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African smallholder farming systems are complex, dynamic systems with many interacting biophysical
subcomponents. In these systems the major inputs and outputs are managed by human agency – the
farmers. To analyse potential developmental pathways of smallholder farming systems in sub-Saharan
Africa (SSA), we recognised the need for a tool that can capture the effects and consequences of deci-
sion-making on the use of resources. Here we describe and apply such a new modelling tool, developed
within the NUANCES framework (Nutrient Use in ANimal and Cropping systems: Efficiencies and Scales),
called NUANCES-FARMSIM (FARM SIMulator), an integrated crop – livestock model developed to analyse
African smallholder farm systems. NUANCES-FARMSIM was used to analyse a representative case study
farm in the highlands of Western Kenya, a site for which each of the components of FARMSIM has been
thoroughly tested. We present the results of a sensitivity analysis which showed the model to be suffi-
ciently robust to identify key management options that explain most of the variability in farm productiv-
ity, and the long-term consequences of these options for the case study farm. The analyses showed clearly
that the most important decisions are those related to the interactions between the different components
of the farm and therefore justify the need of integrating crop and livestock components within one mod-
elling tool. The allocation of limited resources across the farm, and the way organic matter is recycled or
redistributed within the farm determines the long-term production capacity of the system. The results of
the sensitivity analyses further showed that for the case study farm in Western Kenya a strong focus on
improving the reliability of the subsystem level or process descriptions will only result in minor improve-
ment in simulating productivity at farm level.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction the use of resources. It should be able to quantify these conse-
Smallholder farming in sub-Saharan Africa (SSA) takes place un-
der a wide range of soil, climatic and socio-economic conditions.
Development of these systems is strongly constrained by the lim-
ited availability of key resources such as land, plant nutrients, cash
and labour (Giller et al., 2006). In mixed crop–livestock systems
these resources can be used in many different ways and farmers’
decisions on their allocation have both short- and long-term conse-
quences for the farm livelihood. Furthermore, interactions between
these limiting resources strongly influence the efficiency with
which the resources are used. To analyse potential developmental
pathways of smallholder farming systems, a tool is required that
can capture the effects and consequences of decision-making on
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quences dynamically in time, not only in the short term, but espe-
cially in the longer term for which major problems are predicted
for smallholder farmers in SSA (e.g. Stoorvogel et al., 1993; Sanchez
et al., 1997; Stoorvogel and Smaling, 1998). A better ex ante under-
standing of the potential impacts of new technology packages, or
new policies, on the performance of smallholder farms of different
configurations will allow better targeting of resources and a better
understanding of the likely impacts of development initiatives.

Modelling tools aiming at understanding the constraints of
smallholder farming and identification of potential development
pathways under these conditions need to be limited in their com-
plexity. First, because the user has to be able to control model
behaviour and to understand why certain outcomes arise. If many
modules are coupled together, computational and mathematical
complexity can result in unrealistic model behaviour. Second, be-
cause increasing model complexity automatically results in greater
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data input demand by the model, both in terms of parameteriza-
tion and in terms of driving variables. Both these types of knowl-
edge are generally lacking in African systems. Van Keulen (1995)
identified three drawbacks that complicate the robust application
of detailed process-oriented models: (i) extensive data require-
ments that often cannot be satisfied; (ii) difficulty of validation
since many variables may not have been measured, and certainly
not over the time-span necessary to judge their long-term behav-
iour; and (iii) partial knowledge of many of the underlying pro-
cesses leads to unbalanced descriptions; i.e. much detail on well-
known processes but gross generalisations of other processes that
are poorly understood.

Intensification of smallholder mixed crop–livestock systems has
often been identified as a potential pathway out of poverty (McIn-
tire et al., 1992; Dixon et al., 2001; IAC, 2004; De Ridder et al., 2004).
To analyse the possibilities for the longer term development of
mixed smallholder farms, the individual production components
of smallholder farming systems need to be quantified together with
their interactions, thereby allowing an integrated assessment of the
dynamic development of these systems. Thornton and Herrero
(2001) suggested that integrated crop–livestock simulation models
could aid the design of sustainable farming systems, by means of
studies that explore opportunities to optimise crop–livestock inter-
actions and to improve resource use efficiencies at farm scale. One
of the key factors determining the opportunities for intensification
and the resource use efficiency of mineral and/or organic fertilisers
is soil fertility. The limited availability of organic resources often
leads to the occurrence of soil fertility gradients within smallholder
farming systems, which strongly affect the resource use efficiency
of mineral and organic fertilisers (e.g. Vanlauwe et al., 2006; Zing-
ore et al., 2007). Thus there is need for a tool that combines the rep-
resentation of the main interactions between crop and livestock
components together with the within-farm variability (for example
the soil fertility of different cropping fields).

Existing tools focus especially on the crop–soil subsystem (e.g.
Matthews and Stephens, 2002). Some steps have been taken to
integrate crop and livestock models into analysis tools. But no sim-
ple, easily applicable tools exist that can be used across a range of
systems while integrating the crop and livestock subsystems,
encompassing heterogeneity in soil fertility and analysing the
internal competition of the different production activities within
the farm for available resources. Shepherd and Soule (1998) devel-
oped an integrated crop – livestock model and applied it to the
Vihiga district in Western Kenya, but their model did not allow
for variability in soil fertility between fields. Furthermore, their
model calculates outcomes for a single year thereby ignoring sea-
sonal rainfall variability. The model of Struif Bontkes and Van Keu-
len (2003) also considers uniform soil fertility across the farm.
Matthews and Pilbeam (2005) and Matthews (2006) created a
farm-scale model using detailed, process-oriented model formula-
tions, which makes application to a range of systems within sub-
Saharan Africa difficult. Other economic, or integrated ecological-
economic, optimisation models, which include biophysical compo-
nents as activities among the various choices for optimisation, of-
ten lack a dynamic description of the system (Janssen and van
Ittersum, 2007). This makes them useful as prototyping tools (Her-
rero et al., 1999; Sterk et al., 2007) or tools for static scenario-based
analyses (Pacini et al., 2004). They are less useful as tools to pro-
vide insight in the dynamic development of the production of the
farming system under study and which enable us to identify the
sequence of constraints that can limit the number of options with-
in developmental pathways (e.g., Lynam, 2002).

