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Abstract 

Rapid population growth in sub-Saharan Africa demands an intensification of the agri-

cultural production. In addition, the key lessons drawn from the green revolution and low soil 

fertility in sub-Saharan Africa demand sustainable practices. An eminent solution is the concept 

of sustainable intensification (SI). The objective of SI is to increase agricultural production and 

simultaneously maintain or even increase the sustainability of the system at multiple domains. 

However, SI does not define specific pathways. Therefore, the aim of this study is to assess the 

state of representative farming systems in southern Mali in the near-term future (2027) based 

on biophysical and socio-economic trends in sub-Saharan Africa and thereby to identify prom-

ising pathways that enable SI. Accordingly, a model was developed to assess SI in the baseline 

situation and in six subsequent scenarios, based on incremental policy intervention and agricul-

tural intensification strategies, for 411 smallholder farms in the ‘old cotton basin’ in southern 

Mali. The model checked for different SI indicators from four domains of sustainability. Under 

the assumption that intensification is the main objective of SI in sub-Saharan Africa three prom-

ising pathways were identified. Firstly, a successful promotion of family planning combined 

with the creation of job opportunities outside of agriculture reduced the pressure put by the 

rapid population growth on smallholder systems. Secondly, closing the yield gap up to 85 % of 

the water limited yield through different means distinctly intensified the system. However, 

trade-offs with the nitrogen use efficiency were identified. Lastly, the implementation of inven-

tory credits for cereals increased the profitability but more importantly reduced farmers’ de-

pendency on the cotton sector. Eventually, the research underlines that only a combination of 

multiple potential pathways can truly enable SI.
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1 Introduction 

1.1 Challenges for Future Food Production Systems 

In the near future food production will face various challenges (Garnett & Godfray, 2012; 

Godfray et al., 2010; Tilman et al., 2011). Firstly, the rapidly growing world population de-

mands a rising food production. By the year of 2050 the world population will exceed nine 

billion people (Godfray et al., 2010). Secondly, the demand for higher quality food like animal 

and processed products will expand because, worldwide, people’s average income is increasing 

(Garnett & Godfray, 2012). The production of these products requires more natural resources 

than the production of a simple plant-based diet (Pretty, 2008). Thirdly, ensuring food security 

for the poor, especially in developing countries, requires a substantial local increase in food 

production. These three challenges demand a significant increase in food production until 2050 

of about 70 % to 100 % (Godfray et al., 2010). Yet this rising demand for food must be fulfilled 

in an environmentally and socially sustainable approach which is the fourth challenge. 

The competition for resources such as land, water, inputs and energy will rise (Garnett et 

al., 2013; Godfray et al., 2010). The negative effects of climate change and industrial input-

focussed agriculture demand a rethinking of the current food production (Struik & Kuyper, 

2017; Wezel et al., 2015). Godfray and Garnett (2014) describe food production as both “the 

agent and the victim of environmental harms”. Climate change, increase in greenhouse gas 

emissions, nutrient runoff, soil degradation, water shortage and biodiversity loss directly harm 

agriculture. The impact of climate change on agriculture can especially be seen in developing 

countries (Garnett et al., 2013). However, agriculture also strongly contributes to climate 

change as well as the other above listed issues (Howden et al., 2007; Garnett et al., 2013; 

Godfray et al., 2010; Struik & Kuyper, 2017).  

This especially concerns the countries of sub-Saharan Africa which will face more often 

episodes of food insecurity based on the growing population and results of climate change 

(Smith et al., 2017). The population growth in sub-Saharan Africa is the highest globally 

(Tobergte & Curtis, 2013). Thus, the per capita availability of domestically produced food stag-

nated for 50 years in sub-Saharan Africa, even though, the agricultural production improved 

(Pretty, Toulmin, & Williams, 2011). 

1.2 Agricultural Production and Challenges in Southern Mali 

The rural areas of the Koutiala region in the south of Mali are characterised by small-

holder farming systems like in most areas of sub-Saharan Africa (Harris & Orr, 2014; Kaya, et 
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al., 2000). Farmers either consume self-produced crops or sell them on local markets, where 

additional food is bought as well. In Mali about half of the population lives below the poverty 

line of <1.9 US dollars per day (Jolliffe & Prydz, 2016). Farmers’ low income per capita limits 

the opportunity of farmers to directly invest capital to prevent the degradation of the soils (van 

der Pol & Traore, 1993). Soil degradation is a major challenge for rural farming in southern 

Mali (Droppelmann et al., 2017). The increasing degradation of the soils is based on several 

events in the past. When cotton was introduced as main cash crop it was firstly intensively 

subsidised. From 1982 to 1986, however, the subsidies were reduced and thus farmers main-

tained the cotton production through extensification (Falconnier et al., 2015). Thereby, most 

arable land in the area was used and fallow periods were reduced. The farming systems turned 

into permanent cultures. Next to cotton, cereals are the most cultivated crops, namely maize, 

sorghum and millet. Nitrogen fixing legumes like cowpea and groundnut, however, are often 

just grown on small areas (Defoer et al., 1998). The use of inputs is often limited due to the 

widespread poverty (van der Pol & Traore, 1993). Additionally, a lack of adequate infrastruc-

ture in the rural areas limits the use of fertilizers. With the result that farmers tend to mine their 

soils (Defoer et al., 1998). 

Thus, there is a need for sustainable intensification on the currently used farming areas to 

increase the productivity (Falconnier et al., 2016). 

1.3 Sustainable Intensification 

Sustainable intensification (SI) is an approach which is often discussed in literature 

(Garnett et al., 2013; Godfray et al., 2010; Smith et al., 2017; Struik & Kuyper, 2017; Tilman 

et al., 2011). The idea of SI for the future development of global agricultural practices was 

formed after recognition of the lack of social and environmental sustainability of the green 

revolution and industrial agriculture (Pretty, 1997). This is also reflected in the currently most 

commonly used definition of SI made by Pretty in 2008: “Intensification using natural, social 

and human capital assets, combined with the use of best available technologies and inputs (best 

genotypes and best ecological management) that minimize or eliminate harm to the environ-

ment.” (Pretty, 2008; Wezel et al., 2015). For further clarification, Garnett et al. (2013) defined 

four underlying premises of SI: 

1. The need to increase production. 

This aspect has been discussed already in section 1.1. 
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2. Increased production through intensification and not through expansion. 

Several authors showed that the expansion of cropping area has a more severe impact on the 

environment than intensification of the already used areas (Godfray, Garnett 2014; Phalan 

et al., 2011). An expansion of the cropping area may serve the aim to increase food produc-

tion (Pretty et al., 2011) or the aim to decrease environmental impact of farming. The latter 

describes the concept of the land sharing which reduces the environmental impact of farming 

locally through de-intensification. This, however, creates a demand to use more farming area 

in total (Green et al., 2005). In sub-Saharan Africa, this is not possible due to area limitations 

(Jayne et al., 2014). Through expansion of cropping area, especially at the cost of forests, 

grass- or wetlands, many nitrogen, phosphorus and carbon stocks are eliminated and green-

house gases are released into the atmosphere. Furthermore, biodiversity and ecosystem ser-

vices of the area are substantially reduced (Godfray et al., 2014; Phalan et al., 2011). The 

alternative land sparing concept, which entails intensification on smaller cropping areas, en-

ables preservation or even creation of natural habitats (Phalan et al., 2011). Thus, SI includes 

intensification as an approach for increasing food production (Garnett et al., 2013). 

3. Radical rethinking of food production to increase sustainability as well as food insecurity. 

This premise states that reaching food security as well as environmental and social sustain-

ability demand the same attention (Garnett et al., 2013). Therefore, often the existing farm-

ing system must to be radically reorganised. However, the approach to reach SI must be 

done in a context and location-specific way. For example, in highly developed areas the 

focus of SI needs to be more on the sustainability aspect than on intensification (Loos et al., 

2014; Wezel et al., 2015). In sub-Saharan Africa the focus would lie more on intensification 

to overcome the challenge of achieving food security (Godfray et al., 2010). 

4. SI is an objective that is achievable through different approaches which are not clearly 

defined. 

As described in the third premise, the approach is dependent on the circumstances in which 

SI takes place (Musumba et al., 2017). Often used methods are integrated pest management, 

the utilisation of legumes and mechanisation (Pretty, 1997; Tilman et al., 2011). However, 

SI is not restricted in its approaches as long as they are sustainable in their context and 

location (Garnett et al., 2013). 

1.4 SI Indicators in Five Domains 

The common way to assess SI is by applying a multi criteria assessment approach with 

SI indicators in different domains (Smith et al., 2017; Musumba et al., 2017). SI indicators are 

a way to measure a performance of a farming practice according to a certain objective. 
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(Musumba et al., 2017). They can be categorised in five different domains of SI: productivity, 

economic sustainability, human well-being, environmental sustainability and social sus-

tainability (Smith et al., 2017; Musumba et al., 2017). 

In this research productivity and economic sustainability are understood as domains 

which mostly describe intensification while the other domains focus more on the aspect of sus-

tainability. 

Snapp et al. (2018) emphasised that during the assessment of SI a holistic view is im-

portant. This entails the importance of using indicators from each domain to successfully assess 

SI. Otherwise, trade-offs between sustainability and intensification can hardly be identified 

(Smith et al., 2017). It is crucial for a successful SI assessment to choose the right indicators. 

Still the choice of indicators which are used is highly subjective (Olde et al., 2017; Marinus et 

al., 2016). Currently, indicators from the productivity and the environmental sustainability do-

main are mostly used in literature (Smith et al., 2017). Besides the classification of indicators 

in the different domains of SI they can be classified also on spatial scales: field, farm, household 

and landscape level (Musumba et al., 2017). For further information on how indicators are 

identified see 2.5. 

1.5 Project Background 

The research is part of the project: “Pathways to agro-ecological intensification of 

mixed crop-livestock systems in southern Mali”. In the following, the background of the 

project and the already conducted steps by Falconnier et al. (2015 – 2018) will be described. 

In Mali cotton plays a key role as a source of income for most smallholder farmers. Ma-

lian farmers got institutional support for cotton production starting in 1970. From 1994 until 

2010 farms of the Koutiala region, which lies in the cotton zone, were observed, classified and 

their farm development monitored. This timespan was divided in two periods. First, a favoura-

ble period for the cotton production until 2004 was observed. This period was followed by an 

unfavourable period until 2010 during which the institutional support collapsed. 

Farms in the area were classified according to their resource endowment in four groups: 

High Resource Endowed farms with Large Herds (HRE-LH), High Resource Endowed farms 

(HRE), Medium Resource Endowed farms (MRE) and Low Resource Endowed farms (LRE). 

For further information about the classification criteria see (Table 10, Appendix). Furthermore, 

it was assessed how the farms developed during the observed period (Falconnier et al., 2015). 

Subsequently, SI methods were tested on field plots over three years, from 2012 until 

2014. These options included the introduction of cereal legume intercropping systems 
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(Falconnier et al., 2016). After these three years of research, the plot trials are continued until 

today but their results are not considered in this research. 

Then, in a cyclic learning process it was attempted to redesign the farms from 2013 - 2015 

to enhance farm productivity (Falconnier et al., 2017). 

Lastly, a scenario analysis with five different scenarios for 2027 was conducted. The sce-

narios were based on future trends in socio-economic and biophysical conditions. This included 

marginalisation, a business as usual and two improvement scenarios. The main goal was to 

support the process of poverty reduction in the Koutiala region. For the scenario analysis two 

indicators were tested, namely food self-sufficiency and income per capita (Falconnier et al., 

2018). 

1.6 Scenario Analysis for Exploring Future Sustainability Path-

ways 

To assess changes in SI over time it is necessary to check at different time points. Mostly, 

in literature this is done by comparing the current state of SI to the past. Common SI assess-

ments also compare the sustainability of two farming practices. Checking multiple domains of 

SI ex-ante for future time points is a relatively new, but demanded approach as they assess prior 

to the implementation the sustainability of potential policy changes (Sadok et al., 2008; van 

Ittersum et al., 2008). A scenario analysis can create different future time points under certain 

assumptions (Schwartz, 1996 according to Duinker & Greig, 2007). Beside Falconnier et al. 

(2018) who used a scenario analysis, Swart et al. (2004) also advocate the utilisation of scenario 

analysis in the sustainability sciences. 

Firstly, it needs to be defined what exactly a scenario is. In literature many definitions 

exist (Duinker & Greig, 2007). In this research the definition from Porter & Millar (1985) was 

used: “A scenario is an internally consistent view of what the future might turn out to be - not 

a forecast, but one possible future outcome.” This definition was chosen above all others be-

cause it clearly stresses the fact that a scenario is not an exact picture of the future. According 

to Duinker and Greig (2007), Schwartz (1996) stated that a scenario analysis is most efficient 

if different realistic scenarios are used and compared. It is important that the scenarios can be 

significantly distinguished from each other. Mostly, scenarios are used as a tool that supports 

the decision-making process (Swart et al., 2004). 
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1.7 Research Objectives and Questions 

As already mentioned, a holistic view is important for SI (Snapp et al., 2018). A compar-

ison of more indicators from different domains of SI (see section 1.4) enables a better under-

standing of the trade-offs of sustainability and intensification (Smith et al., 2017). Thus, the aim 

of this research is to extend the scenario analysis of Falconnier et al. (2018) and expand the 

model in order to include all SI domains based on a larger number of indicators. The research 

aims for the following objectives: 

1. Develop a methodology to assess various domains of sustainable intensification for fu-

ture scenarios. 

a. Define a formula for each identified indicator. 

b. Scale the indicators in a way that indicators with different units are comparable 

with each other. 

2. Extend the scenario analysis of Falconnier et al. (2018). 

a. Extend the impact of the interventions so that they tackle all domains of SI. 

b.  Add further scenarios. 

3. Define the current and future sustainability based on all SI domains of the smallholder 

farms in the Koutiala region in southern Mali. 

a. Identify and assess trade-offs of SI. 

4. Evaluate the effectiveness of the combination of SI assessment and scenario analysis as 

an approach for understanding the sustainability of farming systems in the future. 

The following research question and sub-research questions can be derived from the objectives: 

What pathways can enable sustainable intensification for farmers of Koutiala region in the near-

term future? 

1. How do the farms perform in the different domains of sustainable intensification based 

on the chosen indicators at both time points? 

2. What are the key external and internal drivers that have the strongest impact on the 

sustainable intensification of the farms? 

3. What are the trade-offs or interactions between the indicators and between the domains? 
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2 Materials and methods 

The aim of the methodology is to design an approach for assessing the performance of 

the farms currently and in the potential near-term future in terms of SI. The methodology in-

volves the main following steps: (1) Description of the farming systems and the definition of 

the main components; (2) Creation of a farm system model; (3) Identification of powerful indi-

cators; (4) Scenario adaptation and creation; (5) Estimation of the current state of SI and the 

impact of the scenarios; (6) Aggregation of the results in a way that shows trade-offs and path-

ways to enhance farm performance in terms of SI. 

2.1 Area Description 

The Koutiala region is located in southern Mali (Figure 1). It is part of the ‘old cotton 

basin’. Farming systems of the villages Nampossela (99 farms) and Sirakélé (312 farms) were 

evaluated. The rainy season is from May until October and the rainfall fluctuates from 500 mm 

to 1200 mm. The population density reaches 70 people km-2 (Phoomthaisong and Toomsan, 

2003, Soumaré et al., 2008). 

Farmers grow mostly cotton and groundnut as cash crops and sorghum and millet as food 

crops. Maize serves as both a food and a cash crop. The harvest period is from September until 

November. Next to cropping, livestock is kept by farmers to store income, provide draught 

power for timely crop management and income generation by selling milk or animals. If the 

cattle herd is too large to feed during the dry period, farmers practise transhumance (for further 

information see 2.4.2). The most frequently kept animals are cattle, oxen, sheep and goats. Ma-

nure, mineral fertilizer and oxen as draught power are used to intensify the cropping systems. 

A farm household regularly consists of the family with the head of the household includ-

ing his brothers, sons, their wives and their children. After the death of the head of the house-

hold, the oldest son becomes the head (Jonckers & Colleyn, 1974). The household continues 

working together as a unit as the land is still owned by the multiple household members. This 

counters the subdivision of land that usually results in a decrease in land per capita (Falconnier 

et al., 2015). If the brothers of the head of the household disagree on the share of the income 

from cash crops, the land is split up and each member gets a share of the land. 
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Figure 1: Map of Mali; the Koutiala region is marked with a red circle (Google Maps). 

2.2 Datasets and Data Collection 

The farm characteristics of the current status were obtained from the surveys of the "Com-

pagnie Malienne pour le Developpement des Textiles" (CMDT), which include all cotton farm-

ers in the villages. The CMDT is a state agency that monitors the cotton production by conduct-

ing two different surveys, consisting of simple non-digital questionnaires. The first survey co-

vers the area planning of cotton farmers for the following year in order to hand out input sub-

sidies and hence is conducted annually. The second survey covers the farm characteristics to 

monitor the evolution of cotton producing households over time. This survey is not conducted 

annually. 

For this research, data from the second type of survey from 2013 were used, as it was the 

most recent available digitalised data set. Only households with complete responses and suffi-

cient data quality were included that allowed the calculations of the indicators, resulting in 99 

responses from Nampossela and 312 from Sirakélé. 

Based on crop area (ha), number of workers, herd size and number of draught tools the 

farms were classified in four different farm types following the typology of Falconnier et al. 

