ha) was
used. In this farm type analysis, fertiliser and seed cost were taken into account and net
income was calculated as equation below.
𝑁𝑁𝑁𝑁𝑁𝑁 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 (𝑈𝑈𝑈𝑈𝑈𝑈 𝑃𝑃𝑃𝑃𝑃𝑃⁄ℎ𝑎𝑎) = 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑒𝑒𝑒𝑒𝑜𝑜𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 − 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(2.11)

Farmers in southern Mali used mainly two kinds of fertiliser: NPK (17% N) and urea (46%

N). These percentages were based on the actual composition of fertilisers sold in the store in
southern Mali in 2018. Based on assumption made by Hambuechen (2019), farmers use 1/3
of NPK and 2/3 of urea. Farmers in southern Mali generally obtain fertiliser through CMDT
which is partly subsidised (Ripoche et al., 2015). Therefore, an assumption was made that
farmers need to pay 11650 FCFA per 50 kg bag regardless of the type of fertiliser (information
based on communication with farmers and expert knowledge between 2017-2019). Since the
PPP conversion factor in Mali was 211.41, the fertiliser price per kg was then determined as
1.10 USD PPP/kg. Fertiliser cost per unit area was calculated as following equation.
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑝𝑝𝑝𝑝𝑝𝑝 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (𝑈𝑈𝑈𝑈𝑈𝑈 𝑃𝑃𝑃𝑃𝑃𝑃 ⁄ℎ𝑎𝑎 )

= � 𝑎𝑎𝑖𝑖 × 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑎𝑎𝑎𝑎𝑎𝑎𝑢𝑢𝑛𝑛𝑛𝑛𝑖𝑖 (𝑘𝑘𝑘𝑘⁄ℎ𝑎𝑎 ) × 𝐹𝐹𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖 (𝑈𝑈𝑈𝑈𝑈𝑈 𝑃𝑃𝑃𝑃𝑃𝑃 ⁄𝑘𝑘𝑘𝑘)
𝑖𝑖

With:

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑁𝑁 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖 (𝑘𝑘𝑘𝑘 𝑁𝑁⁄ℎ𝑎𝑎)
= � 𝑎𝑎𝑖𝑖 ×
× 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖 (𝑈𝑈𝑈𝑈𝑈𝑈 𝑃𝑃𝑃𝑃𝑃𝑃 ⁄𝑘𝑘𝑘𝑘) (2.12)
𝑁𝑁 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖 (𝑘𝑘𝑘𝑘 𝑁𝑁⁄𝑘𝑘𝑘𝑘)
𝑖𝑖

i: type of fertiliser (NPK or urea)
a: rate of type of fertiliser used (2/3 for urea and 1/3 for NPK)
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Overall, fertiliser cost per unit area for each asset was shown in Table 5. Then, total fertiliser
cost for a certain combination was calculated by summing up the fertiliser cost of each asset.
2

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑈𝑈𝑈𝑈𝑈𝑈 𝑃𝑃𝑃𝑃𝑃𝑃⁄ℎ𝑎𝑎) = � 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖 × 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑝𝑝𝑝𝑝𝑝𝑝 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖
𝑖𝑖

(2.13)

Table. 5 Overview of fertiliser price per unit area for each asset
Crop

Fertilisation level

Fertiliser N rate (kg Fertiliser cost per
N/ha)
unit area (USD
PPP/ha)

Maize

High
Low
High
Low
High
Low
High
Low

70
50
100
15
80
10
40
17

Millet
Sorghum
Cotton

212
152
303
45
242
30
121
52

For seed price, we assumed that farmers need to pay only for improved variety (i.e.
short-duration variety) and cotton. Since the price information about the short-duration
variety used in this study could not be found for millet and sorghum, the price information of
another improved variety was used as a representative of improved variety (Price paid on the
market by the project “Pathways to Agroecological Intensification of Crop-Livestock
Farming Systems of Southern Mali” in the years 2017-2019). For maize, the price of an open
pollinated improved variety in 2021 was used. For seed rate, the rates applied in the project
trials in Southern Mali was applied. Seed price per unit area was calculated as following
equation and shown in Table 6.
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑝𝑝𝑝𝑝𝑝𝑝 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (𝑈𝑈𝑈𝑈𝑈𝑈 𝑃𝑃𝑃𝑃𝑃𝑃⁄ℎ𝑎𝑎) = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (𝑈𝑈𝑈𝑈𝑈𝑈 𝑃𝑃𝑃𝑃𝑃𝑃⁄𝑘𝑘𝑘𝑘) × 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (𝑘𝑘𝑘𝑘⁄ℎ𝑎𝑎) (2.14)

For cotton seed, data obtained by Coulibaly et al. (2015) was used, and the seed price per unit
area was 4.90 USD PPP/ha. Then, the total seed price for a certain combination is calculated
as follows,
2

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (𝑈𝑈𝑈𝑈𝑈𝑈 𝑃𝑃𝑃𝑃𝑃𝑃⁄ℎ𝑎𝑎) � 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖 × 𝑆𝑆𝑆𝑆𝑒𝑒𝑒𝑒 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑝𝑝𝑝𝑝𝑝𝑝 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖
𝑖𝑖

(2.15)

After calculating the net income, it was compared with the income threshold. For
deciding where to put the income threshold, we decided to consider the poverty line that is
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1.90 USD/day/capita defined by World Bank (2021). Using this information, yearly income
threshold at household level was calculated as following equation. Note that the threshold
was calculated per unit area so that this value can be compared with the net income calculated
above.
=

𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑡𝑡ℎ𝑟𝑟𝑟𝑟𝑟𝑟ℎ𝑜𝑜𝑜𝑜𝑜𝑜 (𝑈𝑈𝑈𝑈𝑈𝑈 𝑃𝑃𝑃𝑃𝑃𝑃⁄ℎ𝑎𝑎)

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 (𝑈𝑈𝑈𝑈𝑈𝑈 𝑃𝑃𝑃𝑃𝑃𝑃⁄𝑑𝑑𝑑𝑑𝑑𝑑⁄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) × 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 × 365
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (ℎ𝑎𝑎)

Table 6. Overview of seed price for each cereal
Seed
price
(FCFA/kg)

Seed

price

(USD Seed

rate

PPP/kg)1

(kg/ha)

(USD PPP/ha)

Maize

500

2.37

30

71.0

Millet

866

4.10

9.5

39.0

Sorghum

533

2.52

6.5

16.4

(2.16)