Here we describe and apply a new modelling tool, developed
within the NUANCES framework (Nutrient Use in ANimal and
Cropping systems: Efficiencies and Scales – Giller et al., 2006),
called NUANCES-FARMSIM (FARM SIMulator) which integrates
the different production components of African smallholder farm
systems. NUANCES-FARMSIM is a dynamic model for exploration
of questions related to strategic, long-term management at farm
scale. It uses descriptive sub-models and functions thereby limit-
ing the need for input parameters. The summary functions used
in the different modules are derived from experimental research,
mechanistic modelling at lower hierarchical levels and expert
knowledge. This approach resembles those adopted in previous
models for long-term analysis of sustainability of farming systems
that have focused on crop production (e.g. Wolf et al., 1989; Jans-
sen et al., 1987). In the new model key components determining
the functioning of African smallholder farms are represented:
crops, soils, livestock, organic resources (manure and crop resi-
dues), labour resources, and decision-making. This allows us to
analyse the relationships and interactions within the whole farm
system, focusing on the farm production components.

First, we introduce the NUANCES-FARMSIM tool and how it is
constructed. We then apply NUANCES-FARMSIM to a representa-
tive case study farm in the highlands of Western Kenya for which
each of the components of the overall farm level model (i.e. live-
stock, crop, soil and manure management) has been tested thor-
oughly (Rufino et al., 2007, 2009; Tittonell et al., 2007a, 2008).
We present results of a sensitivity analysis conducted to analyse
the robustness of the tool for assessment of the long-term conse-
quences of certain management decisions. For this purpose we
quantified the uncertainties in: the descriptions of key processes
in each of the individual model components; the coupling of these
components (for example nutrient flows); and the interactions of
the socio-economic part of the model and the biophysical part of
the model (for example effects of labour shortages on crop produc-
tion). This allowed us to explore the ranges of possible realistic
management options (e.g., decisions regarding manure manage-
ment, crop residues management, labour allocation). By perform-
ing an overall sensitivity analysis in which both process
uncertainty and ranges in management options were combined
in one analysis, the robustness of management recommendations
can be assessed, and entry-points for recommendations and key
areas for future research identified.

The results of the sensitivity analysis are discussed in relation to
three research questions: (1) Are the feedbacks between the differ-
ent components of the farming system important for the analysis
of its long-term development? (2) Does the uncertainty in the
model components allow promising farm management options to
be identified? (3) Which farm management options, system drivers
and/or process parameters are most influential on the model
outcomes?
2. Model description

2.1. General approach

The basic approach used in the NUANCES-FARMSIM model fol-
lows the Wageningen school of agro-ecological modelling in its use
of the hierarchy in growth and production factors and of the deter-
mination of efficiencies to define production levels (Van de Ven
et al., 2003; Van Ittersum et al., 2003). The limiting and reducing
factors are the focus of interactions between socio-economic fac-
tors such as labour availability and allocation and their effects on
crop and livestock productivity (see below).
2.2. Overview of the modules

The following components of the farm system (Fig. 1) are sim-
ulated in separate modules together with the flows between the
components (between parentheses the name of the module):
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Fig. 1. FARMSIM modules together with their interactions.
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– Crop and soil (‘NUANCES-FIELD’; Field-scale resource Interac-
tions, use Efficiencies and Long-term soil fertility Development
– (Tittonell et al., 2007a, 2008)).

– Livestock (‘NUANCES-LIVSIM’; LIVestock SIMulator – (Rufino
et al., 2009)).

– Manure handling and storage (‘NUANCES-HEAPSIM’; HEAP
SIMulator (Rufino et al., 2007)).

– Labour availability (‘NUANCES-LABOURSIM’; LABOUR SIMulator).

Previous studies have described FIELD, LIVSIM and HEAPSIM in
detail (Rufino et al., 2009, 2007; Tittonell et al., 2007a). A short
description of these modules together with a detailed description
of the flows of organic matter and nutrients between the modules,
LABOURSIM and the way decision-making is dealt with in the
model are described in On-line Supplementary material. No eco-
nomic module has been developed for the version of FARMSIM pre-
sented in this study. The current version of FARMSIM focuses on
the biophysical productivity of smallholder farming systems, but
includes labour as an important resource that is often limiting
and constrains farming activities.

2.3. Model testing

The individual components of the FARMSIM model were tested
in detail in previous studies (Rowe et al., 2006; Rufino et al., 2007,
2009; Tittonell et al., 2007a, 2008; Chikowo et al., 2008). As with all
farm-scale models, the overall model is difficult to test as appropri-
ate detailed data of all the components of mixed crop livestock sys-
tems, and their development over time, are lacking. The only way
to ‘test’ the model is by discussing the outcome of the model with
experts, and to see whether the results make sense. The FARMSIM
model is therefore an exploration tool which quantifies the conse-
quences of decisions taken by the farmer (e.g. allocation of re-
sources) on the longer term productivity of the system. This
approach is similar to what Thornton and Herrero (2001) called
‘participatory modelling’.

