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ABSTRACT &
KEYWORDS
Abstract
Agricultural landscape in the former Senegalese Peanut Basin was traditionally based on extensive croplivestock farming systems (biennale millet-fallow rotation and zebu cattle free-grazing). It was gradually
transformed into a crop-dominated landscape due to human population growth. Farming practices were
consequently adapted to this landscape transition, including the disappearance of rangelands and fallows,
seasonal cattle transhumance out of the villages, resulting in a more limited manure availability.
Nowadays, it is worth reflecting upon the soil fertility and the sustainability of the emerging farming
systems. 223 farm households were analysed on the basis of a conceptual model representing a network
of nitrogen flows between 5 compartments: humans, livestock herds, manure heap, crop plots and
granary. Based on variables characterising the farming activities and resource endowment, farm
households were clustered into 4 distinct types using multiple factor analysis and hierarchical ascendant
classification. Then, network analysis indicators of system structure and system functioning (i.e. intensity
of flows, circulation of flows, cycling of flows) respectively allowed the description of diversity and croplivestock integration for each farm household type, and their comparison among types. Indicators of
system performance were also calculated for each farm household type. Type 1 was the crop subsistenceoriented farm households; Type 2 was the crop market-oriented farm households; Type 3 was the
subsistence farm households; Type 4 was the livestock market-oriented farm households. Indicators of
diversity were similar among types and indicators of integration were higher for subsistent farm
households (Types 1 and 3). Organic resources were better managed in subsistent farm households,
particularly the manure, but found in a too low amount to enable the soil fertility regeneration in the
long term. In a context of ecological intensification, the introduction of in-barn fattening livestock (Type
4) created opportunities for integrating farming activities, improving the soil fertility and ensuring food
security. But other farm assets and constraints might be limiting to make the maximum use of available
resources (e.g. low levels of labour and equipment, conflicting activities in the cropping season).

Keywords
Farming system analysis, ecological network analysis, farm household typology, nitrogen flows, organic
resource management, Senegal.
v

A well in Diohine commonly used
(© Balandier 2016)

CONTENTS
PREFACE

iii

ABSTRACT & KEYWORDS

v

CONTENTS

vi

FIGURES & TABLES

ix

ABBREVIATIONS & ACRONYMS

x

GLOSSARY

xi

INTRODUCTION

1

1.1. FARMING SYSTEMS IN DEVELOPING COUNTRIES ................................................................. 1
1.1.1.

SMALLHOLDER FARMING SYSTEMS

1

1.1.2.

DIVERSITY AND INTEGRATION IN SMALLHOLDER FARMING SYSTEMS

1

1.1.3.

ECOLOGICAL INTENSIFICATION

2

1.2. NETWORK ANALYSIS .............................................................................................................. 2
1.2.1.

ORIGIN AND DEFINITION OF THE METHOD

2

1.2.2.

APPLICATION OF THE ECOLOGICAL NETWORK ANALYSIS IN FARMING SYSTEM ANALYSIS 3

1.3. CASE STUDY IN THE FORMER SENEGALESE GROUNDNUT BASIN ........................................ 4
1.3.1.

CURRENT STATE

4

1.3.2.

OBJECTIVES OF THE STUDY

4

1.3.3.

RESEARCH QUESTION AND HYPOTHESIS

5

METHODOLOGY

6

2.1. STUDY AREA ........................................................................................................................... 6
2.1.1.

vi

AGRO-ECOLOGICAL CONTEXT

6

2.1.2.

TRADITIONAL MIXED CROP-LIVESTOCK FARMING SYSTEMS IN THE SERER CRADLE (FIGURE

1)

6

2.1.3.

TERROIR SPECIFICITIES OF MIXED CROP-LIVESTOCK FARMING SYSTEMS IN THE STUDY AREA
8

2.1. DATA COLLECTION AND PROCESSING .................................................................................. 9
2.1.1.

DATA COLLECTION

9

2.1.2.

DATA PROCESSING

9

2.2. INTEGRATED ANALYSIS ........................................................................................................ 10
2.2.1.

FARM HOUSEHOLD TYPOLOGY

10

2.2.2.

ECOLOGICAL NETWORK ANALYSIS AS THE CORE METHOD

11

2.2.3.

CORRELATION ANALYSIS AND ANALYSIS OF VARIANCE

15

RESULTS

17

3.1. FARM HOUSEHOLD TYPES CHARACTERIZATION ................................................................. 17
3.1.1.

THE CROP SUBSISTENCE-ORIENTED FARM HOUSEHOLDS

18

3.1.2.

THE CROP MARKET-ORIENTED FARM HOUSEHOLDS

19

3.1.3.

THE SUBSISTENCE FARM HOUSEHOLDS

19

3.1.4.

THE LIVESTOCK MARKET-ORIENTED FARM HOUSEHOLDS

20

3.2. FARMING SYSTEM STRUCTURE ............................................................................................ 22
3.3. FARMING SYSTEM FUNCTIONING ....................................................................................... 22
3.4. FARMING SYSTEM PERFORMANCE ...................................................................................... 22
3.5. PEARSON CORRELATION COEFFICIENTS ............................................................................ 24
DISCUSSION

28

4.1. NETWORK ANALYSIS ACROSS THE WORLD .......................................................................... 28
4.2. NETWORK ANALYSIS IN THE SENEGALESE GROUNDNUT BASIN ....................................... 30
4.1.1.

ORIGINALITY OF THE NETWORK ANALYSIS APPROACH

30

4.1.2.

THE INTRODUCTION OF LIVESTOCK FOR A GREATER INTEGRATION

30

4.1.3.

FROM THE SUBSISTENCE TO THE MARKET-ORIENTED FARMING SYSTEMS

30

4.1.4.

A TRADE-OFF BETWEEN NITROGEN-USE EFFICIENCY AND PRODUCTIVITY

31

CONCLUSION & PERSPECTIVES

33

REFERENCES

34

APPENDICES

I

APPENDIX A: THE 5 CLIMATIC AREAS IN SENEGAL (CARTE 0A); THE AGRICULTURAL
PRODUCTION AREAS IN SENEGAL (CARTE 6A) ..................................................................... II

vii

APPENDIX B: STRUCTURE OF THE INTERVIEWING GUIDE USED FOR FARMER SURVEYS ......... III
APPENDIX C: DATABASE CONCEPTUAL MODEL ......................................................................... IV
APPENDIX D: LIST OF NITROGEN FLOWS OBSERVED IN A SMALLHOLDER FARMING SYSTEM AT
THE FARM HOUSEHOLD LEVEL ............................................................................................ V

APPENDIX E: CONVERSION COEFFICIENTS TO CONVERT KG FW INTO KG DM, AND THEN
INTO KG N ......................................................................................................................... VII

APPENDIX F: EQUATIONS USED FOR CALCULATIONS N FLOWS ................................................ XI
APPENDIX G: DEFINITION OF THE 6 GROUPS OF VARIABLES INCLUDED IN THE MFA FOR
HOUSEHOLD TYPOLOGY ................................................................................................... XIX

APPENDIX H: MULTIPLE FACTORIAL ANALYSIS (MFA) ON 223 SURVEYED FARM
HOUSEHOLDS ..................................................................................................................... XX

APPENDIX I: FARM HOUSEHOLD CLASSIFICATION WITH HIERARCHICAL ASCENDANT
CLASSIFICATION (HAC) METHOD .................................................................................. XXII
APPENDIX J: INTERPRETATION OF THE MEANING AND CHARACTERISTICS OF EACH FARM
HOUSEHOLD TYPE ........................................................................................................... XXII

APPENDIX K: CONCEPTUALIZATION OF THE FOUR FARM HOUSEHOLD TYPES USING CIRCOS
DATA VISUALIZATION ONLINE SOFTWARE BASED ON THEIR FLOW MATRIX. ................. XXV

APPENDIX L: FARM HOUSEHOLD RESOURCE ENDOWMENT AND ASSET LEVEL PER TYPE XXVII
APPENDIX M: NUE AND NS OF THE FARM HOUSEHOLD SYSTEMS AT THE COMPARTMENT
LEVEL..............................................................................................................................XXIX

REFERENCES OF THE APPENDICES ........................................................................................ XXX

viii

Landscape in a Serer village in the dry season
(© Balandier 2016)

FIGURES &
TABLES
List of figures
Figure 1: Nutrient cycling reorganization due to land-use changes in the Groundnut Basin ................... 7
Figure 2: From a local unit expressed by farmers to a standardized unit for further system analysis ...10
Figure 3: A farm household represented as a network of nitrogen flows with five compartments .......12
Figure 4: Representation of the four farm household types along the two axes F1 and F2 ...................17
Figure 5: Farm household type distribution among the three surveyed terroirs. ........................................18
Figure 6: Average of main nitrogen flows found in each farm household type .......................................21
Figure 7: Correlation chart for the variables observed in 223 farm households .......................................25
Figure 8: Correlation matrix summarizing the Pearson correlation coefficients .......................................26

List of tables
Table 1: The 6 groups of variables included in the Multiple Factorial Analysis performed for the 223
farm households ...........................................................................................................................................11
Table 2: Flow matrix F of a farm household in the case study ....................................................................13
Table 3: Main indicators used to analyse system structure, functioning and performance......................16
Table 4: Means and SD of system structure indicators for the 4 farm household types .........................23
Table 5: Means and SD of system functioning indicators for the 4 farm household types.....................23
Table 6: Means and SD of system performance indicators for the 4 farm household types ..................23
Table 7: Literature review for a comparison between NA indicators of mixed farming systems in
different case studies. ..................................................................................................................................29

ix

Granary to stock harvested crops
(© Balandier 2016)

ABBREVIATIONS
& ACRONYMS
ANOVA Analysis of variance

Maxi

Maximum

BNF

Symbiotic biological N2 fixation by

MFA

Multiple Factorial Analysis

legumes

Mini

Minimum

CLI

Crop-livestock integration

MSc

Master of Science

DM

Dry Matter

n

Number of compartments in the

dmnl

Dimensionless

e

Exchange from the system to the

N

Nitrogen

external environment (export)

NA

Network Analysis

ENA

Ecological Network Analysis

NS

Nitrogen Surplus

f

Internal flow within the system

NUE

Nitrogen-Use Efficiency

F

Flow matrix

QT

Quantitative

FCA

Factorial Correspondence Analysis

r

Exchange from the system to the

FCI

Finn’s Cycling Index

external environment (respiration, or

Fi

Number of flows within the system

biophysical l)

FR

French

RE

Recycling Efficiency

FREQ

Frequency

SD

Standard deviation

FU

(Number of mouths to be) Fed Units

SE

Serer

FW

Fresh Weight

SR

Stocking Rate in TLU/ha

FYM

Farm Yard Manure

SSA

Sub-Saharan Africa

Hx

Compartment x of a system

TCA

Total Cultivated Area

ha

hectare

TLU

Tropical Livestock Unit

HAC

Hierarchical Ascendant Classification

TST

Total System Throughflow

HLU

Human Labour Unit

TSTc

Total System cycled Throughflow

I/O

Input/Output

TT

Total internal Throughflow

ICR

Internal Circulation Rate

WO

Wolof

IN

Inputs into the system

z

Exchange

IND

Independency on N external inputs

kg

kilogram

x

system

from

the

external

environment to the system (import)

Storage of straw during the dry season
(© Balandier 2016)

GLOSSARY*
Bissap (WO): Hibiscus sabdariffa. Bissap is also the name given to the flower-based soft drink from
Hibiscus sabdariffa.
Concession (FR): French term used in West Africa to define the housing unit. It is a common area
enclosed by a fence and including the dwellings of the members of an “extended family”. Meals are taken
together, but each household has the responsibility of providing food. The concession chief has to
maintain the social cohesion and manage the concession external relationships, in particular marriages
(Gastellu, 1980; Beaman and Dillon, 2011). In English, it could be equivalent to compound or
homestead.
Deck (SE): Silty-clay loams, richer in nutrients than Dior soils but more cohesive in a dry state (Dia et
al., 1999; Ngom, 2006).
Dior (SE): Sandy soils easy to work with but nutrient-poor usually cropped with groundnut and millet
are selected for this type of soil (Dia et al., 1999; Ngom, 2006).
Mbel (SE): Non cultivated lowlands that are flooded in rainy season. Privileged area for livestock
grazing (Dugy, 2016).
Terroir (FR): French term used in West Africa to define a cropped area collectively managed by a village
community (Rabot, 1990). In English, it could be equivalent to a village landscape.

* It may be difficult to precisely translate some French, Serer or Wolof terms into English without losing
sense. Thus, these words will remain in their original language in the main text body. They will be
identified in italics, e.g. concession, mbel, bissap. Please refer to the glossary above to get to know their exact
meaning. FR stands for French language, SE stands for Serer, and WO for Wolof.
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1
INTRODUCTION
1.1.

Farming systems in developing countries
1.1.1. Smallholder farming systems

Smallholder farmers are small-scale farmers working on farmland areas up to 10 ha. They are householdfocused, mainly employing family labour, using part of the on-farm produces for self-consumption and
subsistence. They are 1.5 billion in the world (FAO, 2012). Smallholder farmers represent the
predominant farming system in Asia and sub-Saharan Africa (SSA) where they produce 80% of the food
supply (FAO, 2012).

1.1.2. Diversity and integration in smallholder farming systems
Diversified and integrated smallholder farming systems – i.e. rice-duck farming in Asia (Cagauan et al.,
2000), rice-fish farming in the Philippines (Dalsgaard and Oficial, 1997), cereal-ruminant farming in SSA
(Rufino et al., 2009b; Alvarez et al., 2014) – are frequently associated with sustainable agroecosystems
(Dalsgaard & Oficial, 1997; Thornton & Herrero, 2001).
Indeed, on the one hand, diversifying farming activities may increase the farming system resilience
(Dioula et al., 2013), by spreading climatic and economic risks, thus increasing on-farm income stability
(Vall et al., 2012; Rufino et al., 2009a). For example, in a region where farmers have to cope with high
market price volatility and climate hazards, crop yield losses due to a drought event may be economically
compensated by earning in cattle fattening (Vall et al., 2012). Also, the more farming activities, the more
possibilities for recycling the resources within the system (Rufino et al., 2009a).
On the other hand, integrated systems may use outputs of one activity as inputs in another activity
(Rufino et al., 2009a), thus enabling resource recycling between different activities. Recycling allows the
maximum use of available resources, thus improving the resource use efficiency and decreasing
dependency on external inputs (Vall et al., 2012; Bénagabou et al., 2013). For example, crop products
may be used to nourish people and livestock, crop residues may feed livestock. Reciprocally, livestock
may provide draught power for tillage and transportation. Also, manure is a key resource for sustaining
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soil fertility, and animal food products (milk and meat) generate increased farm incomes (Garin et al.,
1999; Thornton and Herrero, 2001; de Rider et al., 2015).

1.1.3. Ecological intensification
As long as land availability was not limiting, most smallholder farmers extensively farmed (Vall et al.,
2012). However, nowadays, global population is booming, food demand is consequently growing.
Although land availability is shrinking, food security needs to be ensured all around the world. Facing
this current challenge, farmers now aim at intensifying their cropping and livestock systems per land area
unit. The use of external inputs is often not possible to compensate the scarcity of resources for
smallholder farmers (Rufino et al., 2009b). Therefore, the sustainability of extensive smallholder farming
systems is threatened (FAO, 2012).
The ecological intensification has been introduced by Michel Griffon in the 1990’s and it is defined as
“the means to make intensive and smart use of the natural functionalities of the ecosystem (support,
regulation) to produce food, fibre, energy and ecological services in a sustainable way” (Tittonell et al.,
2014). The ecological intensification may be an ideal to be achieved (Vall et al., 2012) in smallholder
farming systems, by increasing the agricultural productivity while restoring soil fertility, preserving
resources and using them more efficiently (Griffon, 2009). A such intensification in smallholder farming
systems seems possible with strengthening of the interactions between cropping and livestock activities
in order to create more synergy.
Interactions are complex to study, because farming systems – and even more mixed farming systems –
have many interrelated sub-components. Moreover, some relationships and mechanisms are not
obviously visible from direct observations (Dame, 2005). Therefore, modelling tools may be used to
better apprehend the complexity of farming systems as a whole. As confirmed by Vayssières et al. (2011),
modelling tools can be really suitable to study the interactions within farming systems, particularly the
diversity and crop-livestock integration (CLI) described in 1.1.2.