Seed price per unit area

Crop

Cotton
1

4.90

PPP conversion factor is 211.41

While cultivated area for cereal was used for food self-sufficiency threshold, total cultivated
area was used for income threshold. This was because farmers usually earn income from noncereal crops, such as cotton, as well as cereals. Since the number of household members and
cultivated area differed among farm type, the income threshold was calculated for each farm
type. For income threshold, we used the actual number of household members instead of
MAE, which was different for the calculation of the FSS threshold (Table 7).
Table 7 Farm type information needed for calculating threshold was shown per each
farm type
Number of household members

Total cultivated area (ha)

48
28
16
12

22.6
13.4
9.3
6.4

Farm type
HRE-LH
HRE
MRE
LRE
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3. Result
3.1 Analysis with cereal baseline asset
In the analysis with cereal baseline asset, seven combinations were classified as type
b that is the combination of “low variability low yield” and “high variability high yield” (Fig.
4a). Those combinations present a trade-off between yield and variability. Fig. 4a shows that
combining maize baseline with millet baseline resulted in lower variability with lower yield
compared to 100% of maize baseline asset. In this combination, the optimal point was
obtained with 32% maize and 68% millet, and at the optimal point the variability was reduced
by 12.3% compared to the variability which did not consider diversification benefit (i.e. the
point on the dotted line). The other two combinations were classified as type d that is
combination of “low variability high yield” and “high variability low yield” (Fig. 4b). These
combinations included crop diversification of maize and sorghum and cultivar diversification
for sorghum. There was no trade-off relationship in those combinations and hence no reason
to diversify.

Fig. 4 Modern portfolio analysis of two crop diversification.

The bold curve(──)

represents the modern portfolio curve and the dashed line (- - -) is the line segment between
100% of one asset and 100% of another asset.

Then, nine modern portfolio curves were put in one figure at the same scale (Fig. 5).
Sorghum baseline was characterised as high variability with low yield, which resulted in no
diversification benefit for some combinations. For example, crop diversification of maize and
sorghum did not produce the diversification benefit. Combination of “millet x sorghum” and
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“millet x maize” provided diversification benefit, with trade-off between the yield and yield
variability. Fertilisation diversification resulted in higher yield with higher variability
compared to the baseline assets for all cereals. Cultivar diversification resulted in different
result for each cereal. Combining maize baseline with maize short-duration cultivar increased
yield with an increment of variability. Cultivar diversification on millet resulted in lower yield
with lower variability compared to the millet baseline asset. For cultivar diversification on
sorghum, 100% land allocation to the short-duration variety was the optimal strategy because
short-duration variety of sorghum had higher yield with lower variability than the sorghum
baseline.

Fig. 5 Nine baseline strategies in one figure. Black points represent 100% land
allocation with the baseline asset for each crop (●). The red, green, and blue line
describe modern portfolio curve of crop, cultivar, and fertilisation diversification
respectively.

We compared how the yield loss and variability decrease relates for the different
combinations by showing Δσ and ΔY of the nine optimal strategies (Fig. 6). Crop
diversification lead to the largest Δσ, followed by cultivar diversification and fertilisation
diversification (Fig. 6a). Combinations with different crops had the lowest correlation
coefficient (Fig. 6e). The correlation coefficient of different cultivars of the same crop was
slightly lower than that of different fertiliser level of the same crop. Crop diversification had
the highest ΔY (Fig. 6b), whereas ΔY for cultivar diversification was slightly larger than for
fertilisation diversification (fertilisation diversification of millet is an exception). The
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correlation coefficient was inversely related to Δσ except for two combinations classified as
type d (Fig. 6a and 6e). Hence, as millet and sorghum were least correlated, combining them
led to the largest reduction in variability. From Fig. 6a and 6b, the trade-off relationship
between Δσ and ΔY can be seen, which corresponds to Table 8. As an overall trend, the larger
the variability reduction, the larger the yield decrease. Although the order of Δσ and ΔY was
slightly changed between relative and absolute value (Fig. 6a-6d), the overall trend among
crop, cultivar, and fertilisation diversification did not change.

Fig. 6 Δσ (a and c), ΔY (b and d), and correlation coefficient (e) per strategy. Red, green, and blue
bar represent crop, cultivar, and fertilisation diversification respectively.

Crop diversification with sorghum and millet had the largest diversification benefit
(Δσ = 12.8%, Table 8). While crop diversification of millet and maize had the second-largest
diversification benefit, yield loss of that strategy was the largest. The highest yield was
obtained in cultivar diversification on maize, while this strategy only reduced variability by
1.1%. When we focus on crop diversification, less land was allocated to sorghum at the
optimal point. Concretely speaking, for crop diversification of maize and sorghum, the
optimal point was obtained when 100% of land was allocated to maize, and for the
combination of millet and sorghum, 80% of land was allocated to millet.
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Table 8 Overview of nine diversification strategies of the cereal baselines
Combination

Proportion at optimal point

Farm-level

Variability (kg/ha)

Δy (%)

Δσ (%)

3906

547

16.4

1.10

46

3483

500

3.61

0.37

0

100

2326

352

0

0

Sorghum -C/+F

55

45

1836

939

5.88

1.20

Millet baseline

Millet +C/-F

39

61

1190

159

10.5

6.15

Millet baseline

Millet -C/+F

66

34

1802

282

33.7

2.58

Maize baseline

Sorghum baseline

100

0

3372

466

0

0

Sorghum baseline

Millet baseline

20

80

1412

299

18.9

13.8

Millet baseline

Maize baseline

68

32

1983

261

41.2

12.3

Asset 1

Asset2

Asset 1 (%)

Asset 2 (%)

yield (kg/ha)

Maize baseline

Maize +C/-F

59

41

Maize baseline

Maize -C/+F

54

Sorghum baseline

Sorghum +C/-F

Sorghum baseline

3.2 Modern portfolio theory for cereal management combinations
Table 9 shows that mean farm-level yield at the optimal point of three crops together
was larger on sandy soil, and mean variability was lower on gravelly soil. Mean Δσ was
higher on gravelly soil than that on sandy soil. That may be because some combinations on
sandy soil had an optimal point at the edge of the curve (100% of land allocation to a single
asset). In those cases, ΔY is 0, which resulted in a smaller Δσ on sandy soil. This also explains
why ΔY was smaller on sandy soils.

Table 9 Overview of statistical value at the optimal point in each soil type. For all cereal
strategies on the same soil, important statistical indicators including yield, variability, Δσ,
and ΔY were calculated for each soil type. The table showing the full statistical indicators
(i.e. mean, maximum, and minimum) is shown in Table S2.