2.4. Application of FARMSIM to a case study in Kakamega, Western
Kenya and sensitivity analysis

In any simulation model describing a real smallholder farming
system in sub-Saharan Africa the farming system needs to be
simplified in order to handle complexity: not all activities taking
place in a farming system (e.g. bee keeping, basket making) can
be simulated. To make this simplification transparent, we base
the farm system analysis on the detailed characterisation of Titto-
nell et al. (2005). These authors classified farms in Western Kenya
in five farm types, in each of which the key production activities
within the farm were identified. We then parameterised NUAN-
CES-FARMSIM for a ‘virtual’ farm that represents one of these
groups, a medium resource-endowed mixed crop–livestock farm
household in Western Kenya. Six different cropping fields were
distinguished: three maize fields of good, medium and bad soil fer-
tility of, respectively, 0.06 ha, 0.25 ha and 0.24 ha; two fields of Na-
pier grass (Pennisetum purpureum Schumach), both of 0.15 ha and
one sweet potato field of 0.18 ha. The soil parameters used in the
FIELD model are from Tittonell et al. (2007b). The farm has two
dairy crossbred cattle: one adult cow (4.5 years and 340 kg body-
weight) and one female calf (just born with a bodyweight of
30 kg) which are fed in the stall (zero-grazing feeding). The cattle
is the only source of manure within the farm. The maximum body-
weight of the crossbred cows is set to 350 kg, the maximum milk
production during lactation is set to 15 kg per day, and the crude
protein content of the milk was 3.2%. Cows are removed from
the farm when they reach a maximum lifetime of 12 years.
Replacement heifers are kept on-farm when the oldest cow reaches
10 years. This means that in the simulation of 12 years there are
periods in which three animals are present, the adult animals
and one young animal that will be used to replace one of the adult
ones. The FIELD model was calibrated and tested using on-farm
fertiliser trials that included manure as one of the treatments (Tit-
tonell et al., 2008). Any short term nutrient immobilization effects
that can occur when low quality manure is used (Palm et al., 2001),
are taken into account in the parameterisation. The simulation of
the model using this farm setting was run for 12 years, which is
the observed average maximum lifetime of dairy cows kept in
mixed farms from the highlands of Central Kenya (Bebe et al.,
2003). A historical rainfall dataset (Jaetzold and Schmidt, 1982)
and weather data collected at the site between 1993 and 2003
(Tittonell et al., 2009) were used in the simulations.

We first performed a baseline run to analyse the most impor-
tant outputs (i.e. soil carbon, crop yield, milk production and cattle
bodyweight) generated by the FARMSIM model. In this baseline
run 75% of crop residues are retained in the fields, no mineral fer-
tiliser is applied, and manure is concentrated on the maize field
closest to the homestead.

Next, we performed a sensitivity analysis to assess the impor-
tance of the different model parameters and settings of the FARM-
SIM model. In the sensitivity analysis the effects of 30 different
process parameters and management options on the simulated
outcomes of the NUANCES-FARMSIM model were evaluated. The
30 parameters were selected because in earlier studies they were
found to be influential on model component output, uncertain in
their estimated values, or to represent important management op-
tions (Chikowo et al., 2008; Tittonell et al., 2008, 2009; Rufino
et al., 2007). The model settings that were varied in the sensitivity
analysis can be found in Table 1. For most parameters we defined a
range of plausible values (Table 1) based on earlier model studies
or on measured ranges for Western Kenya (Tittonell et al., 2006;
Bebe et al., 2003; E. Righi, unpublished results). We varied the
amount of rainfall by using a rainfall multiplication factor, which
is multiplied with the seasonal rainfall values to estimate the ef-
fects of more or less rainfall on farm productivity. Effects of four
different feed qualities and five manure qualities were assessed.
The different feed qualities (Table 2) correspond to the feed quali-
ties obtained with Napier grass cut at 4, 8, 9 and 16 weeks (Muia
et al., 1999; Bebe et al., 2003). Five labour allocation strategies
were evaluated in the sensitivity analysis: in Strategy 1 cattle



Table 1
Parameters and management strategies used in the sensitivity analysis together with the ranges of values. Given are variable name, with some description, the acronym that is
used in Figs. 3 and 6, and the minimum and maximum value used in the sensitivity analysis. See text for further explanation of the sensitivity analysis and several of the settings
of the variables/parameters.

Variable/parameter Acronym in
graphs

Minimum
value

Maximum
value

Feed quality Feed quality 4 levelsa

Potential milk production (kg/day) – 11 19
Maximum weight animal (kg) – 315 385
Calving interval (year) – 1.3 2.0
Labour scenarios (increase in value means more focus on crop activities) Labour 10 levels
Maize harvest index – 0.3 0.45
Fraction intercepted radiation – 0.53 0.65
Light conversion factor (kg dry matter MJ�1) – 3.1 3.8
Shoot root ratio Napier – 5.4 6.6
Tuber partitioning ratio sweet potato – 0.41 0.49
Fraction of mineral N lost from soil – 0.27 0.33
Fraction available P intercepted – 0.45 0.55
Fraction of crop residue C that is labile Frac Res Clab 0.63 0.77