1.2.

Network analysis

1.2.1. Origin and definition of the method
Network analysis (NA) is defined as “an input-output (I/O) analysis in which systems are conceptualised
as networks of interacting compartments exchanging inputs and outputs representing different resource
flows” (Fath and Patten, 1999). NA relies on a systemic approach and it is increasingly used for
modelling, analysing and understanding interactions among components in systems in many different
fields (e.g. economy, marketing, sociology, information and communication, work and labour
organization, industrial engineering, city management, water systems, ecology, biology, etc…) and more
recently in agriculture (Stark et al, 2016a).
2

It has been borrowed from the economic field (Finn, 1980): Wassily Leontief initially developed the
concept of I/O theory in 1936 to quantify the amount of materials needed – i.e. inputs – to reach a
certain level of production – i.e. outputs – thus satisfying the demand (Rufino et al., 2009a). Later on, it
has been introduced into ecology by Bruce Hannon in 1973 in order to study trophic levels of different
ecosystems.
Ecological Network Analysis (ENA) is defined as “a system-oriented modelling technique for examining
the structure and flows of materials in an ecosystem” (Mao and Yang, 2011). ENA is a system-oriented
approach, i.e. it does not only aim to investigate the individual system components but it is rather an
integrative technique to identify holistic properties (Huang and Ulanowicz, 2014) by analysing flows
among system components (Rykiel, 1984). Therefore, it facilitates on the one hand the identification of
structural and functional system properties, and on the other hand the quantification of direct and
indirect relationships between components “that are otherwise not evident from the direct observations”
(Fath et al., 2007) at different spatiotemporal levels.

1.2.2. Application of the Ecological Network Analysis in farming system analysis
ENA has been widely used to study natural ecosystems (Ulanowicz, 2004; Mao and Yang, 2011; Kazanci
and Ma, 2012; Small et al., 2014) and it is nowadays used by some authors as a relevant modelling tool
to study agroecosystems (Dalsgaard et al., 1995; Rufino et al., 2009a; Rufino et al., 2009b; Vayssières et
al., 2011; Alvarez et al., 2014; Nowak et al., 2015; Stark et al., 2016a; Stark et al., 2016b). Quantitative
indicators provided by ENA have been developed in order to identify specific structural and functional
properties and assess performances of a given system, mainly in the framework of ecological
intensification of the agricultural productivity.
For instance, Rufino et al. (2009a) calculated diversity and integration as two indicators of system
sustainability in three contrasting Ethiopian mixed farming systems households in order to compare exante system performance of different explorative scenarios of farm management practices. Later on,
Vayssières et al. (2011) re-used ENA indicators to assess CLI in diverse mixed dairy-sugarcane-grasslands
systems in the Reunion Island. Alvarez et al. (2014) applied series of ENA indicators assessing network
size and cycling, the organization and diversity of the nitrogen (N) flows in four different crop-livestock
farming systems in the highlands of Madagascar. They aimed at proposing strategies for intensifying
systems in terms of nitrogen cycling, productivity and economic performance. Most of ENA
implementations were done at the farm level, but it is conceivable to do it at other levels such as the
landscape level (Nowak et al., 2015).

3

1.3.

Case study in the former Senegalese Groundnut Basin

1.3.1. Current state
Serer population is set up in the former Senegalese Groundnut Basin (map in Appendix A). Serer farmers
traditionally adopted an extensive crop-livestock farming system (biennale millet-fallow rotation and
zebu cattle free-grazing). The agricultural landscape gradually turned into a crop-dominated landscape in
order to cope with population growth and increasing market attractiveness for cash crops (Lericollais
and Milleville, 1993; Vayssières et al., 2015). As a consequence of this landscape transition, new croplivestock farming systems emerged with different farming practices. For instance, croplands expanded
to the detriment of fallow lands and rangelands (Lericollais and Milleville, 1993; Garin et al., 1999;
Thornton and Herrero, 2001). Therefore, nowadays, less rangeland area is available to graze and feed
the livestock which has led to a decreasing cattle herd size. The livestock is seasonally in transhumance
out of the villages for transhumance. As a result, since manure availability is more limited, organic
resources are now alternatively managed by smallholder farmers and nutrient cycles are differently
organized (Parsons et al., 2011; Vayssières et al., 2015).

1.3.2. Objectives of the study
Organic and non-organic resource stock-flows were quantified from 2013 to 2015 during previous MSc
thesis projects (Odru, 2013; Audoin, 2014; Saunier-Zoltobroda, 2015; Dugy, 2016). Fieldwork and
surveys were conducted in three different Senegalese terroirs* in the Niakhar district where Serer
population set up: Barry Sine, Diohine, Sob (map in Appendix A). In these terroirs, smallholder farmers
took different pathways to adapt with the current state (Dugué, 1985). For example, some farmers
oriented towards the market (vs. subsistence), some farmers adopted in-barn fattening (vs. free-grazing)
livestock systems, some farmers focused on cash crops (vs. food crops), some farmers opted for the
abandon of fallow (or not).
The study will aim at identifying the differences in farming practices, organic resource management and
subsequent changes in nutrient cycle organisation, among the farm households from the three beforementioned terroirs. Since network analysis indicators of system structure and functioning respectively give
more insights on the system diversity and integration, the subsidiary objectives of the study are (1) to
describe and explain the diversity and integration at the farm household for each terroir, (2) to compare

* French term ; see its definition in the Glossary.
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and explain the notable differences in diversity and integration at the farm household among terroirs.
These NA indicators will be compared with indicators of system performance, and with indicators
describing the farm size, the cropping and livestock activities. All the results will be tested statistically
and supported by a farm household typology based on farming practices and resource endowment.

1.3.3. Research question and hypothesis
The following research question will be approached in this master report:

How do farming practices affect the diversity and crop-livestock
integration in smallholder mixed farming systems?

In a context of limited land availability, we might hypothesize that market-oriented systems are less
diversified and less integrated than mixed subsistence-oriented systems. Indeed, market-oriented systems
might “specialize” in one farming activity (e.g. in-barn fattening or cash crop cultivation), thus decreasing
the diversity. Moreover, market-oriented systems might rely on external inputs (e.g. mineral fertilizers,
and/or concentrate feeds) in order to ensure great levels of production. As a result, available resources
might be less recycled, thus lowering the integration.

5
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2
METHODOLOGY
2.1.

Study area

2.1.1. Agro-ecological context
The methodology was applied to farming systems in the terroirs of Diohine (N 14°30’03’’, W 16°30’17’’),
Barry Sine (N 14°35’24’’, W 16°30’28’’) and Sob (N 14°29’15’’, W 16°26’29’’), Fatick region in the former
Senegalese Groundnut Basin (Appendix A). In this area, agricultural production is constrained by a long
dry period and seasonal rainfall with a strong spatio-temporal variability. Average annual rainfall is 400800 mm, of which most is concentrated in a period of 4 months from July to October. Landscapes are
characterized by homogenous savannah plains, somewhat bumpy, thus forming dunes and lowlands.
Some patches of forestlands disrupt the landscape. Altitude variations between dunes and depressions
are only a few meters. Sandy dior*soils cover flat areas and dunes, silty-clay deck soils are found in interdunes and depressions zones, and saline mbel*soils in lowlands. Although villages are exposed to the
same pedo-climatic conditions due to geographic proximity, farming systems are clearly contrasted and
characterized by different farm structures, land-uses and management practices. They grow cereals for
subsistence (millet, sorghum, maize), legumes (cowpea) and cash crops (groundnut, watermelon, bissap**,
vegetables), and they keep small (goat, sheep) and large ruminants (zebu).

2.1.2. Traditional mixed crop-livestock farming systems in the Serer cradle (Figure 1)
Around 1850, Serer agriculture was traditionally based on agro-pastoralism practices. A biennial rotation
millet/fallow was implemented to allow soil fertility regeneration. Indeed, during the rainy season,
animals freely grazed on rangelands during the day, and they were paddocked in fields left in fallow

* Serer terms ; see their definition in the Glossary.
** Wolof term ; see its definition in the Glossary.
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during the night. Thus, a nutrient transfer from outside the terroir (i.e. rangelands and out-fields) to inside
the terroir (i.e. homefields) was observed. At the beginning of the dry season, i.e. the harvest period,
livestock fed on crop residues left in the fields. At the end of the dry season, they were paddocked in
crop plots during the night to allow organic fertilization through excretions of faeces and urine.
Collective fallow management consequently constituted the key link between cropping and livestock
systems (Lericollais and Milleville, 1993).

Figure 1: Nutrient cycling reorganization due to land-use changes in the Groundnut Basin (Vayssières
et al. 2015 based on 7cenario about agricultural systems transition defined by Lericollais, 1999).

From the end of the 19th century, groundnut was little by little introduced as a cash crop into the rotation
millet/fallow. Serer farming systems became more crop-oriented to the detriment of livestock.
In the 1960’s at the end of colonization, the Senegalese government set up a policy of agricultural
modernization (Venema, 1982), thus facilitating access to external inputs (e.g. seeds and chemicals) and
new technologies (e.g. draught animals and agricultural material and equipment). Non-cultivated lands
were cleared to the advantage of cropping activities, leading to a gradual decrease of the fallow until its
disappearance. From this period onwards, biennial rotation was mostly based on groundnut and millet
cultivation. Moreover, animals left the terroir for a long period (transhumance), thus diminishing direct
organic fertilization in the fields (i.e. faeces excretion in the fields).
Fallow lands disappeared, manure application by free-grazing and paddocking livestock in crop plots
decreased. Moreover, it was no longer possible to compensate the soil fertility depletion with mineral
fertilizers since market prices were getting high. It was why Lericollais and Milleville (1993) pointed out
issues about the changes in soil fertility, and particularly about the sustainability of these farming systems.
7

2.1.3. Terroir specificities of mixed crop-livestock farming systems in the study area
Diohine, Barry Sine and Sob are exposed to the same pedo-climatic conditions but they are contrasted
in terms of farm structure, land-use and management practices. These terroirs are representative of the
variety of crop-livestock farming systems found in the region.

2.1.3.1. Traditional farming systems with collective fallows in Diohine
Traditional farming systems based on extensive mixed crop-livestock farming systems are still found in
Diohine (Lalou and Delaunay, 2012; Odru, 2013), as explained in 2.1.2. However, there are nowadays
more cropping activities than in the past (millet, sorghum, cowpea, groundnut, and a bit of market
gardening in out-fields if soft water is found). Manure management is mostly based on livestock freegrazing (i.e. direct excretions in the fields) and night-paddocking, and fallows are still collectively
managed.

2.1.3.2. Introduction of in-barn livestock-fattening activities in Barry Sine
In Barry Sine most farmers started in-barn livestock-fattening activities (Audouin, 2014). High initial
investment and regular cash flow are needed for the purchase of animals and feeds, but proximity to
main roads allows farmers to access the market, and migrants to Dakar to provide financial support.
Another manure management system emerged: on the one hand night-paddocking (and fallow) almost
disappeared; on the other hand, cattle manure is collected from the barn, stored on a heap at the
concession* gates, and later on applied in crop plots. Barry Sine farmers also invested in groundnut
cultivation as a cash crop.

2.1.3.3. Development of watermelon cultivation in Sob
Tremendous development of watermelon cultivation as a cash crop is observed in Sob (SaunierZoltobroda, 2015; Dugy, 2016). In addition to market gardening activities, but to a smaller extent than
Barry Sine, farmers from Sob also practice in-barn livestock-fattening activities.

Shifting from a traditional extensive subsistent farming system towards a market-oriented farming system
increased organic resource exports, i.e. nutrient transfers out of the terroir boundaries via the sales of on-

* French term ; see its definition in the Glossary.
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farm production. It also increased the needs in concentrate feed and inorganic fertilizers, i.e. important
nutrient inputs at the farm household level, essential to maintain the soil fertility at the crop plot level.

2.1.

Data collection and processing

2.1.1. Data collection
Data about farm household structure, farming practices and organic resource stock-flows for crop,
livestock, organic matter management and kitchen activities were collected during previous MSc thesis
projects via field observations and measurements, and surveys in the three terroirs described in the
previous section. Surveyors conducted interviews among household chiefs to collect quantitative data at
the farm household level for 231 smallholders in total. Indeed, 44 households were surveyed in a
neighbourhood of Diohine (N 14°30’03’’, W 16°30’17’’) in 2013 by Odru, 73 households in the terroir of
Barry Sine (N 14°35’24’’, W 16°30’28’’) in 2014 by Audoin, and 114 households in the terroir of Sob (N
14°29’15’’, W 16°26’29”) in 2015 by Saulnier-Zoltobroda and Dugy. A structure of the interviewing
guide used during fieldworks is presented in Appendix B. All the data collected by different surveyors
were harmonised and stored in a Microsoft Access database (data conceptual model in Appendix C).

2.1.2. Data processing
48 flows were observed in a smallholder farming system at the farm household level, they were listed in
the Appendix D. Two types of flows were distinguishable.
Most flows (i.e. 28 flows) were directly collected via interviews with farmers. In this case, raw data were
expressed in local units by farmers during the interviews (e.g. 3 horse carts of manure, 2 basins of shelled
groundnuts). The standardization of units was therefore a necessary preliminary step before making any
analysis (Figure 2). First, local units were converted into conventional units, i.e. kg of fresh weight (FW),
by combining on-field measurements and information from the relevant literature. Later on, data were
converted into kg of dry matter (kg DM), and then kg of nitrogen (kg N) according to conversion
coefficients found in the literature (Appendix E).
The 20 remaining flows (identified with a * in the Appendix D) were not directly observable from the
fieldwork (e.g. flows of feed intake, feed refusals, faeces and urines excretion by the different herds, and
other biophysical flows like leaching and gaseous emissions). They were estimated according to equations
developed with data from interviews and literature assumptions (Appendix E).
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Figure 2: From a local unit expressed by farmers to a standardized unit for further system analysis.

2.2.

Integrated analysis

During a preliminary step of data scanning, a too large amount of outlying and missing information was
found in 8 out of 231 surveyed farm households. They were consequently not included in the integrated
analysis. Only 223 out of 231 farm households were taken into account for the further analysis. This
outlined the difficulties to collect data on the field in developing countries where systematic technical
survey system is generally not available.

2.2.1. Farm household typology
A typology based on farm household resource endowment and farming activities was developed.
Multifactorial analysis and Hierarchical Ascendant Classification (HAC) were run for 223 farm
households to identify explanatory variables and to cluster farm household in homogeneous types
respectively. Data were processed under the open source R software available online (https://cran.rproject.org/) using 4 packages: ‘ade4’, ‘FactoMineR’, ‘ggplot2’ and ‘tdisplay’.