(2015). The distribution of the different farm types was 10 %, 21 %, 52 % and 17 % for HRE-

LH, HRE, MRE and LRE farms respectively in Nampossela and 9 %, 22 %, 58 % and 11 % in 
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Sirakélé. In the analysis the farms were pooled. Differences between the villages were not iden-

tified. 

2.3 Description of the Scenario Analysis by Falconnier et al. (2018) 

and the Extension Process 

The scenarios of this research were based on the study by Falconnier et al. (2018), in 

which five scenarios were created for 2027. The scenarios were formed based on a combination 

of incremental policy interventions (P0 - P4) (Table 11, Appendix) and agricultural intensifica-

tion strategies (A0 - A3) (Table 12, Appendix). Policy interventions, agricultural intensification 

strategies and scenarios (S0 – S4) built by Falconnier et al. (2018) are respectively summarised 

in the sections 2.3.1, 2.3.2 and 2.3.3. For more explicit information on the original scenarios 

see Falconnier et al. (2018). 

The policy interventions were created based on observations of current trends in the local 

and global agricultural context. Additionally, policy solutions for current problems and current 

policy plans described in the literature were taken into account while building the policy inter-

ventions. The strategies for agricultural intensification were built based on promising agricul-

tural technologies (Falconnier et al., 2018). In this research a similar methodology was used to 

extend the scenario analysis. The original scenarios mostly described interventions that affected 

the productivity and economic domains of SI. In this research further aspects were added to the 

interventions capture the corresponding effects on other domains of SI. This allowed to check 

a larger variety of indicators, thereby achieving a more holistic assessment. Additionally, an-

other scenario was formed. The results of the scenario analysis extension are described in sec-

tion 3.1. 

2.3.1 Policy Interventions 

The policy interventions were related to input and output prices as well as to socio-eco-

nomic development and support to agriculture to close the yield gap. 

2.3.1.1 Input and Output Prices 

For the policy interventions (P1 – P4) the cotton price maintained the level of 2015 in the 

near future (Table 6) (Falconnier et al., 2015). 

A negative policy intervention (P0) was formed based on the current low competitiveness 

of the Malian cotton sector on the world market and reduced fertilizer subsidies. It entailed 

lower producer prices (price the producers get for their products) for cotton and increased fer-

tilizer prices (Table 6). 
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For the milk price optimistic policy trends were assumed in P2 – P4. High tariffs on im-

ported agricultural goods (Dupraz & Postolle, 2013) and the preference of the local industry 

to use locally produced milk instead of milk powder (Aparisi et al., 2012), resulted in higher 

producer prices for milk (Table 6). 

Furthermore, in the policy trends P2 – P4, a price reduction of cotton seed cake which 

can be used as livestock fodder was assumed (Table 6). 

2.3.1.2 Socio-economic Development 

In the policy interventions P3 – P4 the household size was reduced by two different 

means. Firstly, a successful governmental promotion of family planning in 2012 reduced the 

fertility rate of the households (Table 6). Secondly, the creation of job opportunities in urban 

areas by the government increased the rural to urban migration of young household members 

(Table 6). 

2.3.1.3 Closing Yield Gap 

Lastly, policy interventions that supported a closing of the yield gap to 85 % of the water 

limited yield for the cotton and the cereals were introduced in P4. Expanded fertilizer subsidies 

enabled the application of fertilizer to the point that nitrogen supply was no stress factor any 

more (Table 6). For cotton which is mainly harmed by the strong pressure of pests and diseases 

the use of Integrated Pest Management was supported as well (Table 6). Additionally, improved 

timeliness of crop management practices through small-scale mechanisation during crop estab-

lishment supported the competitiveness of cotton. 

2.3.2 Agricultural Interventions 

In the past decades the unfavourable cotton production conditions led farmers to replace 

cotton with sorghum (Falconnier et al., 2015). In the first agricultural intervention strategy (A0), 

a continuous decrease of the cotton area and a reduced fertilizer application on cotton were 

assumed (Table 6). 

In A1 no changes in farm management were assumed (Table 6). 

In A2 farmers started to intercrop maize with a fodder variety of cowpea (Table 6). This 

high quality fodder supported the introduction of stall feeding of lactating cows. 

In the last agricultural intensification strategy (A3) practices that enabled farmers to close 

the yield gap were adopted. This involved increased application of fertilizer for cotton and ce-

reals (Table 6) as well as the adoption of Integrated Pest Management and small-scale mecha-

nisation for cotton. 
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2.3.3 Scenarios Created by Falconnier et al. (2018) 

In the following, the existing scenarios created by Falconnier et al. (2018) are summa-

rised. 

The “Marginalisation” scenario S0 had a pessimistic view on the future and was formed 

by combining P0 and A0 (Figure 7). The scenario focussed on the marginalisation of the cotton 

production in the Koutiala region due to a reduction of input subsidies and a decrease in the 

cotton area. 

In the “Business as usual” scenario S1 no changes were implemented by policy makers 

or farmers. It was formed through the combination of A1 and P1 (Figure 7). Only the household 

component was adjusted based on fertility and migration rates. 

The “Dairy development” scenario S2 described the first optimistic view on the future. 

The combination of A2 and P2 formed this scenario. Promotions of the regional milk sector by 

policy interventions and diversification with legumes enabled an intensification of the livestock 

component of the farm. 

The “Socio-economic development” scenario (S3) focused on the policy interventions 

(P3) in combination with A2 (Figure 7). S3 reduced the household size as it tackled the vast 

population growth in rural Mali through changes in fertility rates and rural to urban migration 

due to family planning and job creation. 

The “Closing yield gap scenario” (S4) closed the yield gap of cotton and cereals. For this 

P4 and A3 were combined (Figure 7). This results in increased subsidies for fertilizer for cereals 

and Integrated Pest Management and small-scale mechanisation services for cotton. 

2.4 Farm System Model 

A simple model was developed calculating the various SI indicators to evaluate the base-

line situation and demonstrate the impact of the different scenarios (Figure 3). This was based 

on interactions between three main farm components, the household, the cropland and the cattle 

herd component of each farm (Figure 3). Furthermore, in the depiction of the model it is indi-

cated where the original scenarios directly interfere with the flows. The model was created in 

the programming language R. For running the model and graphical visualisation of the majority 

of results Rstudio1.1.456 was used. To calculate SI indicators, farm characteristics and external 

as well as internal drivers were used as inputs. The farm characteristics were derived from the 

surveys. External drivers are non-farm-specific variables and their values were based on litera-
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ture research and rational and coherent assumptions established in the various scenarios. Inter-

nal drivers are farm specific variables. In the following section the different main components 

of the model are described, followed by a description of the model outputs. 

 

Figure 2: Simple model of a typical farm household from the Koutiala region and the different flows of 

people, money and products between the main household components independent from farm type 

(Falconnier et al., 2018). A hexagon indicates that a scenario described by the number in the hexagon, 

has a direct impact on a flow. The colour of the hexagon describes the nature of the effect on the scenario. 

2.4.1 Household Component 

The household component is affected by two major external drivers, fertility and rural to 

urban migration rates of household members. The baseline number of household members 

(HHsize2013) was taken from the CMDT. The household size in the near future (HHsize2027) 

for each household was estimated as follows: 

𝐻𝐻𝑠𝑖𝑧𝑒2027 = 𝐻𝐻𝑠𝑖𝑧𝑒2013 ∗ (1 + (𝑓𝑒𝑟𝑡𝑖𝑙𝑖𝑡𝑦𝑟𝑎𝑡𝑒/100 − 𝑚𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛𝑟𝑎𝑡𝑒/100))
2027−2013

 

The current net fertility rate (birth minus death), calculated based on historical household 

data, is 3.4 %, similar for all farm types (Falconnier et al., 2018). The rural to urban migration 

rate, however, differed between the four farm types and was estimated as 0 %, 1.7 %, 1.2 % 

and 2.8 % for the HRE-LH, HRE, MRE and LRE farms in Nampossela (Falconnier et al., 2018). 

For the farms in Sirakélé the same migration rates per farm type were assumed. 

The number of working household members was taken from the CMDT surveys. The 

number of workers in relation to the household size for each farm was kept constant for the 

near-term future. 
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2.4.2 Cropland Component 

The cultivated area for each relevant crop, namely cotton, maize, sorghum, millet, 

groundnut and cowpea, of the baseline scenario was taken from the CMDT survey. The total 

cropping area, however, was estimated by summing the individual areas of all crops. This also 

includes the cropping area for crops that were not considered in this research because of their 

small spatial share or low abundance across the farms e. g. soybean and rice. While the indi-

vidual cropping areas of the different crops were influenced by the scenarios, the total cropping 

area was kept constant, based on the assumption that no land separation will take place due to 

the common practice of leaving the household to the oldest son (see section 2.1). Farm size 

increases through e. g. acquisition were not considered. 

The individual crop yields were taken from Falconnier et al. 2018 (Table 9, Appendix). 

For the individual yields it was checked what the limiting or reducing factors are. Based on this 

it was decided to show either annual variability or differences between farm types. Cotton yields 

are mainly affected by weeds and pests and thus yield variations through rainfall variability are 

not visible in the baseline situation, resulting in constant yields over all seasons (Table 9, Ap-

pendix). Due to this, farm management practices such as timely sowing, weeding and land 

preparation influence cotton most (Traore et al., 2013). As these practices are affected by the 

household’s resource endowment, the cotton yields are dependent on the farm type (Falconnier 

et al., 2015). Maize yields, which were less affected by pests and weeds than cotton, are affected 

by rainfall variability and thus seasonal yields were simulated by using the Agricultural Pro-

duction System Simulator (APSIM) (Keating et al., 2003). For this, weather data from the 

N’Tarla weather station over a period from 1965 - 1993 were used. Three years, however, are 

missing in the data set (1968, 1972, 1991), resulting in a total observation of 26 seasons. Dif-

ferences in yield between the farm types occurred because LRE farmers are not able to invest 

in as much inputs (40 kg N ha-1) for maize as the other farm types (60 kg N ha-1). Sorghum, 

millet, cowpea and groundnut yields were found not to be affected by seasonal rainfall and did 

not differ for the farm types and were thus kept constant over all seasons and farms (Falconnier 

et al., 2018) (Table 9, Appendix). 

A closed yield gap was defined as 80 % of the water-limited yield for cotton and the 

cereals, since the water-limited yield is not attainable in farm trials (Ittersum et al., 2013). For 

cotton the water-limited yield was reached by applying 90 kg ha-1 mineral fertilizer and 12.8 t 

dry matter manure ha-1 (Ripoche et al., 2015). For the cereals required N applications to reach 

85 % of the water limited yield (maize 110 kg N ha-1, millet and sorghum 150 kg N ha-1) were 

identified through tests in APSIM (Table 9, Appendix). 
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2.4.3 Cattle Herd Component 

The current herd size of each farm was taken from the CMDT survey. The net fertility 

rate of 10 % and the annual animal offtake were assumed to cancel each other out (Ba et al., 

2011). Thus, the herd size of the farms in this research was assumed to stay stable. In the current 

situation the cows graze rangelands outside of the farm system from June to December and are 

fed with crop residues of maize, millet, groundnut, cowpea and sorghum from January until 

May. Leftover residues are assumed to be brought back on the fields. Feeding and guarding the 

cattle while grazing is done by one worker of the farm per day. During the night cattle are kept 

within a fenced area on the farm (Personal communication, Ousmane Sanogo, 2018). The 

amount of manure that is collected during free grazing was assumed to be 43 % of the total 

production, namely the amount cattle is excreting during the night (Rufino et al., 2006). This 

was assumed, as it is likely too time-consuming to collect the manure that is excreted during 

free grazing outside of the farm system. Thus, 57 % of the total manure is considered as a loss. 

The N-losses during storage are assumed to be 40 % in the baseline which corresponds to the 

high N losses from dairy cow manure in pit storage reported by Dong et al. (2006). 

In the Koutiala region farmers with herds of more than 20 cattle practise transhumance. 

In this research the findings of Ba & Lesnoff (2011) were simplified. It was assumed that, ex-

cept for 50 % of the milking cows, transhumance practising farmers give their herd to a herder 

for six months (March – September). The herders take the cattle to the north of Ivory Coast 

where more pasture is available due to a more suitable climate and lower population density 

(Ba & Lesnoff, 2011). Half of the lactating cows are left behind to cover the personal needs of 

the household. During transhumance brought away cattle were not treated as part of the farm 

system and thus their manure was neither considered as loss or input nor was income generated 

through the selling of their products. 

The milk yield for the current practice and stall feeding as alternative livestock holding 

system was taken from de Ridder et al. (2015) and set to 65 kg per cow per year for free grazing 

and 226 kg per cow per year for stall-fed cows. The difference is based on the energy waste of 

the cows walking to grazing areas and through differences in fodder quality. 2.5 kg cowpea hay 

and 2 kg cotton seed cake per cow per day was assumed to be required as high quality feed to 

realise stall feeding (de Ridder et al., 2015). Based on the availability of high-quality fodder the 

amount of stall-fed cows were estimated. In herds with more than 23 cattle 34 % of the cows 

were assumed to be lactating at any point in time. In herds below this threshold only 22 % of 

the cows are lactating at a time (Ba & Lesnoff, 2011). 
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2.5 Sustainable Intensification Indicators 

The indicator identification was based on a framework created by Florin et al. (2014) and 

further used in Marinus et al. (2018) (Figure 3). The framework describes the hierarchical struc-

ture of principles (referred as domains in this research), criteria and indicators (Figure 3). A 

single domain has different criteria and a criterion has several indicators. 

 

Figure 3: Hierarchical framework of principles, criteria and indicators selected (Marinus et al., 2018). 

In order to expand the scenario analysis to all SI domains the indicator selection was made 

in consideration of the listed selection criteria from Olde et al. (2017) (Table 13, Appendix). 

The selection further depended on the relevance of the indicators for the context and the data 

availability for the calculation (Table 1). 

To enhance their acceptance by other scientists and the comparability with other studies 

in literature, mainly indicators also listed by Smith et al. (2017) were chosen (Table 1). Indica-

tors were calculated for both time points, baseline and near-term future, for each farm for a 

period of one year, except for labour intensity, which was calculated for ten fortnights of the 

agricultural season, and farm income per capita, which was converted to a daily basis. The 

impact of rainfall variability on the different indicators was also explored by estimating the 

coefficient of variation for each scenario with the following formula: 

𝐶𝑉 =
𝜎

x̅
 

With: 

 CV Coefficient of variation 

 σ Standard deviation 

 x̅ Average 
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Indicators that are not affected by the weather were kept constant over all 26 years. 

Table 1: List of all indicators and pathways of their identification based on the hierarchical framework 

of principles, criteria and indicators by Florins et al., 2014 (Marinus et al., 2018). 

Domain Criteria 
Causal links to: the 

scenarios 
Indicator Unit 

Productivity 

Increased farm 

productivity 

… affect the crop and 

milk as well as manure 

production. Thereby 

the amount of self-

produced biological 

inputs 

Self-produced 

fodder 
kg year-1 

Self-produced 

manure 
kg year-1 

… increase the crop-

ping and livestock in-

tensification 

Legumes produc-

tion 
kg year-1 

Cereals produc-

tion 
kg year-1 

Cotton produc-

tion 
kg year-1 

Animal produc-

tion 
kg milk year-1 

Economic 

Reduced pov-

erty 

… enhance on farm 

production and enable 

off-farm revenue 

streams which result 

in increased remit-

tances 

Income per cap-

ita 
$PPP capita-1 day-1 

… change the income 

and the labour demand  

Labour produc-

tivity 
$PPP man-day-1 

Environmental 
Raised soil fer-

tility 

… change the nitrogen 

application and farm-

ing practices 

Nitrogen balance kg ha-1 year-1 

Improved re-

source use effi-

ciency 

… implement new 

farming techniques 

Nitrogen use ef-

ficiency 
ratio 

Human well-be-

ing Enhanced hu-

man health 

… will affect the in-

come and food pro-

duction 

Nutritional self-

sufficiency 
ratio 

Labour intensity ratio 

2.5.1 Indicator Scaling 

Scaling allows a comparison of indicators with different units and enables the identifica-

tion of trade-offs of the indicators with radar charts. The indicators were scaled on a range from 

0 to 10, where 10 displays an optimal performance. The feasible maximum and minimum for 

each indicator was identified for all farms over all scenarios. If not indicated differently, the 

indicator’s best performing farm having on average over all seasons the highest performance 
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of an indicator was taken to obtain Xmax. It was assumed that this is the best attainable perfor-

mance of farms in the Koutiala region. For Xmin the worst performing farm was considered. 

The scaling was based on the difference between the maximum and minimum value as 

follows: 

𝑋′ = (
𝑋 − 𝑋𝑚𝑖𝑛

𝑋𝑚𝑎𝑥 − 𝑋𝑚𝑖𝑛
) ∗ 10 

In the following the chosen indicators for each domain are described and it is explained 

why a specific indicator was chosen. Afterwards the calculation is given and the individual 

scaling described. All used variables can be found in Table 8 (Appendix). All formulas for the 

indicator calculations are numbered for improved orientation in Table 8. 

2.5.2 Productivity 

2.5.2.1 Self-produced Biological Inputs 

Increased production of biological inputs as manure for the cropping system as well as 

fodder for the livestock production has a positive effect on the intensification of farms in the 

Koutiala region (Falconnier et al., 2017). Furthermore, the on-farm production of inputs is im-

portant to describe the effect of S2 - S4, which directly affect the production of high-quality 

fodder and the intensification of the livestock systems (Table 6). 