Max. rel. decomposition rate of crop residues (season�1) – 0.72 0.88
Max. rel. decomposition rate of roots (season�1) – 0.72 0.88
Max. rel. decomposition rate of active soil C (season�1) – 0.22 0.26
Max. rel. decomposition rate of stable soil C (season�1) – 0.045 0.055
Humification fraction – 0.45 0.55
Fraction re-stabilised from decomposition – 0.16 0.24
Fraction of total C that is stable (initialisation) Init Frac Cst 0.82 0.98
Fraction of soil C that is inert (initialisation) – 0.27 0.33
Rainfall multiplication factor (multiplying to adjust current seasonal rainfall amounts) Rain 0.8 1.2
Manure quality (5 qualities, mainly differing in carbon content; 1: 25% carbon, 2: 28%, 3: 29%, 4: 35%, 5: 50%; based on

manure found on-farm)
Manure
quality

5 qualities

Buy Napier factor (determines to which relative level of potential intake the farmer buys in Napier grass to increase
fodder availability)

BuyNap fact 0.5 1.0

Fraction of aboveground maize crop residues removed FracRem 0.5 1.0
Fraction of maize crop residues to cows (rest goes to the heap) – 0.5 0.9
Manure collection efficiency – 0.5 0.9
Manure allocation strategies (higher number is more allocation to maize inner field) Man All Strat 10 levels
LabPlaPlo_effect: amount of labour for land preparation needed for best practice (man days per month per ha) 8 12
LabWeed1_effect: amount of labour for first weeding needed for best practice (man days per month per ha) 16 24
LabWeed2_effect: amount of labour needed for second weeding for best practice (man days per month per ha) 16 24
LabHeap_effect: amount of labour needed for best practice of the manure heap management (man days per month) 6.4 9.6

a See Table 2.

Table 2
Feed quality parameters of the four different feed qualities that were used in the sensitivity analysis; the four qualities correspond to the feed qualities obtained with Napier
cutting periods of 4, 8, 9 and 16 weeks (Muia, 2000).

Feeds DM (g kg�1) DOMD (g kg�1) ME (MJ kg DM�1) CP (g kg DM�1) NDF (kg DM d�1) Napier cutting period

Quality 1 144 0.60 8.9 150 536 4 weeks
Quality 2 161 0.59 8.3 120 608 8 weeks
Quality 3 175 0.55 7.7 90 632 9 weeks
Quality 4 197 0.52 7.1 60 680 14 weeks

DM = dry matter; DOMD = dry organic matter digestibility; ME = metabolisable energy; CP = crude protein; NDF = neutral detergent fibre.
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and the manure handling activities have priority which results in
additional fodder of high quality and efficient heap management.
The rest of the labour available is then allocated to the cropping
activities, evenly distributed over the cropped fields. In Strategy
2 the priority is first given to cattle, then to the cropping activities
(again evenly distributed over the different fields) and then to
manure management. In Strategy 3 the available labour is distrib-
uted evenly over all activities that need to take place in a month
relative to the amount needed to perform an activity optimally
(so for example if 80% of the labour needed for best practices is
available, all activities receive 80% of what is needed). In Strategy
4 the focus is on cropping activities, evenly distributed over the
fields, and thereafter if there is still labour available, labour is allo-
cated to cattle and manure management. In Strategy 5 the focus is
again on cropping activities, labour is preferentially allocated to
the maize fields, then to the other fields and finally, if there is
labour available it is allocated to cattle and to manure
management.

In total 23 model output variables are evaluated (Table 3), rep-
resenting the most important system characteristics of the farming
system simulated by FARMSIM. Outputs of each of the modules
(LIVSIM, FIELD, HEAPSIM) were evaluated separately, in addition
to aggregated values at farm level.

The sampling method used in the sensitivity analysis was the
Latin Hypercube Sampling methodology (McKay et al., 1979; Iman
et al., 1981): this methodology ensures that the whole range of
parameters values is sampled and that effects of interactions be-
tween uncertain parameters, between uncertain parameters and
management factors, and between management factors on model
outputs are taken into account. In this way an overall evaluation
of model sensitivity to all parameters and variables can take place
in one analysis.



Table 3
Output variables evaluated in the sensitivity analysis. For explanation see text.

Output variable Unit Acronym used in Figs. 3 and 6

Number of calves sold – Calves sold
Number of calves born – Calves born
Napier bought kg Nap bought
Total farm maize yield in first season kg MY start
Total farm maize yield in last season kg MY end
Total farm maize yield over the 12 year period kg MY total
Total amount of faecal DM kg/(12 years) Faeces
Total amount of manure applied on the crop fields kg/(12 years) Tot Manure Appl
Total amount of milk produced kg/(12 years) Milk prod
C content in maize field 1 at the end of the simulation period kg/ha C MF1
C content in maize field 2 at the end of the simulation period kg/ha C MF2
C content in maize field 3 at the end of the simulation period kg/ha C MF3
C content in Napier field 1 at the end of the simulation period kg/ha C NapF1
C content in Napier field 2 at the end of the simulation period kg/ha C NapF2
Total amount of Napier dry matter produced kg/(12 years) Napier prod
Total amount of meat produced by the cows kg/(12 years) Meat production
Total sweet potato tuber yield kg/(12 years) TuberY
Total farm availability of mineral nitrogen for maize production over the simulation period kg/(12 years) AvN M
Total farm availability of mineral phosphorus for maize production over the simulation period kg/(12 years) AvP M
Total farm availability of mineral potassium for maize production over the simulation period kg/(12 years) AvK M
Total farm availability of mineral nitrogen for Napier production over the simulation period kg/(12 years) AvN NAP
Total farm availability of mineral phosphorus for Napier production over the simulation period kg/(12 years) AvP NAP
Total farm availability of mineral potassium for Napier production over the simulation period kg/(12 years) AvK NAP
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In addition to the settings listed in Table 1 we superimposed
three major scenarios

o No fertiliser available, no labour restrictions: The farmer has no
access to mineral fertiliser, and production depends on efficient
recycling of the nutrient resources within the farm. The only
external input of nutrients takes place through the purchase
of Napier grass to ensure that the animals would stay above
the minimum weight allowed for these crossbred cows (other-
wise in the LIVSIM model this would mean that the animals die;
earlier runs showed that this effect of dying animals would
dominate the outcomes of the analyses whereas it is likely to
be an artefact of the model rather than a realistic outcome).
No financial constraints are taken into account. Labour does
not constrain the productivity of the farm, which is determined
by the management of the available resources.

