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A B S T R A C T

The livestock sector in Low and Middle Income Countries (LMICs) is evolving. In response to growing demand
for livestock products, it is likely that smallholder production systems will experience varying forms of in-
tensification. Associated decision making is made complex, not only with the intrinsic characteristics of livestock
in LMICs (for instance as sources of income, assets, or social symbols), but also by diverse objectives of stake-
holders and agricultural development paradigms. This paper discusses trade-offs that are likely to arise in the
choice of livestock production systems; with a focus at household and farm level, economic gains, gender equity,
environmental concerns, human nutrition and food safety are all considered. We begin by describing trajectories
of livestock intensification in LMICs. Then potential trade-offs during such intensification are depicted; with
examples concerning environmental, economic and social aspects. Recognising and understanding trade-offs is
imperative; therefore we discuss decision making methods, the management of trade-offs and the balance be-
tween providing an average benefit for a population and the variation in benefit for individuals. Finally, a
(partial) trade-off analysis is illustrated by use of a case study on household dairy cattle enterprises in Senegal.
The discussion advocates for holistic approaches to agricultural development efforts, which include recognition
of the multiple objectives and the associated trade-offs.

1. Introduction

Livestock production is important for improving the livelihoods and
survival of human populations in Low and Middle Income Countries
(LMICs) (FAO, 2009; Herrero et al., 2013a, 2014). It is estimated that
up to one billion smallholders are supported by livestock globally,
whilst the sector's market chains employ many millions more (Herrero
et al., 2009; Thornton et al., 2002). The functions of livestock in LMICs
are diverse and varying, these are summarised in Table 1.

The demand for livestock produce in LMICs is expected to continue
to increase significantly (WHO, 2003; Alexandratos and Bruinsma,
2012). For instance, according to recent Food and Agriculture Organi-
zation (FAO) projections, with business-as-usual scenarios LMIC de-
mand for meat will increase by 80% by 2030 and by more than 200%
by 2050 (FAO, 2018). This growth is largely attributed to increasing
populations, economic growth and urbanisation; and with such drivers
concentrated in sub-Saharan Africa this is where the greatest demand

increases are expected (Baldi and Gottardo, 2017; Hassen et al., 2016;
UN, 2017). Smallholders are currently responsible for large proportions
of LMIC livestock production (FAO, 2015; IFAD, 2015; The World Bank,
2007), and with suggested yield gaps there is potential for increased
production (Van Ittersum et al., 2016; Mayberry et al., 2017). There-
fore, with varying levels of intervention and intensification small-
holders are likely to remain a significant contributor, alongside more
industrialised systems, in meeting the aforementioned demand (Herrero
et al., 2014; McDermott et al., 2010; The Montpellier Panel, 2013;
Thornton, 2010; Staal et al., 2009).

Livestock production is complex. The sector provides human po-
pulations in LMICs with important services and resources (including
nutrition, livelihood support and ecosystem services) (FAO,
2012, 2016). However, there is also a global recognition that livestock
production plays a significant role in human induced negative en-
vironmental impacts (including greenhouse gas emissions, water de-
pletion and pollution, land use change, and biodiversity impacts)
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(Steinfeld et al., 2006; Rivera-Ferre et al., 2016). With cumulatively
large animal populations and low levels of productivity, it is likely that
smallholders contribute significantly towards these impacts (Herrero
et al., 2013b). An increase in demand for livestock products, met by
business-as-usual production systems, is likely to increase global en-
vironmental impacts significantly (O’Mara, 2011). In acknowl-
edgement, the concept of sustainable intensification (SI) (increasing
agricultural yields without further environmental impact) has existed
for some time (The Royal Society, 2009; Cook et al., 2015; Godfray and
Garnett, 2014). In recent years the original focus of SI on en-
vironmentally sensitive production has been criticised for not re-
cognising the true complexities of food production systems, including
social and economic aspects (Loos et al., 2014; Cook et al., 2015). It is
therefore suggested that the inclusion of environmental, economic and
social indicators and perspectives would improve the success of SI ef-
forts, these aspects are now being adapted (Smith et al., 2017; The
Montpellier Panel, 2013; Campbell et al., 2014).