Calculation 

The amount of manure that is produced as biological input for the crops was represented 

by the amount of available nitrogen that can be applied on the cropping area (MANNav in kg N 

year-1). Only cattle manure was taken into account. The percentage of N in cattle manure (Nma-

nure in %) was set to 1.5 % (Rufino et al., 2007). The production rate (pm in kg DM cow-1 day-

1) was kept constant for all seasons and farm types at 1.22 kg DM cow-1 day-1 (de Ridder et al., 

2015). The percentage of the total produced manure that is collected (cm) was set to 43 % for 

free grazing cows and assumed to be 100 % for stall-fed cows. During transhumance only on-

farm cattle were considered. The following formula describes the amount of N that is available 

to be spread on the cropland. 

𝑀𝐴𝑁𝑁𝑎𝑣 = 𝑝𝑚 ∗ 𝑁𝑚𝑎𝑛𝑢𝑟𝑒/100 ∗ 365 ∗  𝑛𝑐𝑎𝑡𝑡𝑙𝑒 ∗ (𝑐𝑚/100) ∗  (1 − 𝑠𝑙/100) (1) 

With: 

 ncattle  Number of cattle per farm 

 sl  N lost during pit storage [%] (Dong et al., 2006) 
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Originating from the cropland component harvested residues function as input for the 

livestock component. Therefore, the total amount of produced edible crop residues were calcu-

lated (FODtot in kg). This excludes the residues of cotton which are burned after the harvest. 

Differences in feed quality between the crops are not taken into account for this indicator. Thus, 

just the total residual biomass was calculated. 

The fodder yield (FODi in kg ha-1) per crop was estimated with the following formula. 

𝐹𝑂𝐷𝑖 = ((1 − 𝐻𝐼𝑖/100)/(𝐻𝐼𝑖/100)) ∗ 𝑌𝑖𝑒𝑙𝑑𝑖 ∗ 1000 (2) 

With: 

 HIi  Harvest index of crop i [%] 

 Yieldi  Grain yield of crop i [tons ha-1] 

The total fodder production per farm (FODtot in kg ha-1 year-1) was estimated as follows. 

𝐹𝑂𝐷𝑡𝑜𝑡 = ∑ (𝐴𝑖 ∗ 𝐹𝑂𝐷𝑖)𝑖  (3) 

With: 

 Ai  Area under crop i [ha] 

Scaling 

As Xmin and Xmax indicator values from the worst and best performing farm were chosen. 

For this indicator best performance was defined as the largest production of organic inputs. 

2.5.2.2 Total Production 

In the literature, yield is the most commonly used indicator for the productivity domain 

in SI assessments (Smith et al., 2017). It describes the state of intensification in kg per hectare 

for crop production and in kg milk per TLU for livestock production. In this research, however, 

the total production per farm (GRAINtot i in kg year-1) was estimated since it was desired to 

evaluate also the impact of changes in the cropping area of the various crops. Almost every 

scenario tested was expected to have a direct or indirect impact on grain production. 

Calculation 

The calculation of the total crop production for each farm type was repeated for all 26 

potential seasons to display the effects of rainfall variability. The total amount of produced 

grain was estimated for each crop as follows: 

𝐺𝑅𝐴𝐼𝑁𝑡𝑜𝑡 𝑖 = ∑ (𝐴𝑖 ∗  𝑌𝑖𝑒𝑙𝑑𝑖 ∗ 1000)𝑖  (4) 
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The milk production (MILKtot in kg year-1), however, was assumed not to be affected by 

differences in rainfall as the yield of cowpea was not influenced by the different seasons and 

the effect of rainfall variability on pasture went beyond the scope of this research. Thus, the 

total milk production was kept constant over all potential weather data. During transhumance 

only on farm cattle (ncattle) was considered in the calculation of the milk production. The total 

amount of produced milk was estimated with the following formula. 

𝑀𝐼𝐿𝐾𝑡𝑜𝑡 = 𝑛𝑐𝑎𝑡𝑡𝑙𝑒 ∗ 𝑙𝑐/100 ∗ 𝑀𝑦𝑖𝑒𝑙𝑑 (5) 

With: 

 lc  Proportion of herd lactating [%] 

 Myield  Milk yield [kg cow-1 year-1] (De Ridder et al., 2015) 

Scaling 

As Xmin and Xmax indicator values from the worst and best performing farm were chosen. 

Like for the previous indicator best performance was defined as highest production. 

2.5.3 Economic Sustainability 

2.5.3.1 Farm Income per Capita 

The generated income is the most commonly used indicator of the economic domain for 

SI assessments (Smith et al., 2017). It gives an indication of the value of the agricultural pro-

duction but also describes its profitability. For this research the net farm income per capita was 

calculated and compared between the farm types. Farm income per capita was given in US 

dollars purchasing power parity ($PPP) to allow a comparison with the international poverty 

line of 1.9 $PPP day-1 person-1 (Jolliffe & Prydz, 2016). 

Calculation 

The considered revenue streams were the sale of crop and livestock products and remit-

tances from former household members. For this the own consumption of the household was 

not deducted and thus the total produced value was estimated. As expenses the production costs 

of the grain (seed and input costs, costs tractor services and for LRE farmers additionally rent-

ing ox labour), costs for livestock husbandry (fodder costs and vaccination costs) and depreci-

ation costs of the machines and animals were considered (Falconnier et al., 2018). 

The used fertilizer urea and NPK contained 46 % N and 15 % N and cost 65 $PPP and 

74 $PPP per sack (50 kg) respectively (project intern survey). For each application rate two 
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sacks of NPK fertilizer per hectare were used to cover the need for P and K and the rest of the 

required mineral N originates from urea as it is cheaper. 

Grain prices for the years of 2018/2019 were obtained during market surveys done by 

other project members (Table 14, Appendix). 

All scenarios affected the income per capita via increases in productivity or direct effects 

on the prices for produced goods or for inputs. 

The final net income per capita (Inc per capita in $PPP day-1) was estimated with the 

following formula (Formula 6). 

𝐼𝑛𝑐 𝑝𝑒𝑟 𝑐𝑎𝑝𝑖𝑡𝑎 =
(𝐶𝑟𝑜𝑝 𝑖𝑛𝑐 + 𝐿𝑣 𝑖𝑛𝑐 + 𝑟 + 𝑠𝑒 − 𝐷𝑒𝑝𝑟 𝑐𝑜𝑠𝑡𝑠)

𝐻𝐻𝑚𝑒𝑚𝑏𝑒𝑟𝑠 ∗ 365
  (6) 

With: 

 r  Remittances from migrated household members [$PPP] 

 se  Income generated of the household members through self-employment  

(sale of on-farm produced non-agricultural goods) [$PPP] 

The estimations for variables in the income per capita calculation which require a more 

detailed description are listed in the following. 

The production cost for each crop (i) per hectare was calculated as follows. 

𝑐𝑜𝑠𝑡𝑖 = (𝑆𝐷𝑖 ∗ 𝑠𝑒𝑒𝑑𝑐𝑜𝑠𝑡𝑠 𝑖 + 𝐹𝑖𝑛𝑝𝑢𝑡𝑖)  (7) 

With: 

 costi  Costs for crop i [$PPP ha-1] (Market survey 2018) 

 SDi   Sowing density of crop i [kg ha-1] 

 seedcost i Costs for seeds of crop i [$PPP kg-1] 

 Finputi  Costs for fertilizer for crop i [$PPP ha-1] 

For LRE households who do not own draught animals, the costs related to the crop addi-

tionally include labour costs for three pairs of oxen of 23 $PPP per ha-1
. 

The total net income generated by the cropland component (Crop inc in $PPP year-1) was 

estimated as follows. 

𝐶𝑟𝑜𝑝 𝑖𝑛𝑐 =  ∑ ((𝑌𝑖𝑒𝑙𝑑𝑖  ∗  𝐴𝑖  ∗  𝑝𝑟𝑖𝑐𝑒𝑖) − (𝐴𝑖  ∗  𝑐𝑜𝑠𝑡𝑖))𝑖  (8) 

With: 

 pricei  Crop specific price farmers get for their products [$PPP kg-1] 

(Falconnier et al., 2018) 

Income generated by farming activities in the cattle herd component was estimated with 

the following formula. The price per kilogram milk was dependent on the scenarios.  
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𝐿𝑣 𝑖𝑛𝑐 = ((𝑀𝐼𝐿𝐾𝑡𝑜𝑡 ∗  𝑝𝑟𝑖𝑐𝑒𝑀)  + (𝑛𝑐𝑎𝑡𝑡𝑙𝑒  ∗ 𝑜𝑓𝑓𝑡𝑎𝑘𝑒𝑟𝑎𝑡𝑒/100 ∗  𝑝𝑟𝑖𝑐𝑒𝑎𝑛𝑖𝑚)  −

((𝑐𝑜𝑠𝑡𝑠𝑓𝑑  + 𝑐𝑜𝑠𝑡𝑠𝑣)  ∗  𝑛𝑐𝑎𝑡𝑡𝑙𝑒))  (9) 

With: 

 Lv inc  Income of livestock husbandry after subtracting expenses [$PPP] 

 priceM  Milk price [$PPP kg-1] (Falconnier et al., 2018) 

 costsfd  Costs for additionally bought fodder [$PPP livestock head-1 year-1] 

(Falconnier et al., 2018) 

 costsv  Costs for vaccination [$PPP livestock head-1 year-1] 

(Falconnier et al., 2018) 

 offtakerate Rate by which farmers sell animals to keep the herd size constant [%] 

 priceanim Price for selling an animal [$PPP animal-1] 

The depreciation costs for the different machines (plough, weeder, sowing machines and 

carts) and oxen were calculated. 

𝐷𝑒𝑝𝑟 𝑐𝑜𝑠𝑡𝑠 = ∑ (𝑛𝑚𝑎𝑐ℎ𝑖𝑛𝑒𝑠 𝑎𝑛𝑑 𝑜𝑥 ∗ 𝑏𝑝𝑟𝑖𝑐𝑒𝑚𝑎𝑐ℎ𝑖𝑛𝑒𝑠 𝑎𝑛 𝑜𝑥/𝑙𝑠𝑚𝑎𝑐ℎ𝑖𝑛𝑒𝑠 𝑎𝑛𝑑 𝑜𝑥 )𝑚  (10) 

With: 

 Depr costs Total costs due to depreciation of machines and animals [$PPP year-1] 

 bprice  Buying price [$PPP] 

 nmachines and ox Amount of owned specific drawn equipment (plough, weeder, sowing 

  machine, cart) and oxen 

 lsachines and ox Live span of the specific drawn equipment [year] 

Scaling 

As Xmin and Xmax indicator values from the worst and best performing farm were chosen. 

The highest per capita farm income was defined as best performance. 

2.5.3.2 Labour Productivity 

While labour intensity describes the workload of the household members in the farm la-

bour, labour productivity relates it to the generated income. It describes the efficiency in which 

labour is converted into outputs (Tittonell et al., 2007). The considered output was the total 

income generated and the work input was assumed to be the demanded work. Both are affected 

by the scenarios. 
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Calculation 

The labour productivity (Labour prod in $PPP man-day-1) was averaged over the whole 

year. An observation of the different fortnights respectively was not possible since many in-

come streams are generated at the same time point, i.e. at the harvest. As a threshold for labour 

productivity the labour productivity of the minimum wage in Mali (185 $PPP (https://wagein-

dicator.org, last accessed 07/08/2019) to the predominant 40-hour workweek (160 hours per 

month) was taken. 

𝐿𝑎𝑏𝑜𝑢𝑟 𝑝𝑟𝑜𝑑 =  
𝑡𝑜𝑡.𝑖𝑛𝑐

∑ (𝑑𝑒𝑚𝑎𝑛𝑑𝑖 ∗ 𝐴𝑖 𝑖 + 𝑑𝑒𝑚𝑎𝑛𝑑𝑎𝑛𝑖𝑚𝑎𝑙)
  (11) 

With: 

 tot. inc  Total income generated after subtraction of expenses [$PPP] 

 demandi Labour demand for crop i per year [man-days ha-1] 

 demandanimal Labour demand for the livestock husbandry per year [man-days] 

Scaling 

As Xmin and Xmax indicator values from the worst and best performing farm chosen while 

the highest indicator value describes the best performance. 

2.5.4 Social 

The domain of social sustainability was not covered in this research, even though, it was 

part of the initial research aim. To identify indicators of the social domain which have a suffi-

cient level of significance for the observed system (de Olde et al., 2017), a deep understanding 

of the system is required. That is either built up by involvement of many stakeholders into the 

analysis or given after self-performed research. Both exceeds the scope of this research. 

2.5.5 Environment 

2.5.5.1 Partial Nitrogen Balance 

Sub-Saharan African’s soils suffer degradation because of nutrient depletion. It is one of 

the main issues that need to be addressed to intensify sub-Saharan Africa’s agriculture 

(Droppelmann et al., 2017). This indicator states if N inputs balance with N outputs. Changes 

in the composition of the farming system or input and output flows by the different scenarios 

can affect the partial N balance and as N is often a limiting factor it is important to monitor 

these impacts. 
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Calculation 

For the calculation of the partial N balance only flows that enter or leave the farm system 

were considered (Figure 1). Internal flows between the farm system components were not con-

sidered as the assessment was made at farm level. The household component was also not in-

cluded to simplify the system. From this point on the partial N balance is simply called N bal-

ance. 

 

Figure 4: Depiction of the N balance and the considered N flows that enter (I1 - I5) or leave (O1 - O5) 

the cattle herd and cropped land components of the farming system and thereby the system itself. The 

household component is not included in the N balance. 

Fertilizer application rates (I5) are defined based on the CMDT for the baseline or defined 

by the scenarios (Table 6). For the N fixation of legumes (I3) it was assumed that for cowpea 

and groundnut respectively 70 % and 64 % of the N in their above ground biomass originates 

from N fixation from the air (Sanginga et al., 2000; Phoomthaisong and Toomsan, 2003). The 

amount of nitrogen that is brought into the system by the grazing of the cattle (I2) was estimated 

by assuming that during the period of June until December all N in the manure originates from 

grazing on pasture. Nitrogen from pasture that ends up in milk or mass gain of the cattle was 

not considered. For the other months it was assumed that the cattle are fed with crop residues, 

which were not included in the N balance as they are self-produced, and bought cotton seed 

cakes, which were considered as an input. The amount of manure that is not collected was 

assumed to be 57 % of the total production during free grazing and 100 % during stall feeding. 

N losses during storage were assumed to be 40 % in the baseline. The observed systems are 
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exposed to N deposition, including dry and wet deposition, (depo in kg ha-1
 year-1) of around 

8 kg N ha-1 year-1. The N contents of the different products that were multiplied with the pro-

duced quantities can be found in Table 2. The consumption of the household and the sales of 

products were both considered as outflows. As a threshold an N balance at the value 0 was 

taken as soil mining is a predominant risk in sub-Saharan Africa (see section 1.1). This thresh-

old was defined as it is simple to understand. The definition of a more meaningful threshold 

that covered also the minimum amount of nitrogen that farmers want to get out of their system 

through the applied farm management systems lay beyond the scope of this research. 

Table 2: Nitrogen content in percent of the various products considered in the N balance and proteins in 

general. 

Product N content (% of DM) Reference 

Maize grain 1.6 

Nijhof, 1987 

Millet grain 2.1 

Sorghum grain 2.1 

Cowpea grain 3.8 

Groundnut grain 4.5 

Cotton grain 1.9 

Cotton straw 1.5 

Cotton seed cake 5.12 Adegun and Aye, 2013 

Milk 0.512 Agyemang et al., 1991 

Manure 1.5 Rufino et al., 2006 

Proteins 16 Maclean et al. (2003) 

The N balance in kg N was then calculated with the following formula: 

𝑁 𝑏𝑎𝑙𝑎𝑛𝑐𝑒 = ((∑ (𝑓𝑒𝑟𝑡𝑖 ∗ 𝐴𝑖)𝑖 ) +  𝑑𝑒𝑝𝑜 ∗ 𝐴𝑡 + 𝑁𝑓𝑖𝑥 + 𝑇𝑜𝑡. 𝑁𝑐𝑠𝑐 + 𝑁𝑝𝑎𝑠𝑡) −

 (𝑁𝑔𝑟𝑎𝑖𝑛 + 𝑁𝑚𝑖𝑙𝑘 + 𝑀𝐴𝑁𝑁𝑙𝑜𝑠𝑠 + 𝑇𝑜𝑡. 𝑁𝑠𝑡𝑟𝑎𝑤𝐶  𝑙𝑜𝑠𝑠) (12) 

With: 

 ferti   Crop specific amount of fertilizer applied [kg N ha-1] 

 At   Total cropping area [ha] 

In the following, the estimation of the different nitrogen inflows (I1 - I3, Figure 4) and 

nitrogen outflows (O1 - O5, Figure 4) which require a more detailed explanation are described 

(Formula 13 - 19). The formulas of the last two considered inflows I4 deposition and I5 ferti-

lizer application will not be described in detail as they are included in the calculation of the N 

balance (Formula 14). 
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The amount of N entering the system by buying cotton seed cakes (I1, Tot.Ncsc in kg 

year-1) as fodder for stall-fed cows was estimated with the following formula (I1, Figure 4). 