o Fertiliser available, no labour restrictions: The farmer has access
to mineral fertiliser, and applies 50 kg of N, P and K per ha
per season to all fields, and therefore nutrients are less limiting
to farm productivity. Labour does not constrain the productivity
of the farm as the farmer can hire labour. This could be a real-
istic scenario if mineral fertilisers are subsidised.

o No fertiliser available, labour restriction: The supply of labour is
limited during ploughing and planting and during weeding. This
means that the farmer has to make decisions on how to allocate
the limited amount of labour (only 30 man days per month are
available, which is 50% of the labour that is needed to ensure
that productivity is limited only by biophysical rather than by
labour constraints) across cropping activities, manure manage-
ment or additional fodder collection for the cattle. We assumed
no mineral fertiliser is used.

The results of the sensitivity analysis are summarized using a
redundancy analysis (RDA). A RDA is a multivariate correlation
analysis, closely related to principal component analysis (PCA),
but in a RDA the principal component axes are limited to a linear
combination of the explaining variables (see Jongman et al.,
1995). Using the RDA analysis method we can directly relate the
strongest variations in model outputs to the parameters or model
settings that cause these variations. The RDA analysis was per-
formed with CANOCO 4.5 (Ter Braak and Smilauer, 2002), using
log transformation to ensure normality.
To further assess the effect of the state of the farming system
fertility on the importance of different management options and/
or parameters within the farm model we also analysed the effects
of within-farm variability in soil fertility on the outcomes of the
sensitivity analysis. For this we used the same setup of fields and
animals as for the previous analysis without fertiliser available
and without labour constraints. We studied two artificial farms
without a soil fertility gradient: one farm with only fields that have
the relatively high soil fertility, taking the values of maize field 1
but applying them to all fields (except for slope steepness), and
one farm with only fields that have a relatively poor soil fertility,
taking the values of maize field 3, but applying them to all fields
(again except for slope steepness).
3. Results

3.1. Baseline model run

Some key outputs of NUANCES-FARMSIM from the baseline
model run are shown in Fig. 2. During several periods in the simu-
lation the bodyweight of the animals decreased (Fig. 2A). This hap-
pens during the lactation periods, when the cow just had calved
and the amount and quality of the fodder available in the farm is
insufficient to maintain bodyweight. The first cow, which had an
age of 4.5 years at the start of the simulation, was replaced at an
age of 12 years, which means, for example, that in the simulation
period between 50 and 68 months after the start of the simulation
there were three animals on the farm. The other calves that were
born during the simulation period were assumed to be sold imme-
diately after birth. The cows produced milk and the total produc-
tion at the farm was calculated (Fig. 2B). Besides milk, the
animals also produced manure, which was collected a monthly ba-
sis with an efficiency of 75% and stored in a manure heap. The
manure mass showed a monthly build up until the start of the
rainy season, when the heap was emptied and the compost applied
to the crop fields (Fig. 2C). The spiky pattern in maize production
(Fig. 2D) was mainly caused by the seasonal and inter-annual rain-
fall variability. The carbon content of the soil in each of the three
maize fields was followed in time (Fig. 2E). The fields showed clear
differences in the soil C dynamics, caused by the allocation deci-
sion made for manure. In this scenario the manure was concen-
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trated in maize field number 1, which was, in the longer term, the
only field that maintained its soil organic matter content, the other
two fields showed a decline in soil C. Napier production was sim-
ulated on a monthly basis (the cutting interval was 2 months,
and by alternating the harvests of each of the fields, a monthly out-
put was generated) and harvested and fed to the cattle.

Overall in this simulation there was a downward trend in the
mass of manure stored, and that can therefore be applied to the
cropping fields, thereby resulting in a small negative trend in
maize production over time. As no manure was applied to the Na-
pier grass fields production decreased over time. No negative trend
was evident in the meat or milk production of the animals, as in
this simulation the farmer decided to buy additional Napier grass
of good quality to sustain milk production. As no cash balance
has been included in this version of NUANCES-FARMSIM, the finan-
cial consequences of this type of decision were not analysed. One
of the reasons of not doing this at the moment is the large uncer-
tainty associated with the pricing of resources and farm produce,
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but it will be part of the next steps in terms of further model devel-
opment. The model shows the importance of taking into account
the feedback that exists between the livestock and crop compo-
nents in a mixed crop–livestock farm system. Crop production in
these nutrient-limited systems is often highly dependent on the
manure produced on farm, which in turn is dependent on the
amount of fodder produced. The tool can therefore be used to ana-
lyse the consequences of certain management strategies on the
production of both components within the farm, and the possible
trade-offs that exist between decisions on allocation of resources.
3.2. Sensitivity analyses

The results of the sensitivity analysis using the ‘no fertiliser – no
labour constraints’ scenario (Scenario 1) are shown in Fig. 3A.
Using the RDA analysis we can directly relate the strongest varia-
tions in model outputs to the parameters or model settings that
cause these variations. Large arrows associated with output vari-
ables (the grey arrows) that point in the same direction have a
strong positive correlation, large arrows that point in opposite
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the productivity variables: livestock weight gain, amount of milk
and number of calves produced for the livestock subsystem. The
most important drivers of these output variables were the manure
allocation strategy (concentrating manure on the best maize fields
results in higher overall farm maize yield) and the fraction of crop
residues that is removed after harvest for the cropping subsystem:
removal of crop residues affects crop yield negatively. Less impor-
tant drivers of crop yield were the quality of the manure (higher
manure quality gave better yields), the type of manure storage
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were managed and how efficiently they were recycled within the
farming system were key for longer term productivity of the
system.