Soil type
Sandy
Gravelly

Yield (kg/ha)

Variability (kg/ha)

Δσ (%)

ΔY (%)

Mean

Max.

Mean

Min.

Mean

Max.

Mean

Max.

2667
1714

4877
3983

404
491

159
212

6.33
7.73

18.3
18.8

20.7
30.7

65.8
66.8

The combinations were mostly classified as type b, which do not reduce the variability
but still have a diversification benefit, followed by type d, a, and c (Table S3). Interestingly,
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all combinations classified as d included sorghum asset on sandy soil. There was no clear
relation between the curve type and cultivar or fertilisation diversification.
Combination of “millet, short-duration cultivar, low fertilisation” and “sorghum, local
cultivar, high fertilisation” obtained the highest Δσ on both soil types (Δσ= 18.8% on sandy
soil, 18.3% on gravelly soil). The land allocation on sandy soil was 89% of millet asset and
11% of sorghum asset. The allocation on gravelly soil was 71% of millet and 29% of sorghum.
An interesting finding was that the extent of yield reduction was much larger on sandy soil,
while Δσ was almost the same when two strategies that resulted in the largest diversification
benefit on each soil type were compared. Broadening the focus and looking at the top five
strategies with largest Δσ on both soil type, all strategies included millet asset (Table 10). The
optimal land allocation was over 80% to millet on sandy soil, and between 43% and 71% on
gravelly soil. ΔY tended to be higher on sandy soil.

Table 10 Overview of strategies which got the top five largest Δσ on both soils
Combination

Proportion at an optimal point

Yield (kg/ha)

Variability (kg/ha)

Δy (%)

Δσ (%)

Asset 1

Asset2

Soil type

Asset 1 (%)

Asset 2 (%)

Millet +C/-F/S

Sorghum -C/+F/S1

Sandy

89 2

11

1194

195

38.8

18.8

Millet +C/-F/S

Sorghum -C/-F/S

Sandy

86

14

1190

195

31.7

18.3

Millet +C/-F/S

Sorghum +C/+F/S

Sandy

81

19

1406

189

48.1

16.2

Millet -C/-F/S

Sorghum -C/+F/S

Sandy

83

17

1435

306

26.4

15.8

Millet +C/-F/S

Maize +C/+F/S

Sandy

85

15

1667

197

65.8

15.0

Millet +C/-F/G

Sorghum -C/+F/G

Gravelly

71

29

797

252

9.4

18.3

Millet +C/+F/G

Sorghum -C/+F/G

Gravelly

63

37

1376

403

17.5

16.6

Millet +C/+F/G

Sorghum -C/-F/G

Gravelly

43

57

1112

330

33.3

15.6

Millet +C/+F/G

Sorghum +C/-F/G

Gravelly

45

55

1402

351

15.9

14.7

Millet -C/-F/G

Sorghum -C/+F/G

Gravelly

60

40

830

366

5.7

13.6

1
2

S and G represent sandy and gravelly soil respectively.
Bold line represents that more land was allocated to which asset.

In terms of land allocation, more land was likely to be allocated to millet at the optimal
point (Fig. 7). In all combinations of “maize x millet”, more land is allocated to millet. In the
combinations of “millet x sorghum”, the land allocation strategy was influenced by
fertilisation level and soil type. In this crop combination, land allocation to sorghum was
larger on gravelly soil than on sandy soil. The land allocation trend was also differed by
fertilisation level of millet. An interesting finding was that the land allocation trend in the
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combinations of “maize x sorghum” largely differed between two soil types (Fig. 7a and 7b).
On sandy soil, more land was likely to be allocated to maize. For some strategies of “maize
x sorghum”, 100% of land was for maize, meaning that there was no diversification benefit
for those strategies. On gravelly soil, however, more land was allocated to sorghum for all
strategies of “maize x sorghum”. For the combination of “millet x sorghum”, land was likely
to be allocated to sorghum more on gravelly soil than sandy soil.

Fig. 7 Overview of land allocation of 66 strategies for each soil type. Pie chart represents the land
allocation for asset 1. The strategies that allocated more land to asset 1 were coloured in blue, and those
that allocated more land to asset 2 were coloured in red. Note that the empty pie means that entire land
was allocated to asset 2. The dashed squares partition the different crop combinations. Within the dashed
squares, each pie chart refers to a certain combination of cultivar and fertilisation level which is depicted
in Fig. 7c, where asset 1 is coloured in green, and asset 2 is coloured in yellow respectively.
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There was a clear trend of increasing variability with the increment of yield (Fig. 8).
Comparing strategies on sandy soil with gravelly soil, strategies on sandy soil yielded more
than those on gravelly soil with the same variability. This result corresponded to the result in
Table 10. On sandy soil, strategies of “maize x maize” or “maize x sorghum” were likely to
obtain a large farm-level yield, while the variability was also high. Variability of strategies
that included millet tended to be low, especially on sandy soil. Strategies that included millet
also resulted in low farm-level yield.

Fig. 8 Relationship between yield and variability at optimal point. Circle (●) and triangle (▲) represent the
combinations on sandy and gravelly soil respectively. The colour represent the combination of crops.

The optimal point of all possible combinations on sandy soil was compared with the
baseline strategies and the reference point (Fig. 9). The reference point represents current
farmers’ practice (of cereal management and allocation), and many strategies were superior
to the reference point. Fig. 10 suggests that some strategies were superior to baseline assets
for sorghum and millet, but not for maize based on the framework introduced in Fig. 3. Fig.
10a shows that all diversification strategies which include maize asset had a trade-off
relationship with maize baseline. For the combination of maize and sorghum, a relatively
large proportion of land was allocated to maize (Fig. 7 and 10a). For millet, some strategies
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were superior to the baseline asset, and majority of the strategies had a trade-off relationship.
For sorghum, a majority of the strategies were superior to the baseline asset. Fig. 10c
suggested that for some strategies, sorghum was completely replaced by another crop. If
sorghum is combined with maize asset, it always resulted in superiority to the baseline asset.
When a single baseline asset of certain cereal was compared with diversification strategies
which include the cereal, there were no diversification strategies which were inferior to the
baseline asset of the cereal (Fig. 10).