𝑇𝑜𝑡. 𝑁𝑐𝑠𝑐 = 𝑛𝑠𝑓𝑐𝑎𝑡𝑡𝑙𝑒 ∗ 𝑡𝑠𝑓 ∗ 𝐹𝑐𝑠𝑐 ∗ 𝑁𝑐𝑠𝑐/100  (13) 

With: 

 nsfcattle  Number of cattle that are stall-fed during the year 

 tsf  Number of days cattle is stall-fed [days year-1] 

 Fcsc  Number of required cotton seed cake for a stall-fed cow [kg cow-1 day-1] 

 Ncsc  N content of cotton seed cakes [%] 

N entering the system through grazing of the cows on pasture (I2) outside of the farming 

system (Npast in kg year-1) was estimated as follows (I2, Figure 4) 

𝑁𝑝𝑎𝑠𝑡 = 𝑀𝐴𝑁𝑁𝑎𝑣 ∗ 𝑡𝑔𝑟/100   (14) 

With: 

 tgr Proportion of the year the cows feed on pasture [%] 

N entering the system through N fixation of legumes (Nfix in kg year-1) (I3) was calculated as 

follows (I3, Figure 4). 

𝑁𝑓𝑖𝑥 = ∑ ((𝑁𝑓𝑖𝑥𝑙𝑒𝑔/100) ∗𝑙𝑒𝑔 𝐶𝑏𝑖𝑜𝑚𝑎𝑠𝑠𝑙𝑒𝑔)  (15) 

With: 

 Nfixleg  N fixed of total N of each specific legumes [%] 

(Sanginga et al., 2010 and Phoomthaisong et al., 2003) 

 Cbiomassleg Above ground biomass produced for each legume [kg year-1] 

The N leaving the system through the consumption and sale of milk (Nmilk in kg year-1) 

(O1) was calculated as follows (O1, Figure 4). 

𝑁𝑚𝑖𝑙𝑘 =  𝑀𝐼𝐿𝐾𝑡𝑜𝑡 ∗ 𝑚𝑖𝑙𝑘 𝑝𝑟𝑜𝑡/100 ∗ 𝑁𝑝𝑟𝑜𝑡/100 (16) 

With: 

 milk prot Protein content in milk [%] 

 Nprot  Average N content of proteins [%] (Maclean et al., 2003) 

The second productive outflow is N that leaves the system through the consumption and 

sale of grains (Ngrain in kg year-1) and it was estimated with the following formula (O2, Figure 

4). 
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𝑁𝑔𝑟𝑎𝑖𝑛 = ∑ 𝐺𝑅𝐴𝐼𝑁𝑖 ∗𝑖 (𝑁𝑔𝑟𝑎𝑖𝑛𝑖/100)  (17) 

With: 

 Ngraini N content in crop specific grain [%] (Table 2) 

The amount of N that is lost due to losses of produced manure (MANNloss in kg) was 

estimated based on the amount of manure that was not collected and the amount of manure that 

was collected (cm) but lost during storage (sl) (O3, Figure 4). 

𝑀𝐴𝑁𝑁𝑙𝑜𝑠𝑠 = (𝑛𝑐𝑎𝑡𝑡𝑙𝑒 ∗ 𝑝𝑚 ∗ 365 ∗ 𝑁𝑚𝑎𝑛𝑢𝑟𝑒/100) ∗ ((1 −
𝑐𝑚

100
) + (𝑐𝑚/100 ∗ 𝑠𝑙/100)) 

(18) 

The amount of N that is lost due to combustion of cotton straw was calculated as follows 

(O4, Figure 4). 

𝑇𝑜𝑡. 𝑁𝑠𝑡𝑟𝑎𝑤𝐶  𝑙𝑜𝑠𝑠 = 𝐴𝐶 ∗ (

1−
𝐻𝐼𝐶
100

𝐻𝐼𝐶

100
) ∗ 𝑌𝑖𝑒𝑙𝑑𝐶 ∗  𝑁𝑠𝑡𝑟𝑎𝑤𝐶/100 (19) 

With: 

 Tot. NstrawC loss N losses in burned cotton residues [kg year-1] 

 AC   Area cultivated with cotton [ha] 

 HIC   Harvest index of cotton [%] 

 YieldC   Cotton yield [kg ha-1] 

 NstrawC  N content of cotton straw [%] 

Scaling 

As Xmin and Xmax indicator values from the worst and best performing farm were chosen. 

The worst performance is represented by the farm with the most negative N balance values and 

the highest performance by the farm with the most positive N balance. 

2.5.5.2 Nitrogen Use Efficiency 

In particular, in areas with degrading soils and low nutrient availability like in sub-Sa-

haran Africa nutrient management is important (Droppelmann et al., 2017). The success of the 

efficient use of applied nitrogen in relation to productive N outputs can be described through 

nitrogen use efficiency (NUE). Every scenario has an impact on the application of inputs and 

crop yields of the different farm types, and hence on NUE. 

Calculation 
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For NUE, unlike for the N balance only profitable outputs were considered, namely ni-

trogen in grain and in produced milk. As inputs only the productive inputs were considered, 

namely fertilizers, cotton seed cakes, N fixation and N that originated from the pasture (Figure 

5). 

 

Figure 5: Depiction of the NUE and the productive N flows that enter (I1, I3 and I4) or leave (O1 and 

O2) the cattle herd and cropped land components of the farming system and thereby the system itself. 

The household component is not included in the NUE.  

𝑁𝑈𝐸 =
(𝑁𝑔𝑟𝑎𝑖𝑛 + 𝑁𝑚𝑖𝑙𝑘)

((∑ (𝑓𝑒𝑟𝑡𝑖 ∗ 𝐴𝑖)𝑖 ) + 𝑁𝐹𝑖𝑥 + 𝑇𝑜𝑡.𝑁𝑐𝑠𝑐 + 𝑁𝑝𝑎𝑠𝑡)
 (20) 

Scaling 

NUE was scaled with the “traffic light indicator” scheme developed by Brentrup and Pal-

liere (2010) (Marinus et al., 2018). However, it must be noted that this scaling does not allow 

differentiation between soil mining (NUE > 1) and a high risk for N losses (NUE < 0.5) which 

are both not desirable. 

Table 3: Traffic light indicator scheme for the NUE indicator, assigning logical interpretations to out-

comes range of the NUE to enable indicator scaling (European Expert Panel., 2015). 

Interpretation Nitrogen use efficiency 

N mining >1 

Risk of N mining 0.9-1 

Balanced N inputs 0.7-0.9 

Risk of N losses 0.5-0.7 
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High risk of N losses <0.5 

Based on the classification in different ranges (Table 3) of the NUE a simple scaling was 

conducted following the pattern of Figure 6. 

 

Figure 6: Scaling pattern of the NUE (Marinus et al., 2018). 

2.5.6 Human well-being 

2.5.6.1 Nutritional Food Self-sufficiency 

In sub-Saharan Africa it can be a struggle to enhance the income without reducing the 

food self-sufficiency of smallholder farmers (Falconnier et al., 2017). Furthermore, being food 

self-sufficient as a farmer is very important in the Malian culture and thus a primary goal of 

farmers (Ollenburger et al., 2016). Thus, testing if changes in the different scenarios threaten 

or improve the food self-sufficiency is very important to point out impacts on the human well-

being. Since Falconnier et al. (2018) already evaluated the food self-sufficiency in terms of 

energy supply, in this research the analysis was extended for specific nutrients, namely protein, 

iron and zinc and related to the daily requirements of an adult man (Table 4). 
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Table 4: Calories, protein, iron and zinc abundance per kilogram of on-farm produced products and the 

daily human need of the individual nutrient. The letters “a” to “e” after the values refer to the references 

listed below the table. 

 
Calories 

(kcal/kg) 

Protein 

(g/kg) 

Iron 

(g/kg) 
(g/kg) 

Maize  3500 a 
87.5 a 0.01740 a 0.02240 a 

Sorghum 3500 a 10.2 a 0.03360 a 0.01670 a 

Millet 3500 a 11,0 a 0.08000 a 0.01680 a 

Cowpea 3360 a 235 a 0.01381 a 0.00563 a 

Groundnut 5670 a 258 a 0.04580 a 0.03270 a 

Milk 1080 a 33.3 a 3,00000 a 0.00400 b 

Beef 1530 a 311 a 0.02420 a 0.04930 a 

Daily human 

need 2406 c 52,0 d 0.02400 d 0.09500 e 

a: United States Department of Agriculture Agricultural Research Service USDA Food Composition 

Databases (https://ndb.nal.usda.gov, last accessed 02/06/2019) 

b: American Dairy Science Association (https://www.journalofdairyscience.org, last accessed 

02/06/2019) 

c: Falconnier et al. (2018) 

d: FAO (http://www.fao.org/docrep/U5900t/u5900t03.htm, last accessed 16/02/2019) 

e: U.S. Department of Health & Human Services (https://ods.od.nih.gov/, last accessed 16/02/2019) 

Calculation 

The food self-sufficiency for energy intake and different nutrients were averaged over the 

year and expressed per day. For this the produced amounts were related to the daily demand of 

the specific nutrient of the household members. 

First the demand for each nutrient per day was estimated with the following formula. 

𝑡𝑜𝑡. 𝑁𝑢𝑡𝑟 𝑑𝑒𝑚𝑎𝑛𝑑𝑛𝑑 =  𝑁𝑢𝑡𝑟 𝑑𝑒𝑚𝑎𝑛𝑑𝑛𝑑/1000 ∗ 𝐻𝐻𝑚𝑒𝑚𝑏𝑒𝑟  (21) 

With: 

 Tot. Nutr demandnd Daily household demand of each observed nutrient [kg day-1] 

 Nutr demandnd Daily individual demand of each observed nutrient 

[g person-1 day-1]  

In the second step the total produced amount of each nutrient per day was estimated. For 

this the total amount of produced grain and animal products were considered. The meat pro-

duction was based on the off-take rate, assuming that these cattle are potentially eaten. For this 

an average body weight of a N’dama cattle of 300 kg and a dressing percentage of 40 % was 

assumed (Agyemang, 1992). 
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𝑡𝑜𝑡. 𝑁𝑢𝑡𝑟 𝑝𝑟𝑜𝑑𝑛𝑑 =

((𝑌𝑖𝑒𝑙𝑑𝑖 ∗ 𝐴𝑖 ∗ 𝑔𝑟𝑎𝑖𝑛 𝑛𝑢𝑡𝑟𝑖 + 𝑀𝐼𝐿𝐾𝑡𝑜𝑡 ∗ 𝑛𝑢𝑡𝑟𝑚𝑖𝑙𝑘) / 1000 + 𝑛𝑐𝑎𝑡𝑡𝑙𝑒 ∗ 𝑜𝑓𝑓𝑡𝑎𝑘𝑒𝑟𝑎𝑡𝑒 / 100 ∗ 𝑐.𝑤𝑒𝑖𝑔ℎ𝑡 ∗ 𝑑𝑟𝑒𝑠𝑠𝑖𝑛𝑔 / 100∗ 𝑛𝑢𝑡𝑟𝑚𝑒𝑎𝑡)

365

 (22) 

With:  

 Tot. Nutr prodnd Total amount produced of each observed nutrient 

[kg day-1] 

 grain nutri  Nutrient content of the specific crop grain [g kg-1] 

 nutrmilk   Nutrient content of milk [g kg-1] 

 nutrmeat  Nutrient content of meat [g kg-1] 

 c.weight  Average body weight of N’dama cow [kg] 

 dressing  Proportion of cattle body weight that is turned into beef [%] 

The final calculation of the nutrient self-sufficiency for each nutrient related the demand 

to the production (23). Values above one suggest that the farms are self-sufficient and below 

one that they are not. Thus, the value of one is defined as the threshold which the farms need to 

surpass to be sustainable. 

𝑛𝑢𝑡𝑟 𝑠𝑒𝑙𝑓𝑠𝑢𝑓𝑓𝑛 =
𝑡𝑜𝑡.𝑁𝑢𝑡𝑟 𝑝𝑟𝑜𝑑𝑛𝑑

𝑡𝑜𝑡.𝑁𝑢𝑡𝑟 𝑑𝑒𝑚𝑎𝑛𝑑𝑛𝑑
  (23) 

Scaling 

As Xmin and Xmax indicator values from the worst and best performing farm were chosen. 

The worst performance is defined as the lowest values and the best performance is described 

by the highest value. 

2.5.6.2 Labour Intensity 

Labour intensity describes the intensity of the farming system by relating the labour de-

mand with the actual available labour. Changes in mechanisation or changes in the crop land 

distribution affect labour intensity. 

Calculation 

The calculation of the labour intensity per day was based on a labour calendar which 

describes the labour demand in man-days per hectare for the main operations per crop (Table 

16, Appendix). In the calendar agricultural tasks are assigned to the fortnights in which they are 

usually completed (Falconnier, 2009). For the livestock component one man-day per day was 

assumed for the baseline since one person takes care of the herd during grazing, irrespective of 

the herd size (Personal communication, Ousmane Sanogo, 2018). The indicator was calculated 
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by dividing the total labour demand on each farm with the number of workers (each represent-

ing one man-day). This was done for each observed fortnight. Only fortnights in which the 

cropping system demands labour were considered since the workload of the livestock system 

alone is negligible. The threshold for labour intensity is one; a labour intensity above one indi-

cates a labour shortage. 

The labour intensity per day of individual fortnights was estimated with the following 

formula. 

 𝐿𝑎𝑏𝑜𝑢𝑟 𝑖𝑛𝑡𝑓 =
(

(∑ (𝑑𝑒𝑚𝑎𝑛𝑑𝑖𝑓 ∗ 𝐴𝑖)𝑖𝑓  + 𝑎𝑛𝑖𝑚𝑎𝑙𝑓)

𝑑𝑎𝑦𝑠𝑓
)

𝑛𝑤𝑜𝑟𝑘𝑒𝑟
  (24) 

With: 

 Labour intf Labour intensity per day of individual fortnights 

 demandif Labour demand for crop i and fortnight [man-days ha-1] 

 animalf Labour demand per fortnight for livestock holding [man-days] 

 daysf  Number of days per fortnight 

 nworker  Number of workers per farm 

Scaling 

For the scaling the labour intensity will be averaged over all observed fortnights per year. 

As Xmin and Xmax indicator values from the worst and best performing farm were chosen. The 

performance in labour intensity is high if the indicator values are low. 

2.6 Data Analysis 

Different sets of indicators were chosen to answer the different research questions (Table 

18, Appendix). 

For the first research question, targeting the farms’ performance in the different indicators 

and eventually the different domains at both time points, only indicators with a defined thresh-

old signalling (un)satisfactory performance were analysed (Table 18, Appendix). These indica-

tors were averaged over all seasons and presented for all farms. Additionally, for the over the 

farm types averaged farm income per capita was the seasonal variation shown to capture 

whether seasonal yield variation determines that the farms are below or above the poverty line. 

Furthermore, the scaled performance of the farms in the different domains was estimated by 

averaging the scaled performance of all indicators for each domain respectively. 
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For the second research question, identifying the key external and internal drivers, only 

indicators with a defined threshold were used as they already include the outcomes of the indi-

cators of the productivity domain (Table 18, Appendix). As a comprehensive sensitivity analy-

sis on each external and internal driver lay beyond the time limit of the research, more summa-

rising potential determinants were identified and checked for. These are intermediate results of 

the indicator calculation process and themselves influenced by farm characteristics and several 

drivers. For the farm income per capita these are the different revenue streams, for labour 

productivity the total farm income, for N balance and NUE the considered inputs and for the 

nutrient self-sufficiency the produced food from the crop and livestock component of the farms 

(Table 5). Inputs costs and N outflows of the system were not considered as potential determi-

nants due to time limitations. 

Table 5: Potential determinants identified per indicator. 

The potential determinants were averaged over all farms and seasons and then plotted 

against farm performance in the related indicator for all scenarios. Furthermore, the sum of all 

potential determinants was calculated for each indicator respectively. To assess the individual 

impact of each potential determinant on the related indicator performance, the individual share 

of each potential determinant was estimated. Labour intensity was excluded as the key drivers 

were directly identified by evaluating in which fortnights labour intensity is the highest and 

how performance changes with different household sizes. 

For the third research questions, the identification of the indicator and domain trade-offs, 

all scaled indicators were considered to capture all relations (Table 18, Appendix). The scaled 

indicators and eventually the scaled domains were plotted against each other to identify trade-

offs. 

Indicator Potential determinant Unit 

Farm income per capita Income through sales of cotton, maize, sor-

ghum, millet, groundnut, cowpea, livestock 

products, fodder surplus and income through 

self-employment 

$PPP year-1 

Labour productivity Total farm income  $PPP year-1 

N balance Inflow of N through I1 cotton seed cakes, I2 

pasture, I3 N fixation, I4 deposition, I5 ferti-

lizer 

kg year-1 

Nitrogen use efficiency Inflow of N through I1 cotton seed cakes, I2 

pasture,I3 N fixation, I5 fertilizer 

kg year-1 

Calorie, protein, iron and zinc 

self-sufficiency 

Total production of cotton, maize, sorghum, 

millet, groundnut, cowpea, milk 

kg year-1 
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3 Results 

In the first parts of the results the extension of the scenario analysis of Falconnier et al. 

(2018) is described. In the second part the results of the SI assessment for both time points are 

displayed. 