2.2.1.1. Multiple Factorial Analysis
Multiple Factorial Analysis (MFA) is the reference tool for analysing data tables in which individuals are
described by several groups of variables (that might be quantitative and/or qualitative). Indeed, six
groups of homogeneous key variables were selected to be included into the MFA at the farm household
level defining the farm household resources endowment and farming activities: ‘FarmSize’, ‘LandUse’,
‘AnimalSpecies’, ‘LivestockSystem’, ‘ManuringCapacity’ and ‘Labour’ (Table 1, and Appendix G for
more details on the groups of variables). Five groups of variables intervened as active, i.e. they
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contributed to the clustering, and one group of homogenous passive variables being illustrative and
having no influence on the construction of the farm household types. ‘FarmSize’ and ‘ManuringCapacity’
were made of quantitative variables, whereas variables of the 4 others groups were frequencies.

Table 1: The 6 groups of variables included in the Multiple Factorial Analysis performed for the 223
farm households (Appendix G for more details on the variables).
Group of variables
Farm size
Land-use
Animal species
Livestock system
Manuring capacity
Labour

n
4
4
7
3
3
3

Type of variables
Quantitative and passive
Frequency and active
Frequency and active
Frequency and active
Quantitative and active
Frequency and active

2.2.1.2. Hierarchical Ascendant Classification
Later on, farm households were grouped into homogeneous clusters using Hierarchical Ascendant
Classification (HAC) method. HAC is an iterative method allowing calculations of dissimilarities between
the observations. Ward criterion was considered as the aggregation criterion to define the construction
of clusters for farm household classification on the dendrogram plot (Appendix I).

2.2.1.3. Description of the farm household types
The results of the MFA (Appendix H) and HAC (Appendix I) were used together to interpret the
meaning and main characteristics of each farm household type. Test-values for groups of quantitative
variables and inter-partition Factorial Correspondence Analysis (FCA) for groups of frequency variables
were independently performed to assess the contribution of each variable to the originality of a farm
household type (Appendix J). Later on, based on their flow matrix, the four farm household types were
conceptualized as networks of N flows using CIRCOS data visualization online software (available
online: http://circos.ca/). CIRCOS flow diagrams summarizing the averages of the main flows are found
in the Appendix K. The means and standard deviations (SD) of the farm household resource endowment
and the asset level per type are summarized in the Appendix L.

2.2.2. Ecological Network Analysis as the core method
2.2.2.1. Conceptualizing the farming systems
The 223 farm households were conceptualized as farming systems. Figure 3 illustrated how smallholder
mixed farming systems were displayed in our study as a network of N flows. Each farming activity was
represented by a compartment Hi (I = 1, …, 5): H1 being the humans, H2 the livestock, H3 the manure
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heap, H4 the crop plots, and H5 the granary. Stocks xi were considered to be zero here because no data
was available to consider the stock variations. Four types of flows were distinguished: the internal flows
fij (e.g. f23 represents an internal flow from compartment H2 to compartment H3), the inflows z0i (i.e.
imports), the outflows ei0 (i.e. exports) and the respiration flows ri0 (i.e. biophysical flows that can be
positive or negative). A list of all distinguished N flows is available in Appendix D. Even though N is an
essential nutrient for plant, animal and human growth (Rufino et al., 2009b), it is one of the most limiting
production factors in low external input agriculture in sub-Saharan Africa. There are also important risks
of N losses from farming systems along the N cycle, especially under tropical conditions (Giller et al.,
1997). Moreover, N is often manageable by farmers (Rufino et al., 2009a) since most of N flows ensue
from organic matter handling, thus providing great opportunities for further improvement through
changes in farming practices. It is why all the stocks xi and flows between the compartments and the
external environment were quantified in kg of nitrogen (N) per year.

Figure 3: A farm household represented as a network of nitrogen flows with five compartments (H1, H2,
H3, H4 and H5) and their respective stock (x1, x2, x3, x4, and x5), the internal flows (f), and exchanges
from (z) and to the external environment (e and r). The dotted line defines the system boundaries.
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Later on, N flow listing enabled the development of a row-to-column-oriented flow matrix F for farm
household (Table 2), summarizing all N flows necessary for further calculations. The rows showed the
origin of the flows, and the columns showed the destination of the flows.

Table 2: Flow matrix F of a farm household in the case study (a zero means: stocks and some flows were
existing in the conceptual model but null in the case study).
H1

H2

H3

H4

H5

Exports

Respiration

Stocks

Imports

z01

z02

0

z04

z05

0

0

0

H1

0

f12

f13

f14

0

0

0

0

H2

f21

0

f23

f24

0

e20

r20

0

H3

0

0

0

f34

0

0

r30

0

H4

0

f42

0

0

f45

e40

r40

0

H5

f51

f52

0

f54

0

e50

0

0

2.2.2.2. NA indicators of diversity for the system structure analysis
ENA was performed in order to assess the diversity of 223 farm households, as described in details by
Stark et al. (2016b). Diversity is seen as an indicator of system well-being (Dalsgaard and Oficial, 1997):
the higher the diversity the more sustainable the agroecosystems. Indicators of system structure were
calculated to characterize the diversity of flows in particular (Table 3): the number of flows within the
system (Fi), the number of compartments (n), and the internal flow density (Fi/n). Based on the row-tocolumn oriented flow matrix F (Table 2), the three indicators of diversity presented in Table 3 were
calculated using algorithms developed by Lau et al. (2015). These authors developed a package runnable
under the open source R software: ‘enaR’ (available online: https://cran.r-project.org/) which provides
a set of ENA indicators for further investigations of the structure and the function of any ecosystems –
including agroecosystems.

2.2.2.3. NA indicators of integration for the system functioning analysis
We selected a set of indicators characterizing the functioning of the 223 surveyed farm households (Table
3), thereby enabling the description of crop-livestock integration. Rufino et al. (2009a) defined the
integration in agroecosystems as the degree to which the farming activities are interconnected by flows
of material. In other words, it is the degree to which resources are recycled within the system. An
integrated system tends to recycle more internal resources and is less dependent on external inputs.
The Finn’s cycling index (FCI) is a NA indicator of integration (Table 3). To calculate FCI, the recycling
efficiency (RE) for each compartment was estimated, which is the ratio between internal inflows and
outflows to and from all system compartments. Then, all the weighted RE in the system were summed
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up to calculate the total cycled system throughflow (TSTc). The total system throughflow (TST) gave the
total N pool inside the farming systems (i.e. imports and throughflows). Dividing TSTc by TST gave the
FCI varying from 0% (no recycling) to 100% (complete recycling). Thus, FCI gave an idea of the
“possibility for nutrients to return to their compartment of origin” (Stark et al., 2016b).
The internal circulation rate (ICR) was defined as “the quantity of N circulating in throughflows (TT) as
a function of the total circulation of flows (TST)” by Stark et al. (2016b).
The total N imports (IN) per total cultivated area (TCA) expressed the level of system intensification in
terms of total N imports per land area, thus giving an information about the farming system orientation
(e.g. subsistence or market). Indeed, market-oriented farming systems could afford to invest more per
land area than subsistent systems, since they expected large production levels, thus allowing economies
of scale.
TST, IN and FCI were also calculated using ‘enaR’ R package. A Microsoft Excel spreadsheet was used
for the calculations of TT and ICR since they were not available in ‘enaR’.

2.2.2.4. Independence on external N inputs, N-use efficiency and N surplus for the system
performance analysis.
System performance was also analysed through the calculation of independence on external N inputs
(IND), N-use efficiency (NUE) and N surplus (NS) computed for the 223 surveyed farm households
(Table 3). A Microsoft Excel spreadsheet was used for the calculations of these indicators of system
performance.
The independence on total external N inputs (IND) gave insight about the farming system resilience
from the market risks.
The NUE could be interpreted as the level of the “return on investment” (Audoin, 2014), thus
determining the N amount exported out of the system (i.e. outputs) per unit of N imported into the
system (i.e. inputs). It was calculated for households at the farm household level, but also at the system
compartment level (Appendix M). “Apparent” inflows and outflows that might be easily measurable on
the field (Odru, 2013) were included in the calculations of NUE. “Non-apparent” flows, i.e. respiration
or biophysical flows, were not taken into account because they are not manageable by farmers.
The NS represented the potential N accumulation within the farming system (or within the
compartment) per land unit area, taking into account only apparent flows. NS was calculated at the farm
household level, and at the system compartment level (Appendix M). NS was defined as the difference
between N inputs and N outputs, divided by the Total Cultivated Area (TCA). A positive NS (NS > 0)
would indicate that inputs were higher than outputs, thus N was accumulating inside the system (e.g.
human and livestock growth, storage of manure, soil fertility regeneration, storage of crop products,
etc.). A negative NS (NS < 0) would indicate that outputs were higher than inputs in the system, i.e. N
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found in the different compartments was depleted to support the ecosystem production. When
considered at the crop plot level, a positive NS generally implied the soil fertility regeneration, whereas
a negative NS generally corresponded to a depletion of the N stock in the soil* (Saunier-Zoltobroda,
2015).

2.2.3. Correlation analysis and analysis of variance
In order to test the different hypotheses of the study, a correlation analysis was performed. Two sets of
variables were identified: on the one hand the different before-mentioned indicators (cf. 2.3.2.2. to
2.3.2.4.), on the other hand some variables found in the Appendix G (i.e. the farm size, the land-use and
the livestock system). After a verification of the normal distribution of the observations, the Pearson
correlation coefficient was computed for each pair of variables in order to measure whether there was a
linear relationship between two given variables. The correlation coefficient could be positive (i.e. large
values of one variable tended to be associated with large values of another variable), null (i.e. unrelated
values) or negative (i.e. large values of one variable tended to be associated with small values of another
variable). The larger the correlation coefficient (in absolute value), the stronger the relationship between
two variables. The correlation analysis was performed under the open source R software using the
‘corrplot’ and ‘PerformanceAnalytics’ packages (available online: https://cran.r-project.org/).
The differences in each indicator values (system structure, functioning and performance) between the
farm household types were tested statistically, using an analysis of variance (ANOVA). The null
hypothesis (H0) supported the absence of significative difference between farm household types, whereas
the alternative hypothesis (H1) supported a significative difference between farm household types. The
level of significance " was set at 5%. Therefore, if the p-value was greater than 5%, then H0 was accepted
(reciprocally, if the p-value was lower than 5%, then H0 was rejected, and H1 was accepted). The
ANOVA was performed under the open source R software using the ‘aov’ function (available online:
https://cran.r-project.org/).

* In high-input agricultural systems, NS can be very high (i.e. several hundreds of kg N/ha). Therefore, N
accumulation may lead to N losses to the environment through diverse ecological processes, e.g. N gaseous
emissions and N leaching between the manure application in the fields and the crop harvests (Alvarez et al., 2014;
Rufino et al., 2006). However, in low-input agricultural systems (e.g. farming systems studied in the case study in
the Senegalese Groundnut Basin), NS may even be negative. Therefore, when NS is positive at the crop plot level,
N accumulation is still low or moderate, thus rather regenerating the soil fertility.
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Table 3: Main indicators used to analyse system structure, functioning and performance.
Indicator

Equation

Unit

Reference

Number of flows within the system

F"

dmnl

Stark et al., 2016b

Number of system compartments

n

dmnl

Stark et al., 2016b

Internal flow density

F" /n

dmnl

Stark et al., 2016b

T"

kg N/year

Rufino et al., 2009a

f"*

kg N/year

Stark et al., 2016b

%

Stark et al., 2016b

%

Finn, 1980

kg N/ha/year

Rufino et al., 2009a

%

Rufino et al., 2009a

%

Rufino et al., 2006

kg N/ha/year

Schlecht & Hiernaux, 2004

Indicators of system structure

Diversity of flows

Indicators of system functioning
Intensity of flows

Total System Throughflows (TST)

Circulation of flows

Total internal Throughflows (TT)

&

"'(
*'&
"'(

Cycling of flows

Internal Circulation Rate (ICR)

TT/TST

Finn’s Cycling Index (FCI)

TSTc/TST
n

Total N imports (IN / TCA)

IN =

1-D

Independence on external inputs (IND)

1 – (IN/TST)

Nitrogen-use efficiency
(NUE)

Outputs/Inputs

Nitrogen surplus (NS)

∆N/TCA = (Inputs-Outputs)/TCA

Imports

i=1

zi0 / 345

Indicators of system performance

Where Ti is Throughflow for compartment i: T" =
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&
"'( e"7

&
*'( f"*

(

&
*'( z7*

&
*'( z7*

−

&
"'( e"7

)/TCA

+ z"7 − (x" ) (Rufino et al., 2009a), and where TCA is the Total Cultivated Area (in ha).

A Serer farmer with millet cobs
(© Balandier 2016)

3
RESULTS
3.1.

Farm household types characterization

According to the results of the performed MFA (Appendix H) and HAC (Appendix I), the 223 surveyed
farm households were clustered into 4 types, displayed along the two axes, F1 and F2, respectively being
the axis of farming activities and farming orientation (Figure 4). The characterization of the different
farm household types was possible with the results of the v-tests and inter-partition FCA found in the
Appendix J, the main flows summarized in the Appendix K and Figure 6, and the description of farm
resource endowment and asset level in the Appendix L.

Figure 4: Representation of the four farm household types along the two axes F1 (farming activities i.e.
crop or livestock) and F2 (farming orientations: i.e. subsistence or market), Type 1 being the crop
subsistence-oriented farm households, Type 2 the crop market-oriented farm households, Type 3 the
subsistence farm households, Type 4 the livestock market-oriented farm households.
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Figure 5: Farm household types distribution among the 3 surveyed terroirs (Diohine, Barry Sine and Sob).

3.1.1. The crop subsistence-oriented farm households
Type 1 comprised the crop subsistence-oriented farm households. Type 1 contained 48 households, i.e.
21.5% of the surveyed households (Appendix I). Type 1 was mainly represented in Diohine and in Sob
(Figure 5). 1.65 mouth to be fed unit (FU) was present in average per ha in the farm households of Type
1 (Appendix L). In average, Type 1 had 4.23 ha of land predominantly cultivated for cereals (2.26 ha)
meant for household self-consumption, a bit of legumes (0.74 ha) and market gardening (0.72 ha) as cash
crops (Appendix L). The small herd of 5.50 TLU in average was made of various animal species,
especially free-grazing bovines and small ruminants, and backyard animals (Appendix L). Type 1
imported much less external inputs than the three other types (Figure 6), particularly for the livestock
(237 kg N/year) and the cropping activities (50 kg N/year). Type 1 rather made use of available
resources. Household wastes (14 kg N/year), stored fodders (82 kg N/year) and biomass consumed
during free-grazing (29 kg N/year) fed the livestock (Figure 6). Since very few animals were present in
the concession (i.e. 0.05 TLU of in-barn fattening animals and 0.33 TLU of backyard animals; Appendix
L), less manure was collected and discharged into the heap (85 kg N/year) than the other types (Figure
6). However, the N-use efficiency at the manure heap level for Type 1 was 1.6 to 3.1 greater than the
three other types, which illustrated a better manure management (Appendix M). Moreover, fallowing
was still a current practice and fallow lands occupied 0.51 ha, i.e. 12% of the total cultivated area
(Appendix L). Although farmers invested a lot in fertilization via the use of available resources, a too
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limited amount of manure did not allow the soil fertility regeneration: the nitrogen surplus at the manure
heap level for Type 1 was the smallest by comparison with the other types, and the nitrogen surplus at
the crop level was negative (Appendix M). Type 1 was still close to the extensive agro-pastoral Serer
system based on millet, fallow and livestock free-grazing as described in 2.1.2., and it tended to diversify
gradually on cropping activities.