In Scenario 2, with mineral fertiliser available and without la-
bour constraints, a strong shift in the importance of the different
parameters and factors occurred compared with Scenario 1
(Fig. 3B). The most important variability in terms of model outputs
only occurred in the crop subsystem, the model output variables of
the livestock subsystem were no longer visible in the first two RDA
axes (which represent 72% of the model output variability). The
most important difference with Scenario 1 was that the amount
of rainfall became a more important variable determining maize
productivity.

In Scenario 3 we analysed the situation when no fertiliser was
available, and when there was a labour constraint during the
weeding period. The results of the RDA analysis are shown in
Fig. 3C. Similar to Fig. 3A, the two main axes of Fig. 3C were deter-
mined by the cropping and livestock subsystem, but, not surpris-
ingly taking into account that labour was a limiting factor, the
labour allocation strategy became a determining factor. The
explanatory power of the first two RDA axes decreased (explained
variability was 63%) due to extra uncertainty caused by the param-
eters that determined the labour–production relationships,
although these did not stand out in the analysis as the major fac-
tors determining variability.

An RDA is a rather abstract way of representing the most impor-
tant relationships within a given dataset, that does not show
clearly the strength of relationships between the different vari-
ables. Therefore, we analysed the most important correlations
found in Fig. 3A–C by plotting relationships between the most
important input–output relationships found in the RDA analyses
(Fig. 4). The rainfall multiplier (i.e. the value with which the stan-
dard rainfall dataset is multiplied to simulate different rainfall in-
puts, Fig. 4A) had a strong positive effect on total maize yield over
12 years when fertiliser was available, but only a weak positive ef-
fect when no fertiliser was applied. Thus the system was mainly
nutrient-limited, and water became the most limiting factor for
production only when nutrients were supplied in large amounts
as mineral fertiliser. These results were also reflected in the RDA
diagrams of Fig. 3: the size of the rainfall arrow (which reflects
the explanatory power of rainfall in terms of the variability in mod-
el outputs) was largest in the ‘with fertiliser’ scenario. When labour
was a limiting factor at farm level, grain yields could be, but not
necessarily had to be, smaller than when labour was not limiting
(Fig. 4A). If labour was not allocated preferentially to cropping
activities, a constraint in labour availability led to lower yield, be-
cause not enough labour was allocated to weeding. However, if la-
bour was allocated preferentially to cropping activities then crop
yield was not always decreased because the available labour at
farm level was sufficient for the cropping activities. The longer
term effects of crop residue removal were examined by plotting
the relative removal factor versus maize yield in the last growing
season: a negative correlation was visible in all scenarios
(Fig. 4B). The larger spread in the ‘with fertiliser’ scenario was
caused by the strong effect of rainfall variability (see Fig. 4A). There
was a positive effect on soil carbon after 12 years when the avail-
able manure coming out of the manure heap was increasingly con-
centrated on maize field number 1 (Fig. 4C). The values of soil
carbon calculated after 12 years were sometimes unrealistically
high: these C values represent parameterizations with low relative
decomposition rates, high aboveground biomass production and
therefore high availability of crop residues, plus a large input of
manure into this field, which are unlikely to occur in practice.
The labour allocation strategy had relatively minor effects on
maize yield in the first season (which was the strongest relation-
ship present in our analyses; Fig. 4D). A negative effect on maize
yield was only visible with labour allocation Strategy 1, 2 and 3,
the three allocation strategies concentrating on livestock and heap
management. Of course no relationship between the labour alloca-
tion scenario and maize yield was visible in the scenario without
labour limitation. Feed quality was clearly one of the strongest
drivers within the system (Fig. 4E). The initialisation of the relative
amount of stable soil carbon (Fig. 4F) had a relatively strong effect
on the long-term productivity of the farm (cf. Fig. 3A and C) that
overruled only by applying a large amount of mineral fertiliser.

Some of the relationships between the amount of Napier grass
bought during a simulation and other variables are shown in
Fig. 5. Only the average values are shown together with the stan-
dard error of the mean, as opposed to the individual values of
the sensitivity analysis (Fig. 4), because often no Napier grass
was bought. The amount of Napier grass bought was clearly depen-
dent on whether or not fertiliser was used (Fig. 5A). In general, if
more Napier grass was bought (which is of good quality) the body-
weight gain increased (Fig. 5A). This was driven by the threshold at
which the farmer started to buy Napier grass which ranged be-
tween 50% and 100% of maximum intake. The higher this thresh-
old, the more Napier the farmer would buy, and this had a
positive effect on cattle production. The amount of Napier grass
bought was also affected when labour was a limiting factor. If la-
bour was preferentially allocated to livestock activities, resulting
in a higher availability of weeds and roadside grass collected, less
Napier grass needed to be purchased. However, if labour was more
concentrated on cropping activities (Strategies 4 and 5), more Na-
pier grass needed to be purchased. The effect was not strong, be-
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cause allocating more labour to cropping activities also meant that
more time was invested in managing the Napier grass fields, which
therefore resulted in more production of Napier grass on-farm.