3.1 Extension of the Scenario Analysis of Falconnier et al. (2018) 

3.1.1 Addition of a Policy Intervention 

One new policy intervention was added. A policy trend affecting the producer prices for 

cereals is based on the introduction of inventory credits. Producer prices in Mali for sorghum 

and millet are highly volatile during the year. The ample availability during the post-harvest 

season and after high yielding “good seasons” strongly influences the small markets in sub-

Saharan Africa (Sanders & Shapiro, 2006). Hence, shortly after the harvest, the prices are at 

their annual low while increasing distinctly over the rest of the year. A potential way of tackling 

this is to give farmers the opportunity to store their cereals and avoid selling their products 

during the saturated post-harvest period but during periods with a higher demand for cereals. 

In Niger farmer organisations act as warehouse operators and collect and buy cereal grains from 

farmers at low post-harvest prices and store the grain. Later the organisations sell the higher 

valued grain for a higher price and share the additional earnings with the farmers. The organi-

sations are supported by financial inputs of NGOs or governmental projects (Sanders & 

Shapiro, 2006). Based on that, a policy trend P5 was formed, which takes over the concept of 

inventory credits. It is assumed that farmers get the highest potential prices of the year, while 

for all other policy interventions the lowest producer prices during the harvest period were used 

(Table 6). The policy intervention is placed in sixth place to minimize the trade-off between 

consumption and sale of cereals. 

3.1.2 Adaptation of the Agricultural Intervention Strategies 

No additional agricultural intervention strategies were formed in this research. Still their 

impact was extended to other domains of SI. 

The strategy A2 was extended to explicitly measure the impact of improved livestock 

management on the environmental domain. For the stall-fed cattle it was assumed that 100 % 

of the manure is collected, whereas for the remaining cattle the standard collection rate of 43 % 

was assumed. Additionally, it was assumed that farmers also improved their pit storage to re-

duce N storage losses. The upgrade of the pit storage was assumed to reduce the N loss during 
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storage from 40 % to 20 %, the lower range of observed N losses in pit storage reported by 

Dong et al. (2014) (Table 6). Despite the intensification of the cattle herd component no changes 

in labour demand were assumed in A2, as no indication for this was found in literature and 

personal communication with Ousmane Sanogo (2019). Hence, a man-day per day was as-

sumed for cattle husbandry, including both husbandry practices. Additionally, due to increased 

fodder availability it was assumed that farmers are not dependent on transhumance anymore. 

Thus, from A2 onwards all cattle stay on farm all around the year. Thus, produced N inputs and 

N outputs as well as revenue streams of all owned cattle throughout the year were included in 

the SI assessment. 

In A3 small-scale mechanisation on cotton was introduced. It promoted timely crop man-

agement but also reduced the labour demand as agricultural tasks are outsourced to external 

services. It was assumed that these tasks are performed during crop establishment since small-

scale tractors can mostly be used during this season (Baudron et al., 2015). This included the 

transport and spread of organic manure and ploughing of the cotton fields. The household’s 

labour demand for these tasks was thus eliminated. Next to fertilizer for cotton and maize also 

the other cereals received fertilizer in A3 (Table 6), resulting in increased labour demand for 

these crops. For the application of fertilizer to the cropping area of sorghum and millet the same 

amount of man-days ha-1 as for maize was assumed. 

3.1.3 Cereal Market Development Scenario 

Based on the addition of P5 a new scenario (S5) was formed by combining P5 with A3 

(Figure 7). In this scenario farmers’ income increased by getting better prices on the markets 

through inventory credits. 
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Table 6: Key variables and their quantification in the current (2013) and future (2027) situation for hypothetical policy interventions (P0 – P5) and hypothetical 

changes in agricultural practices (A0 - A3). In this research added or adapted aspects are written in bold font. 

Hypothetical policy interventions Key variables Trend 2013 2027 
Reference used to build the 

trend 

No input/output subsidy for cotton production 

(P0) 

Price paid to farmer for cotton (fcfa/kg) Decrease 250 183 Coulibaly et al. (2015) 

Cost of fertilizer bag for cotton (fcfa/kg) Increase 12500 17500 Coulibaly et al. (2015) 

Input/output subsidy for cotton production 
(P1 – P4) 

Price paid to farmer for cotton (fcfa/kg) No change 250 250 Village survey data 

Cost of fertilizer for cotton (fcfa/kg) No change 12500 12500 Village survey data 

No input/output subsidy for milk production 

(P0 - P1) 

Price paid to farmer for milk (fcfa/kg) No change 250 250 Village survey data 

Cost of cotton seed cake (fcfa/kg) Decrease 170 50 Village survey data 

Input/output subsidy for milk production 

(P2 – P4) 

Price paid to farmer for milk (fcfa/kg) Increase 250 400 Aparisi et al. (2012) 

Cost of concentrates (fcfa/kg) Decrease 170 50 Kelly et al. (2010) 

No family planning programs 
(P0 – P2) 

Net fertility rate (%) 
Current rate 3.4 3.4 World Bank 

Family planning programs 

(P3 - P4) 

Net fertility rate (%) 
Lower rate 2.2 2.2 

Ministère de la santé et de 

l’hygiène publique (2014) 

Limited job creation outside agriculture 

(P0 – P2) 

Rural urban migration (HRE-LH, HRE, MRE, LRE) (%) 
Current rates 0; 1.7; 1.2; 2.8 0; 1.7; 1.2; 2.8 SEP data 

Important job creation outside agriculture 
(P3 - P4) 

Rural urban migration (HRE-LH, HRE, MRE, LRE) (%) 
Higher rates 2.8; 2.8; 2.8; 2.8 2.8; 2.8; 2.8; 2.8 

African Development Bank 
(2012) 

Integrated pest management programs for cot-

ton production 
(P4) 

Existence of the programs 

- No programs Programs in place Silvie et al. (2013) 

Incentive subsidy for the development of pri-

vate small-scale 
(P4) 

Mechanization services 

(P4) 

Existence of the subsidy 

- No subsidy Subsidy 
de la Croix et al. (2011) and 

Baudron et al. (2015) 

Fertilizer subsidy for sorghum and millet 

(P4) 

Cost of fertilizer for sorghum and millet (fcfa/kg) 
Decrease 17500 12500 Coulibaly et al. (2015) 

Organisations provide the facilities to store 

cereals and give inventory credits 

(P5) 

Prices for, maize, sorghum and millet (fcfa/kg) 

Increase 94; 110; 135 122; 160; 215 Sanders and Shapiro (2006) 
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Hypothetical change in agricultural prac-

tices 
Key variables Trend 2013 2027 

Reference used to build the 

trend 

Decreasing cotton cultivation 

(A0) 

Cotton share of cropland (HRE-LH, HRE, MRE, LRE) (%) Decrease 31; 32; 21; 24 22; 11; 5; 8 Falconnier et al. (2015) 

N input on cotton, maize, sorghum, millet (kg/ha) Decrease 43; 60; 0; 0 43; 40; 0; 0 Falconnier et al. (2015) 

No change in farmer practices 
(A1) 

Cotton share of cropland (HRE-LH, HRE, MRE, LRE) (%) No change 31; 32; 21; 24 31; 32; 21; 24 Falconnier et al. (2018) 

N input on cotton, maize, sorghum, millet (kg/ha) No change 43; 60; 0; 0 43; 60; 0; 0 Falconnier et al. (2018) 

Percent maize intercropped with cowpea (%) No change 0 0 Falconnier et al. (2018) 

Small-scale mechanisation for cotton operations No change 0 0 Falconnier et al. (2018) 

Percent cows in stall feeding No change 0 0 Falconnier et al. (2018) 

Integrated Pest Management on cotton No change No No Falconnier et al. (2018) 

Practice of transhumance if cattle herd exceeds 20 No change Yes Yes Ba & Lesnoff (2011) 

Diversification with legumes 

(A2 - A3) 

Percent maize intercropped with cowpea (%) 
Increase 0 100 Falconnier et al. (2016) 

Intensification of livestock production 
(A2 - A3) 

Percent cows in stall feeding (%) 
Increase 0 

0 - 100; depend-
ing on fodder 

availability 

De Ridder et al. (2015) 

Manure collection in current farmer practice and stall feed-

ing (%) 
Stable 43, 100 43, 100 Rufino et al. (2005) 

Percent in manure storage losses during stall feeding (%) Decrease 40 20 Dong et al. (2014) 

Practice of transhumance if cattle herd exceeds 20 - Yes No Assumed in this study 

Closing yield gap 

(A3) 
N input on cotton, maize, sorghum and millet (kg/ha) Increase 43; 60; 0; 0 90; 110; 150; 150 Falconnier et al. (2018) 

Integrated Pest Management on cotton Increase No Yes Silvie et al. (2013) 

Small-scale mechanisation for cotton operations 
Increase No Yes 

Baudron et al. (2015) and de la 

Croix et al. (2011) 
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Figure 7: Six future scenarios based on six incremental policy interventions along the X axis and four agricultural intensification strategies along the Y axis; 

abbreviations: Integrated Pest Management (IPM).
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3.2 Sustainable Intensification Assessment and Trade-off Identifi-

cation 

First, the results of the individual indicators for the different time points and scenarios 

will be described targeting the first research question. The second part relates to the second 

research question to identify the key external and internal drivers. Lastly, result of the trade-off 

analysis with the scaled indicators are presented targeting the third research question. 

Before going further into the results of the SI assessment, it must be mentioned that a 

distinct variation of the composition of the farm types occurred in the different scenarios (Table 

7). 54 MRE farms became HRE farms in S0, S1 and S2, due to increased household size (Figure 

8) and number of active workers. From S3 and in the following scenarios only 74 of the original 

89 HRE farms continued being HRE, the rest became MRE farms. These changes impacted the 

indicator results of both farm types. No other shifts in farm types and other farm type discrim-

inating parameters were observed (Table 7). 

Table 7: Distribution of the farms over the farm types for the baseline situation and each scenario 

(S0 – S5). n(farms) = 411. 

Scenario HRE-LH HRE MRE LRE 

Baseline 37 89 234 51 

S0 37 143 180 51 

S1 37 143 180 51 

S2 37 143 180 51 

S3 37 74 249 51 

S4 37 74 249 51 

S5 37 74 249 51 

The household size increased in (S0 – S2) the most for the HRE-LH farmers who have a 

migration rate of 0 % (Table 6). For the other farm types the increase was less severe due to 

their larger rural to urban migration rates (Table 6). Due to family planning and an increased 

migration rate (Table 6) in S3 the household sizes in S3 – S5 were comparable to the one in the 

baseline situation (Figure 8). 
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Figure 8: Average household size presented for farm types as well as for the baseline situation and for 

each scenario (S0 – S5); n(farms) = 411. 

3.2.1 Farm Performance According to Different Indicators 

In the baseline situation the majority of the farms (64 %) had a farm income per capita 

below the poverty line (Figure 9). In the “Marginalisation” scenario (S0) the income per capita 

decreased and 92 % of all farms were below the poverty line. A similar trend was observed in 

the scenario “Business as usual" (S1): the farms also performed worse than in the baseline sit-

uation with 86 % of the farms living below the poverty line. The “crop-livestock integration” 

(S2) showed with 35 % almost the same number of farms above the poverty line as in the base-

line situation (Figure 9). The majority of the households (62 %) were lifted out of poverty in 

scenario S3 due to family planning and job creation outside agriculture. By narrowing the yield 

gap (S4) 84 % of the households performed above the poverty. Inventory credits (S5) raised the 

number of farms above the poverty line to 95 % (Figure 9). 

The NUE and labour intensity of the farms will be described individually and thus not 

included in Figure 9. 
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Figure 9: Percentage of farms that perform, averaged over all seasons, above the indicator specific 

threshold presented for the baseline situation and for each scenario as well as for various indicators. 

n(farms) = 411 

Furthermore, it must be indicated that the between-farm variation of the indicator farm 

income per capita increased in S4 and S5 (Figure 12). 

Looking at farm income per capita of the farm types over the seasons the described ten-

dency was confirmed generally (Figure 10). But it has to be noticed that the positive effects of 

the last three scenarios were the highest for the group of MRE and HRE-LH farmers since the 

LRE and HRE farms lay still below the poverty line in most seasons in S3. 
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Figure 10: Boxplots showing farm income per capita in all seasons presented for farm types as well as 

for the baseline situation and for each scenario (S0 – S5). n(farms) = 411; n(seasons) = 26; abbrevia-

tions: US dollar purchasing power parity ($PPP). 

All farms in all scenarios performed above the threshold of labour productivity in Mali 

(Figure 9). The labour productivity was similar in the baseline situation and the first two sce-

narios. From S3 onwards labour productivity and the variation between the farms rose with 

each subsequent scenario (Figure 12). 

Scenario S1, S3 and S5 did not impact the N flows and therefore, they were not considered 

in the depiction of the seasonal variation of the N balance (Figure 11). In the baseline situation 

and in S0 and S2 the N balance of the farms was on average around zero (Figure 11 and Figure 

12). However, the majority of the farms lay slightly below this threshold in all scenarios (Figure 

11 and Figure 12). Due to increased fertilizer inputs in S4, the N balance of all farms increased 

distinctly and 100 % of the farms had a positive N balance (Figure 9, Figure 11 and Figure 12). 

Furthermore, the variation between the different farms increased (Figure 12). Looking at the N 

balance expressed per hectare little difference between the farm types can be observed (Figure 

22, Appendix). 



Results 

Wageningen UR   53 

 

Figure 11: Amount of nitrogen (kg) entering the system through N inflows (I1 – I5) and leaving the 

system through N outflows (O1 – O4) and the resulting N balance presented for the baseline situation 

and for the relevant scenarios (S0; S2 and S4). The values of every farm are averaged over all seasons 

and then within farm types.
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Figure 12: Boxplots showing the performance of various indicators of all farms presented for the baseline situation and for each scenario. The boxplot is formed 

with the average of every farm over all seasons. The dotted lines visualise the indicator-specific thresholds that indicate a satisfactory performance. n(farms) = 411; 

abbreviations: US dollar purchasing power parity ($PPP). 
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Scenario S1, S3 and S5 did not impact the N flows and therefore, they were not considered 

referring to the NUE. In the baseline and the considered scenarios the majority of the farms had 

a NUE outside of the desired range of 0.5 and 0.9 (Figure 13). In the baseline situation the NUE 

of most farms was outside the desired range (94 %) with the exception of some farms (Figure 

13 a). In S2 more farms 77 % had a NUE in the desired range (Figure 13 c). In S0 all farms 

have a NUE higher than the 0.9 and thus risk soil mining (Figure 13 b). On the contrary in S4 

the NUE of all farms shifted below 0.5 and they thus risk an inefficient use of N inputs (Figure 

13 d). 

 

Figure 13: Distribution of the nitrogen use efficiency (NUE) of all farms averaged over all seasons and 

presented for farm types as well as for the baseline situation and for relevant scenarios (S1, S0, S2 and 

S4 plotted in the NUE scheme based on EU Nitrogen Expert Panel (2015). The scheme indicates if farms 

have a desired NUE, risk of soil mining or tend to use the applied nitrogen inefficiently. n(farms) = 411. 

The majority of the farms (97 %) was calorie self-sufficient in the baseline situation (Fig-

ure 9). This was the same in S0, S1, S2 and S3 with respectively 94 %, 94 %, 94 % and 98 % 

of the farms being self-sufficient. In the last two scenarios 100 % of the farms were lifted far 

above the threshold of calorie self-sufficiency. No major differences between the farm types in 

calorie self-sufficiency were detected and seasonal rainfall has only a minor impact on the in-

dicator as it did not put them below the threshold (Figure 23, Appendix). This can be stated for 

all indicators of nutrient self-sufficiency. 

In the baseline situation 86 % of the farms were protein self-sufficient (Figure 9). In S0 

the proportion of protein self-sufficient farms reduced to 60 %. In S1 and S2 this rose slightly 

a b 

c d 
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to roughly 70 % again. In S3 with the reduction of household members 91 % were self-suffi-

cient from S4 onwards 97 %. 

All farms were iron self-sufficient in all scenarios (Figure 9). From S2 until S4 iron self-

sufficiency even rose. 

In the baseline situation and S0 - S3 none or almost no farms were zinc self-sufficient 

(Figure 9). In S4 and S5 the proportion of zinc self-sufficient farms increased but remained 

unsatisfactory at 18 % (Figure 9). 

The variation between the farms in nutrient self-sufficiency performance increased with 

the subsequent scenarios (Figure 12). 
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Figure 14: Visualisation of the labour intensity per day for the observed fortnights presented for farm types as well as for the baseline situation and for each scenario 

(S0 – S5). The single values of every farm are averaged over all season and then within farm types. The dotted line marks the threshold of labour shortages. 

n(farms) = 411.
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The labour intensity per day of individual fortnights was highly variable over the year 

(Figure 14). The farm labour was most intense in the fortnights 4, 5, 8, 9 and 10, in which 

farmers execute ploughing, weeding and harvesting. In the most other considered fortnights the 

labour intensity of the farms was low and lay far below the threshold when resources and work-

load equal each other. The LRE farms had the highest labour intensity throughout all fortnights 

compared to the other farm types (Figure 14). The MRE farms faced the second-largest labour 

intensity, followed by the HRE-LH. The HRE only had a labour intensity below one in the 

baseline situation and in S3 – S5 of the 10th fortnight (Figure 14). 

In the baseline only the LRE and MRE farms experienced labour shortages in other fort-

nights (5 and 9) than fortnight 10. S0 in general reduced the labour intensity. The area exchange 

of cotton and sorghum distinctly reduced the labour intensity for all farm types in fortnight 10. 

However, it created a period of labour shortage for the LRE farms during fortnight 8. In S1 and 

S2 the farms faced the lowest labour intensity. LRE farms faced labour shortage in fortnight 5, 

9 and 10 and MRE farms in fortnight 9 and 10. The other farm types faced no labour shortages. 