3.1.2. The crop market-oriented farm households
Type 2 represented the crop market-oriented farm households. Type 2 concerned 80 households, which
was 35.9% of the total surveyed households (Appendix I). Type 2 was represented in all terroirs, but it
was the predominant type in Sob (Figure 5). 1.70 mouth to be fed unit (FU) was present in average per
ha in the farm households of Type 2 (Appendix L). Type 2 had in average a large land area of 5.99 ha.
Fallowing was much less practiced than Type 1 – 0.16 ha or 3% of the total cultivated area – in favour
of diverse cropping activities such as 3.23 ha of cereals, 1.45 ha of legumes and 1.16 ha of market
gardening cultivation (Appendix L). Cash crops were mainly groundnut and watermelon. The large herd
of 13.11 TLU was made of free-grazing cattle, and a bit of in-barn livestock-fattening only for a part of
the year (Appendix L). Quite a lot of external inputs (concentrate feeds) was purchased on the market
to support the in-barn livestock-fattening activity, e.g. 724 kg N/year (Figure 6). A large amount of
manure was generated by the cattle found in the concession (252 kg N/year), but it was under-used as
highlighted by the low nitrogen-use efficiency at the heap level in Appendix M. Therefore, in order to
compensate this manure under-use and to be able to reach the market, farmers of Type 2 invested a lot
in mineral fertilizers (83 kg N/year) for the crop plots (Figure 6), thus ensuring large levels of production
(199 kg N/year were stored in the granary). Although economies of scale allowed the cropping activity
profitability in the short term, a little return on investment was observed as highlighted by the lowest
NUE found in Type 2 at the crop plot level (Appendix M). But the large investments in cropping
activities allowed the soil fertility regeneration in the longer term, since nitrogen surplus (NS) was
positive at the crop plot level (Appendix M).

3.1.3. The subsistence farm households
Type 3 was composed of the subsistence farm households. Type 3 concerned 59 households in 223
surveyed households, i.e. 26.5% of the total surveyed households ( Appendix I). Type 3 was represented
in all terroirs, but it was the predominant type in Diohine (Figure 5). Type 3 had the largest household
size in terms of population, i.e. 3.08 FU/ha in average (Appendix L). Type 3 had in average 3.45 ha of
land area predominantly used for 2.32 ha of cereals, and a bit of legumes (0.67 ha) meant for the
household self-consumption. Farmers did not diversify a lot in cropping activities, since they only did
very few market gardening, i.e. 0.05 ha, which is about 1% of the total cultivated area (Appendix L). Like
Type 1, fallow lands occupied 12% of the total cultivated area (i.e. 0.40 ha) in Type 3. The small herd of
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3.17 TLU was made of different animal species that were mostly free-grazing small ruminants and
backyard animals (Appendix L). Except for the livestock activities (469 kg N/year), little imports
occurred in Type 3 (Figure 6). Even if small amount of manure was collected and stored on the heap
(125 kg N/year), Type 3 adopted a quite good manure management by comparison with other farm
household types, as emphasised by the NUE at the heap level (Appendix M). However, only 8 kg N/year
of household wastes, 18 kg N/year of manure from the heap, 23 kg N/year of free-grazing cattle manure,
and 60 kg N/year of imported fertilizers were applied in crop plots, which were still not sufficient to
regenerate the soil fertility (NS was slightly negative at the crop plot level in Appendix M).

3.1.4. The livestock market-oriented farm households
Type 4 consisted of the livestock market-oriented farm households. Type 4 concerned 36 households in
223 surveyed households which was 16.1% of the total surveyed households (Appendix I). Type 4 was
represented in one terroir in particular, Barry Sine (Figure 5). 3.08 FU/ha were present in average in the
farm households of Type 4 (Appendix L). Farm households had in average 6.30 ha, and a large herd of
7.76 TLU predominantly made of large (zebus) and small (goats and sheep) ruminants (Appendix L). Inbarn livestock-fattening system was highly practiced, as well as free-grazing livestock system. Farmers of
type 4 invested in 1728 kg N/year of imports for livestock, mostly concentrate feeds for the in-barn
fattening activities (Figure 6). They were the most efficient and productive at the livestock level by
comparison with the other types (Appendix M), because they realized economies of scale (i.e. large levels
of production enabled a lower investment per unit produced). 707 kg N/year from the manure produced
in the concession was available and stored on the heap (Figure 6), which was a lot compared with other
types (also NS at the manure heap level was the highest for Type 4 in Appendix M). But according to
the NUE at the heap level (Appendix M), manure was under-used. Type 4 seemed to rely more on
external inputs to sustain the crop productions. Indeed, 151 kg N/year (mineral fertilizers) were
imported into the crop plots (Figure 6), which represented high investments. Therefore, Type 4 had one
of the lowest NUE at the crop plot level by comparison with other types. But great levels of production
were ensured in Type 4 (granary was filled up with 218 kg N/year of harvested crop products), and the
soil fertility was regenerating since the NS at the crop plot level was positive (Appendix M).
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Figure 6: Average of main nitrogen flows found in each farm household type (all values were expressed in kg N/year and they were rounded off to the nearest unit).
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3.2.

Farming system structure

The diversity of flows, i.e. the number of compartments n, the number of throughflows Fi and the
internal flow density determined by the ratio Fi/n, was described for each type in order to analyse the
system structure (Table 4). Thereby, all the five compartments were similar among farm household types:
the household, the livestock, the manure heap, the crop plots and the granary. The number of
throughflows Fi ranges from 9.27 flows (Type 1) to 9.68 flows (Type 3). As a result, the internal flow
density Fi/n was almost the same among farm household types, varying from 1.85 (Type 1) to 1.94 (Type
3) which was statistically not different according to the ANOVA.

3.3.

Farming system functioning

The system functioning was analysed in terms of intensity of flows (i.e. total system throughflows or
TST), circulation of flows (i.e. total internal throughflows or TT, and internal circulation rate or ICR),
cycling of flows (i.e. Finn’s cycling index or FCI) and system intensification (i.e. total N imports per ha,
or IN/TCA) (Table 5). TST was respectively 3.7, 1.7 and 3.1 times higher for Type 4 than for Types 1,
2 and 3. The relative TST expressed per land area unit ranged from 213.28 kg N/ha/year (Type 1) to
486.20 kg N/ha/year (Type 4). FCI was very low in overall, similar for Types 1 and 3 (16% and 15%
respectively), and similar for Types 2 and 4 (10% and 8% respectively).
ICR was very high for all types, being similar for Types 1 and 3 (52% and 51% respectively), and similar
for Types 2 and 4 (42% and 41% respectively), but ICR was not significantly different between
household farm types according to the ANOVA. IN/TCA was much higher for Type 3 than the other
types. IN/TCA was similar and the lowest for Types 1 and 2, but the ANOVA revealed that the
difference in IN/TCA was not significant between the types.

3.4.

Farming system performance

The system performance was analysed in terms of independence on external inputs IND, N-use
efficiency NUE and N surplus NS (Table 6). IND was the same for Types 1 and 3 (59%), and similar
for Types 2 and 4 (51% and 50% respectively). NUE at the farm household level ranged from 15%
(Type 2) to 68% (Type 3). NUE for Type 1 was about 3 times higher than Types 2 and 4, NUE for Type
3 was about 4 times higher than Types 2 and 4. NS was positive for all types at the farm household level,
with rather high and similar values for Type 2 (177.69 kg N/ha/year) and Type 3 (201.04 kg N/ha/year).
Type 4 had the highest NS (321.62 kg N/ha/year), at least 1.6 times higher than the other types.
But only NS was assumed to be significantly different between the household farm types, the differences
in NUE and IND being not significant between the types according to the ANOVA.
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Table 4: Means and standard deviations of system structure indicators for the 4 farm household types.
System structure

F'
n
F' /n

dmnl
dmnl
dmnl

Type 1

Type 2

Type 3

Type 4

ANOVA

Mean

SD

Mean

SD

Mean

SD

Mean

SD

F

P

9.27
5
1.85

1.07
0
0.21

9.56
5
1.91

0.82
0
0.16

9.68
5
1.94

0.82
0
0.16

9.31
5
1.86

0.89
0
0.18

0.398
0.398

5.29E-01
5.29E-01

Significance
(! = 5%)
No
No

Table 5: Means and standard deviations of system functioning indicators for the 4 farm household types.
System functioning
TST
TST/TCA
TT
ICR
FCI
IN
IN/TCA

kg N/year
kg N/ha/year
kg N/year
%
%
kg N/year
kg N/ha/year

Type 1

Type 2

Type 3

Type 4

ANOVA

Mean

SD

Mean

SD

Mean

SD

Mean

SD

F

P

820.99
213.28
404.27
0.52
0.16
343.85
47.96

532.27
121.13
285.10
0.20
0.12
259.59
84.12

1772.03
320.79
666.00
0.42
0.10
900.95
42.14

1642.91
214.79
516.39
0.13
0.08
910.17
52.24

976.35
347.64
378.01
0.51
0.15
464.90
96.02

867.97
339.18
231.24
0.21
0.11
514.91
164.66

3004.90
486.20
1194.50
0.41
0.08
1556.84
61.63

2848.39
296.40
1207.25
0.12
0.06
1541.73
67.25

17.750
22.320
15.670
1.930
5.156
18.450
3.238

3.68E-05
4.11E-06
1.02E-04
1.66E-01
2.41E-02
2.61E-05
7.33E-02

Significance
(! = 5%)
Yes
Yes
Yes
No
Yes
Yes
No

Table 6: Means and standard deviations of system performance indicators for the 4 farm household types.
System performance

IND
NUE
NS

%
%
kg N/ha/year

Type 1

Type 2

Type 3

Type 4

ANOVA

Mean

SD

Mean

SD

Mean

SD

Mean

SD

F

P

0.59
0.49
95.10

0.16
0.78
89.40

0.51
0.15
177.69

0.13
0.24
157.54

0.59
0.68
201.04

0.15
1.24
281.89

0.50
0.16
321.62

0.09
0.34
236.46

2.189
0.037
24.260

1.40E-01
8.47E-01
1.65E-06

Significance
(! = 5%)
No
No
Yes
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3.5.

Pearson correlation coefficients

The normality of the distribution of the different observations was statistically tested and can be checked
on the diagonal of the following correlation chart (Figure 7):
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Figure 7: Correlation chart for the variables observed in 223 farm households (diagonal: test of normality
of the observation distributions; chart lower part: correlation scatterplots).
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Later on, Pearson correlation coefficients of the two sets of variables defined in 2.2.3. were more clearly
displayed in the correlogram in Figure 8. Some notable significant correlations were observed between
pairs of variables:

Figure 8: Correlation matrix summarizing the Pearson correlation coefficients. Positive and negative
correlations were respectively represented according to different shades of blues and reds: the darker the
background cell, the stronger the correlation. White cells represented a Pearson correlation coefficient
approaching zero.

The higher the TCA, and particularly the higher the land-use in cereals and fallow, the higher the diversity
of flows Fi/n. This was relevant for subsistence farming systems like Types 1 and 3, where cereals and
fallows predominantly occupied the land-use.
TST and TT were strongly correlated to farm size indicators of TCA and herd size. TST indicated the
intensity of flows interacting inside the system, which was the total N pool inside the farming systems
(including the internal throughflows and imports), TT was defined as the total internal throughflows.
Large farms tended to diversify in farming activities, thus creating more possibilities for interactions
between activities (i.e. throughflows between compartments). Thus, the larger farm size (in terms of
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TCA and/or herd size), the more throughflows, the greater TT and TST. Moreover, the more intensive
the farming system (e.g. in-barn livestock-fattening, cash crop cultivation), the stronger the correlation
with TST, particularly because of high nutrient imports IN.
TST was weighted by the TCA to enable the comparison among farming systems in terms of activities.
The stocking rate, population size, backyard animal system and fattening livestock system were positively
correlated to TST/TCA. The more “active” systems, the more TST/TCA. Indeed, animals and humans
consumed and produced a large amount of N within the system, thereby a lot of flow activity in terms
of nutrient transfers occurred. Land-use allocated to fallows was negatively correlated with TST/TCA
and NS. The more fallows in the system, the less nutrient transfers within the system: i.e. when left in
fallow, no flow activity occurred in the field.
TT was strongly correlated to TCA and herd size: the larger TCA (or the larger herd size), the more
throughflows. Large farms tended to diversify their farming activities, thus creating more possibilities
for interactions between activities.
On the one hand, FCI and IND were negatively correlated with land-uses in legumes cultivation and
market gardening; FCI and IND were also negatively correlated with fattening livestock and backyard
animal systems to a lower extent. Farm households mobilized a lot of external N inputs IN (i.e. mineral
fertilizes and concentrate feeds) for these activities, and products were sold on the local market, which
did not foster recycling but rather dependency on the external inputs (1 – IND). On the other hand, FCI
and IND was positively correlated to land-uses in fallows. The more land-use allocated to fallows, the
less dependency on the external inputs (i.e. markets). Indeed, fallows allowed the regeneration of soil
fertility, and less IN was therefore needed for sustaining the crop production. Also, ICR was positively
correlated to land-use in fallows.
NUE was positively correlated to the land-use in fallows. Fallowing naturally allowed the soil fertility
regeneration, thus supporting better production levels without using external inputs, and improving the
overall NUE at the farm household level (more outputs were produced with less inputs).
NS was negatively correlated to the land-use allocated to fallows. The more N accumulated in the system,
the less fallows. Indeed, intensive farming systems tended to reach large levels of production, thus
accumulating N in the system. Also, intensive farming systems tended to abandon fallowing practices.
NS was positively correlated with the stocking rate, with the population size, with the in-barn fattening
and the backyard livestock. The more animals per land unit area, the more N accumulated (animal
growth). The more people sharing the household, the more N accumulated (human growth). The more
in-barn fattening and backyard livestock, the more N accumulated (animal growth).
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Cattle feeding time in Diohine
(© Balandier 2016)

4
DISCUSSION
4.1.

Network analysis across the world

In the case study, the indicators showed that farm households did not differ in terms of structure across
farm household types (Table 4). Indeed, NA indicators chosen for analysing the internal flow density
(Fi/n) was homogeneous among farm household types (Table 4) because system structure was almost
the same. The case study conceptual farming systems (Figure 3) were indeed rather coarse with only very
few compartments (n) and few potential throughflows (Fi) by comparison to other farming systems
analysed in the literature (Table 7). Stark et al. (2016b) also proposed a coarse conceptual farming system
with 1 to 4 compartments, whereas Rufino et al. (2009b) and Alvarez et al. (2014) used a much broader
conceptual farming system while splitting up cropping and livestock compartments into subcompartments. In our case study, humans were included in the farming system as a compartment like
Rufino et al. (2009b) and Alvarez et al. (2014) because most farm products were meant for the household
self-consumption. In contrast, Stark et al. (2016b) did not include humans in the system since farms
studied in Guadeloupe were commercial, i.e. farm products were sold on local markets and/or export
markets with limited self-consumption
Farm households of the case study were different in terms of functioning across farm household types:
NA indicators of functioning were similar for Types 1 and 3, and they were similar for Types 2 and 4
(Table 5). The literature review summarized in Table 7 revealed that Guadeloupe farmers practiced a
high external input agriculture (Stark et al., 2016b), whereas Senegalese farmers, Malagasy, Ethiopian,
Zimbabwean and Kenyan smallholders practiced a low external input agriculture (Rufino et al., 2009b;
Alvarez et al., 2014). It explained the different levels of TST in average (i.e. medium in our case study,
low in other African case studies, high in Guadeloupe), partly due to correlated levels of external N
inputs (equation of TST in Table 3, and correlation between TST and IN in Figure 7). TT were higher
in average in Senegal than in other case studies. It meant that there were more internal throughflows
interacting between the system compartments in the Senegalese farming systems. Thereby, recycling
(ICR) and integration (FCI) indicators between the system compartments were higher in Senegal than in
other studied regions.
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Table 7: Literature review for a comparison between NA indicators of mixed farming systems in different case studies (- indicates that no data were available at all, *
indicates that raw data were not available so they were estimated by graphe reading).