There is agreement that approaches to future agricultural develop-
ment need to take a more holistic approach. But with a greater number
of possible indicators or metrics to measure successful sustainable de-
velopment, decisions concerning a ‘most appropriate’ course of action
are complicated (Smith et al., 2017). Multiple objectives from stake-
holders (varying from livestock keepers to policy makers and national
governments) mean trade-offs in agricultural development decisions
are likely to exist. This paper contributes towards the discussion by
demonstrating the complexity and variation of likely trade-offs in the
choice of household livestock production systems. We recognize that
other aspects such as policy and market interventions are also im-
portant for SI, but these are beyond the scope of this paper. Farm level
choices in household livestock production systems are then illustrated
through a case study comparing household dairy enterprises in Senegal,
where different levels of intensification (choice of livestock breed and
management input) are evident.

2. Livestock and sustainable intensification

Livestock will play a key role in LMIC roadmaps to realise the SI of
agriculture. The urban demand for livestock products is increasing ra-
pidly, whilst livestock are also important for rural food security. In dry
regions, where crops are impractical, livestock can be the only option
(Thornton, 2010; Thornton and Gerber, 2010; Turner et al., 2014);
whereas with higher-rainfalls mixed crop-livestock systems are domi-
nant, and nutrient cycles and traction rely on livestock (Herrero et al.,
2010; Traore et al., 2017; McDermott et al., 2010). Intensification of
livestock production can occur through increased and improved feed
availability, improved feeding practices and genetic gains (McDermott
et al., 2010; Marshall, 2014). In turn the improved management of li-
vestock can also have positive effects on crop production. Improved
nutrient recycling of manure and more efficient use of animal traction
can make crop focused interventions, like the application of inorganic
fertilizer, use of improved seed, conservation agriculture and small-
scale mechanization, more efficient (Rufino et al., 2006). In addition
many smallholder systems rely on animal traction for both timely

planting and good production; differences in access to this resource can
be an important factor in explaining variation in crop yields between
different farms (Traore et al., 2017).

The livestock SI elements of increased and improved feed avail-
ability, improved feeding practices and genetic gains are often inter-
related and constraining factors need to be overcome. For example if
indeed farmers have access to necessary artificial insemination, im-
proved breeds generally require feed of higher quality and quantity
(Klapwijk et al., 2014); which in many cases means the use of improved
fodders and their specialised production (White et al., 2013). Whilst a
focus on improving feed availability, through the production of dual
purpose crop varieties, producing grain and biomass for animal feed
(Blümmel et al., 2003), requires as a pre-requisite, animals that have
the potential to substantially increase their production. Typically SI of
livestock systems in LMIC is a step-wise process in which a production
system cannot in one go switch from ‘low-input low-output’ to ‘high-
input high-output’. The livestock ladder (Udo et al., 2011) is one ex-
ample of a theoretical representation of this.

3. Recognising trade-offs between opposing objectives

As in any other economic decision when resources are scarce, the
‘most appropriate’ action to take is likely to be decided upon using some
form of trade-off analysis; where the ‘most appropriate’ option could be
defined as meeting as many recognised objectives as possible through
the action. Consideration of the costs and benefits at the multiple levels
that have influence on smallholder livestock enterprises in LMICs, in a
holistic approach, is likely to improve the success of any chosen inter-
ventions (Loos et al., 2014). As agricultural systems often have key
objectives (e.g. food production) to some extent they can be designed
with this in mind (Tittonell, 2013). However, as livestock systems are
tightly linked to the environment, and in LMICs provide numerous
other benefits to human populations (Table 1), a trade-off analysis can
support a balanced decision to be made and controllable and un-
controllable factors to be recognised. The complexity of agricultural
systems, and the need to consider social, economic and environmental
aspects, mean the indicators for the ‘most appropriate’ actions under SI
that could be included in a trade-off analysis are countless (Smith et al.,
2017). In the following sections we describe some potential objective
trade-offs, selected to cover environmental, economic and social as-
pects, which can arise for livestock development initiatives. As his-
torically the first objective of SI, we start with minimising environ-
mental impact, then discuss how other aspects relate.

3.1. Environmental impact

The environmental impacts of livestock production systems are well
recognised; these include both negative greenhouse gas emissions, land
degradation, biodiversity loss, and effluent pollution (FAO, 2012), and
positive ecosystem services (FAO, 2016). Globally, the measures for
ecological stability within intensification are common and considered
robust (Smith et al., 2017). Inherently a priority for SI is an increase in
production efficiency; with an assumption, largely based on both global

Table 1
A summary of the recognised functions of livestock in low and middle income countries.