In S3, after the introduction of family planning and the creation of jobs outside of agriculture, 

the labour intensity rose. LRE faced labour shortages in fortnight 4, 5, 8, 9 and 10, MRE in 

fortnight 5, 9 and 10, HRE only in fortnight 10 and HRE-LH in fortnight 9 and 10. In S4 and 

S5 no major changes in labour intensity were observed compared to S3, except for the MRE 

which also faced additional labour shortage in fortnight 4 (Figure 14). 

In order to give an impression of changes per domains under the influence of the different 

scenarios, the overall performance of all observed indicators per domain was calculated (Figure 

15). Besides the baseline the subsequent scenarios (S2 – S5) performed better in most domains, 

except for in the environmental domain in which S2 and S3 performed best. Within the indi-

vidual domains the scenarios differed in their relative increase in performance. The highest 

performance increase was found in the economic domain (Figure 15). 



Results 

Wageningen UR   59 

 

Figure 15: Performance of different domains presented for the baseline situation and for each scenario 

(S0 – S5) as average across the related scaled indicators. The indicators of each domain have been av-

eraged over all farms and all seasons. These average values are scaled with the worst performance at 0 

and best performance at 10, n(farms) = 411. 

3.2.2 Key External and Internal Drivers 

A higher income generated through cotton sales (Figure 16 a), cereal sales and the sale of 

livestock products, including spare fodder, had a positive impact on farm income per capita. 

One exception was the increase in sorghum income in S0 which resulted in a decreased farm 

income per capita. The higher income generated through sorghum sales in S0 was not able to 

outweigh the reduction in cotton and maize production (Figure 12). Looking at the proportion 

of the income generated in the most scenarios (baseline, S1 - S5) cotton was the crop that most 

strongly determines income (Table 19, Appendix). The share of cotton income of the total in-

come from various sources was strongly affected by the changes in S0 and S4. The amount of 

income generated through on-farm self-employment had a negative relation with farm income 

per capita. This again indicated that an increase in household size negatively affected the indi-

cator since the income generated through self-employment only increased with a rising number 

of household members. 

Between total farm income and labour productivity existed a strong positive relation 

 (Figure 16 c). But the changes in labour input between the scenarios were so little that this was 

much less defining. 

Fertilizer as input was by far the potential determinant with the biggest share of all N 

inflows for both the N balance and NUE (Table 20, Appendix; results not shown). Looking at 

the effect of an increase of the other potential determinants very little impact on the N balance 
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was observed. Fertilizer, however, showed a very strong positive relation with the N balance 

(Figure 16 b). A similar pattern was shown in the NUE (results not shown). A high increase in 

fertilizer application resulted in a strong increase in NUE. 

 

Figure 16: Scatterplots: a) determinant “Income through cotton sales” against indicator “Farm income 

per capita”; b): determinant “Inflow of N through fertilizer” against indicator “N-balance”; c): determi-

nant “Total farm income” against indicator “Labour productivity”. The coloured dots show the respec-

tive values of determinants and indicators for the baseline situation and for each scenario (S0 – S5). The 

single values are averaged over all seasons and all farms. Dotted lines indicate indicator specific thresh-

olds. n(farms) = 411; abbreviations: US dollar purchasing power parity ($PPP). 

The production of the different kinds of cereals and milk had a positive relation with the 

self-sufficiency of all nutrients. However, it must be said that the crop grains have much bigger 

share of the total production and thus are defining nutrient self-sufficiency, with maize being 

the most dominant food crop (Table 21, Appendix). 

Additional to the potential determinants, the farm characteristic household size was iden-

tified as highly influential. Multiple indicators showed a clear relationship to it (Figure 17 a - c). 

A higher number of household members had a negative effect on farm income per capita, labour 

intensity and calorie self-sufficiency. 

a b 

c 
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For labour intensity the amount of household members was most defining as it decreases 

with a higher number of household members (Figure 17 b). Changes in the household size 

throughout the different scenarios were shaping the performance of all farm types (Figure 14). 

In general, farm types with bigger household sizes and lower migration rates (HRE-LH, HRE 

and MRE) exhibited bigger changes in the household size. Among the different tasks the labour 

demand during the ploughing, weeding and harvest periods had the largest impact on labour 

intensity since labour intensity was the highest in these periods (Figure 14). 

 

Figure 17: Scatterplots of the household size in the baseline situation against different indicators 

a): ”Farm income per capita”, b): “Labour intensity” and c): “Calorie self-sufficiency” (representing all 

nutrients). The dots show the respective values for all farms and the colour refers to the farm type. 

n(farms) = 411; abbreviations: US dollar purchasing power parity ($PPP). 

3.2.3 Trade-off Analysis 

For all indicators the best performing farm was usually identified in S5 (Figure 18). The 

indicators NUE and labour intensity were an exception to this result. Compared to the best 

performing farm, most farms performed poorly in most of the indicators. The indicator labour 

a b 

c 
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intensity in which the farms in all scenarios perform relatively similar to the best performing 

farm was an exception to this observation (Figure 18). 

 

Figure 18: Scaled performance of various indicators presented for the baseline situation and for each 

scenario (S0 – S5). The various indicators were previously averaged over all seasons and all farms and 

the square root was calculated. The black line indicates the scaled optimal performance for all indicators 

(3.16). The square root was taken to improve the depiction of the data. n(farms = 411. 

One observed trade-off was between the two indicators of the environmental domain (Fig-

ure 19). In the baseline situation and S0 - S3 the farms either mined their systems or lay within 

the desired range of NUE. The N balance in these scenarios was mostly below the threshold. 

Contrastingly, in S4 and S5 the N balance increased distinctly above the threshold for all farm 

types, whereas the NUE lay under the desired range for all farm types. 
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Figure 19: Scatterplots of the N balance against the nitrogen use efficiency presented for farm types as 

well as for the baseline situation and for each scenario. Dotted lines indicate indicator specific thresh-

olds. n(farms) = 411; abbreviations: High resource endowed large herd (HRE-LH); High resource en-

dowed (HRE); Medium resource endowed (MRE) and Low resource endowed (LRE). 

Other direct trade-offs between individual indicators were not identified. Nevertheless, 

differently from the other indicators, a reduction of labour intensity was positively related with 

an increasing household size as more workers were available (Figure 17 b). Thus, there was an 

indirect trade-off between labour intensity and other by the household size affected indicators. 

A reduction of the household size to improve e. g. farm income per capita resulted in an increase 

in labour intensity. In general the existing relations between the indicators were most commonly 

positive (results not shown). 

Another type of trade-off was identified between an increase in productivity and the var-

iation in the seasonal performance of the farms. The variation in the indicators farm income per 

capita, labour productivity, NUE, calorie self-sufficiency, protein self-sufficiency, iron self-

sufficiency and zinc self-sufficiency showed a similar pattern over the different scenarios. The 

variation was slightly smaller in S0 compared to the baseline situation, S1, S2 and S3. In S4 

and S5, the variation increased distinctly (Figure 20). This pattern was not observed for the N 

balance. The variation of the N balance differed more between the different scenarios compared 

to other indicators, especially for the MRE and HRE farms. Additionally, the variation of the 
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N balance in S4 and S5 was lower than in the other scenarios which was deviant to the previ-

ously listed indicators (Figure 20). Furthermore, it must be noted that the general variation in 

the baseline situation and the different scenarios for the N balance was higher than for the other 

indicators.
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Figure 20: Coefficient of variation of the individual indicators presented for farm types as well as for the baseline and for each scenario (S0 – S5). The coefficient 

of variation is calculated for every farm over the seasons and then averaged per farm type. The coefficient of variation for N balance of HRE farms in S2 was 158 % 

and not shown. n(farms) = 411
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It was observed that all relations and trade-offs between the different domains originated 

from changes in the productivity domain. Overall the indicators of the productivity domain 

showed a simple positive relation with the indicators of the economic and human well-being 

domain and thus shaped their performance. The performance of the most indicators of the eco-

nomic and human well-being domain was increasing with increasing productivity (Figure 24, 

Appendix). The relation between the productivity and the environmental domain, however, was 

more complex (Figure 21). In the baseline situation and first scenarios (S0 - S3) the relation 

was still positive. In S0 a decrease in productivity resulted in a strong reduction in performance 

of indicators of the environmental domain. Until S3 increases in productivity also resulted in 

an increase in performance of the N balance and NUE. From S4 onwards, however, trade-off 

between the indicators of the different domains were observed (Figure 21). The increase in 

performance of the scaled N balance was not able to outweigh the reduction in performance of 

the scaled NUE (Figure 18). This resulted in a decrease of the environmental performance of 

the system. The relation of the economic domain to the environmental domain was similar to 

the relation of the productivity domain and the environmental domain due to the close relation 

between the productivity and economic domain (Figure 24, Appendix). Further logical relations 

or trade-offs between the domains were not identified. 

 

Figure 21: Scatterplots of the scaled productivity domain against the scaled environmental domain pre-

sented for farm types as well as for the baseline situation and for each scenario (S0 = S5), the data of 

the baseline and S1 – S5 can overlap. n(farms) = 411. 
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4 Discussion 

4.1 Contribution of the Research Design 

The combination of a SI assessment and a scenario analysis was proven to be a useful 

decision-making tool. In the reviewed literature the SI in potential futures is rarely assessed. 

The general aim of SI assessments is to create decision-making guidelines for sustainably in-

tensifying farming systems on all domains. However, it is discussed whether these SI assess-

ments give accurate guidelines or simply create awareness of the system’s problems (Garnett 

& Godfray, 2012; Kiker et al., 2005). Often further steps and studies are required to establish 

actual guidelines for the future pathways. This calls for a more accurate and faster approach 

that proposes and evaluates potential guidelines directly; e.g. through ex-ante studies in the 

form of scenario analyses (Sadok et al., 2008). However, many present scenario analyses in 

sustainability studies do not match with the wide scope of SI assessments. Often, only one or a 

limited number of domains are captured e. g. productivity (Traore et al., 2013); productivity 

and environmental domain (Bruun et al., 2006; Stoorvogel et al., 2004); or productivity and 

economic domain (Roxburgh & Rodriguez, 2016). In particular, the social and human well-

being domain is often lacking in the reviewed literature. 

The inclusion of an extensive SI assessment in a scenario analysis can solve both 

problems. The approach tests the future state of sustainability under the assumptions of the 

scenarios which allow decision makers to assess the sustainability of numerous guidelines. 

Thus, actual potential guidelines that may enable SI are identified during the scenario creation. 

The extensive SI assessment and the capturing of system component interactions through 

modelling (Ollenburger et al., 2016) allow decision makers to gain the required foresight and 

understanding about the outcomes of their potential decision (Lancker & Nijkamp, 2012).  

After evaluating the trade-offs, advantages and disadvantages regarding SI, the most 

promising pathways can be identified. Thereby, more accurate guidelines can be formed in a 

quicker ex-ante approach. This approach is suitable for current decision-making processes, 

which demand a radical rethinking of the food production in a short amount of time (Sadok et 

al., 2008; Struik & Kuyper, 2017). 

Additionally, many SI constraints are institutional, namely poor conditions of the under-

lying institutional or market environments (Schut et al., 2016). Scenario analyses, taking policy 

interventions into account, can address institutional constraints directly and allow the testing of 

potential solutions in the different scenarios (Falconnier et al., 2018). 
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Furthermore, the pathways are evaluated based on the future structure of the farming 

system. This facilitates a more accurate backing for decision-making by considering the tem-

poral dynamics in system transformation. The development of the system over time, e.g. in 

terms of household size, can impact the sustainability or efficiency of interventions (Falconnier 

et al., 2018). 

4.2 Reflection on the Methodology 

4.2.1 Limitations of the Indicator Identification Process 

The main limiting factor during the indicator selection was the availability of data and 

one-sidedness of the available data. The CMDT survey and the on-farm trials were not designed 

to support a comprehensive, multi-dimensional SI assessment. The focus of both data sources 

was on farm aspects of the productivity domain, namely farm characteristics and yield data. 

This limited not only diversity and number of investigable indicators but eventually also the 

domains that could be considered. 

The social domain in SI assessments covers social interactions between the members of 

the farming community, gender equity and equity of social groups, as well as conflict behaviour 

(Musumba et al., 2017). Instead of surveys, other methods are required to generate data on these 

topics, e. g. interviews, focus group discussion or participatory evaluations. Thus, an expedient 

inclusion of the social domain was not possible in this research. According to the definition of 

sustainable systems created by Smyth and Dumanski (1993) and adapted from Florin et al. 

(2014) that includes an “economically and socially acceptable, stable production level (…)”, 

not all aspects of sustainability were assessed in this research. 

The applied framework from Florin et al. (2014) clarifies the indicator selection process 

by generating a holistic view on the system. It points out linkages of the chosen indicators with 

the systems criteria (outcomes) and the systems overarching domains. However, a main selec-

tion criteria is the system specific relevance of the indicators (de Olde et al., 2017). A partici-

patory approach of identifying and engaging main stakeholders in the indicator identification 

process increases the system specific relevance for all domains and the set of chosen indicators, 

and reduces the level of subjectivity (Dale et al., 2015; Marinus et al., 2018). This approach 

was not feasible in this study. Only for farm income per capita and calorie self-sufficiency was 

farmers’ opinions taken into account by Falconnier et al. (2017). It is likely that a different set 

of researchers, including the main stakeholders, would have decided for a different set of indi-

cators. 
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4.2.2 Indicator Scaling 

With the exception of NUE, the scaling of the indicators was done by taking the best and 

the worst performing farm over all scenarios as references. It was assumed that the best per-

forming farm is the actual best attainable performance for each individual indicator. However, 

it is questionable whether the best performance may serve as the desirable state for all other 

farms. This counts especially for indicators without a defined threshold (productivity domain). 

Displayed in radar charts the scaled averaged farm performance is very low in comparison 

to the best performance. This might imply that most farms are not sustainable. The radar charts 

in this study only give an overview of changes in performance of the indicators in the different 

scenarios, as they do not refer to relatable values like the defined thresholds (Figure 18), e. g. 

the radar chart indicates a maximum performance for labour intensity and thereby implies sus-

tainability. By relating the indicator to its (subjective) threshold, it was observed that actual 

sustainability was not reached (Figure 14). 

4.2.3 Model Limitations 

A model is a simplified representation of reality with the aim of showing only key aspects 

and eliminating unnecessary components. In this research, the model reflects the farming sys-

tems in the Koutiala region. The model specification for this region may have impacted the 

results of the SI assessment in two different ways. 

Firstly, simplifications of farm characteristics or management practices like transhu-

mance may impact the results. For example, the interventions of the dairy development scenario 

may not be strong enough to completely stop transhumance, as was assumed, which would 

reduce the real milk production distinctly for HRE-LH farmers compared to what was simu-

lated. 

Secondly, the simplification of the indicator calculations impacts the indicator outcomes. 

The actual state of sustainability in the different time points might distinctly vary from reality, 

so that conclusions need to be drawn carefully. A monitored positive N balance does not nec-

essarily imply that farmers improved their N management since the implementation of over-

looked outflows (N leaching, N runoff, volatilisation and denitrification) will reduce the N bal-

ance strongly (see 4.3.2). The same limitations apply for nutrient self-sufficiency in which the 

consumption of other grown crops or food from the gardens are not considered, so that the 

simulations may have underestimated actual self-sufficiency. Nevertheless, changes in perfor-

mance from one scenario to the other were captured. 
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Another limitation of the model is based on the data availability of drivers. Where possi-

ble, the drivers were updated to the most recent available values, however, some drivers were 

taken from the research of Falconnier et al. (2018) and were based on older data sources. This 

may have resulted in inconsistencies or wrong depiction of the most recent policy trends, e. g. 

changes in migration rates and number of remittances. 

The inputs of the model were based on trends or rational speculations. This implies a level 

of uncertainty in the model’s input data and, consequently, of the outputs. In this research this 

uncertainty was not captured. This could have been done by including a sensitivity analysis. 

Furthermore, the influence of the drivers can be tested more accurately by testing the variation 

of each driver individually. 

4.3 Farm Performance in Different Domains 

Results show that farms performed best in S5 for the majority of the indicators, except 

for the indicators NUE, labour intensity and with regards to the coefficient of variation (Figure 

18). The results of the indicators farm income per capita and calorie self-sufficiency were al-

ready discussed in Falconnier et al. (2018) and their findings just briefly summarised here. 

4.3.1 Economic Domain: Farm Income per Capita and Labour Productivity 

Farm income per capita was mostly influenced by changes in the household size. Differ-

ences in scenario effects on farm income per capita between the farm types were related to their 

migration rate which overrode the changes in the farming practices starting in S2. Farm types 

with a higher migration rate (LRE and HRE) suffered a smaller decrease in farm income per 

capita in S0 – S2 (Table 6 and Figure 10). From S3 onwards, farm practices alone defined the 

differences in economic performance of the farm types. 

Labour productivity was for all farms far above the estimated threshold which implies 

high productivity in the baseline situation and in each scenario (Figure 12). However, this might 

be misleading, as all processing steps of farm products after the field work were not included 

in the used labour calendar, even though they are also part of the value creation process. Hence, 

the actual labour demand was probably strongly underestimated. This issue also impacts the 

later discussed labour intensity. To assess the full labour productivity the labour calendar must 

be extended. It must also include transport/walking time to the fields as well as to the markets 

and the time it takes to process the goods. Additionally, labour productivity was estimated by 

dividing the total income by the total labour demand of the agricultural system per year. The 

labour demand, however, differs strongly between different fortnights. Thus, over the year the 

system seemed highly productive, while during the labour-intensive fortnights this may not be 
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the case. Nevertheless, the increase of income in the subsequent scenarios was able to improve 

productivity (Figure 16 c). Changes in labour demand due to small-scale mechanisation (Table 

6) were not strong enough to impact productivity. 