In the farm with only fields with relatively good soil fertility (i.e.
with no pronounced soil fertility gradient; Fig. 6A) Napier grass
production was one of key output variables together with the soil
carbon content and the availability of N, P and K on those fields.
Both the manure allocation strategy (the higher the value the more
manure goes to the maize fields) and the initialisation of stable soil
carbon showed a strong negative correlation with the Napier grass
production. By contrast, on this farm with fertile fields, maize yield
was much more independent of driving variables such as the frac-
tion of aboveground biomass removed, the manure allocation
strategy and the initial fraction of stable C. This was completely
different on a farm with only relatively poor fields (Fig. 6B). Here
the manure allocation strategy was strongly correlated with the to-
tal maize yield produced on the farm, and the maize production
was strongly negatively correlated with Napier grass production.
Strong competition for the available manure was apparent: on
the farm with poor soil fertility the manure was essential to attain
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maize production, and there was insufficient manure available to
achieve good production of both Napier grass and maize. In this
analysis, the manure collection efficiency was also a key variable.
The efficiency with which manure was collected and recycled be-
came an important driver of the systems because of the essential
role of manure for soil productivity. The second RDA axis was
determined by the livestock production variables, similar to the re-
sults of Scenario 1 (Fig. 3A).
4. Discussion and conclusions

The sensitivity analyses of the NUANCES-FARMSIM model
showed that, despite the uncertainty in the model description,
the model is sufficiently robust to identify the key management
options within a smallholder farming system when focusing on
the production side of the system. Several management options
working at farm scale were the most important factors determin-
ing the variations in farm productivity, and overruled the uncer-
tainty in process description (see Fig. 3). The sensitivity analyses
showed clearly that most important decisions are taken with re-
gard to the interactions between the different components of the
farm and that strong trade-offs exist between the different produc-
tion components (e.g. Fig. 6). This shows the importance of inte-
grating crop, soil and livestock components within one modelling
system, as the production capacity of one component in the longer
term also affects the production capacity of other components (see
Fig. 2). The amount of manure and crop residues produced and the
way they are allocated across the different cropping fields deter-
mines the production capacity of the system in the long run (10–
15 years. The results of the sensitivity analyses further showed that
if these farm level management decisions are not understood in
detail when describing the mixed crop–livestock systems, a strong
focus on further improving the reliability of the field level process
descriptions will result in minor improvement in the description of
the behaviour of the farming system (Fig. 3). When analysing the
efficiency of the smallholder farming system, improving our
understanding of the way organic matter is managed on the farm
is far more important than increasing our accuracy in simulating
crop production at field level. The only model-specific parameter
that had a strong effect on farm productivity was the one deter-
mining the initial partitioning of soil carbon into labile and stable
fractions: and this could be readily explained due to its strong ef-
fect on crop production.

Our approach in the analyses presented in this study was to
combine – in a dynamic way – individual tools that have been
developed and tested for the key production components of the
African smallholder farm: livestock, crops, and soils. This inte-
grated system, in combination with quantification of the implica-
tions of labour shortages in different periods in the year, gave us
clear insight in the determining factors at farm scale. Because of
the simplicity of the individual components, the overall integrated
model system was still manageable in terms of its complexity and
of the number of input data required.

We believe our approach has advantages compared with exist-
ing dynamic farm model applications. The combination of an
tightly integrated crop – livestock model, while taking into account
within farm variability, for example soil fertility gradients, is new.
Existing model applications focus either on the crop – soil compo-
nents (e.g. Ncube et al., 2009; Robertson et al., 2005; Whitbread
et al., 2004; Matthews and Stephens, 2002; Tittonell et al., 2006)
or attempt to model the farming system without taking into ac-
count within farm variability (e.g. Struif Bontkes and Van Keulen,
2003; Shepherd and Soule, 1998). Results of the model simulations
show that within mixed smallholder farming systems the feed-
backs between livestock and soil fertility are strong: the two cows
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in our model do not produce enough manure to maintain soil or-
ganic carbon in all three fields (see Fig. 2C), and therefore in the
longer term crop production declined (Fig. 2B). Manure and fertil-
izer allocation strategies are important in this case because the
decision to either concentrate manure in one or two fields or to
spread it over all fields evenly results in different total farm level
production (see Fig. 4, but also Rowe et al., 2006) because nutrient
use efficiency is strongly affected by soil fertility (e.g. Vanlauwe
et al., 2006; Zingore et al., 2007).

The NUANCES-FARMSIM model has been developed specifically
to analyse the production of smallholder farming systems in sub-
Saharan Africa (SSA). The interactions between the different sub-
models describing the different production components have
therefore been determined specifically for the African conditions
we encountered and application outside of SSA would mean that
especially at farm level new relationships and interactions will
need to be defined. However, the concepts of the different sub-
models, FIELD, HEAPSIM and LIVSIM, are generally applicable,
and therefore there is no fundamental reason why these sub-mod-
els cannot be applied elsewhere in the world. For example the
FIELD model has been tested under European conditions (Adam
et al., 2008).

The sensitivity analysis presented here shows that, for the
farming systems under study, the most important settings deter-
mining the outcomes at farming system scale were: organic mat-
ter management, allocation of resources and the availability of
fertiliser and labour for production purposes (Figs. 3 and 6). For
the livestock component, under the feeding regimes employed
in this study and the fixed replacement decision-making incorpo-
rated in the model, fodder quality was the overriding parameter
determining productivity. If labour is limiting, for example for
proper weeding of the fields, then the decisions made with regard
to the allocation of this constraining factor also become key
(Fig. 3C). FARMSIM model is an exploration tool for researchers
designed to quantify the consequences of decisions taken by the
farmer (e.g. allocation of resources) on the long-term productivity
of the system. The overall FARMSIM model cannot be evaluated or
tested using datasets of farm development currently available. By
testing the individual components in other studies and by pre-
senting the way the components have been linked we gained con-
fidence in the way the model functions and in the results the
model generates, so that it can be used to explore possible effects
of interventions.