Livestock function Further information

Source of food and nutrition (Moll et al., 2007; Ndlovu, 2010; Gupta, 2016; Wu, 2016)
Source of income through the sale of products, services or livestock; and as savings and insurance assets (for

risk management and credit access)
(Ejlertsen et al., 2013; Weiler et al., 2014; Thompson et al., 2009)

Provision of manure fertilizer and draught power, as well as a use for crop by-products, within mixed crop
livestock systems

(Moll et al., 2007; Udo and Cornelissen, 1998)

Climate-change and seasonal resilience (Wilson et al., 2005)
Social functions including symbols of prestige and status, dowry value, and for ceremonies (Crane, 2010; Pica-Ciamarra et al., 2011; Ejlertsen et al., 2013;

Moll et al., 2007)
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and local scale modelling, that smallholder contribution to environ-
mental impacts can be reduced through realising productivity im-
provements in their livestock systems (Smith et al., 2008; Gerber et al.,
2013; Salmon et al., 2017; Smith and Olesen, 2010). This would be
achieved by effectively packaged nutritional, genetic and health inter-
ventions, that would reduce the environmental burden per unit of
produce (e.g. milk, meat or eggs) (Hristov et al., 2013); with the pre-
sumption that the same level of production can occur with less animals
required (Gill et al., 2010). Subsequently, modelling studies have de-
monstrated that environmental burdens associated with units of live-
stock production is generally lower in industrial ‘high-input high-
output’ systems, where animals have higher production yields, than in
‘low-input low-output’ systems (Herrero et al., 2008; Opio et al., 2013).
This would suggest that a shift from ‘low-input low-output’ towards
‘high-input high-output’ production systems would go towards the
original objective of SI, to reduce environmental impact of food pro-
duction. However, as the following sections will demonstrate such a
shift may not meet with other potential objectives.

3.2. Smallholder profit improvements

For livestock keepers, the main incentive to move towards more
intensified systems is to achieve higher income, or to reduce risk,
especially where land or labour are scarce. Often, intensification leads
to a higher level of production, with greater output resulting in higher
revenues (Ali et al., 2000). In addition, the livestock enterprise may also
become more efficient, producing more or the same level of outputs
with fewer inputs, resulting in improved profits for the household and
reduced negative environmental impacts (Dayanandan, 2011; Herrero
et al., 2013b). Finally, managing adverse conditions, for instance
through insurance, can allow livestock keepers to avoid catastrophic
losses (Chantarat et al., 2013; Jensen et al., 2015).

However, the success of applying any package of intensifying
technologies is dependent on various characteristics of the specific li-
vestock system. For instance, several studies have found that small-
holder dairy cattle systems which have adopted improved animals and
are managing them effectively, experience production increases, more
efficient input use and growing profits (Dayanandan, 2011; Islam et al.,
2008, 2010; Mondal et al., 2010). Whilst another study found no dif-
ferences in enterprise profits or household income of smallholder dairy
producers in Kenya, both regarding scale (small versus medium) and
system (intensive versus extensive) (Ojango et al., 2012). Previous
studies have even shown higher costs of milk production in most in-
tensive systems, compared to semi extensive and extensive systems
(Staal et al., 2003). Differences in methodology may partly explain such
results (Ndambi et al., 2017). Similarly, in a pig production system in
Vietnam with limited access to inputs, raising indigenous breeds (re-
quiring less inputs) provided greater economic benefits to smallholders,
compared to improved breeds, who's production potential was severely
limited by inadequate feed and health care (Lemke et al., 2006). Var-
ious economic responses at the household level to situational char-
acteristics are also illustrated by Marshall (2014). Overall however, the
long term sustainability of intensifying production relies mainly on the
opportunity to market any additional produce profitably, in order to
improve smallholder incomes (Pretty et al., 2011; Loos et al., 2014;
Ouma et al., 2007).

3.3. Gender equality

For women in LMICs livestock are an important resource. Whilst it is
often difficult for women to purchase land and other physical assets, or
to access finance, there are more opportunities to acquire livestock
(including receipt of gifts or family inheritance, through development
projects, or market purchases) (Kristjanson et al., 2014; Rubin et al.,
2010). There is evidence that women's improved access or control of
assets has broad positive household welfare implications; including

food security, child education and nutrition, as well as the wellbeing of
the women themselves (Smith et al., 2003; Quisumbing, 2003). For
instance this is evident in rural Malawi, where women were observed to
be more likely to prioritise household needs with their spending pat-
terns (Fisher et al., 2010). In Kenya the perception of the purpose of
rearing livestock was also observed to differ by gender; men perceived
livestock as long term investment, whilst women viewed the animals as
a means to ensure household food security (Heffernan et al., 2003).