4.3.2 Environmental Domain: N Balance and Nitrogen Use Efficiency 

Results of the N balance and NUE showed that the farming systems mined their soils in 

the baseline situation (Figure 13), which is consistent with findings of Lassaletta et al. (2013) 

for sub-Saharan African soils. The intensification of the livestock system and diversification 

with legumes in S2 showed the expected, yet subtle, increase in performance for both indicators 

(Figure 12 and Figure 13). The total increase of crop available nitrogen through N fixation, 

increased available nitrogen in manure through the recycling of nitrogen contained in the im-

ported cotton seed cakes and improved capturing and storage capabilities was also very minor 

(Figure 11), resulting in only small changes in the N balance and no distinct increase in N 

outputs. 

On the one hand a high intensification through fertilizer applications in S4 and S5 boosted 

the N balance of the systems (Figure 11). On the other hand, it increased the risk of using N 

inputs inefficiently. This was represented in the trade-off between these two indicators and 

partly confirms the common presumption that a strong increase in intensification reduces the 

performance in the environmental domain. 

In this study the residual straw of the crops was not considered as output in the NUE, as 

the straw stays within the system and NUE was estimated at farm level. The farms are probably 

more efficient in their N usage if the straw would be counted as a productive output, as in 

Marinus et al. (2016). Whether farms would then be efficiently using the nitrogen can not be 

said. 

NUE decreased from S3 to S4 probably as a result of different reasons. Firstly, strong 

seasonal rainfalls during the wet season in the Koutiala region (https://de.climate-data.org/, last 

accessed 23/08/2019) can promote N leaching and N runoff (Schwenke, 2014; Sadras, 2002). 

Secondly, drought induced stress can affect plants also during the wet season, due to irregular 

rainfall patterns. Drought stress limits uptake of water soluble nutrients (Pessarakli, 1999). Not 

absorbed nitrogen was probably lost, resulting in a decreased NUE. 

The actual performance of the farms in the N balance was lower than estimated. Nitrogen 

outflows like N leaching, runoff, volatilisation and denitrification were not considered. Hence, 

the performance of the environmental domain may be even lower, especially in the last two 

scenarios. 
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NUE and N balance may have differed for individual farm components or even fields 

based on the applied farming practice (Sadok et al., 2008). An observation on farm level does 

not consider efficiency rates on the individual fields. This is based on the diversity of crop 

management practices in smallholder systems of sub-Saharan Africa (Vanlauwe & Giller, 

2006). 

The N balance showed a different pattern in its coefficient of variation than the other 

indicators (Figure 20). In general the coefficient of variation was extremely high in S2 and S3 

for MRE and HRE farmers. For the scenarios S0 - S3, the N balance lay around zero. By divid-

ing the standard deviation by a mean around zero, the coefficient of variation for the N balance 

reached very high values. Thus, the coefficient of variation does not seem to be a useful tool to 

visualise the variation for the N balance. 

4.3.3 Human Well-being: Nutritional Self-sufficiency and Labour Intensity 

From S3 onwards human well-being improved distinctly (Figure 12). For the various 

nutrient self-sufficiency indicators household size was the dominating factor (Falconnier et al., 

2018). It overrode the slightly increased production of livestock products and maize in S2; until 

S3 the migration rate defined performance differences between the farm types. The yield gap 

closure in S4 boosted the performance in calorie, protein and iron self-sufficiency (Figure 12). 

In contrast, over all scenarios most farms were zinc insufficient. Zinc is hardly present 

in the considered crops which represented the majority of the produced and consumed food. It 

is most abundant in red meat, oysters and shellfish (Caulfield et al., 2004). In reality, zinc self-

sufficiency may be even worse, even though, the potential consumption of zinc rich red meat 

was not considered. The problem of zinc self-insufficiency is not only based on low availability 

but also that the provided food intensifies the problem. A diet rich in staple food such as corn 

and rice increases the uptake of phytates, which are inhibitors for the uptake of zinc. This is the 

main reason for zinc deficiencies (Lönnerdal, 2000), although these effects were not simulated. 

Labour intensity was an issue for most farm types (Figure 14). It is likely to be even 

higher than calculated, due to the above-discussed underestimation of the farming system’s 

actual labour demand. Changes in labour demand were not high enough to impact labour inten-

sity. Small-scale mechanisation in S4 did not tackle the most labour demanding periods and it 

concentrates only on cotton (Figure 14). Thus, to increase its impact, small-scale mechanisation 

must be extended to the most labour demanding tasks like weeding and harvesting. This would 

require an increasing number of task specific tools which need to be provided and likely would 

increase the price of renting services. Nevertheless, expenses of farmers in S4 on renting ser-

vices (~ 79 $PPP year-1 averaged over all farms) were low compared to their total income (~ 
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21,946 $PPP year-1 averaged over all farms). Hence, an increase in renting prices may not be a 

limiting factor. 

Despite resulting in a generally lower labour intensity in S1 (Figure 14), an increasing 

household size did not seem like a viable solution for two reasons. Firstly, it did not tackle the 

strong variability of the labour intensity throughout the year. Secondly, the household size in-

terfered negatively with many other indicators. 

4.4 Pathways towards Sustainable Intensification 

Key drivers influencing the state of sustainability in many domains were identified. This 

included the application of mineral fertilizer as well as the migration and fertility rate which 

both affected the household size. 

All key drivers pointed in a negative direction in the marginalisation scenario. As a result, 

the performance of all domains was reduced (Figure 15). Thus, S0 underlined the importance 

of family planning and the application of mineral fertilizer. A reduction of the cotton production 

especially affected farm income per capita, as cotton was the main source of income for farmers 

due to its high price compared to other crops and given subsidies (Table 6 and Table 14, Ap-

pendix). 

Even though all domains were affected by the changes in S2, the impact SI was very small 

(Figure 12). Diversification with legumes for an increased N fixation and increased use of or-

ganic N sources raised the NUE (Lassaletta et al., 2013). This impact, however, was insufficient 

for most farms (Figure 13 c). For the majority of the farms the cattle herd component was too 

small to translate interventions in S2 into a substantial SI improvement. Furthermore, to imple-

ment the changes from S2, innovations of the agricultural system are needed. Farmers would 

need to have more power to influence the policies regarding agriculture and the creation of a 

more favourable milk sector (Falconnier et al., 2018). 

Combining S2 with the family planning of S3, the performance of all household size re-

lated indicators changed. The impact of the dairy development scenarios became more visible. 

Due to family planning, the household size was reduced in S3 again to a level comparable to 

the baseline situation. Nevertheless, several farms still performed below the threshold for vari-

ous indicators, e. g. farm income per capita, N balance and zinc self-sufficiency (Figure 12). 

Referring to the definition of sustainable agricultural systems of Florin et al. (2014) dairy de-

velopment alone is not able to create a sustainable farming system. 

Scenario S4 implemented policy interventions and intensification strategies to close the 

yield gap. That improved the indicators of many domains, to even a maximum in some cases. 
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The environmental domain was an exception to this increase in performance, as on average its 

indicators reacted negatively on increased fertilizer applications; resulting in a low NUE (Fig-

ure 13). Yet it is questionable if the impact on the environment is solely negative as predicted 

in this study. Many other potential effects of fertilizer on the environmental domain were not 

tested in this research (Musumba et al., 2017). The soils in southern Mali are lacking organic 

matter (Ripoche et al., 2015). Fertilizer applications in sub-Saharan African soils can slightly 

promote the increase of organic matter, and thereby soil structure and biological activities 

(Vanlauwe & Giller, 2006). On the contrary, greenhouse gas emissions may increase, especially 

under irresponsible application management (Snyder et al., 2009). Nevertheless, the justifica-

tion or rejection of such strong intensification of the system must be done under the awareness 

of the regional conditions (Loos et al., 2014; Musumba et al., 2017). Mali is one of the poorest 

countries in the world with a strong need to substantially increase food production in the future 

(http://worldpopulationreview.com/, last accessed 24/08/2019). The rise in fertilizer application 

lifted the majority of the farms out of poverty and ensured their food-security (Figure 12). 

High fertilizer applications increased the variability of the crop production (Table 9, Ap-

pendix). There is a strong relation between the success of a fertilizer application and rainfall 

pattern (Ripoche et al., 2015). As rainfall is highly variable in the Koutiala region, the success 

of fertilizer applications was equally variable. Increased nutrient supply affected many different 

indicators as well, including farm income per capita, different nutrient self-sufficiencies and 

various other indicators (Figure 20). For different nutrient self-sufficiencies, excluding zinc 

which performed below the threshold of self-sufficiency, yield variations are less of a problem. 

The variations did not impact these indicators enough to endanger the households (Figure 23, 

Appendix). However, for farm income per capita, on average HRE-LH farms came very close 

to the poverty line and HRE farms even went below it in individual seasons due to the high 

yield variations (Figure 10). Whether this drawback strongly affected the pathway’s sustaina-

bility can be questioned, as averaged over the season most farms were lifted out of poverty 

(Figure 12). However, it was found that smallholder farmers would actually sacrifice income if 

they can reduce the risk of going below the poverty line (Komarek et al., 2012; Rötter & Van 

Keulen, 1997). This raises the questions to which extent the intensification strategies in A3 

would be adopted by farmers in the first place. The implementation of small-scale irrigation 

systems could reduce the dependency on rainfall (Dillon, 2011), however, the overall sustaina-

bility of small-scale irrigation in the Koutiala region needs to be tested. 

Next to the increased input, small-scale mechanisation was introduced to close the yield 

gap of cotton. Nonetheless, it failed to reduce the labour intensity of the farming system during 
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labour-intensive periods since the assumed mechanisation did not tackle these periods (Figure 

14). The issue of labour shortage demands to either expand the mechanisation or to find other 

strategies like organising harvest groups. In the latter case, farmers can, with combined force, 

complete tasks more efficiently for one farm after another (Personal communication, Arouna 

Dissa, 2019). 

Variation in indicator performance increased in S4 between the farms because differences 

in farm characteristics such as equal yield were considered for all farms. Farms with more re-

sources (e. g. total cropped area) benefited more from the increased yields. As a result, despite 

a closing yield gap, inequality was promoted between farms (Figure 12). This may result in a 

loss of competitiveness of some left behind farms in S4. 

After all, the aim of closing the yield gap within 15 years is highly ambitious (Falconnier 

et al., 2018). It requires a high number of investments from the public sector to facilitate the 

input subsidies. Fertilizer subsidies in sub-Saharan Africa come along with high costs which 

are often not paid back due to low return rates of the investments (Jayne & Rashid, 2013). 

Usually, the simple provision of fertilizer subsidies is not enough to obtain the aspired outcome, 

as trainings on correct application methods are equally important (Morris et al., 2007). Addi-

tionally, the water deficiency in rainfed farming systems reduces the effectivity of the fertilizer 

applications, and eventually the subsidies, as it limits the return of investment (Jayne & Rashid, 

2013). Moreover, due to their large governmental investments, input subsidy programmes are 

often prone to the crowding-out effect. The government is driving down the economy through 

investments and creates an increased dependency on public financial support which is not sus-

tainable in the long term (Jayne & Rashid, 2013). Lastly, fertilizer subsidies are often accom-

panied by high opportunity costs as investments are lacking in other areas, e. g. market devel-

opment, agricultural research or transportation infrastructure (Marenya et al., 2012). 

The implementation of the cereal market development scenario, S5, lifted on average all 

farm types in all seasons out of poverty through a substantial increase in farm income (Figure 

10). However, to implement inventory credits, prerequisites must be matched. Firstly, a suffi-

cient legal framework must exist or be created to support them. Secondly, an abundance of 

market insights is required for the warehouse operators to act profitably. Both conditions are 

likely to be sufficiently met in Mali, as programmes with inventory credits were already con-

ducted (Coulter et al., 1995). Lastly, inventory credits demand reliable warehouse operators 

with good business skills to increase the total reliability of the system (Coulter et al., 1995). 

If the system is set up correctly, the total potential increase of revenues and possibilities 

to sell cereals at advantageous time points of the year with increased value is beneficial for 



Discussion 

Wageningen UR   76 

farmers. In particular, the option of selling cereals shortly before harvest is valuable, as in this 

period producer prices as well as the demand for cash are the highest. During August farmers 

need to spend money on educational purposes and thus have high costs (Personal communica-

tion. Arouna Dissa, 2019). Additionally, increased producer prices reduce the risk of farming 

(Rötter & Van Keulen, 1997) which was shown in a slightly decreased variation of farm income 

per capita (Figure 20). 

Moreover, farmers are currently highly dependent on a strong cotton sector (Djouara et 

al., 2006). An increased potential of also growing cereals as cash crops can reduce farmers’ 

dependency on cotton (Table 19, Appendix). Furthermore, income diversification reduces the 

risk of farming activities (Barrett, Reardon, & Webb, 2001). Nevertheless, inventory credits are 

not a long-term solution. With an increasing number of joining farmers, the yearly variation of 

the prices is eliminated. Thus, the increased return as a result of storage is eliminated, too 

(Sanders & Shapiro, 2006). 



Conclusion 

Wageningen UR   77 

5 Conclusion 

The state of SI of the whole population of two villages in the Koutiala region (411 small-

holder farms) was estimated for the current time point and the near-term future. Therefore, six 

different scenarios were developed based on incremental policy interventions and agricultural 

intensification strategies and combined with a SI assessment. A full assessment of the sustain-

ability, however, was not possible due to a one-sided database and thus only four out of five 

domains of sustainability were captured, being the economic, productivity, environmental and 

human well-being but not the social domain. 

Making use of scenario analyses and models to test the future state of SI of farming sys-

tem was proven to be a useful tool, which full potential was not exhausted in this research yet. 

The assessment showed that few trade-offs between intensification and sustainability have to 

be feared when implementing the tested interventions. By assuming intensification to be the 

main objective for agricultural smallholder system in sub-Saharan Africa three potential path-

ways that enable sustainable intensification were identified. 

Firstly, family planning interventions reducing the household size improved the sustain-

ability in many domains with very few trade-offs. As stressed in the literature and confirmed in 

this research the rapid population growth puts high pressure on the systems in sub-Saharan 

Africa and needs to be tackled. 

Secondly, increasing productivity through mineral fertilizer subsidies also enables en-

hanced SI in many domains. The given trade-offs, especially with the environmental domain 

should be considered under the aspect of understanding the biggest needs of the system. Input 

subsidies for fertilizer seem to be a promising pathway to enable SI especially, if they are in-

troduced with sufficient training and accompanied by other agronomical means and especially 

when the fertilizer is applied in sound quantities. 

Lastly, give the relevance of the cotton sector and its current shrinkage, cereal inventory 

credits were also identified as a viable pathway. Even though, they only affect the economic 

domain directly and are most promising if combined with an improved productivity they in-

crease income diversification and thereby mitigate the risk of farming and dependency on cot-

ton. However, it must be stated that with increased intensification inequalities between the sin-

gle farms are growing and next to the productivity also the variation in productivity rises. 
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This research confirmed that there is no silver bullet that single-handedly enables SI. Only 

the combination of different interventions is able to improve the sustainability of the house-

holds. Moreover, it showed that there is a need for multi-dimensional assessments to capture 

the full impact of proposed interventions. 
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6 Suggestions for Further Research 

It was out of the scope of this study to identify and involve many different stakeholders, 

namely the farmers, the downstream industry and policy makers. We believe that an inclusion 

of the stakeholders would have increased the value of the outcomes substantially. Thus, we 

suggest that in future studies the stakeholders should be much more involved, especially in the 

indicator identification process. 

Furthermore, we suggest to increase relevance of indicator outcomes by introducing ad-

ditional steps in future-oriented SI assessments: 

(1) The implementation of a study-specific data gathering process to gain more diverse 

data would allow to test for more indicators and thereby more aspects of SI could have been 

analysed. (2) Weighting the indicators in collaboration with the stakeholders would better 

match the, multi attribute utility theory, which is well-established in multi-criteria decision-

making (Velasquez & Hester, 2013). Thereby, the outcome of the research and proposed path-

ways to enable SI will be more targeted to the needs of the people. (3) The implementation of 

a sensitivity analysis and/or the reduction of some indicators to field level could provide a 

deeper understanding of the key drivers and allow to draw more targeted conclusions on how 

to reach sustainable intensification.
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Appendix 

Table 8: Listing of all variables, assigned to their indicator and formula, their descriptions# and unit. 

The variables are nor repeatedly listed if they are already explained in another indicator or formula. 