Senegal
(this study)
n = 223
Guadeloupe
(Stark et al., 2016b)
n = 111
Madagascar
(Alvarez et al., 2014)
n = 50
Ethiopia
(Rufino et al., 2009a)
n = 50
Zimbabwe
(Rufino et al., 2009b)
n=Kenya
(Rufino et al., 2009b)
n=-

Mean
Mini
Maxi
SD
Mean
Mini
Maxi
SD
Mean
Mini
Maxi
SD
Mean
Mini
Maxi
SD
Mean
Mini
Maxi
SD
Mean
Mini
Maxi
SD

TCA Herd size
5.0
7.4
3.5
3.2
6.3
13.1
1.4
4.3
12.6
15.5
10.0
2.4
14.6
32.8
1.9
13.1
7.0
15.8
2.7
3.0
13.6
40.0
4.7
16.6
2.0
8.7
0.3
1.2
4.7
16.6
2.0
6.4
1.9
16.4
0.9
0.3
2.5
54.0
0.7
25.2
1.7
7.7
0.7
0.0
2.9
25.2
1.1
11.8

Fi
9.5
9.3
9.7
0.2
2.3
1.0
4.0
1.5
68.3
51.0
85.0
14.4
31.1
14.4
47.0
14.7
30.4
14.7
43.0
14.8
43.4
14.8
65.0
21.7

n Fi/n
5.0 1.9
5.0 1.9
5.0 1.9
0.0 0.0
4.0 0.5
2.0 0.3
6.0 0.8
1.8 0.2
16.8 4.0
14.0 3.6
19.0 4.5
2.1 0.4
7.8 2.9
2.1 0.4
12.0 3.9
4.3 1.7
8.8 3.0
4.3 1.7
13.0 3.9
3.9 0.9
11.5 3.1
3.9 0.9
18.0 4.2
5.8 1.5

TST
1644
821
3005
999
3185
2243
3802
666
5437
774
15878
7017
2176*
150*
7017*
3244*
991*
60*
3244*
1508*
470*
60*
1508*
694*

TST/TCA TT ICR
FCI
IN IN/TCA
342
661 46.5% 12.3% 817
62
213
378 41.0% 8.0%
344
42
486
1195 52.0% 16.0% 1557
96
112
379
5.8
3.9
548
24
299
29 23.7% 15.4% 2399
187
152
11 1.2%
0.0% 1292
129
428
45 44.5% 30.7% 3757
289
114
17
21.3
14.1
1066
72
595
1.4% 1405
157
287
0.3%
259
96
1168
4.4% 4026
296
409
2.0
1758
94
535*
2.4%* 722*
335*
396*
2.0%* 125*
94*
836*
2.9%* 1758*
579*
206*
0.4*
718*
209*
139*
2.6%* 272*
99*
67*
0.4%*
40*
44*
206*
5.5%* 718*
209*
58*
2.4*
303*
74*
59*
6.2%* 101*
33*
47*
2.2%*
25*
10*
73*
11.0%* 303*
74*
11*
4.6*
135*
29*

IND
54.8%
50.0%
59.0%
4.9
24.5%
1.2%
62.2%
26.3
67.3%
59.0%
74.0%
6.2
25.1%*
6.2%*
34.0%*
12.8*
37.2%*
12.8%*
55.0%*
18.2*
56.8%*
18.2%*
88.0%*
29.2*

NUE
37.0%
15.0%
68.0%
26.0
16.0%
12.0%
20.0%
3.4
-

NS
199
95
322
94
-
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4.2.

Network analysis in the Senegalese Groundnut Basin

4.1.1. Originality of the network analysis approach
Analysis conducted to date in the study area (Odru, 2013; Audoin, 2014; Saunier-Zoltobroda, 2015;
Dugy, 2016) did not provide relevant insights on the internal N flows directly controllable by land users
(i.e. smallholders) and thereby potentially prone to improved management (Alvarez et al., 2014). In
addition to considering NS and NUE, the network analysis of mixed crop-livestock smallholder farming
systems in the former Senegalese Groundnut Basin provided insight in N flows across diverse farm
household types, thus reporting a broader understanding on the internal N flows in particular. Indeed,
via the analysis of internal flows (i.e. the network analysis indicators of system functioning), it was
possible to better understand the farm resource endowment (particularly the manure management), and
the system performances associated with these farming practices. Then, a comparison between farm
household types, enables the identification of rooms for improvement of the current systems.

4.1.2. The introduction of livestock for a greater integration
Facing the current concerns of ensuring food security while making sustainable use of agroecosystems,
the ecological intensification through the (re)design of farming systems (Griffon, 2009; Doré et al., 2011)
becomes more and more challenging for sub-Saharan smallholder farmers. Since the use of external
inputs is often no longer possible to compensate the soil fertility depletion (Rufino et al., 2009b),
diversifying and integrating farming activities may be a relevant option (Thornton and Herrero, 2001).
Van Beek et al. (2009) acknowledged livestock to primarily create opportunities for nitrogen recycling in
low external input agriculture. Moreover, Stark et al. (2016b) identified a real interest in integrating crop
and livestock “as it leads to complementary livestock feeding and crop fertilization”.

4.1.3. From the subsistence to the market-oriented farming systems
In our case study, whereas some farm households were still focused on subsistent productions (Types 1
and 3), other farm households were oriented toward market productions (Types 2 and 4), according to
their asset levels and their choices in resource endowment. Type 2 oriented towards cropping activities
while keeping a large herd of extensive free-grazing livestock. Type 4 adopted in-barn livestock fattening
system. The network analysis indicators gave better greater insights on the organic resource management
and related system performances in particular.
For example, subsistent farm households (Types 1 and 3) were able to better mobilize local organic
resources with less livestock (5.50 TLU and 3.17 TLU respectively; Appendix L) and less possible
interactions between farming activities (TST and TT were lower than the other types; Table 5) than the
other types. On the one hand, types 1 and 3 managed the available manure and human wastes more
efficiently than market-oriented farm households (greater NUE at the heap level; Appendix M). On the
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other hand, they imported much less nitrogen IN than market-oriented farm households (Table 5).
Subsistent farm households were consequently less dependent on external inputs (Table 6), which
encouraged them to integrate farming activities (high FCI) and recycle the nutrients between farming
activities (high FCI), thus improving the overall NUE at the farm household (Table 6). In Types 1 and
3, organic resources were also managed through diverse practices like fallowing, free-grazing and nightpaddocking. However, manure was found in a too limited amount to enable the soil fertility regeneration
in subsistent farm households (according to the negative NS at the crop plot level in Appendix M).
In theory, as highlighted by Van Beek et al. (2009) and Stark et al. (2016b), the in-barn fattening livestock
activities adopted by Type 4 should create opportunities for a greater integration between farming
activities, via the available organic resource recycling. Indeed, a large amount of manure was stored on
the heap in Type 4 (NS = 97.67 kg N/ha/year at the heap level in Appendix M), thus generating more
possible interactions between farming activities (large TST and large TT positively correlated to in-barn
fattening in Table 8). But the indicators of performance of livestock market-oriented farm households
described an accumulation of manure on the heap that was not efficiently used for the crop plot
fertilization (NUE = 20% at the heap level in Appendix M). On top of that, biophysical N losses might
occur during manure storage, e.g. N gaseous emissions and N leaching. On-farm productions were
instead sustained by the use of external inputs purchased on the market (very high IN, low IND; Table
5 and 6 respectively), and large levels of production enabled a lower investment per unit produced
(economies of scale). Having a closer look to the asset levels per farm household (Appendix L), manuring
capacities (i.e. labour, draught power animals, donkey and horse carts for carrying the manure from the
heap to the fields) might not be sufficient to make the maximum use of the available manure.

4.1.4. A trade-off between nitrogen-use efficiency and productivity
In our case study, there is a trade-off between improving the nutrient-use efficiency and improving the
agroecosystem productivity. Indeed, subsistent farm households (Types 1 and 3), presented greater
performances in terms of integration (FCI), recycling (ICR) and efficiency (NUE) than the other types,
but they had low to medium nitrogen surplus (NS) illustrating a lower system productivity. In a
perspective of ensuring the food security, NS was medium to high for Types 2 and 4, thereby ensuring
large stocks to face the hunger season for example, but they had the lowest NUE.
The accumulation of nitrogen inside the system in Types 1 and 3 could be improved by intensifying the
livestock system, as supported by the strong Pearson correlation coefficients between NS and indicators
related to livestock activities in Figure 8). But Types 1 and 3 were limited by their small herd size (5.50
TLU and 3.17 TLU respectively; Appendix L). Since high initial investment is needed to start in-barn
fattening livestock activities (purchase of animals), not all farm households can afford it.
In Types 2 and 4, on-farm products were not meant for household self-consumption, but they were
rather intended for sales. Indeed, animals were seen as a source of savings for financing an eventual
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marriage and religious ceremonies, and market gardening harvests were sold on the local market. So,
purchases of food were necessary to meet the household food requirements in market-oriented farm
households, which did not foster the NUE. As a result, Types 2 and 4 were even more dependent on
the external inputs than Types 1 and 3, for which integrating activities may be understood as strategies
of sustaining the agricultural production and spreading the risks for subsistent farming systems
(Thornton and Herrero, 2001). Risks spreading was even more relevant in a region where high price
volatility and climate hazards occurred, e.g. losses in cropping activity due to a drought event might be
compensated by earnings in cattle fattening sales (Vall et al., 2012). Therefore, the overall NUE in Types
2 and 4 could be improved by intensifying the integration of current internal flows, thus aiming at
decreasing the dependency to the market. For example, an efficient manure management seemed to be
the key farming practice: making the maximum use of the available manure would enable a reduced use
in mineral fertilisation, thus decreasing the dependency to the market, and increasing the NUE in Types
2 and 4. But this would be possible, only if farm households had greater manuring capacities (i.e. labour,
draught power animals, horse and donkey carts) in order to cope with the conflicting activities occurring
in the cropping season. The greater use of crop residues or fodder cultivation (Stark et al., 2016b), and a
better manure storage and process (Tittonell et al., 2009a) could also be alternative solutions for being
less dependent on external inputs, for increasing the integration between the system compartments, thus
improving in fine the overall NUE at the farm household level.
Also, the importance to sustain the soil fertility as a return on investments in the long term (Tittonell et
al., 2009b) is a major challenge for smallholder farmers. In low external input agriculture in sub-Saharan
Africa, NS was generally negative or low at the crop plot levels (Schlecht & Hiernaux, 2004; Alvarez et
al., 2014; Audoin et al., 2015). In our case study, NS was slightly positive for Types 2 and 4 at the crop
plot level, thus soil fertility was slowly regenerating thanks to farmer practices. Intensifying the current
internal flows in Type 2, and even more in Type 4, would contribute to the ecological intensification, i.e.
increasing the agricultural productivity while restoring soil fertility, preserving resources and using them
more efficiently (Griffon, 2009). The results of the network analysis confirmed the conclusion of Audoin
et al. (2015) that introducing livestock into terroirs (particularly via in-barn cattle fattening activities) would
increase the agroecosystem sustainability and productivity.
To put it in a nutshell, in our case study, improving the NUE while ensuring the agroecosystem
productivity would be possible by introducing in-barn fattening livestock and intensifying the integration
between current internal flows. Market-oriented farm household types were consequently already
involved in this process of intensification, with greater manure availability than subsistent farm
households. Market-oriented farm households seemed consequently to present more rooms for
improvement (Wade, 2016). But as described above, Rufino et al. (2009a) and Rufino et al. (2009b) also
emphasized the farmer discouragement for integrated organic resource management because of high
labour costs and competing other farming activities above all.
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5
CONCLUSION &
PERSPECTIVES
In addition to considering the nitrogen surplus and nitrogen-use efficiency of farm households in the
former Senegalese Groundnut Basin, network analysis indicators reported a broader understanding on
the nitrogen flows, on the internal nitrogen flows in particular, controllable by farmers and potentially
prone to improved management. Network analysis gave an overview of the environmental sustainability
of these farming systems over time and across diverse farm household types: crop subsistence-oriented
farm households (Type 1), crop market-oriented farm households (Type 2), “traditional” Serer
subsistence farm households (Type 3), livestock market-oriented farm households (Type 4). Although
integration between farming activities was higher for subsistent farm households, agroecosystem
productivity, in terms of nitrogen surplus, was greater for market-oriented farm households since they
had more access to nutrient inputs by realizing economies of scale. In a framework of low external input
agriculture, and for the sake of ensuring the food security, livestock intensification created opportunities
for integrating and intensifying the other farming activities, including cropping activities, through a larger
manure availability. However, low levels of labour and equipment, and conflicting activities (i.e. very
busy periods were observed at the beginning and at the end of rainy season) were still limiting the
integration of farming activities. Higher productivity needs to be achieved without much increase in
dependence on the external inputs, e.g. while investing in equipment and labour for a better and more
efficient manure management, particularly in the cropping season when many conflicting activities occur.
Case studies found in the literature about network analysis in farming systems were compared with our
case study. The relative importance of the different system compartments (i.e. farming activities), the
storage and the nutrient flows were compared among case studies. Comparing farming systems across
world regions is a promising research direction for supporting their ecological intensification. As a
perspective, the network analysis could evaluate ex-ante the effects of different options in nutrient
resource endowment (e.g. alternative manure management) on system structure, functioning and
performances over time at the farm household level. Also, linking diversity and integration indicators
with farm economic indicators may enable the identification of synergies or trade-offs between
environmental and economic performances. It would contribute to the design of more sustainable
farming systems.
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Appendix A
The 5 climatic areas in Senegal (Carte 0a); The agricultural production areas in Senegal (Carte 6a). Data Source: IRD.
1
2
3
4
5
6
7a
7b
8
9
910
11
12
13
14
15

1
2
3
4
5
6
7a/7b
8
9
10
11
12
13
14
15

II

Extensive livestock farming
Groundnut & Millet (high production level)
Groundnut & Millet
Subsistence farming & Forests
Cotton cultivation
Horticulture
Traditional rice cultivation
Rice cultivation
Sugarcane cultivation
Food industry
Groundnut oil-mill
Cotton ginnery
Rice mill
Concentrated tomato
Sugar refinery

Appendix B
Structure of the interviewing guide used for farmer surveys (Odru, 2013; Vigan, 2013 and Audoin, 2014):
1) Household structure
General data
Population (permanent, casual, employed)
Buildings, agricultural materials and equipments
2) Cropping activities
Crop plot structure
Annual crops
Market gardening (horticulture)
Orchard and fruit trees
3) Livestock activities
Animal batches
Animal batch composition
Animal batch movements (flows of birth, death, purchase, sale, gift, theft)
Animal batch localisation
Animal batch diet (fodders and concentrates)
Animal batch production (meat and milk)
4) Organic matter storage
Stable house
Manure heap
5) Household consumption
Daily consumption of staple food products
Purchases of food products
6) Household wastes
7) Household burning materials
8) Others
Off-farm activities
Financial support from household migrants
Herd movements (transhumant livestock)
Major constraints in production activities
…

III

Appendix C

IV

Appendix D
List of nitrogen flows observed in a smallholder farming system at the farm household level (from Dugy, 2016). Calculated flows are identified with a *, equations are found in the
Appendix E.