Interventions towards the SI of livestock systems may not benefit
women and men equally. In some circumstances a shift towards a more
intensified system could negatively affect women. For instance a review
of African backyard poultry systems found that it was men who make
decisions and control associated income, despite women providing the
majority of care (Gueye, 2000). Likewise in Kenyan dairy systems men
were seen to control livestock trading and decisions, including use of
related income; whilst women were largely responsible for the milking
(Valdivia, 2001). Therefore with this common high reliance on the la-
bour of women for livestock production (Kristjanson et al., 2014), there
is a risk that SI intervention that increases the demands of livestock
management may increase the workloads of women and girls (Wangui,
2008), without commensurate enhanced access to and control of ben-
efits from increased production.

There is also suggestion that women are more constrained to ac-
cessing resources or services that may be associated with SI interven-
tions (FAO, 2011). In addition to social and gender norms, this could be
due to long working hours, illiteracy, a neglect of women's needs in
intervention design (Kristjanson et al., 2014), or resource and service
institutions being dominated by men (Upadhyay, 2005). This gender
inequality translates in men being more likely to have improved breed
animals than women in Kenya and Rwanda (EADD, 2009). In Tanzania,
even though women and men were both involved in animal health
management and had similar knowledge of diseases, Galiè et al. (2017)
show how animal diseases impact the food security of women in par-
ticular, with women facing more constraints than men in accessing vet
services, information on diseases, and animal medicines.

Where women are able to improve the productivity of the systems
under their control they may have more produce to sell. However, they
are then often faced with market access challenges (FAO, 2011); reg-
ularly confined to informal trading and unable to benefit from formal
markets (Njuki et al., 2011a; Johnson et al., 2015; Njuki and Sanginga,
2013). Examples have also suggested that as livestock systems become
more productive and increase in income generation, they become more
economically attractive to men and women lose control of assets and
associated incomes (Kristjanson et al., 2014; Walugembe et al., 2016;
Deere et al., 2013). Evidence then suggests that this could have nega-
tive consequences to the overall welfare of households (Njuki et al.,
2011b; Quisumbing, 2003; Smith et al., 2003).

In a nutshell, a decision to promote increased livestock productivity
may not benefit all household members, and has the risk of increasing
rather than reduced gender inequalities. In addition the complexities of
livestock production systems in LMICs require interpretation at local
scales for successful SI intervention (Galiè et al., 2015).

3.4. Human nutrition and food security

Livestock produce has a significant role in maintaining food and
nutritional security for people in LMICs (Herrero et al., 2014; Randolph
et al., 2007). Both energy and protein dense, animal source food, even
in small quantities, is important in supporting vulnerable people; in-
cluding children, mothers and those with HIV/AIDS (Ndlovu, 2010;
Moreki et al., 2010; Neumann et al., 2003). Livestock produce si-
multaneously provides many essential micro-nutrients that are difficult
to obtain from plant based foods alone (Allen, 2002; Murphy and Allen,
2003). For some communities livestock produce is critical, for instance
milk can constitute more than half of pastoralists dietary energy intake
(Cossins and Upton, 1988; Fielding et al., 2000).
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With this importance of livestock for food and nutritional security in
mind, at a regional food security level (perhaps the perspective of
government policy makers) smallholder system intensification resulting
in greater total quantities of food available for populations is likely to
be favoured. Whilst at a household level realisation of food and nutri-
tional security is commonly a function of increased incomes, through
effective market access (Renkow et al., 2004; Ahmed et al., 2000), risk
management (both real and perceived) (Dorward, 1996; Knight et al.,
2003), and the proportion of household income controlled by women
(Njuki et al., 2011b; Njuki and Sanginga, 2013). It cannot be assumed
that increasing production will result in increased food security for
producing households. For instance intensification could extenuate the
daily trade-off faced by smallholder producers, whether to sell produce
for income, or to consume produce for direct nutritional value (Herrero
et al., 2014; Kristjanson et al., 2014). Njuki et al. (2016) report negative
effects of dairy intensification on child nutrition during intermediate
stages; as women's workload increased without being able to afford
hired labour, resulting in less time spent with young children.