Fig. 9 Comparing all combinations on sandy soil with three baseline assets and reference point. The
three baseline assets are represented as black dots (●) and reference point is represented as red square.
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Fig. 10 Comparison of strategies with three baseline assets. Fig. 6a, 6b, and 6c are the comparison with maize,
millet, and sorghum respectively. Different colour of plot represents the crop combination of two assets, and
different size represents the land allocation. Note that the size of the plot is not meaningful when same crop
are combined.
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Fig. 11 shows the relationship between Δσ and ΔY. There was no overall trend between
Δσ and ΔY for different crop combinations. It suggests that a large diversification benefit
does not necessarily result in a large yield loss, which was different from our baseline analysis
(Fig. 11). The combinations of “maize x maize” hardly reduce the variability regardless of
soil type and yield decrease (Fig. 11a). For the combination of “maize x millet”, for the same
∆Y, Δσ was lower on gravelly soil than on sandy soils (Fig. 11d). In this crop combination,
there were huge differences in the extent of yield decrease with a similar Δσ on each soil type.
For the combination of “maize x sorghum”, a larger variability decrease could be obtained
on gravelly soil, while the yield decrease was also larger on gravelly soil compared to the
strategies on sandy soil (Fig. 11e). For the combination of “millet x millet”, ΔY was lower
when fertilisation level in two assets were the same (Fig. 11b). There was no clear trend in
the combination of “sorghum x sorghum”, and “millet x sorghum” (Fig.11c and 11f).
However, one interesting finding for those combinations was that variability could be

Fig. 11 The relationship between Δ y and Δσ. The first row is the panel of diversification strategies which use
same cereal (i.e. both maize, both millet, and both sorghum), and the second row is the panel of the strategies
which use different cereal. If the fertilisation level is different in two assets, the combination is coloured as red
and the others are coloured as blue. Circle (●) and triangle (▲) represent the combinations on sandy and gravelly
soil respectively.
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strongly reduced with a relatively small yield decrease in the combination of “millet x
sorghum”.
The analysis for actual soil configuration was performed with a land allocation of 90%
to sandy and 10% to gravelly soils. Plotting the yield and variability of the diversification
strategies, 12 clusters appeared (Fig. S1) and variability and yield of these clusters was similar
to the value of the asset on sandy soil. General trends about yield and yield variability were
therefore characterised by features of the three cereals, which were represented by three
baseline assets (i.e. high yield and high variability for maize, low yield and low variability
for millet, and low yield and high variability for sorghum). For the strategies which use maize
assets on sandy soil, using the short duration variety increased variability slightly. For those
which use millet asset on sandy soil, high fertilisation level increased yield especially for
local variety. For those which use sorghum asset on sandy soil, using local cultivar increased
variability and reduced the yield compared to short-duration variety. Overall, if we assume
that farmers use one asset on one soil type, choosing an asset on sandy soil is most important
in the decision making.
One of 13 clusters was described in more detail in Fig. 12 as the other 11 clusters had
the same shape and characteristics. In this case a local variety of millet with high fertilisation
on sandy soil covered 90% of the area and was combined with different assets on gravelly
soils on 10% of the area. Combining the millet with maize on gravelly soil resulted in higher
yield, but higher variability as well. Combining with sorghum or millet on gravelly soil
resulted in smaller yield and variability.

Fig. 12 Yield and variability of strategies whose asset on sandy soil is local variety of millet with high
fertilisation
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3.3 Diversification level and Δσ
Diversifying more components resulted in higher Δσ on both sandy and gravelly soils
(Fig. 13). The combinations with maximum diversification level had the largest Δσ, followed
by those with diversification level two and one. The difference of Δσ among three levels was
larger on sandy soil, compared to on gravelly soil, even though for the latter there was a
difference of the first quantile between level one and level two. This indicated that
diversifying more than two components on gravelly soil did not result in a considerable
diversification benefit. Crop diversification provided larger diversification benefit than
cultivar and fertilisation diversification (Fig. 14), which corresponds to the results of baseline
analysis (Fig. 6). Cultivar diversification was slightly more effective than fertilisation
diversification in reducing yield variability.

Fig. 13 Boxplots of Δσ for diversification strategies with different levels (the number of
components that differed). Dots represent Δσ of each combination. Combinations which use
different crops are represented in red.
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Fig. 14 Boxplot of Δσ for diversification in three management components. Crop
diversification indicates all combinations of different crops. Cultivar (fertilisation)
diversification indicates combinations of two assets which use same crop and diversify the
cultivar (fertilisation) component.
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3.4 Economic value analysis including cotton asset
Overall, cotton assets had relatively high interannual variability (Table 11) and a low
correlation coefficient with cereal assets (ρ = 0.21). For combination of cereal baseline and
cotton baseline, all three combinations were classified as type a modern portfolio curve
shown in Fig. 2, meaning that th ose combinations actually reduced the variability compared
to 100% land allocation to cereal baseline asset (Fig. 15). Although the combination of cotton
baseline and millet baseline was classified as type a, there was little difference of variability
between minimum variability point and 100% land allocation to millet baseline (Fig. 15).
Cotton fertilisation diversification also reduced variability. Since there was little difference
of economic value between maize baseline and cotton baseline, combining maize baseline
with cotton baseline resulted in variability reduction with little yield loss (Fig.16).
Interestingly, analysing economic value instead of yield influenced the shape of modern
portfolio curve. For example, while crop diversification of maize and millet was classified as
type b when analysing yield (Fig. 5), the diversification strategy was classified as type a when
analysing economic value (Fig. 16). Economic value and variability of combinations of
“cotton x cereal” were compared with cereal combinations (Fig. 17). For the combinations of
“cotton x cereal”, a trade-off between economic value and variability was observed, which
can also be seen in the cereal combinations (Fig. 17). Focusing on only the combinations
containing cotton, the degree of increasing economic value relative to the increase of
variability depended on the crops of the cereal asset. For example, the economic value of the
combination “sorghum x cotton” increased less with same increment of variability compared
to other combinations.
Table 11 Mean economic value and variability of assets among crops. Comparison of mean
economic value and mean variability among crops are shown
Crop
Maize
Millet
Sorghum
Cotton

Mean economic value (USD PPP/ha)

Mean variability (USD PPP/ha)

2006
1161
1027
2099

313
209
388
714
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Fig. 15 Modern portfolio curve of four combinations: three cereal baseline with cotton baseline, and one
cotton fertilisation diversification. Note that the scale of x and y axis is different among four figures.
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Fig. 16 Diversification strategies with baseline asset in one figure. Black points represent 100%
land allocation with the baseline asset for each crop (●). The red and blue line describe modern
portfolio curve including cotton and fertilisation diversification respectively. The grey line
represents the nine modern portfolio curves with cereal baseline asset shown in Fig. 5.