Origin
Humans
(H1)

Destination
Livestock (H2)
Heap (H3)
Crop plots (H4)
Humans (H1)
Heap (H3)

Livestock
(H2)

Crop plots (H4)

fij
f12
f13
f14
f21a
f21b
f23a
f23b
f23c
f24a
f24b

e20a
e20b
e20c
e20d

Exterior (ext.)

Heap
(H3)

Crop plots (H4)

ei0

Granary (H5)
Crop plots
(H4)

r20a
r20b
r20c

f34
r30a
r30b

Exterior (ext.)
Livestock (H2)

ri0

f42
f45a
f45b
e40

Exterior (ext.)

r40a
r40b
r40c
r40d

z0j

Flow description
Human wastes for livestock feeding (kitchen leftovers and by-products from processing)
Human wastes discharged into the heap
Direct application of human wastes in crop plots
Human self-consumption of meat
Human self-consumption of milk
*Faeces from animals present on the concession collected and discharged into the heap
*Urines from animals present on the concession collected and discharged into the heap
*Feed refusals from animals present on the concession collected and discharged into the heap
*Faeces from night paddocking and free-grazing livestock directly applied in crop plots
*Urine from night paddocking and free-grazing livestock directly applied in crop plots
Livestock outflows outside system boundaries (sales, gifts, entrustments and thefts)
Livestock milk production outflows outside system boundaries (sales and gifts)
*Faeces excreted outside the system from non-transhumant free-grazing livestock
*Urine excreted outside the system from non-transhumant free-grazing livestock
*Gaseous losses to the atmosphere from excreta during the housing in barn
*Leaching from excreta during the housing in barn
Livestock mortality
Application of manure from the heap in crop plots
*Gaseous losses to the atmosphere from farm yard manure and household wastes during the storage in heap
*Leaching from farm yard manure and household wastes during the storage in heap
*Grazing of biomass by free-grazing livestock inside the system
Storage of harvested crop products (i.e. food and concentrates) in the granary
Storage of harvested crop co-products (i.e. fodders) in the granary
*Crop co-products consumed inside the system by foreign free-grazing animals
*Gaseous losses to the atmosphere from the application of fertilizers, FYM, wastes and excretions in crop plots
*Leaching from the application of fertilizers, farm yard manure, wastes and excretions in crop plots
*Biological symbiotic nitrogen fixation by legumes such as cowpea and groundnut (r40c < 0)
*Atmospheric deposition (r40d < 0)

V

Humans (H1)
Granary
(H5)

Livestock (H2)
Crop plots (H4)
Exterior (ext.)
Humans (H1)

Livestock (H2)
Exterior
(ext.)
Crop plots (H4)

Granary (H5)

VI

f51
f52a
f52b
f54
e50a
e50b
z01a
z01b
z01c
z02a
z02b
z02c
z02d
z04a
z04b
z04c
z04d
z04e
z04f
z05

Human consumption of stored products (i.e. food and burning materials)
Livestock consumption of crop products (i.e. concentrates) stored in the granary
Livestock consumption of crop co-products (i.e. fodders) stored in the granary
Sowing of stored seeds
Crop product outflows outside system boundaries (sales, gifts)
Crop co-product outflows outside system boundaries (sales, gifts)
Food commodity inflows for human consumption needs (purchases and gifts)
Burning material inflows for human consumption needs (purchases and gifts)
Burning materials collected outside the system by humans
Livestock inflows (purchases, gifts and entrustments)
Purchases of concentrates for livestock feeding
*Biomass consumption outside the system by free-grazing livestock from the system
Consumption of green feeds and tree products (provided in troughs) from outside the system
Mineral fertilizer purchases from outside system boundaries
Organic fertilizer purchases and gifts from outside system boundaries
Pesticide purchases from outside system boundaries
Seed purchases and gifts from outside system boundaries
*Faeces from free-grazing foreign animals directly applied in crop plots
*Urine from free-grazing foreign animals directly applied in crop plots
Purchases of fodders for livestock feeding

Appendix E
Conversion coefficients to convert kg FW into kg DM, and then into kg N.
Burning materials
Firewood (indifferentiated)
Cowpats
Tree barks
Millet stems
Livestock fodders and co-products
Groundnut tops
Rice straw
Fresh cut grass
Dry cut grass (hay)
Grass (Rainy season)
Grass (Dry season)
Millet and Sorghum straw
Millet straw
Short cycle millet straw
Long cycle millet straw
Maize stems
Dry cowpea stems
Late or early cowpea tops
Late cowpea tops
Early cowpea tops
Fodder cowpea tops
Sorghum straw
Sorghum leaves
Faidherbia (or acacia) albida leaves
Baobab straw
Baobab branches + leaves
Other trees specie leaves
Watermelon tops
Cowpea-beans tops
Livestock concentrates and by-products
Cattle feed
Wheat bran
Rice bran
Millet bran
Millet chaff

kg DM/kg FW
0.455
0.800
0.455
0.881
kg DM/kg FW
0.896
0.930
0.311
0.940
0.310
0.940
0.889
0.881
0.881
0.881
0.895
0.902
0.203
0.203
0.203
0.203
0.896
0.896
0.307
0.896
0.896
0.896
0.089
0.203
kg DM/kg FW
0.210
0.883
0.900
0.910
0.910

Reference
Jung, 1970
Odru, 2013
Jung, 1970
Le Thiec, 1996
Reference
Le Thiec, 1996
Gongnet et al., 1997
Le Thiec, 1996
Le Thiec, 1996
Le Thiec, 1996
Le Thiec, 1996
Assumed (average millet/sorghum)
Le Thiec, 1996
Le Thiec, 1996
Le Thiec, 1996
Le Thiec, 1996
Le Thiec, 1996
Le Thiec, 1996
Le Thiec, 1996
Le Thiec, 1996
Le Thiec, 1996
Le Thiec, 1996
Le Thiec, 1997
Wentling, 1983
IRD
Abakar, 2010
Abakar, 2010
ANSES
Le Thiec, 1996
Reference
Fall-Touré et al., 1997
Le Thiec, 1996
Le Thiec, 1996
Le Thiec, 1996
Le Thiec, 1996

kg N/kg FW
0,006
0,016
0,006
0,003
kg N/kg FW
0.017
0.004
0.206
0.063
0.020
0.006
0.004
0.003
0.003
0.003
0.008
0.024
0.276
0.276
0.276
0.276
0.005
0.005
0.022
0.009
0.009
0.009
0.001
0.276
kg N/kg FW
0.026
0.028
0.018
0.024
0.024

Reference
Jung, 1970
Odru, 2013
Jung, 1970
Manlay, 2000
Reference
Le Thiec, 1996
Gongnet et al., 1997
Le Thiec, 1996
Le Thiec, 1996
Le Thiec, 1996
Le Thiec, 1996
Assumed (average millet/sorghum)
Manlay, 2000
Manlay, 2000
Manlay, 2000
Manlay, 2000
Le Thiec, 1996
Le Thiec, 1996
Le Thiec, 1996
Le Thiec, 1996
Le Thiec, 1996
Le Thiec, 1996
Le Thiec, 1996
Fall-Touré, 1995
IRD
Abakar, 2010
Abakar, 2010
ANSES
Le Thiec, 1996
Reference
Feed mill in Dakar
Le Thiec, 1996
Le Thiec, 1996
Le Thiec, 1996
Le Thiec, 1996

VII

Millet grains
Groundnut cattle cake
Groundnut tegumens
Groundnut husks
Cotton grains
Cowpea grains
Cowpea pods
Maize grains
Sorghum grains
Faidherbia fruits
Kitchen waste
Household commodities
Rice grains
Millet grains
Maize grains
Sorghum grains
Cowpea grains
Groundnut grains
Meat (carcass weight)
Fish
Oil
Sugar
Charcoal
Seeds and products
Millet grains
Short cycle millet grains
Short cycle millet bundles
Long cycle millet grains
Long cycle millet bundles
Sorghum grains
Sorghum bundles
Maize grains
Maize cobs
Groundnut grains (shelled groundnuts)
Whole groundnuts (not shelled groundnuts)
Cowpea grains
Late cowpea grains (shelled late cowpeas)
Late cowpea pods (whole late cowpeas)
Early cowpea grains (shelled early cowpeas)
Early cowpea pods (whole early cowpeas)
Beans grains (shelled beans)

VIII

0.925
0.860
0.875
0.875
0.930
0.892
0.892
0.912
0.910
0.900
0.500
kg DM/kg FW
0.870
0.925
0.912
0.910
0.892
0.860
1.000
0.265
0.000
0.996
0.900
kg DM/kg FW
0.925
0.925
0.990
0.925
0.990
0.910
0.999
0.912
0.650
0.860
0.865
0.892
0.892
0.892
0.892
0.892
0.892

Le Thiec, 1996
Le Thiec, 1996
Le Thiec, 1996
Le Thiec, 1996
Le Thiec, 1996
Maliboungou et al, 1998
Maliboungou et al, 1998
Le Thiec, 1996
Le Thiec, 1996
Fall-Touré et al., 1997
Alvarez et al., 2014
Reference
Alvarez et al., 2014
Le Thiec, 1996
Le Thiec, 1996
Le Thiec, 1996
Maliboungou et al, 1998
Le Thiec, 1996
Murray & Burt, 1983
ANSES
FAO, 1983
Reference
Le Thiec, 1996
Le Thiec, 1996
Manlay, 2000
Le Thiec, 1996
Manlay, 2000
Le Thiec, 1996
Manlay, 2000
Le Thiec, 1996
Alvarez et al., 2014
Le Thiec, 1996
Le Thiec, 1996
Maliboungou et al, 1998
Maliboungou et al, 1998
Maliboungou et al, 1998
Maliboungou et al, 1998
Maliboungou et al, 1998
Maliboungou et al, 1998

0.019
0.085
0.025
0.025
0.031
0.045
0.045
0.017
0.017
0.112
0.006
kg N/kg FW
0.015
0.019
0.017
0.017
0.045
0.062
0.034
0.112
0.000
0.000
0.000
kg N/kg FW
0.019
0.019
0.012
0.019
0.012
0.017
0.016
0.017
0.012
0.062
0.029
0.045
0.045
0.045
0.045
0.045
0.045

Le Thiec, 1996
Le Thiec, 1996
Ministry of Agriculture & Livestock of Madagascar
Ministry of Agriculture & Livestock of Madagascar
Le Thiec, 1996
Maliboungou et al, 1998
Maliboungou et al, 1998
Le Thiec, 1996
Le Thiec, 1996
Maliboungou et al, 1998
Alvarez et al., 2014
Reference
Alvarez et al., 2014
Le Thiec, 1996
Le Thiec, 1996
Le Thiec, 1996
Maliboungou et al, 1998
Le Thiec, 1996
Rufino et al., 2009a
Murray & Burt, 1983
Reference
Le Thiec, 1996
Le Thiec, 1996
Manlay, 2000
Le Thiec, 1996
Manlay, 2000
Le Thiec, 1996
Manlay, 2000
Le Thiec, 1996
Manlay, 2000
Le Thiec, 1996
Le Thiec, 1996
Maliboungou et al, 1998
Maliboungou et al, 1998
Maliboungou et al, 1998
Maliboungou et al, 1998
Maliboungou et al, 1998
Maliboungou et al, 1998

Beans pods (whole beans)
Watermelon seeds
Watermelon (products)
Hibiscus/bissap seeds
Hibiscus/bissap flowers
Onions seeds
Onions (products)
Chili seeds
Chili (products)
Tomatoes seeds
Tomatoes (products)
Cassava seeds
Cassava (products)
Green eggplants seeds
Green eggplants (products)
Black eggplants seeds
Black eggplants (products)
Cabbages seeds
Cabbages (products)
Bottle gourds seeds
Bottle gourds (products)
Ladie fingers seeds
Ladie fingers (products)
Nadjo
Organic fertilizers
Dung
Compact manure
Farm Yard Manure
Dry cattle manure
Poultry manure
Stems residues
Compost
Cattle feed residues
Backyard wastes
Kitchen wastes
Ashes
By-products from processing
Millet chaff
Groundnut husks
Cowpea pods

0.892
0.089
0.070
1.000
0.405
0.070
0.120
0.070
0.170
0.070
0.060
0.070
0.375
0.070
0.080
0.070
0.080
0.070
0.120
0.144
0.144
0.144
0.144
0.070
kg DM/kg FW
0.800
0.320
0.450
0.450
0.200
0.881
1.000
0.881
1.000
1.000
1.000
0.890
0.910
0.875
0.892

Maliboungou et al, 1998
ANSES
USDA Nutrient Data Laboratory, 2012
USDA Nutrient Data Laboratory, 2012
Courtial et al., 1998
USDA Nutrient Data Laboratory, 2012
CIRAD, 2002
USDA Nutrient Data Laboratory, 2012
Ministry of Agriculture & Livestock of Madagascar
Ahishakiye & Aitamour, 2010
Aprifel
USDA Nutrient Data Laboratory, 2012
CIRAD, 2002
USDA Nutrient Data Laboratory, 2012
Aprifel
USDA Nutrient Data Laboratory, 2012
Aprifel
USDA Nutrient Data Laboratory, 2012
Aprifel
Average of the others
Average of the others
Average of the others
Average of the others
USDA Nutrient Data Laboratory, 2012
Reference
Odru, 2013 (estimated)
Alvarez et al., 2014
Ganry et al., 1999
Ganry et al., 1999
Chabalier et al., 2006
Le Thiec, 1996
Alvarez et al., 2014
Le Thiec, 1996
Assumed
Alvarez et al., 2014
FAO, 1983
Average (millet chaff/groundnut husks/cowpea pods)
Le Thiec, 1996
Le Thiec, 1996
Maliboungou et al, 1998

0.045
0.000
0.001
0.001
0.024
0.001
0.010
0.001
0.010
0.040
0.010
0.001
0.010
0.001
0.010
0.001
0.010
0.001
0.010
0.010
0.010
0.010
0.010
0.001
kg N/kg FW
0.016
0.016
0.005
0.004
0.031
0.003
0.006
0.003
0.006
0.006
0.004
0.031
0.024
0.025
0.045

Maliboungou et al, 1998
ANSES
USDA Nutrient Data Laboratory, 2012
USDA Nutrient Data Laboratory, 2012
Courtial et al., 1998
USDA Nutrient Data Laboratory, 2012
Fondio and Grubben, 2004
USDA Nutrient Data Laboratory, 2012
Fondio and Grubben, 2004
Ahishakiye & Aitamour, 2010
Fondio and Grubben, 2004
USDA Nutrient Data Laboratory, 2012
Fondio and Grubben, 2004
USDA Nutrient Data Laboratory, 2012
Fondio and Grubben, 2004
USDA Nutrient Data Laboratory, 2012
Fondio and Grubben, 2004
USDA Nutrient Data Laboratory, 2012
Fondio and Grubben, 2004
Average of the others
Average of the others
Average of the others
Average of the others
USDA Nutrient Data Laboratory, 2012
Reference
Odru, 2013 (estimated)
Alvarez et al., 2014
Ganry et al., 1999
Ganry et al., 1999
Chabalier et al., 2006
Le Thiec, 1996
Alvarez et al., 2014
Le Thiec, 1996
Assumed
Alvarez et al., 2014
FAO, 1983
Average (millet chaff/groundnut husks/cowpea pods)
Le Thiec, 1996
Ministry of Agriculture & Livestock of Madagascar
Maliboungou et al, 1998

IX

Mineral fertilizers
Urea
Millet 15-10-10
Groundnut mineral fertilizer
15-15-15
6-20-10
10-10-20
0-10-10
Pesticides
Groundnut pesticide (pills)
Watermelon insecticide
Granox
Tiphon
Alligathor
Gallanfor
Malatye
Fungicide (powder)
Fungicide (liquid solution)
Demitawat
Animal products
Milk

X

kg DM/kg FW
1.000
1.000
1.000
1.000
1.000
1.000
1.000
kg DM/kg FW
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
kg DM/kg FW
1.000

Reference
SEDAB SARL in Dakar
SEDAB SARL in Dakar
SEDAB SARL in Dakar
Reference
Assumed
Assumed
Assumed
Assumed
Assumed
Assumed
Assumed
Assumed
Assumed
Assumed
Reference
-

kg N/kg FW
0.460
0.150
0.100
0.150
0.060
0.100
0.100
kg N/kg FW
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
kg N/kg FW
0.005

Reference
SEDAB SARL in Dakar
SEDAB SARL in Dakar
SEDAB SARL in Dakar
Reference
Assumed
Assumed
Assumed
Assumed
Assumed
Assumed
Assumed
Assumed
Assumed
Assumed
Reference
Rufino et al., 2009a

Appendix F
Equations used for calculations N flows identified with a * in the Appendix D.
N.B.: Conversion of the livestock size into tropical livestock units was possible thanks to the conversion
coefficients found below:

1.