3.5. Food safety and zoonotic diseases

Past reviews have suggested that due to the concentration of efforts
on food security to ease the malnutrition of growing populations in
LMICs, food safety and zoonotic diseases have not been priorities and
are commonly underappreciated (Randolph et al., 2007). The impact of
zoonoses on human health can be captured as disability-adjusted life
years (DALYs). In LMICs 10% of total DALYs lost (26% of those related
to infectious disease) are estimated to be associated with zoonoses
(Grace et al., 2012a); whilst globally the 13 most prolific of zoonoses
are annually responsible for over 2 million human deaths (Grace et al.,
2012b). SI interventions must therefore consider the inherent link be-
tween human food consumption and human health. For instance, in-
creasingly urban meat markets have been found to be vending produce
of ‘unacceptable quality’ with high incidences of gastrointestinal illness.
Interestingly women's involvement in the meat processing was seen to
improve food safety (Grace et al., 2012c). Another example of food
safety concerns is that of the occurrence of mycotoxins (e.g. aflatoxins)
produced by fungi, on many staple human food and livestock feed
crops. Aflatoxin contamination of feedstuffs can disrupt livestock pro-
duction (Atherstone et al., 2016); with further suggested food safety
concerns for humans consuming contaminated animal source foods
(e.g. milk) (Herzallah, 2009; Marshall et al., 2016; Nidhina et al., 2017;
Walte et al., 2016). With increasing levels of system intensification,
greater number and movement of animals (Hall et al., 2004), increasing
urban produce processing (Cole et al., 2008) and a greater reliance on
processed feed crops rather than natural pastures to raise livestock
(Szonyi et al., 2015), if unchecked the status of food safety in LMICs
could worsen.

3.6. Cultural acceptance and multi-functional livestock values

Livestock reared by smallholders in LMICs often have roles beyond
that of solely food production; for instance provision of draught power
and manure for crop-livestock mixed systems, as well as capital asset
values (Ejlertsen et al., 2013). In addition there are less tangible values,
including dowry payments, status symbols, and ethnic identity (Crane,
2010; Weiler et al., 2014; Ouma et al., 2003). There are even cultural
preferences for certain livestock phenotypes (Maichomo et al., 2009).
At the household level such perceptions could represent significant
trade-offs with maximising livestock productivity and need to be con-
sidered in associated SI interventions.

3.7. Risk

Livestock keepers in LMICs often experience high levels of vulner-
ability, and are generally limited in their coping mechanisms (Marshall

et al., 2009). Therefore, their primary strategy is generally to be risk
averse (Andrieu et al., 2015); in some circumstances managing risk can
be a higher priority than increased production (Ejlertsen et al., 2013). It
is suggested that in the foreseeable future climate change will increase
the vulnerability of livestock keepers in LMICs (Havemann and
Muccione, 2011; Hoffmann, 2010). There are examples of specific in-
terventions developed with an aim to reduce climate-related risk while
encouraging productivity increases, with particular focus on pastoral-
ists; the index-based livestock insurance is one such example
(Takahashi et al., 2016). However, if SI interventions in such situations
are narrowly focused on increasing productivity through increasing
input and management requirements, there is considerable potential for
losing much of a system's resilience. For instance, indigenous livestock
breeds are generally considered to be more adapted to challenging local
environments (such as limited and low quality feed, high disease
pressure, and high temperatures) (Berman, 2011), and whilst livestock
keepers may recognise the higher productive potential of ‘improved
breeds’, they are also aware of their lack of resilience. Similar to the
studies discussed above in the section ‘Smallholder profit improvements’,
higher producing animals are not always optimal in supporting small-
holder livelihoods. In addition the assumption that efficiencies of SI will
result in less animals being reared may be rebutted if livestock keepers
maintain large herds, or increase herd sizes, as a long recognised and
widely adopted strategy for resilience to climate-related shocks (Kinsey
et al., 1998; Næss and Bårdsen, 2013). Considering risk at farm level is
likely to introduce a further level of trade-offs for SI interventions and is
of particular importance in systems where resilience must be main-
tained or improved (Marshall, 2014; Anderson, 2003).