Fig. 17 Economic value and variability for the analysis with cotton. Different combinations of crop
were represented in different colour. “Cereal x cereal”, “cereal x cotton”, and “cotton x cotton” are
represented as circle (●), triangle (▲), and square () respectively.
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Due to the low correlation coefficient between cereal and cotton assets, the
combinations including cotton resulted in high Δσ. For those combinations, the mean Δσ was
21.8% and the maximum Δσ was 33.4% (Fig.18). Focusing on the cotton asset, Δσ was higher
at low fertilisation level than that at high fertilisation level (Fig. 18). Therefore, combining
cotton with low fertilisation level with a cereal asset resulted in a larger diversification benefit
compared to cotton with high fertilisation level. In the combination of cotton and cereal, mean
land allocation to cotton at the optimal point was 26.7% (Fig. 19). Looking at the crop
combinations, strategies that included cotton asset lead to higher Δσ compared to the
strategies comprised by cereals (Fig. 20). When we focus on only the strategies that include
cotton, the extent of yield decrease tended to be lower in the combination of “maize x cotton”.

Fig. 18 Boxplot of Δσ at the optimal point in the analysis with cotton with different treatment.

Fig. 19 Land allocation of strategies which include cotton asset. Pie chart and color of the pie
represent the proportion of land allocated to cotton. For cereal asset, the local cultivar and the
improved variety are represented as (-C) and (+C) respectively, and low fertilisation and high
fertilisation are represented as (-F) and (+F) respectively.
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Fig. 20 The relationship between Δσ and ΔY. Note that ΔY in the figure means economic value loss,
not yield loss.

3.5 Farm type analysis
LRE, the smallest farm type, required the highest energy per ha due to the small area
of land allocated to cereals (Table 12). In each farm type, the threshold for feeding family
increased by c.a. 1.0*106 kcal/year/ha when considering the sold amount (Table. 12). In
contrast with food self-sufficiency threshold, income threshold was the highest for HRE-LH,
followed by HRE, LRE, and MRE (Table 12). The threshold for MRE was the lowest for both
food self-sufficiency and income threshold.
Table 12 Food self-sufficiency threshold and poverty threshold per different farm
types. Daily caloric need per capita was assumed as 2500 kcal/capita/day.
Food self-sufficiency threshold (kcal/ year/ha)

Poverty threshold (USD
PPP/ha)

Without considering sold
amount

With considering sold
amount

HRE-LH

2.17*106

2.89*106

1473

HRE

2.40*106

3.11*106

1449

MRE

2.03*106

2.77*106

1193

LRE

3.15*106

4.31*106

1300

Farm type
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The yearly caloric need was relatively low compared to calories obtained at the optimal
point. Without considering sold amount, expected yield of all cereal management strategies
fulfilled the threshold (Fig. 21a). Even if the variability was considered, there was only one
strategy which fell below the threshold of LRE. For other farm types, all cereal management
strategies exceeded the threshold. Overall, the diversification strategies were hardly
constrained by the energy requirements for all farm types. When considering the sold amount,
the relative difference between threshold and farm-level yield decreased (Fig. 21b). Expected
yield of only one strategy was lower than the threshold of LRE, and the yield of all strategies
were above the threshold of other farm types. Those strategies are not applicable to LRE.
When considering the variability, the number of diversification strategies which fell below
the threshold was increased for LRE (Fig. 21b). However, for other farm types, the threshold
for food self-sufficiency did not constrain the strategies.
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Fig. 21 Yield and variability at optimal point for diversification strategies on sandy soil. Bold horizontal lines represent yield thresholds per farm types. The dashed horizontal line
represents the reference farm-level yield (33% sorghum, 33% millet, and 33% maize). Different combinations of crops are represented as different colour. The vertical lines represent
the variability. Fig 21a does not take into account the selling amount, and 21b takes into account the selling amount.
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A lot of strategies were below the income threshold, meaning that those strategies are
not applicable for farmers (Fig. 22). The number of strategies exceeding the threshold of each
farm type per crop combination is shown in Table S4. As shown in the cotton analysis (Fig.
17), a higher economic value was obtained at the expense of an increment in variability.
Therefore, the strategies exceeding the threshold resulted in high variability. To put it the
other way around, the strategies with low variability mostly fell below the income threshold.
Based on the threshold for HRE-LH and HRE, many strategies did not fulfil the threshold.
Especially for the diversification strategies that include millet asset, there were only four
strategies which fulfilled the threshold of HRE-LH (Fig. 22b). All combinations of “sorghum
x sorghum” and “millet x millet” were below the threshold of all farm types. Most of the
combination of “millet x sorghum” did not fulfil any threshold. All combination of “maize x
cotton” and “maize x maize” fulfilled the threshold of all farm types. Combination of “maize
x sorghum” also performed relatively well in terms of income threshold. However, the
variability of those strategies tended to be relatively high.