Species

Age

Sex

TLU

Reference

kg FW Reference

kg N/ kg DM Reference

Bovine

< 6 months

Male

0.4

CIRAD, 2002 100

FAO, 1997 0.0340

Rufino et al., 2009a

Bovine

6-12 months

Male

0.4

CIRAD, 2002 100

FAO, 1997 0.0340

Rufino et al., 2009a

Bovine

1-2 years old

Male

0.5

CIRAD, 2002 125

FAO, 1997 0.0340

Rufino et al., 2009a

Bovine

2-3 years old

Male

1

CIRAD, 2002 250

FAO, 1997 0.0340

Rufino et al., 2009a

Bovine

> 3 years old Male

1

CIRAD, 2002 250

FAO, 1997 0.0340

Rufino et al., 2009a

Bovine

< 6 months

Female 0.4

CIRAD, 2002 100

FAO, 1997 0.0340

Rufino et al., 2009a

Bovine

6-12 months

Female 0.4

CIRAD, 2002 100

FAO, 1997 0.0340

Rufino et al., 2009a

Bovine

1-2 years old

Female 0.5

CIRAD, 2002 125

FAO, 1997 0.0340

Rufino et al., 2009a

Bovine

2-3 years old

Female 0.6

CIRAD, 2002 150

FAO, 1997 0.0340

Rufino et al., 2009a

Bovine

> 3 years old Female 1

CIRAD, 2002 250

FAO, 1997 0.0340

Rufino et al., 2009a

Ovine

Young

0.1

CIRAD, 2002 25

FAO, 1997 0.0265

USDA, 2004

Ovine

Adult

0.2

CIRAD, 2002 50

FAO, 1997 0.0265

USDA, 2004

Caprine Young

0.1

CIRAD, 2002 25

FAO, 1997 0.0265

assumed to be similar as sheep meat

Caprine Adult

0.2

CIRAD, 2002 50

FAO, 1997 0.0265

assumed to be similar as sheep meat

Poultry

Young

0.007 CIRAD, 2002 2

FAO, 1997 0.0290

Rufino et al., 2009a

Poultry

Adult

0.007 CIRAD, 2002 2

FAO, 1997 0.0290

Rufino et al., 2009a

Pig

Young

0.08

CIRAD, 2002 20

FAO, 1997 0.0230

Rufino et al., 2009a

Pig

Adult

0.16

CIRAD, 2002 40

FAO, 1997 0.0230

Rufino et al., 2009a

Donkey Young

0.2

CIRAD, 2002 50

FAO, 1997 0.0300

Rufino et al., 2009a

Donkey Adult

0.4

CIRAD, 2002 100

FAO, 1997 0.0300

Rufino et al., 2009a

Horses

Young

1

CIRAD, 2002 250

FAO, 1997 0.0300

Rufino et al., 2009a

Horses

Adult

1.2

CIRAD, 2002 300

FAO, 1997 0.0300

Rufino et al., 2009a

Flows of feed intake: f42, e40, z02c

Nitrogen flows of livestock feed intakes (i.e. f42, e40, z02c) were estimated according to the balance between
free-grazing needs (FGN) and available residues (AR).
1. 1. Free-Grazing Needs (FGN)
Animals have the capacity to consume a certain amount of feed. This feed intake seasonally differs due
to a variability in the diet digestibility. Observed intake values Is were determined by Wade in 2016 for
free-grazing animals:
Season
Cold dry season
Hot dry season
Rainy season

Is (kg DM/TLU/day) Reference
4.15 ± 0.9
Wade, 2016
5.16 ± 0.7
Wade, 2016
5.3 ± 1.0
Wade, 2016
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Therefore, intake capacity was determined at the farm household level h, i.e. according to the number
of animals in a batch (Nb,s in TLU) and the number of days in a season (Ds in days):
!"#$%&_($)$(#*+, =

1,3

(01,3 ∗ !3 ∗ 53 )

(1)

FGNh (in kg DM) are actually the difference between the intake capacity of free-grazing animals (1) and
the amount of feed_distributedb,s to free-grazing animals that is provided to them in troughs (data
collected from farmers in kg DM/batch/season). What remains should be ideally covered by free
grazing:
780, =

1,3

(!"#$%&_($)$(*#+1,3 − 7&&:_:*;#<*=>#&:1,3 )

(2)

In situations where amount of Feed_distributedh was overestimated during interviews, FGNh rarely, but
sometimes, got negative. Thus FGN were turned into zero to make more sense in further calculations.
1. 2.Available residues (AR)
Two equations were provided for the calculations of Available Residues (ARh) in kg DM at the farm
household level h. On the one hand ARh are crop residues, i.e. fodders left on crop fields cf for freegrazing animals after the harvest in cold and hot dry seasons (3). On the other hand, they are grass
production on fallow fields ff grazed by free-grazing animals in rainy season (4).
*? ;&$;@" = (@A: @< ℎ@# :<+ ;&$;@", #ℎ&" CD,,3 =
*? ;&$;@" = <$*"+ ;&$;@", #ℎ&" CD,,3 =

GG

FG

E<@:>(#*@"FG − H$<I&;#FG

C<&$GG ∗ J*&A:_8<$;;

(3)

(4)

On the one hand, grass production in rangelands and fallows was estimated at 1690 – 3000 kg DM/ha
in Nioro du Rip (Senegal) where rainfall is slightly higher than the study area, i.e. 600-1000 mm/year
(Diatta and Faye, 1996). On the other hand, it was estimated at 1400 – 1900 kg DM/ha in Widou (Senegal)
by Assouma (2016) where rainfall is lower (350 mm/year). Therefore, Yield_Grass was estimated at 2000
kg DM/ha in average because average annual rainfall is 550 mm/year.
When Productioncf was underestimated and/or Harvestcf was overestimated (due to data uncertainties
from interviews), AR was sometimes negative. Thus ARh were turned into zero for further calculations.
1. 3.Fodder deficit & Fodder surplus
Then fodder deficit (5) and fodder surplus (6) were quantified with previously calculated FGN and AR
at household level:
75, = 780, − CD,

(5)

7K, = CD, − 780,

(6)

1. 4.If FGN ≥ AR
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Free-grazing needs are not covered: consuming all the residues within the system (f42) is not enough to
satisfy the free-grazing animal needs. Therefore, they will graze an equivalent amount of the fodder
deficit FD (5) outside the system (z02c). There is consequently nothing left for foreign free-grazing
animals (e40):
f42 = ARh
z02c = FDh
e40 = 0
Later on, flows of feed intake were converted from kg DM into kg N. We considered that animals
preferably grazed fresh grass in rainy season with iN = 0.02048 kg N/kg DM (Le Thiec, 1996), whereas
they fed on millet straw in dry season with iN = 0.0027 kg N/kg DM (Manlay, 2000).
1. 5.If FGN < AR
Free-grazing needs are completely covered. Moreover, available residues are found in surplus within the
system (6). Thus there are some available residues left after free-grazing livestock needs are satisfied (f42).
Animals from the system do not need to go out of the system boundaries for grazing (z02c), and foreign
animals come to the system for grazing these remaining residues (e40). Nevertheless, if FDt < FSt, at the
terroir level t all the FSh at household level will not be grazed by foreign animals, thus a part of it will
remain in the fields of household h. As a result e40 will be corrected by the ratio kt which is calculated at
the terroir level as follow:
f42 = FGNh
z02c = 0
e40 = FSh * kt
%L = M*"(1,

Q OPQ
Q ORQ

)

(7)

Later on, flows of feed intake were converted from kg DM into kg N. We considered that animals
preferably grazed fresh grass in rainy season with iN = 0.02048 kg N/kg DM (Le Thiec, 1996), whereas
they fed on millet straw in dry season with iN = 0.0027 kg N/kg DM (Manlay, 2000).
2. Flow of feed refusals: f23c
Over the total amount of feed that is provided to livestock in troughs (Feed_distributed), a part of it is
not consumed and will be discharged into the heap: they are the feed refusals f23c. Two preliminary steps
of calculations were necessary to separately quantify the amount of concentrates provided in troughs (8)
and the amount of fodders provided in troughs (9):
S@"(_:*;#<*=>#&:1,3 = ?TUV + XYU1

(8)

7@::_:*;#<*=>#&:1,3 = ?ZU + ?[U + ?TU1 + XYUF

(9)

(8) and (9) are first expressed in kg DM, they are later converted into kg N.
XIII

Since concentrates are more palatable than fodders, livestock will first eat the concentrates distributed
in troughs, and fodders will be eaten secondly. Knowing the theoretical feed intake IN expressed in kg
N, it is possible to estimate the ingestion of fodders (10):
7@::_*"#$%&

1,3

= M*" [ !01,3 − S@"(_:*;#<*=>#&:1,3 ; 7@::_:*;#<*=>#&:1,3 ] (10)

Finally, feed refusals are the amount of fodders that will not be consumed by livestock after theoretical
feed intake capacity I is covered:
?U_F =

1,3(7@::_:*;#*=>#&:1,3

− 7@::_*"#$%&1,3 )

(11)

3. Flows of faeces excreted: f23a, f24a, e20c, z04e
Since the amount of faeces excreted (in kg DM/batch/season) is function of the amount of feed ingested
(in kg DM/batch/season), most of flows of faeces excreted will be calculated based on the E/I ratio (kg
DM/kg DM) determined by Wade (2016):
Livestock system
In-barn fattening
Traditional
Backyard

Excreted /Intake (E/I)
0.36
0.57
0.57

Reference
Wade, 2016
Wade, 2016
Wade, 2016

Moreover, faeces excretions from a livestock system are estimated according to its time spent on one (or
more) different terroir landscape unit(s), e.g. concession, home-field, out-field, rangeland. This
information has been collected for all the animal batches in T52 (Appendix C). Later on, these flows are
converted into kg N, knowing the content in nitrogen for the different types of faeces (e.g. farm yard
manure, or faeces excreted in fields).
3. 1.

f23a

Total feed ingested by the in-barn fattening livestock can be estimated with equations (8) and (10):
!"#$%&1,3 = S@"(_:*;#<*=>#&:1,3 + 7@::_*"#$%&1,3

(12)

Theoretical faeces excretion per batch and per season can be estimated with the E/I ratio for in barnfattening animals (Wade, 2016) and the proportion of time spent on the concession over the total time
spent in the system, to which biophysical flows (r20a and r20b) have been subtracted at household level
after conversion into kg N.
?U_V,Y =

1,3

[(

`abcdefghiijef
`abc kelmn

?U_V = ?U_V,Y − <UYV − <UY1
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∗ !"#$%&1,3 ∗
(13b)

o
p

)]

(13a)

where TimeTotal = DS * 24

Biophysical flows r20a and r20b are respectively related to nitrogen losses to the atmosphere and leaching
during in-barn housing (cf. (23) and (24) in §5.).
3. 2.

f24a

In traditional and backyard systems, animals are penned in a paddock at night thus producing manure
for later applications (equations 14 & 15), and they are freely grazing at day thus directly fertilizing plots
(equations 16 & 17). Time spent on night paddocking NP0 was collected in hours/batch/day and turned
into NP1 in hours/batch/season (14).
0EZ 3 =

(0EY ∗ 5R )

3

(14)

Knowing that…
q*M&rst3c Gacsu3v = q*M&wxLGacsu3v + q*M&ytbcGacsu3v

(15)

… NP1,S was corrected as follows in order to adjust a possible erroneous data from fieldwork and/or a
wrong handling while entering data:
-

if NP1,S > TimeClose fields,S then NP1,S takes the value of TimeClose fields,S

-

if NP1,S < TimeClose fields,S then NP1,S is still the same (no adjustment is necessary)

On the other hand, FG0 (16) is the theoretical time spent on free-grazing by animals:
78Y 3 =

3

( q*M&rst3c Gacsu3v − 0EZv )

(16)

However f24a aims at representing free-grazing inside the system, whereas FG0?s takes into account both,
i.e. free-grazing inside and outside the system. Therefore FG0,S will be corrected with kFG from 0 to 1
(17) being the proportion of free-grazing activity by the animal batch that occurs inside the system. 0
would mean that the animal batch is always grazing out of the system. 1 would mean that the animal
batch is grazing only inside the system:
%Oz =

Ozjfij{h
Ozlelmn

=

G|}

(17)

( G|} ~ Ä}g )

Thus time spent on free-grazing inside the system by animals is FG1,S in hours/batch/season (18):
78Zv = 78Yv ∗ %Oz

(18)

As a combination of different steps:
?U[V =

3. 3.

3

[

ÅÇÉv ~ OzÉv
`abckelmn

o

∗ 7&&: *"#$%& ∗ ]

(19)

p

where Feed intake = f42

e20c

&UYÑ = [ 7&&: *"#$%& ∗

o
p

− ?U_V − ?U[V ]

(20)

where Feed intake = z02c
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3. 4.

z04e

Foreign free-grazing animals were assumed to excrete the same amount of faeces than animals belonging
to the system. However they are not only grazing in the system and they do not consequently excrete
their whole faeces in the system. As a consequence, it was necessary to estimate the time spent by foreign
free-grazing animals inside the terroir to calculate z04e (21). On average half a day (12 hours) is allocated
to night paddocking. According to Chirat (2010), 34% of the day is spent on grazing while walking, 10%
on walking, 5% on resting, drinking and ruminating are negligible at the day level.
Night paddocking
Grazing while walking
Walking
Resting
Drinking/ruminating
Total

%/activity
50 %
34 %
10 %
5%
Negligible: 1 %
100 %

h/activity
12.00
8.16
2.40
1.20
0.24
24.00

Therefore, we considered that foreign free-grazing animals may spend 34% in the system:
o

XY[Ö = 7&&: *"#$%& ∗ ∗ 0.34
p

(21)

where Feed intake = e40

4. Flows of urines excreted: f23b, f24b, e20d, z04f
Urine excretions are functions of faeces excretions: f23a, f24a, e20c, z04e were multiplied by the appropriate
UrineN/DungN ratio determined by Wade (2016) in order to respectively estimate f23b, f24b, e20d, z04f:
In-barn fattening
Traditional
Backyard

UrineN/DungN (U/D)
1.5
0.25
0.57

Reference
Wade, 2016
Wade, 2016
Wade, 2016

A general equation can be displayed as follows:
ä<*"& = 7$&(&; ∗

ã
P

(22)

5. Biophysical flows: r20a, r20b, r30a, r30b, r40a, r40b, r40c, r40d
Whatever their nitrogen content, all types of organic resources (i.e. urine, dungs, mineral and organic
fertilizers, farm yard manure, household wastes) are exposed to biophysical losses according to the
nitrogen cycle: ammonia gaseous emissions, nitrate leaching and run-off (not considered here). On the
other hand, nitrogen gains into the systems occur such as symbiotic biological N2 fixation (BNF) by
legumes, wet and dry atmospheric depositions. Emission factors ki used for calculations are referred in
the table below.