As mentioned above, intensification of livestock production is often
based on improved market access. Market dynamics in LMICs, such as
the growth of supermarkets, may offer an opportunity for smallholders
to participate and benefit (Markelova and Mwangi, 2010). Effectively
accessing markets, for instance through producer groups, can provide
smallholders with improvements in productivity, income and food se-
curity and some value chain benefits (Markelova and Mwangi, 2010;
Bernard and Spielman, 2009). However, increased market involvement
and commercialisation may introduce unacceptable risks. Smallholders
may find themselves more vulnerable to both input and output price
volatility (Barrett and Luseno, 2004; Riwthong et al., 2017). Increas-
ingly specialised market-orientated production systems are more vul-
nerable to drought or disease (Wiggins et al., 2011). Small scale farmers
are also likely to begin engaging with much larger actors (e.g. im-
porters, traders and retailers) who have much larger capital assets and
political influence, putting the farmers in a weak negotiating position
(Wiggins et al., 2011). The benefit from commercialization is unlikely
to be evenly distributed amongst smallholders, with less commercial
systems being pushed out of markets and out of business (examples of
this have been seen in horticultural exports from Kenya and Senegal,
and pineapples from Ghana) (Wiggins et al., 2011). To remain com-
petitive production systems are likely to increase reliance on inputs,
which can have unrecognised negative impacts. For example, Thai
agricultural systems experiencing increased commercialisation greatly
increased reliance on pesticides, with significant health implications for
the farmers themselves (Riwthong et al., 2017).

4. Using trade-off information for sustainable intensification

4.1. Hierarchy of stakeholder perspectives

Agricultural systems could be described as sub-systems nested in a
‘hierarchy’ of broader systems (e.g. farms in communities, communities
in regions, regions in nations, and finally a global perspective). At each
level the number of stakeholders, objectives and perspectives increases
(Giller et al., 2008). If these are not considered and effectively in-
tegrated into development decisions intervention recommendations are
likely to be impractical (Tittonell, 2013). At the national and global
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levels minimising environmental impact and maintaining food security
are likely to be major objectives, therefore decisions made at these le-
vels are likely to give them a greater weight in comparison to others
(Gerber et al., 2013; Havlik et al., 2014; Herrero et al., 2013b; Smith,
2013). Despite the influence of policy level decisions (for instance
provision of farm subsidies) (Dorward and Chirwa, 2014), many deci-
sions shaping production systems will be made at the farm level (Del
Prado et al., 2013). At this end of the ‘hierarchy’ risk averse livestock
keepers deal with spatially and temporally heterogeneous systems;
objectives may be varied, multiple, and differentiated by gender,
wealth or other socio-economic groups (Andrieu et al., 2015; Ejlertsen
et al., 2013; Marshall et al., 2011; Tittonell, 2013). For instance in
Kenyan mixed systems smallholders identified food supply as their key
objective for system improvements. However, manure supply and milk
sale income were also consistently valued. Demand for both low yield
zebu cattle, with cultural value, and high yielding breeds further illu-
strated their diverse objectives (Waithaka et al., 2006). Within studied
smallholder systems in The Gambia, of the livestock species reared by
households, larger bodied cattle had higher savings and insurance value
compared to the small ruminants (which representing a more dis-
posable asset were more valued for income). This phenomenon was
more pronounced to household with comparatively less wealth
(Ejlertsen et al., 2013). Individual stakeholders with different percep-
tions about ‘their’ systems and attitudes to risk further complicate at-
tempts to define the ‘most appropriate’ course of action (Ahmadi et al.,
2015; Garforth, 2015). Recognising and engaging with stakeholders at
the multiple levels to effectively weight indicators and evaluate results
in context, is critical to the success of development interventions at the
farm level (García De Jalón et al., 2014; Tittonell, 2013).

4.2. Approaches for making decisions in complex systems

In an agricultural development scenario encompassing the com-
plexities of varying stakeholder aims and potential negative trade-offs,
traditional single objective decision making (to minimise or maximise
an element of the system) becomes redundant. There are however
methods to analyse such trade-offs and attempt to reach the ‘most ap-
propriate’ decision (Klapwijk et al., 2014). A review of the ‘state-of-the-
art’ methods for trade-off analysis discussed four techniques: i) parti-
cipatory methods, ii) empirical analysis, iii) simulation models, and iv)
optimisation models (Klapwijk et al., 2014).

Participatory methods recognize the importance of involving sta-
keholders (including both actors and those who will be influenced by
any change) in the analysis. Tools such as fuzzy cognitive mapping,
resource flow mapping, or role playing, can capture normative aspects
of production systems, which models may miss (Crane, 2010; Klapwijk
et al., 2014). An example of the application of participatory methods in
development is provided by the CGIAR Climate Change, Agriculture,
and Food Security (CCAFS) work on policy to ensure food security
under climate change in East Africa (Chaudhury et al., 2012). Partici-
patory methods produce qualitative data where trade-offs cannot be
quantified.