Fig. 22 Comparison between net income and income threshold. For each panel, all strategies which include a certain crop
are plotted (e.g. all strategies which include maize are plotted in Fig 22a). Horizontal lines represent income thresholds per
each farm type.
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4. Discussion
4.1 The correlation between assets determines the diversification benefit
Combining two assets with low correlation resulted in a large variability reduction
compared to both individual assets (classified as type a and c in Fig. 2). The low correlation
coefficient between cotton and each of the cereals led to a large reduction in variability when
combining cotton and a cereal. This result was in agreement with Paut et al. (2019), who
revealed that diversifying horticultural crops which respond differently to the environment
resulted in large variability reduction. Traore et al. (2013) suggested that cotton, which is a
C3 plant, responds differently to climatic factors such as maximum temperature compared to
C4 plants such as sorghum, maize, and millet. This indicates that the mainstream farming
system in southern Mali, where both cereals and cotton are cultivated, performs reasonably
well in terms of variability reduction.
Land allocation strategies played an important role especially for combinations that
reduced variability (classified as a and c). When the yield of one asset was lower than the
yield at the minimum variability point with 2 combined assets, variability of the
diversification strategy increased with yield decrease. This typically happened when most
land was allocated to the asset with lower yield. For instance, for crop diversification with
cotton and sorghum, the variability was minimised with 70% of the land allocated to sorghum,
whereas allocating more than 70% of the land to sorghum resulted in higher variability with
lower yield.
For some diversification strategies the variability was not reduced compared to when
100% of the farm land was allocated to only one asset, which was different from our
hypothesis. For example, regardless of the fertilisation level, combining the baseline variety
of sorghum with another asset did not produce a diversification benefit (type d in Fig. 2),
because of the high variability and low yields of sorghum on sandy soil. Only when
combining the local variety of sorghum with cotton, which also had a high variability, or
millet, which had an even lower yield, a diversification benefit was noticed. The low yield of
sorghum in southern Mali was also noted by Falconnier et al. (2016), who pointed to the
longer growth duration of sorghum than maize, which was risky in southern Mali.
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4.2 Diversification improves farmers’ yield and stability compared to their baseline
management
All strategies at optimal land allocation were either superior to the baseline asset or
had a trade-off relationship between yield and variability benefit, suggesting that
diversification could be beneficial to the farming systems as long as proper land allocation
strategies are identified. Comparing the optimal points with farmers’ practice of land
allocation to the three cereals (reference point), several superior diversification strategies
were revealed. The first recommendation that came forward is to replace millet baseline with
millet with high fertilisation and sorghum baseline with a short-duration variety of sorghum.
This is because fertiliser application strongly increased millet yield and the short-duration
variety of sorghum strongly decreased the variability compared to the sorghum baseline.
Traore et al. (2017) also mentioned increased fertilisation as an effective climate adaptation
strategy, whereas Sultan et al. (2014) recommended using the short duration variety of
sorghum to adapt to climate uncertainty. Whereas the short duration variety resulted in lower
yield compared to the other variety (Traore et al., 2014), our result indicated that the short
duration variety still has an advantage in terms of diversification benefit. Then, combining
those assets with maize, which is characterised by high yield and high variability, led to a
higher yield than a single asset of sorghum or millet. It is recommended for farmers who want
to keep yield variability low to allocate more land to sorghum or millet.
4.3 Crop diversification has the largest potential to decrease variability
In the cereal baseline analysis, crop diversification provided the largest diversification
benefit among the three management components (crop, cultivar, and fertilisation) because
of the low correlation between two assets, confirming our hypothesis (Fig. 14). However,
within the cereal crop diversification, the combination of millet with sorghum had the largest
diversification benefit, which differed from our hypothesis that “maize x sorghum” or “maize
x millet” would provide the largest benefit. This is because the correlation coefficient was
actually lower for “millet x sorghum” than for other combinations. Our hypothesis was based
on the fact that maize requires more rainfall than millet and sorghum (Hadebe et al., 2017)
Whereas annual rainfall of around 700mm is locally considered as a bad season (Falconnier
et al., 2016), this was still an appropriate amount for maize growth as well as sorghum and
millet (Hadebe et al., 2017). Therefore, the rainfall requirement did not differentiate the
response among three cereals, and the reason for the lower correlation between millet and
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sorghum is possibly attributed to other factors. Traore et al. (2014) also reported that the yield
of sorghum and millet varied without relation to the seasonal rainfall. One potential
explanation may be the difference in water requirement at several growth stages between
sorghum and millet (Traore et al., 2014). In the combination of “sorghum x millet”, allocating
more land to millet resulted in a large diversification benefit because millet was characterized
by a smaller variability and a similar yield compared to sorghum. Although this suggests that
this combination performs really well in terms of variability reduction, the yield was quite
low compared with crop combinations that included maize. Therefore, from a practical
perspective, using this combination is only viable for farms with relatively low food
requirements (see next section). Combining cotton with cereal assets resulted in a large
diversification benefit, which was in line with our hypothesis (Fig. 17). It indicates that it is
recommended for farmers to combine the cultivation of cotton with cereals so that they can
reduce the risk derived from cotton.
Cultivar diversification was slightly more beneficial than fertilisation diversification
in terms of reducing variability (Fig. 6 and Fig. 14). The rainfall onset is uncertain in Mali,
meaning that the growing period is often shortened (Traore et al., 2013). Using a shortduration cultivar may mitigate the yield loss in shorter seasons, and therefore, diversifying
the cultivar component reduced the variability to some extent. This also explains why in
southern Mali, farmers often use the short-duration variety to deal with climate uncertainty
(Traore et al., 2015; Huet et al., 2020). Fertilisation diversification had a higher correlation
coefficient than cultivar diversification, resulting in lower diversification benefits. High
correlation implied that changing fertilisation level did not result in different response to the
climatic condition between two assets. This implication corresponded with a previous finding
that crop yield sometimes did not respond to fertilisation in southern Mali (Traore et al., 2015).
Although diversifying cultivar or fertilisation level did not produce much
diversification benefit, this does not mean that changing those components is meaningless.
As mentioned in the previous section, the baseline asset can be improved by changing the
cultivar or fertilisation level in terms of yield and variability.
4.4. Soil type effects on the diversification benefit
Our result suggested that diversifying more components resulted in higher
diversification benefit (Fig. 13) on sandy soils, which is in line with our hypothesis. However,
on gravelly soil, the diversification benefit did not increase when diversifying more than two
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components. This is possibly because the gravelly soil is a more constrained soil, with a lower
water holding capacity compared to sandy soil (Falconnier et al., 2016).
Millet and sorghum combinations were more beneficial on sandy soil than on gravelly
soil. Moreover, in the crop combination of “maize x sorghum”, the optimal land allocation
greatly differed between the sandy and gravelly soil. This indicates that there is also an
interaction between crop combination and soil type, and thus soil type affects the possible
land allocation strategies. Falconnier et al. (2016) also found that different soil types affected
the grain yield for sorghum, but not for maize. However, our analysis with actual soil
configuration (90% sandy and 10% gravelly) revealed that total farm yield and variability
was largely affected by the asset on the sandy soil. Therefore, it is important for farmers to
pay particular attention to the allocation of assets on sandy soil.
4.5 Diversification strategies are more constrained by the income than by the food selfsufficiency threshold for all farm types
We hypothesised that farms with large resource endowments (HRE and HRE-LH
types) can reduce the income variability more because they have more options to choose from
than farmers with low resource endowments. Our results suggested differently. While the
constraint for food self-sufficiency was the highest for LRE farm type, the constraint for
income threshold was the highest for HRE-LH farm type.
The results of food self-sufficiency threshold for each farm type were in agreement
with Falconnier et al. (2015). Indeed, on the one hand, the proportion of land for cereal
cultivation was relatively small for LRE, leading to higher threshold for food self-sufficiency
than other farm types. On the other hand, HRE-LH farms not only have a larger number of
MAE than other farm types, but also, they have a larger land area for cereals. As a result, the
number of male adult per 1 ha of cereal cultivation area was smaller for HRE-LH than LRE
and this led to a lower threshold for reaching food self-sufficiency for the former farm type.
However, with respect to the income threshold, the threshold for HRE-LH was higher than