The simplicity of the component models means that not all
management options of smallholder farmers can be analysed. For
example, the seasonal time-step of the FIELD model does not allow
us to analyse irrigation schemes in which the farmer can alter the
distribution of water availability throughout the season. For appli-
cations such as this, more detailed analyses using models like AP-
SIM (e.g. Keating et al., 2003) or DSSAT (e.g. Jones et al., 2003) are
necessary. If clear responses are found using more detailed models
(for example between the length of a longest dry period in the
rainy season and crop production) then these can be built into
the NUANCES-FIELD model. However, the sensitivity analysis
clearly shows that by coupling the modules to analyse the behav-
iour of the whole farming system, more is gained in terms of sys-
tem understanding by increasing our understanding of the
interactions between the components (i.e. farm management and
the efficiency of recycling of resources) than by increasing the
accuracy of the individual components of the smallholder farming
system. For example, the uncertainty in the crop model parameters
resulted in a variation in crop productivity of about 20%. However,
this 20% variation was still overruled in the longer term by other
driving variables and parameters like crop residue management,
manure allocation and, if fertilisers are applied, the amount of rain-
fall. This suggests that management options to improve productiv-
ity at field scale must have a very strong effect before they can
have a significant impact at farm scale.

The analyses for this medium-endowed smallholder farming
system in Western Kenya showed that the management of the or-
ganic resources at farm level is absolutely key. The manure collec-
tion efficiency, the quality of manure storage and the allocation of
manure over the cropping fields are important drivers of the farm
production level after about 10 years (Figs. 3 and 4). Although the
amount of rainfall has some effect on farm production, it is cur-
rently not the limiting factor for these farm systems (e.g. Tittonell
et al., 2006). Only when nutrient availability is increased strongly,
for example through application of mineral fertiliser, does the
amount of rainfall (and probably also its distribution) become a
major constraint for production (Figs. 3B and 4A).

How exactly the management options work out, and which of
the options are the most important, depends on the soil fertility
status of the farm. In the absence of a soil fertility gradient the ef-
fect of the different management options is different for a farm
with good soil fertility than for a farm with poor soil fertility
(Fig. 6). This means that it is difficult to derive generic recommen-
dations. Depending on the specific characteristics of the farm, dif-
ferent management options will have more or less effect on farm
productivity.

A clear result from the sensitivity analysis of the farm without a
soil fertility gradient and with low soil fertility was the strong
competition within the farm for the available organic resources
(Fig. 6B). There was a strong negative correlation between simu-
lated Napier grass and maize productivity, showing that these
farms are highly resource-limited and that strong trade-offs ex-
isted in how resources can be used. In this farm there is not enough
manure available to boost the productivity of both maize and Na-
pier grass, and therefore a choice has to be made for one of these
crops. This shows the importance of a whole farm perspective, be-
cause despite these soils being responsive to organic inputs (e.g.,
Kapkiyai et al., 1999) potential productivity of this farm was
strongly limited by the amounts of such inputs that are available.
It is therefore key in analysing these systems to take into account
the interrelationships between livestock, manure management and
crop and fodder production to understand the functioning of the
farming system and the potential for intensification.

It is important to note that these results are specific for the farm
that is analysed in this study and for the prevailing agro-ecological
conditions. Further research should assess whether the key factors
emerging from this study are also relevant for a wider range of sys-
tems. For example, it is logical that if nutrients are limiting the way
nutrients are managed within the system is important. This can be
seen as a more general pattern that could have been identified
even without using a model. However, the study presented here
demonstrates quantitatively how important soil fertility is relative
to other factors in the system, which is less easy to do without an
integrated crop–livestock analysis tool such as NUANCES-
FARMSIM.

The only model parameter at field level that showed a consis-
tent strong effect on the long-term productivity at farm level is
the fraction of stable organic matter in the FIELD model
(Fig. 4F). This parameter quantifies the relative amounts of active
and stable organic carbon in the soil, and thereby determines how
much of the carbon in the soil actively decomposes and supplies
nutrients to the crops. This is a parameter that is difficult to derive
from most soil data routinely collected in African farming sys-
tems. To date the parameter has been determined empirically
by fitting the model using carbon chronosequence data (e.g. Titto-
nell et al., 2007a, 2008). The importance of this parameter for the
long-term productivity of the farm means that this parameter
should be determined with high accuracy, although this is difficult
experimentally.
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In comparison with existing farming system tools, the NUAN-
CES-FARMSIM model allows a dynamic analysis of the way the
farm develops over time. It includes the most important produc-
tion components of smallholder farming system, and takes into ac-
count all the relationships between these components. In this way
it is a more realistic representation of the farming system than is
currently used in tools like linear programming. Whereas linear
programming tools find their most important application in terms
of prototyping (e.g. Sterk et al., 2007), it is debatable whether this
is a useful way to represent these systems if one wants to analyse
possible developmental pathways (Lynam, 2002). On the other
hand, using more detailed models such as APSIM or RUMINANT
can give important insights in the functioning of separate compo-
nents of the farming system, but in general they are too demanding
of input data to be used for a whole farming system analysis which
can be applied easily over a range of systems. Although the current
version of the tool is not completely integrated in terms of the
financial consequences of certain decisions, NUANCES-FARMSIM
can be used for detailed analyses of the interactions between the
different components of the farm. Future developments of the
model will be focused on improving the description of the socio-
economic components of the farm (cash, labour, etc.) and on apply-
ing the model to analyse the consequences of interactions between
different types of farmers within a village across different locations
in sub-Saharan Africa.
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