Empirical approaches allow quantitative assessment. Data can be
generated to consider a system experiencing different conditions and
trade-off analysis is based on the measurement of identified indicators.
It is suggested that the strength in this approach is an ability to use
existing observable variation in the system to explore the outcomes of
any system changes (Klapwijk et al., 2014). The resultant limitation is
that the analysis is constrained to the data collected from the system
(Klapwijk et al., 2014), though the collected data can also be used to
support other approaches (e.g. simulation modelling). This approach
was employed for the case study presented below in the section ‘Case
study: trade-off analysis for Senegalese cattle systems’.

Increasingly complex methodologies for trade-off analysis include
both simulation and optimisation modelling. Methods such as multiple
agent models (simulation modelling) and multiple criteria decision

analysis (MCDA) (optimisation modelling) have the ability to observe
potential scenarios (Klapwijk et al., 2014). Simulation modelling allows
both short and long term trade-offs to be considered; an example is
provided by work in Zimbabwe to investigate the impact on agricultural
productivity if crop farmers decided to continue to allow, or stop, li-
vestock grazing crop residues (Rufino et al., 2011). MCDA generally
employs mathematical modelling and software to consider all defined
indicators, objectives and scenarios to suggest optimal results (Kumar
et al., 2017). With benefits of transparency and a shared framework for
assessing complex systems, the use of MCDA in agricultural system
decision making has been encouraged (Lairez et al., 2017). There are
also cautionary notes; for instance practitioners should not ‘drown’ in
complex methods and lose focus on end users or the decisions to be
made (Lairez et al., 2017). A study applied the MCDA approach to
Italian poultry production systems to rank different management styles
by sustainability. Human food needs, environmental impact, economic
feasibility and animal welfare were all considered; however the results
of the study only demonstrated that the ranking of options depended on
which stakeholder was being considered (Castellini et al., 2012). In
addition decisions based on optimisation models generally assume
stakeholder actions are optimal and based on economic rationale.
However, for stakeholders in agricultural systems, particularly in
LMICs, this is not always the case (Klapwijk et al., 2014; Ejlertsen et al.,
2013).

A systems thinking approach (where different system parts and the
relationships between them are identified and considered) is important
for any development project to be successful in application, sustainable
or scalable (Woog et al., 2006). Broader experience across the im-
plementation of the UN Sustainable Development Goals suggests that
systems thinking needs to become part of practice rather than an extra
development competency (Reynolds et al., 2018). A mix of the dis-
cussed methods would improve this, for instance the use of participa-
tory methods to help define trade-off analysis indicators for empirical,
simulation or optimisation approaches (Rufino et al., 2011). The EXT-
RAPOLATE (EX-ante Tool for RAnking POLicy AlTErnatives) tool pro-
vides an example methodology for combining participatory and em-
pirical methods in project or policy assessment (Robinson, 2013).
Several authors have also emphasised that trade-off analysis should be
used for ‘discussion support’ rather than ‘decision support’ (Smith et al.,
2017; Klapwijk et al., 2014; Tittonell, 2013). Table 2 summarises some
example studies that have employed trade-off analyses for agricultural
development scenarios.

4.3. Trade-off management

It is worth considering that alongside the recognition of the various
objectives in a production system, and the indicators associated with
these (Smith et al., 2017), in certain situations there may be options to
alleviate negative trade-offs. These are likely to exist at the different
hierarchical levels and will further influence the interpretation of a
trade-off analysis. For instance, studies have shown that specific food
safety concerns (e.g. aflatoxin contamination) can be cost-effectively
managed both pre and post crop harvesting (Wu and Khlangwiset,
2010); but there are likely challenges to implementing identified ap-
proaches across the large informal sectors in LMICs (Grace et al., 2015).