for other farm type. Since the number of household members per 1 ha of total cultivation area
was the largest for HRE-LH, they needed to earn more income per unit area. Since the income
threshold is higher, more diversification strategies did not reach that threshold for HRE-LH.
Therefore, more resource endowment does not necessarily result in more choices in
diversification options.
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The food self-sufficiency threshold did not constrain the diversification strategies so
much. Only for LRE farmers a few strategies were constrained by the threshold for food selfsufficiency. Taking into account the yield variability, some strategies were on average above
the thresholds but dropped below the threshold levels in some bad years. This finding is
consistent with that of Falconnier et al. (2015) who confirmed all farm types can fulfill the
energy requirement except in a bad season. Giller et al. (2021) also revealed that most Malian
households were food self-sufficient, and that mostly small farms were not food selfsufficient, which in our study are the farms classified as LRE. Our results further support the
statement by Falconnier et al. (2015) and Giller et al. (2021) that food security is secured for
most households in southern Mali except for LRE farms.
In contrast to the food self-sufficiency threshold, the income threshold constrained a
lot of diversification strategies, indicating that the income threshold is more crucial for
farmers in southern Mali. In accordance with our results, several studies showed that it is
difficult to exceed the poverty line in southern Mali (Falconnier et al., 2018; Giller et al.,
2021). Our result implied that including cotton in a diversification strategy is key to reach
and surpass the income threshold, which is also suggested by Giller et al. (2021). Combining
cotton with maize enabled to exceed the income threshold for all farm types on average and
some of them passed the threshold even in a bad season. This was because maize had high
economic value with moderate variability relative to cotton. Therefore, it is recommended
for farmers in southern Mali to combine maize with a small proportion of their land allocated
to cotton in order to overtake the income threshold. Recently the proportion of maize on farm
cultivated land has been increasing, while the production of cotton, millet, and sorghum
tended to decline in southern Mali (Laris and Foltz, 2011; Traore et al., 2014). The ongoing
transformation of the farming system in southern Mali corresponded to our results. Although
the combination of “sorghum x cotton”, which had the largest diversification benefit in crop
combinations, often resulted in reaching above the income threshold, it sometimes dropped
below the income threshold in a bad season because of the high variability. Importantly, we
found a trade-off between income and food production as cereal production for food selfsufficiency decreased when land is more allocated to cotton. In other words, allocating more
land to cotton resulted in raising the food self-sufficiency threshold because less land is
available for cereal production. Previous survey data (RHoMIS) shows that 32% of farmland
is currently allocated to non-cereal crops, including cotton. At the optimal point, more than
32% of the land was allocated to the cotton in most combinations of “sorghum x cotton”.
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Those combinations are potentially not applicable for farmers since it lowers potential food
production. Interestingly, the combinations of “maize x maize”, which provided the least
diversification benefit, fulfil the threshold of all farm types on average simply because the
high income generated from the maize crop compensated its high variability. Trade-offs
between high productivity level and high variability are often observed in Sub-Saharan Africa
(Descheemaeker et al., 2020). Their results indicated that farmers need to be willing to take
some risk if they are eager to go beyond the income threshold. Indeed, even if there is a
strategy with large diversification benefit and low variability such as the combination of
“millet x sorghum”, this strategy is not attractive for farmers who want to overcome the
income threshold, as the yield (and income) level remains low. Nevertheless, since farmers
in southern Mali perceived the weather uncertainty as a huge risk (Huet et al., 2020), it is not
likely that farmers accept diversification strategies with higher risk. Several studies suggested
that gaining income from other source such as off-farm work and dairy production could help
to exceed the income threshold (Falconnier et al., 2018; Ollenburger et al., 2019; Giller et al.,
2021). Therefore, income from other sources could enable farmers to choose diversification
strategies with lower variability.
Depending on whether assessing yield or economic income, the optimal land allocation
strategies differed. Indeed, the variables to be used for modern portfolio analysis (i.e. yield
or economic value) affected the shape of the curve and degree of diversification benefit (Fig.
5 and 16). For example, millet baseline had a lower yield compared to sorghum yield, whereas
the economic value of millet baseline had a higher than that of sorghum baseline. It indicated
that combining sorghum baseline with millet baseline provided the diversification benefit in
terms of yield, but not for economic value. Therefore, farmers first need to prioritise what is
more critical for them (food-self sufficiency or exceeding the poverty trap). According to
their priorities the land allocation of the different assets could be recommended.
4.6 Limitations of the study and perspectives
In our research, only two assets were combined for simplification. However, in reality,
farmers can combine more than two assets in their field. As the reference point indicated,
farmers in southern Mali cultivate maize, millet, sorghum, and cotton. Therefore, a more
beneficial diversification strategy and more meaningful diversification patterns may be found
by combining more than two assets. Paut et al. (2018) found that using more than two crops
resulted in higher variability reduction. The difficulty is that combining more than two assets
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would make calculations much more complicated and the number of combinations would
strongly increase, making interpretations of the results much more complex. For example,
there were 24 cereal assets in this research. If three assets would be combined in our study,
in total, 2024 combinations should be investigated. It is important to develop a framework to
analyse such massive results. The R package “PortfolioAnalytics” (Peterson et al., 2018) is
an example to conduct modern portfolio analysis more efficiently. Therefore, using such
kinds of packages could be an option.
In terms of data we used, it should be mentioned that different types of data were used
in our study: simulated data for cereal and empirical data for cotton. Although it was observed
that cotton had higher variability than cereal crops, the simulated variability might be
underestimated compared to the actual variability. Simulated output did not consider some
factors resulting in the variability, such as soil heterogeneity. The soil heterogeneity is an
issue in southern Mali, and it subsequently leads to yield variability (Ripoche et al., 2015).
Another limitation of the study is related to our assumptions. A lot of assumptions
were used in our study, especially for the farm type analysis. For example, the price for each
cereal was fixed. However, cereal prices highly fluctuate both interannually and intraannually. Brown et al. (2009) indicated that weather conditions affect cereal price through
the fluctuation of the supplied amount, so including interannual price change in the analysis
would be likely to change the results. In addition to this, people in southern Mali consume a
certain amount of each cereal. It implies that even if the combination of “maize x cotton”
appeared a good diversification strategy, it may be rejected by local people as this strategy
does not include sorghum and millet that are primarily cultivated in southern Mali for homeconsumption. Considering this constraint will enable us to propose more realistic
diversification strategies.
Dealing with different soil types was also an issue. In the research, we dealt with
different soil types in two ways; combining two assets on the same soil type and combining
two assets on different soil types. In the latter, the diversification benefit from the different
responses of crop growth to the two soil types can be considered. However, in this way, only
a single asset could be allocated to one soil type as we combined only two assets. While in
the former two assets were combined on a single soil type. Moreover, when the land
allocation was represented by actual soil configuration, the yield and variability were always
largely influenced by the asset on sandy soil since it was the most dominant soil type in the
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region. Therefore, in the aspect of exploring meaningful diversification strategy, it appeared
better to explore a modern portfolio analysis on each soil type separately.
Another limitation was that we did not take any biological factors into account. Modern
portfolio analysis only needs the interannual yield data, and any other information is not
needed. For example, the interaction between plants was not taken into account. Considering
plant interaction is quite important as well when farmers cultivate crops in the form of
intercropping. Paut et al. (2020) proposed the framework of a diversification strategy,
including an intercropping effect, which may be useful for further analysis. We did not
include legumes such as cowpea and groundnut in our analysis even though they are
important crops in the farming system in southern Mali. If the effect of N-fixation by legumes
is ignored, it is possible that the economic value (or farm-level yield) is underestimated.
Falconnier et al. (2018) suggested that diversification with legumes is a key aspect of
sustainable intensification. Including legumes in the further analysis of diversification
benefits in the farming system is therefore essential. Falconnier et al. (2018) also indicated
the importance of dairy production, which also was not included in our analysis. If a livestock
asset is included in modern portfolio analysis, given that