XVI

ki
k1
k2
k3
k4
k5
k6
k7
k8
k9
k10
k11
k12
k13
k14
k15
k16
k17
k18
k19

5. 1.
<UYV =

Emission Factor
Barn Emission Urine Dung
Barn Leaching Urine Dung
Heap Emission FYM
Heap Emission Waste
Heap Leaching FYM
Heap Leaching Waste
Field Emission Urine Dung
Field Emission Mineral Fertilizer
Field Emission Organic Fertilizer
Field Emission FYM
Field Emission Waste
Field Leaching Urine Dung
Field Leaching Mineral Fertilizer
Field Leaching Organic Fertilizer
Field Leaching FYM
Field Leaching Waste
Field Deposition
Field BNF Cowpea
Field BNF Groundnut

Unit
% total N
% total N
% total N
% total N
% total N
% total N
% total N
% total N
% total N
% total N
% total N
% total N
% total N
% total N
% total N
% total N
kg N/ha/year
kg N/ha/year
kg N/ha/year

Reference
*Bouwman et al., 1997
Assumed to be close to zero
Wade, 2016; Rufino, 2007
Wade, 2016; Rufino, 2007
Assumed to be close to zero
Assumed to be close to zero
*Amon et al., 1998
*Morán et al., 2016
FAO, 2001
FAO, 2001
Assumed
Brouwer & Powell, 1998
Nyamangara et al., 2003
Nyamangara et al., 2003
Nyamangara et al., 2003
Nyamangara et al., 2003
Delon et al., 2010
Bado et al., 2006
Bado et al., 2006

In the barn
?U_V + ?U_1 ∗ %Z

<UY1 = [ ?U_V + ?U_1 ∗ %U ]
5. 2.

Value
0.45
0
0.5
0.3
0
0
0.25
0.06
0.05
0.05
0.03
0.45
0.2
0.05
0.05
0.02
7.5
82.5
15.5

(23)
(24)

In the heap

<_YV = [ ?U_V + ?U_1 − <UYV − <UY1 ∗ %_ + ?Z_ ∗ %[ ]

(25)

<_Y1 = [ ?U_V + ?U_1 − <UYV − <UY1 ∗ %T + ?Z_ ∗ %å ]

(26)

5. 3.

In the field

<[YV = [ ?U[V + ?U[1 + XY[c + XY[G ∗ %ç ] + XY[V ∗ %é + XY[1 ∗ %è + ?_[ ∗ %ZY + ?Z[ ∗ %ZZ (27)
<[Y1 = [ ?U[V + ?U[1 + XY[c + XY[G ∗ %ZU ] + XY[V ∗ %Z_ + XY[1 ∗ %Z[ + ?_[ ∗ %ZT + ?Z[ ∗ %Zå (28)

<[YF = − (C<&$FtêëcV ∗ %Zé ) − (C<&$íìtxîuîxL ∗ %Zè ) (29) < 0
with Areacowpea as TCA allocated to cowpea cultivation in ha/household/year
and Areagroundnut as TCA allocated to groundnut cultivation in ha/household/year
<[Yu = − C<&$LtLVs ∗ %Zè

(30)

<0

with Areatotal as TCA of the household in ha/household/year.

*

No relevant data in a tropical context were found in the literature, thereby data marked with a * refer to researches

conducted under temperate conditions.
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Appendix G
Definition of the 6 groups of variables included in the MFA for household typology.
Group of variables
Name

Type

-

-

Farm size

Land-use

Animal
species

Livestock
system

Manuring
capacity

Labour

Quantitative and
passive variables

Frequency and active
variables

Frequency and active
variables

Frequency and active
variables

Quantitative and active
variables

Frequency and active
variables

Variable

Unit

Definition

Ref.Household

Dmnl

Household ID

TotalCultivatedArea ha

Total cultivated area

Herd

TLU

Total herd size

StockingRate

TLU/ha

Number of livestock per unit area

Humans

FU*/ha

Number of mouths to feed per unit area

Cereals

ha

Area allocated to cereals cultivation

Legumes

ha

Area allocated to legumes cultivation

Gardening

ha

Area allocated to market gardening cultivation

Fallow

ha

Area left in fallow

Bovines

TLU

Number of bovines

Ovines

TLU

Number of ovines

Caprines

TLU

Number of caprines

Poultry

TLU

Number of poultry

Pigs

TLU

Number of pigs

Donkeys

TLU

Number of donkeys

Horses

TLU

Number of horses

InBarnFattening

TLU

Number of in-barn fattening animals

FreeGrazing

TLU

Number of free-grazing animals

Backyard

TLU

Number of backyard animals

Labour

HLU*/ha Number of human labour units per unit area

HorseCarts

Units/ha

Number of horse carts per unit area

DonkeyCarts

Units/ha

Number of donkey carts per unit area

Permanent

HLU*

Number of permanent population

Casual

HLU*

Number of casual population

Employed

HLU*

Number of employed population

*Conversion coefficients to standardize the population size into human labour units (HLU) or
“number of mouths to be fed” units (FU):
Gender
Male
Male
Male
Female
Female
Female
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Age
59 years old and more
15-59 years old
15 years old and less
59 years old and more
15-59 years old
15 years old and less

HLU
0.2
1
0.5
0
0.5
0.2

Reference
Busacker, 1990
Busacker, 1990
Busacker, 1990
Busacker, 1990
Busacker, 1990
Busacker, 1990

FU
0.5
1
0.5
0.5
0.7
0.5

Reference
Busacker, 1990
Busacker, 1990
Busacker, 1990
Busacker, 1990
Busacker, 1990
Busacker, 1990

Appendix H
Multiple Factorial Analysis (MFA) on 223 surveyed farm households.
Diagram of eigen values

Analysis of groups of variables
> res.mfa$inertia.ratio
Dim.1
Dim.2
0.3252141
0.2510112

> res.mfa$group$coord
LandUse
AnimalSpecies
LivestockSystem
ManuringCapacity
LabourType

Dim.1
0.32422454
0.06136711
0.44545843
0.43242827
0.25077762

Dim.2
0.212952157
0.725965721
0.148249525
0.050271171
0.006509704

> res.mfa$group$correlation
Dim.1
Dim.2
LandUse
0.6549423 0.46724811
AnimalSpecies
0.2964690 0.85757647
LivestockSystem 0.6683301 0.58765985
ManuringCapacity 0.6601507 0.22870300
LabourType
0.5026845 0.08144696

> res.mfa$group$contrib
Dim.1
Dim.2
LandUse
21.411475 18.6155407
AnimalSpecies
4.052625 63.4614113
LivestockSystem
29.417644 12.9594605
ManuringCapacity 28.557145 4.3945318
LabourType
16.561112 0.5690558
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Factorial map of the variables groups on axes F1-F2

Factorial map of the farm households on axes F1-F2
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Appendix I
Farm household classification with Hierarchical Ascendant Classification (HAC) method.
Dendrogram plot (Ward criterion)

Type
n =

1
48

2
80

3
59

4
36 (farm households)
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Appendix J
Interpretation of the meaning and characteristics of each farm household type.
Test-values (V-tests) for each quantitative groups of variables
> tests.FarmSize$vtest
TotalCultivatedArea
Herd
StockingRate
Humans

1
2
-1.8575 3.5104
-1.9314 5.7106
-1.5514 4.8484
-3.5731 -4.7472

> tests.ManuringCapacity$vtest
1
2
3
Labour
-3.3617 -4.5995
5.3512
HorseCarts
1.4286
2.1418 -1.5599
DonkeyCarts -1.9174 -1.3022
0.9941
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3
4
-4.3326 2.6930
-4.2910 -0.1425
-2.6409 -1.4213
5.2932 3.8338

4
3.3356
-2.5178
2.6476

Inter-partition Factorial Correspondence Analysis (FCA) for each group of frequency variables
‘LandUse’

‘AnimalSpecies’

XXIII

‘LivestockSystem’

XXIV

‘LabourType’

Appendix K
Conceptualization of the four farm household types using CIRCOS data visualization online software (available online: http://circos.ca/) based on their flow matrix
Type 1 (average of flow values)
kg N/year
Imports
Humans
Livestock
Heap
Crop plots
Granary

Humans
35.69
0.00
1.69
0.00
0.00
20.25

Livestock
236.99
13.68
0.00
0.00
28.52
81.53

Heap
0.00
8.79
85.39
0.00
0.00
0.00

Type 2 (average of flow values)
Crop plots
50.16
1.73
29.95
31.06
0.00
2.47

Granary
119.21
0.00
0.00
0.00
99.21
0.00

Exports
0.00
0.00
18.47
0.00
13.55
13.43

Losses
0.00
0.00
37.27
40.88
0.00
0.00

kg N/year
Imports
Humans
Livestock
Heap
Crop plots
Granary

Humans
42.96
0.00
2.16
0.00
0.00
27.47

Livestock
723.57
14.23
0.00
0.00
25.81
107.43

Heap
0.00
14.54
252.40
0.00
0.00
0.00

Crop plots
83.40
2.88
43.48
38.08
0.00
4.92

Granary
307.86
0.00
0.00
0.00
132.59
0.00

Exports
0.00
0.00
88.70
0.00
4.49
13.77

Losses
0.00
0.00
87.23
97.58
2.54
0.00
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Type 3 (average of flow values)
kg N/year
Imports
Humans
Livestock
Heap
Crop plots
Granary

XXVI

Humans
32.98
0.00
0.89
0.00
0.00
27.13

Livestock
468.75
6.57
0.00
0.00
15.64
45.41

Heap
0.00
7.13
124.68
0.00
0.00
0.00

Type 4 (average of flow values)
Crop plots
59.81
8.17
22.85
18.18
0.00
1.32

Granary
79.07
0.00
0.00
0.00
100.05
0.00

Exports
0.00
0.00
13.85
0.00
11.90
44.79

Losses
0.00
0.00
56.54
62.10
10.93
0.00

kg N/year
Imports
Humans
Livestock
Heap
Crop plots
Granary

Humans
30.06
0.00
2.47
0.00
0.00
47.31

Livestock
1728.39
0.30
0.00
0.00
11.82
64.49

Heap
0.00
1.56
706.64
0.00
0.00
0.00

Crop plots
150.89
37.17
45.33
55.71
0.00
3.80

Granary
207.36
0.00
0.00
0.00
217.90
0.00

Exports
0.00
0.00
91.65
0.00
12.07
22.83

Losses
0.00
0.00
241.05
257.90
46.98
0.00

Appendix L
Farm household resource endowment and asset level per type. Mean values and standard deviations (SD)
were calculated for each farm household type. ANOVA was performed to test the difference in variables
between household farm types with a level of significance !=5%.

number of farm households
% of the total sample
Farm size
TCA
ha
Herd size
TLU
SR
TLU/ha
Population size
FU/ha
Land-use
Cereals
ha
Legumes
ha
Gardening
ha
Fallow
ha
Animal species
Bovines
TLU
Ovines
TLU
Caprines
TLU
Poultry
TLU
Pigs
TLU
Donkeys
TLU
Horses
TLU
Livestock system
InBarnFattening TLU
FreeGrazing
TLU
Backyard
TLU
Manuring capacity
Labour
HLU/ha
HorseCarts
Units/ha
DonkeyCarts
Units/ha
Labour
Permanent
HLU
Casual
HLU
Employed
HLU

Type 1
n = 48
21.5%
Mean SD

Type 2
n = 80
35.9%
Mean SD

Type 3
n = 59
26.5%
Mean SD

Type 4
n = 36
16.1%
Mean SD

F

ANOVA*
Significance
P
(!=5%)

4.23
5.50
1.34
1.65

2.18 5.99 3.14
6.89 13.11 12.89
1.53 2.57 2.62
0.73 1.70 0.75

3.45
3.17
1.15
3.09

1.95
2.07
0.87
1.77

6.30
7.76
1.30
3.08

4.51 0.707
9.09 1.478
1.13 2.536
1.25 55.660

4.01E-01
2.25E-01
1.13E-01
1.95E-12

No
No
No
Yes

2.26
0.74
0.72
0.51

1.34
0.48
0.86
0.79

3.23
1.45
1.16
0.16

2.01
1.02
1.31
0.38

2.32
0.67
0.05
0.40

1.29
0.69
0.13
0.65

4.20
2.05
0.00
0.05

3.00 8.650 3.62E-03
1.94 9.426 2.41E-03
0.00 32.450 3.88E-08
0.14 5.999 1.51E-02

Yes
Yes
Yes
Yes

0.76
0.34
1.08
0.04
0.32
0.36
0.94

2.15
0.58
1.04
0.03
0.29
0.34
0.71

6.48
0.85
0.96
0.06
0.36
0.29
1.40

9.81
1.45
0.88
0.06
0.54
0.33
0.83

0.26
0.32
1.13
0.04
0.31
0.47
0.81

0.64
0.41
2.33
0.05
0.43
0.31
0.79

5.30
1.21
1.07
0.08
0.00
0.49
1.27

8.54 0.489 4.85E-01
1.10 4.885 2.81E-02
1.04 0.047 8.28E-01
0.08 6.109 1.42E-02
0.01 10.620 1.29E-03
0.36 7.841 5.56E-03
0.95 0.004 9.52E-01

No
Yes
No
Yes
Yes
Yes
No

0.05
3.33
0.33

0.20 1.23 3.88
3.63 10.16 12.34
0.37 0.77 1.21

0.38
2.02
0.94

0.87
2.51
0.81

4.52
4.24
1.84

7.28 17.180 4.84E-05
7.34 2.259 1.34E-01
1.11 45.790 1.16E-10

Yes
No
Yes

1.29
0.19
0.06

0.60
0.37
0.13

1.31
0.19
0.08

0.60
0.32
0.20

2.39
0.09
0.13

1.41
0.17
0.25

2.29
0.03
0.19

0.96 47.210 6.40E-11
0.09 10.380 1.47E-03
0.14 10.710 1.24E-03

Yes
Yes
Yes

3.49
0.56
0.01

2.60
1.11
0.07

5.22
0.36
0.02

3.48
0.62
0.09

5.31
0.09
0.00

3.06
0.23
0.00

9.64
0.18
0.00

6.39 41.540 7.14E-10
0.25 12.090 6.11E-04
0.00 1.781 1.83E-01

Yes
Yes
No

*H0: there is no significative difference between farm household types; H1: there is a significative
difference between farm household types. Thus, if if P > !=5%, then H0 is accepted.
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Appendix M
NUE and NS of the farm household systems at the compartment level (mean values and standard
deviations were calculated for each farm household type):

Humans

Livestock

Manure heap

Crop plots
174%

200%

20%

38%

37%
48%

40%

38%
40%
38%

60%

47%
43%
32%

100%

51%

87%

120%

98%

108%

140%

47%
35%
62%

N-use efficiency (%)

160%

127%

143%

180%

80%

Granary

20%
0%

Humans

Type 2

Livestock

Manure heap

Type 3

Type 4

Crop plots

Granary

180
135.28

160

-20
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Type 1

2.00

56.99
Type 3

10.75

26.83

36.17

38.61
7.59

3.87
Type 2

-0.35

0

14.90
-1.78
23.25

60

48.85

59.74

80

16.18

100

20

97.67

93.50

120

10.45

N surplus (kg N/ha/year)

140

40

164.39

Type 1

Type 4
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