Indicator Formula Variable Description Unit 

S
el

f-
p

ro
d

u
ce

d
 b

io
lo

g
ic

a
l 

in
p

u
ts

 1 MANNav Manure that can be spread on 

the cropland 

kg N year-1 

pm Manure excreted kg DM cow-1 

day-1 

Nmanure N in manure % 

ncattle Number of cattle per farm cattle 

cm Collected manure of total ma-

nure produced 

% 

sl N lost during pit storage % 

2 FODi Fodder produced from crop kg ha-1 

HIi Harvest index of crop i % 

Yieldi Yield of crop i tons ha-1 

3 FODtot Total produced fodder kg year-1 

Ai Area under crop i ha 

T
o
ta

l 
p

ro
d

u
ct

io
n

 4 GRAINtot i Total produced grain of crop i kg year-1 

5 MILKttot Total Milk produced kg year-1 

lc Proportion of herd lactating % 

Myield Milk yield kg cow-1 year-1 

In
co

m
e 

p
er

 c
a
p

it
a
 6 Inc per capita Income per capita generated af-

ter subtracting all expenses 

[$PPP 

r Remittances from migrated 

household members 

$PPP 

se Income generated of the house-

hold members through self-em-

ployment 

$PPP 

7 costi Costs for crop i per hectare $PPP ha-1 

SDi Sowing density of crop i kg ha-1 

seedcosts i Costs for seeds of crop i $PPP kg-1 

Finputi Costs for fertilizer for crop i $PPP 

8 Crop inc Income of crop production after 

subtracting crop specific ex-

penses 

$PPP 

pricei Crop specific price farmers get 

for their products 

$PPP kg-1 
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costi Crop specific costs per hectare $PPP ha-1 

9 Lv inc Income of livestock husbandry 

after subtracting expenses 

$PPP 

priceM Milk price $PPP kg-1 

costsfd Costs for additionally bought 

fodder per livestock head 
$PPP live-

stock head-1 

year-1 

costsv Costs for vaccination per live-

stock head 
$PPP live-

stock head-1 

year-1 

offtakerate Rate in which farmers sell ani-

mals to keep the herd size con-

stant 

% 

priceanim Price for selling an animal [$PPP animal-1 

10 Depr costs Total costs due to depreciation 

of machines and animals 

$PPP 

nmachines Amount of owned specific 

drawn equipment (plough, 

weeder, sowing machine, cart) 

and oxen 

machines 

bprice Buying price $PPP 

lsmachines Live span of the specific drawn 

equipment 

month 

L
a
b

o
u

r 
p

ro
d

u
ct

iv
it

y
 11 Labour prod Total income generated per 

workload 

$PPP (men-

day)-1 

tot. inc Total income generated after 

subtraction of expenses 

$PPP year-1 

demandi Labour demand for crop i per 

year 

man-days 

animal Labour demand for the live-

stock husbandry per year 

man-days 

N
it

ro
g
en

 b
a
la

n
ce

 12 N balance Balance of N in- and outputs kg ha-1 year-1 

Ferti Crop specific amount of ferti-

lizer applied 

kg ha-1 year-1 

depo N Deposition kg ha-1 year-1 

At Total cropping area ha 

13 Tot. Ncsc Total amount of N in all bought 

cotton seed cakes per year 

kg year-1 

nsfcattle Amount of cattle that are stall-

fed during per year 

stall-fed cattle 

tsf Amount of days cattle is stall-

fed per year 

days year-1 

Fcsc Number of required cotton seed 

cake for a stall-fed cow 

kg day-1 
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Ncsc N content of cotton seed cakes % 

14 Npast Total N that is introduced into 

the farm system through graz-

ing on pasture 

kg 

tgr Proportion of the year the cows 

feed on pasture 

day day-1 

15 .Nfix Total N fixed by legumes kg 

Nfixleg N fixed of total N of each spe-

cific legumes 

% 

Cbiomassleg Total biomass produced for 

each legume 

kg year-1 

16 Nmilk Total N in produced milk kg year-1 

milk prot Protein content in milk % 

Nprot Average N content of proteins % 

17 Ngrain Total N harvested grain of all 

crops 

kg 

Ngraini N in crop specific grain % 

18 MANNloss N lost due to losses of produced 

manure during storage or 

missed uptake 

kg year-1 

19 Tot. NstrawC loss N losses in burned cotton resi-

dues 

kg year-1 

AC Area cultivated with cotton ha 

HIC Harvest index of cotton % 

YieldC Cotton yield kg ha-1 

NstrawC N content of cotton straw % 

N
u

tr
ie

n
t 

u
se

 e
ff

i-

ci
en

cy
 20 NUE Efficiency of nutrient use kg kg-1 

N
u

tr
it

io
n

a
l 

se
lf

-s
u

ff
ic

ie
n

cy
 21 Tot. Nutr demandnd Daily household demand of 

each observed nutrient 

kg day-1 

Nutr demandnd Daily individual demand of 

each observed nutrient 

g person-1 day-1 

22 Tot. Nutr prodnd Total amount produced of each 

observed nutrient averaged of 

the year per day 

kg day-1 

grain nutri Nutrient content of the specific 

crop grain 

g kg-1 

nutrmilk Nutrient content of milk g kg-1 

nutrmeat Nutrient content of meat g kg-1 

c.weight Average body weight of 

N’dama cow 

kg 
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dressing Proportion of cattle body 

weight that is turned into beef 

% 

23 nutr selfsuffn Daily self-sufficiency of the 

farm for each individual ob-

served nutrient 

g g-1 

L
a

b
o

u
r 

in
te

n
si

ty
 

24 Labour intf Labour intensity per day of in-

dividual fortnights f 

worker (de-

manded hu-

man labour)-1 

demandif Labour demand for crop i and 

fortnight f 

man-days ha-1 

animalf Labour demand per fortnight 

for livestock holding 

man-days 

daysf Number of days per fortnight days 

 

nworker Number of worker per farm worker 
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Table 9: Yield in the baseline situation, averaged over the seasons and 85% of water limited yield. Abbreviations: HRE-LH: High Resource Endowed farms with 

Large Herds, HRE: High Resource Endowed farms, MRE: Medium Resource Endowed farms, LRE: Low Resource Endowed farms (standard deviation in brackets). 

The letters “a” to “i” after the values refer to the references listed below the table. 

Crop Average yield (kg ha-1) in the baseline situation 85 % of potential water limited yield (kg ha-1) 

HRE-LH HRE MRE LRE HRE-LH HRE MRE LRE 

Cotton 1050 a 940 a 910 a 750 a 2220 (± 599) d 2220 (± 599) d 2220 (± 599) d 2220 (± 599) d 

Maize 3480 (± 190) e 3480 (± 190) e 3480 (± 190) e 2700 (± 125) f 4630 (± 680) h 4630 (± 680) h 4630 (± 680) h 4630 (± 680) h 

Maize in maize/ 

cowpea intercrop-

ping 

3654 (± 190) g 3654 (± 190) g 3654 (± 190) g 2835 (± 125) g 4860 (± 680) g 4860 (± 680) g 4860 (± 680) g 4860 (± 680) g 

Sorghum 1030 b 1030 b 1030 b 1030 b 2060 (± 320) i 2060 (± 320) i 2060 (± 320) i 2060 (± 320) i 

Millet 850 c 850 c 850 c 850 c 1730 (± 510) i 1730 (± 510) i 1730 (± 510) i 1730 (± 510) i 

Groundnut 530 b 530 b 530 b 530 b - - - - 

Cowpea grain 150 b 150 b 150 b 150 b - - - - 

Cowpea fodder in 

maize/cowpea 

intercropping 

1380 b 1380 b 1380 b 1380 b - - - - 

a: Falconnier et al. (2015) 

b: Falconnier et al. (2016) 

c: Traore et al. (2015) 

d: Ripoche et al. (2015) 

e: APSIM simulation with a fertilizer application of 60 kg N ha−1 (Falconnier et al., 2018) 

f: APSIM simulation with a fertilizer application of 40 kg N ha−1 (Falconnier et al., 2018) 

g: APSIM simulated maize yield multiplied by 1.08, i. e. the maize partial land equivalent ratio for intercropping when grown after cotton (Falconnier 

et al., 2016) 

h: APSIM simulation with a fertilizer application of 110 kg N ha−1 (Falconnier et al., 2018) 

i: APSIM simulation with a fertilizer application of 150 kg N ha−1 (Falconnier et al., 2018) 
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Table 10: Criteria for farm classification of farms from the Koutiala region (Falconnier et al., 2015). 

Farm type 

Average 

worker (n) 

Average cropping 

area (ha) 

Average draught 

tools (n) 

Average herd size 

(TLU) 

HRE-LH 28 17 4 46 

HRE 18 12 4 8 

MRE 7 8 5 6 

LRE 5 3 1 2 

Table 11: Five potential future policy interventions of the Malian government and their effect on input 

and output prices, socio-economic development and on use of practices to closing the yield gap of small-

holder farm households in the Koutiala region (based on Falconnier et al. (2018)). 

Intervention Effects on input and output 

prices 

Effect on socio-eco-

nomic development 

Effect on use of prac-

tices to closing the yield 

gap 

P0 Steady decline in cotton 

prices + 

Steady increase in min-

eral fertilizer prices be-

cause of dropped ferti-

lizer subsidies 

None None 

P1 Cotton price maintained 

on the level of 

2011 - 2015 + 

Mineral fertilizer prices 

maintained on the level 

of 2011-2015 high + 

Increased demand and 

thus increased prices for 

locally produced milk be-

cause of rising prices for 

milk powder 

None None 

P2 Like P1 + 

Cotton seed cake price at 

low price level of 2003 

None None 

P3 Like P2 35 % decrease in 

fertility rate to 

2.2 % because of 

an increase of the 

rate of contracep-

tive use from 9.9 % 

to at least 15 % 

from 2015 – 2018 + 

2.8 % of rural to ur-

ban migration 

through training 

programmes for 

young entrepre-

neurs in urban sec-

tors 

None 
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P4 Like P3 Like P3 Increased usage of inte-

grated pest management 

based on policy interven-

tion +  

Small-scale mechanisa-

tion improved land prep-

aration, sowing and 

weeding of cotton + 

Subsidies for fertilizer 

use for sorghum and mil-

let 

P5 Like P4 + 

Cereal prices increased to 

the maximum in potential 

price in the year 

Like P4 Like P4 

Table 12: Four potential future agricultural intensification strategies of smallholder farm households in 

the Koutiala region (based on Falconnier et al. (2018)). 

Agricultural intensification Impact on farm management 

A0 Reduction of cotton area specific for all farm types (HRE-LH 30 %; 

HRE 66 %; MRE 75 % and LRE 66 %). 

Reduction of mineral fertilizer use for all farm types to LRE level 

A1 No effect  

A2 

 

Adopting farming practices from prior research (Falconnier et al., 

2016, 2017): 

Maize/cowpea intercropping (diversification with leg-

umes) + 

Stall feeding of lactating cows (intensification) + 

Cowpea as fodder 

A3 Increased mineral fertilizer usage for cereals up to 85 % of the 

potential yield + 

Small-scale mechanisation for cotton production + 

Application of integrated pest management for cotton 
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Table 13: Possible criteria for selecting individual agricultural sustainability indicators, after Moller and 

MacLeod (2013) (source: (de Olde et al., 2017)). 
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Table 14: Product prices farmers obtain at the local markets in $PPP in the different scenarios (crops 

per kg); abbreviations: fodder variety (fv), grain variety (gv) (internal project survey). 

Product 
Baseline, S1, S2, S3, 

S4 
S0 S5 

Cotton 1.16 0.85 1.16 

Maize 0.43 0.43 0.55 

Millet 0.62 0.62 0.99 

Sorghum 0.51 0.51 0.74 

Groundnut 0.92 0.97 0.97 

Cowpea fv 1.5 1.5 1.5 

Cowpea gv 1.5 1.5 1.5 

Maize cowpea inter-

cropping 
0.48 0.48 0.48 

Cattle 602 602 602 

Table 15: Sowing quantities of the different crop seeds per hectare; abbreviations: fodder variety (fv), 

grain variety (gv) (Personal communication, Amadou Traore, 2019). 

Crop Sowing quantity (kg/ha) 

Cotton 30 

Maize 25 

Millet 8 

Sorghum 8 

Cowpea gv 20 

Cowpea fv 25 

Groundnut 80 

Table 16: Man-days required for the individual observed crops per year in the baseline situation and 

each scenario (Internal project survey). 

Scenario Cotton Maize Millet Sorghum Groundnut Cowpea 

Baseline - S3 78 42 33 42 16 54 

S4 – S5 72 44 33 44 16 54 
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Table 17: Harvest index and the nitrogen content of both grain and straw of the observed crops in per-

cent. The letters “a” to “g” after the values refer to the references listed below the table. 

Crop Harvest index [%] N in grain [%] N in straw [%] 

Cotton 35.21 a 1.90 g 1.50 g 

Maize 41.40 b 1.55 g 0.90 g 

Sorghum 35.00 c 2.10 g 0.75 g 

Millet 25.00 d 2.10 g 0.70 g 

Groundnut 40.00 e 4.50 g 1.40 g 

Cowpea 30.00 f 3.80 g 1.73 g 

a: Heuer and Nadler (2008) 

b: Worku and Zelleke (2007) 

c: Steduto et al. (2012) 

d: Muchow (1989) 

e: Caliskan et al. (2008) 

f: Falconnier et al. (2016) 

g: Nijhof (1987) 
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Table 18: Overview of the used average, graphical representation method and indicators/domains to 

answer the individual research questions. 

Research question Used average Graphical 

representation 

Considered indicators/ 

domains  

1. How do the farms per-

form in the different do-

mains of sustainable inten-

sification based on the 

chosen indicators at both 

time points? 

Over all seasons Boxplot Farm income per capita, 

labour productivity, 

N balance, NUE, 

calorie self-sufficiency; 

protein self-sufficiency, 

iron self-sufficiency, 

zinc, self-sufficiency and 

labour intensity 

Over the farm 

types 

Boxplot Farm income per capita 

Over all seasons 

and farm types 

Boxplot N balance 

Over all seasons 

and farms 

Radar chart All domains 

2. What are the key exter-

nal and internal drivers 

that have the strongest im-

pact on the sustainable in-

tensification of the farms? 

Over all seasons 

and farms 

Scatterplot Farm income per capita, 

labour productivity, 

N balance, NUE, 

calorie self-sufficiency; 

protein self-sufficiency, 

iron self-sufficiency, 

zinc, self-sufficiency and 

labour intensity 

3. What are the trade-offs 

or interactions between the 

indicators and between the 

domains? 

Over all seasons 

and farms 

Radar chart All indicators 

Over all seasons 

and farm types 

Scatterplot All indicators and all do-

mains 
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Figure 22: Boxplots showing the N balance in all seasons presented for farm types as well as for the 

baseline situation and for each scenario (S0 – S5). n(farms) = 411; n(seasons) = 26. 
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Figure 23: Boxplots showing the nutrient self-sufficiency of calories, protein, iron and zinc in all seasons 

presented for farm types as well as for the baseline situation and for each scenario (S0 – S5). 

n(farms) = 411; n(seasons) = 26. 

Table 19: Individual share of each potential determinant of the sum of all potential determinants of farm 

income per capita for the baseline situation and each scenario in percent. The potential determinants 

were averaged over all farms. n(farms)=411. 

Potential de-
terminant 

Baseline 
(%) 

S0 (%) S1 (%) S2 (%) S3 (%) S4 (%) S5 (%) 

Cotton 21 4 20 15 16 31 25 

Maize 16 14 1& 14 14 14 15 

Sorghum 14 24 1$ 10 11 9 13 

Millet 15 17 15 11 12 10 17 

Groundnut 11 13 11 8 9 7 5 

Cowpea ≈0 ≈0 ≈0 ≈0 ≈0 ≈0 ≈0 

Livestock 7 8 7 22 23 17 14 

Fodder surplus ≈0 ≈0 ≈0 6 6 4 4 

Remittances 5 6.4 6 4 4 3 2 

Self-employ-
ment 

9 14.2 12 9 7 5 34 

Summ 100 100 100 100 100 100 100 
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Table 20 Individual share of each potential determinant of the sum of all potential determinants of the 

N balance for the baseline situation and each scenario in percent. The potential determinants were aver-

aged over all farms. n(farms)=411. 

Potential de-
terminant 

Baseline 
(%) 

S0 (%) S1 (%) S2 (%) S3 (%) S4 (%) S5 (%) 

Cotton seed 
cake 

≈0 ≈0 ≈0 5 5 1 1 

Pasture 2 2 2 2 2 ≈0 ≈0 

N fixation 7 10 7 13 13 3 3 

Deposition 30 41 30 26 26 6 6 

Fertilizer 62 47 62 55 55 89 89 

Summ 100 100 100 100 100 100 100 

Table 21: Individual share of each potential determinant of the sum of all potential determinants of 

calorie self-sufficiency (representing all nutrients) for the baseline situation and each scenario in percent. 

The potential determinants were averaged over all farms. n(farms)=411. 

Potential de-
terminant 

Baseline 
(%) 

S0 (%) S1 (%) S2 (%) S3 (%) S4 (%) S5 (%) 

Cotton 18 7 18 17 17 23 23 

Maize 37 31 36 38 38 29 29 

Sorghum 22 36 22 21 21 24 24 

Millet 19 21 19 19 19 22 22 

Groundnut 3 4 3 3 3 2 2 

Cowpea ≈0 ≈0 ≈0 ≈0 ≈0 ≈0 ≈0 

Milk 1 1 1 3 3 1 1 

Summ 100 100 100 100 100 100 100 
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Figure 24: Scatterplots of a: the scaled economic domain against the scaled productivity domain, b: the 

scaled human well-being domain against the scaled productivity domain and c: the scaled environmental 

domain against the scaled economic domain in the baseline situation and the different scenarios (The 

data of the baseline and S1, S2 and S3 and S4 and S5 can overlap). The indicators are averaged over the 

different farm types. n(farms)=411. 

a b 

c 