the interannual livestock data is

available, a more comprehensive analysis would be possible (Werners et al., 2011)
The long-term effect of climate change and fertilisation may affect the response of
crops. Traore et al. (2013) showed that climate uncertainty will increase in southern Mali in the
future. As the correlation between crops will be altered, the outcomes for the diversification
strategies are likely to change as well. Nevertheless, we used data from period 1965-2019,
which is only applicable to the current situation. Ripoche et al. (2015) indicated that long-term
fertilisation affects food production through the residual effect of applying organic fertilisation
in southern Mali. Although considering those long-term effects will be challenging, it would
enable us to propose more sustainable farming options to farmers in the future.
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5. Conclusion
Our study shows that the farming system in southern Mali can be stabilised through
diversification. The extent of the variability decrease and the overall yield largely depended
on the combinations of assets and their land allocation. Therefore, it is crucial for farmers to
choose a proper combination and land allocation strategy that is in line with their preferences
and their food and income requirements. Crop diversification, especially cereal-cotton
combination, provided the largest variability reduction of the three management components
that we considered, indicating that it is better to cultivate crops that respond differently to
climatic conditions. Although diversifying fertilisation and cultivar did not provide much
diversification benefit, diversifying these components provided additional benefits of
variability reduction. Our study revealed that there was an interaction between soil type and
diversification strategy. This indicates that diversification strategy should be determined per
soil type, with sandy soils being the most determining. While the diversification strategies
were hardly constrained by food self-sufficiency, they were often constrained by the income
threshold. We found that a relatively high yield was required to exceed the income threshold,
leading to high variability as well. This suggests that farmers need to accept relatively high
variability when aiming for increased income. For further analysis, combining more than
three assets, considering biological factors and long-term effects will be important to explore
more meaningful diversification strategies.
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Table S1 Soil profiles of different soil types in Southern Mali. The data is acquired from
Falconnier et al. (2016)
Soil type

Soil Depth

Sand (%)

Clay (%)

Gravel (%)

Organic
matter (%)

Available
water (mm)

Gravelly

0-10
10-30

66
43

14
38

52
50

1.53
0.86

5.5
15.2

Sandy

0-25
25-50

57
46

12
33

2
2

0.81
0.38

26.1
28.4

Black

0-20
20-50

67
38

8
39

3
6

0.52
0.42

16.8
35.8

Table S2 Statistical value of all cereal combinations at optimal point
Soil type
Sandy
Gravelly

Mean
2667
1714
Mean

Sandy
Gravelly

6.3
7.7
Mean

Sandy
Gravelly

20.7
30.7

Yield (kg/ha)
Max
4877
3983
Δσ (%)
Max
18.8
18.3
ΔY (%)
Max
65.8
66.8

Min
1190
744
Min
0
0.2
Min
0.0
0.4
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Variability (kg/ha)
Mean
Max
Min
404
491

939
956

159
212

Δσ (absolute value) (kg/ha)
Mean
Max
Min
21.5
38.0

57.6
84.2

0.0
2.2

ΔY (absolute value) (kg/ha)
Mean
Max
Min
757
920

3211
2754

0
7.2

Table S3 Type of modern portfolio curve based on crop combinations. Number is the
number of strategies classified as certain curve type.

Type of
modern
portfolio
curve

Type of
modern
portfolio
curve

a
b
c
d

a
b
c
d

Maize
x
Maize
Sandy
Gravelly

Crop combination
Millet
x
Millet
Sandy
Gravelly

Sorghum
x
Sorghum
Sandy
Gravelly

0
6
0
0

1
5
0
0

0
2
0
4

0
6
0
0

1
5
0
0

2
3
1
0

Maize
x
Millet
Sandy
Gravelly

Millet
x
Sorghum
Sandy
Gravelly

Sorghum
x
Maize
Sandy
Gravelly

1
15
0
0

0
11
0
5

0
6
3
7

1
14
1
0

1
15
0
0

1
15
0
0

Table S4 The number of strategies which were above income threshold per each farm types. The
number in the bracket represents the number of strategies which exceeded the threshold with
considering variability
Crop combination
Farm type Cotton
x
Cotton

Maize
x
Cotton

Maize
x
Maize

Maize
x
Millet

Maize
x
Sorghum

Milllet
x
Cotton

Millet
x
Millet

Millet
x
Sorghum

Sorghum
x
Cotton

Sorghum
x
Sorghum

HRE_LH
HRE
MRE
LRE

1(0)
1(0)
1(1)
1(1)

8(4)
8(4)
8(8)
8(6)

6(1)
6(3)
6(6)
6(5)

3(1)
4(1)
10(3)
6(2)

12(3)
13(4)
16(12)
14(5)

1(0)
1(0)
3(1)
3(1)

0(0)
0(0)
0(0)
0(0)

0(0)
0(0)
4(0)
1(0)

0(0)
1(0)
6(0)
4(0)

0(0)
0(0)
0(0)
0(0)
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Fig. S1 Yield and variability of all possible strategies on different soil type. Each panel indicates what crop was used on sandy
soil. Cultivar on sandy soil asset is indicated by the different shape (circle(●) for local cultivar and triangle (▲) for short
duration cultivar). Different colours indicates fertilisation level of sandy asset.
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