There are also examples of efforts to address the trade-offs in-
troduced through gender inequalities. In an assessment of the SI of
cereal production in Burkina Faso it was demonstrated that addressing
an extension service male bias and improving women's access to re-
sources (including credit and equipment) and income, contributed to
greater gender equality of interventions (Theriault et al., 2017). Wo-
men's groups can offer an opportunity for successful delivery of ex-
tension services (Kristjanson et al., 2014). In Senegalese Fulani com-
munities, it is women who have control over milk production (Dieye
et al., 2005); with the support of NGOs and development agencies
women have also established mini-dairies with milk sourced from
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contract farmers (Corniaux, 2003). Baltenweck and Mutinda (2013)
discussed learnings from the East Africa Dairy Development project
where there were successes in supporting both improved dairy pro-
ductivity and gender equity. They effectively summarized how inter-
vention can be successful if appropriately conducted using the fol-
lowing phrases: “Know Her” conduct gender analysis at the various
value chain levels; “Design for Her” gender mainstream project objec-
tives; and “Be accountable to Her” ex-post monitoring of gender issues
(Baltenweck and Mutinda, 2013). Evidently there is suggestion that
such institutional change can be realised with effective social analysis.
To be successful this requires bottom-up engagement with stakeholders,
and for SI researchers and actors with technical backgrounds, to col-
laborate effectively to tackle complex social issues previously seen as
outside their remit (Kantor, 2013).

4.4. Average benefit versus variation in benefit

When assessments are made of the most appropriate course of ac-
tion with regards to production improvement it is important to not only
look at average benefits for a population, but also variation across
systems or household populations. For example, in some situations a
livestock development intervention resulting in a high average house-
hold benefit (or other indicator) but with a large variance around this
may be less attractive that an intervention resulting in a less-high
average household benefit but with a lower variance. This would par-
ticularly be the case if being at the lower end of the benefit distribution
resulted in, for example, a household re-entering a state of poverty.
Such analysis can be difficult due to the high data requirements and a
high level of assumptions required in performing such analysis.
However examples of such analyses are emerging in the literature, such
as that of Claessens et al. (2012) who used a model (called the Trade-off
Analysis Model for Multi-Dimensional Impact Assessment) to perform
ex-ante impact assessments of climate change and adaptation strategies
for a population of small-scale farmers. The model simulates technology
adoption and impact in a population of heterogeneous farms, with the
output allowing the distribution in responses (such as economic impact
at farm level) to be examined. Moving forward, the increased use of
approaches allowing for examination of the distribution of responses,

rather than just the average response, is highly recommended (Antle,
2011).

5. Case study: trade-off analysis for Senegalese cattle systems

As a case study example of a (partial) empirical trade-off analysis,
we present a recent study that compared different, low to medium
input, household dairy systems in Senegal (Marshall et al., 2017). The
systems were defined by type of cattle breed kept by the household and
level of cattle management. Cattle breeds ranged from the indigenous
Zebu animals, which are highly adapted to the local environmental
conditions but have low milk yields, to exotic Bos taurus dairy cattle,
which have high milk yields but are poorly adapted to the local en-
vironmental conditions. The different management levels primary re-
flected the level of supplementary feed provided to the animals (feed
being a key constraint to livestock production in Senegal (Tebug et al.,
2015)). The project sites were located in two semi-arid regions of Se-
negal (specifically the Thiès and Diourbel regions) where the different
household dairy production systems were already in existence prior to
the project start, in part due to government subsidized programs pro-
viding access to the exotic dairy cattle. Project data, which included
both economic and production data at the individual animal or
household dairy enterprise level (as appropriate), was obtained by
monitoring 220 rural or peri-urban dairy cattle keeping households
within these sites. The data was collected by 14 enumerator visits at
roughly equal time intervals over an almost two year period (from
March 2013 to April 2015). Collectively the project households had
more than 3200 cattle. For more detail see Marshall et al. (2017) and
Tebug et al. (2016).

Whilst the study did not include all the relevant aspects of the trade-
off analysis, it did consider many aspects beyond milk yield (which is
often the primary focus when comparing different dairy systems in
LMICs). The additional aspects considered included; profit to the dairy
cattle keeping households; benefit to cost ratio of the dairy cattle
keeping households; breed preference of both women and men live-
stock keepers; environmental sustainability in terms of greenhouse gas
emission intensity; food safety in terms of aflatoxin contamination; and
gender issues in relation to increasing the level of market orientation of

Table 2
Summarised examples of some studies employing trade-off analysis methods to agricultural development scenarios.

Country/system Details Trade-off analysis
methods employed

Key findings Ref.

The Gambia/mixed
systems with forest
management

Assessed the trade-offs between natural forest
resources, endemic (trypanotolerant)
ruminants and incomes.

Participatory methods Cropping is the most important for incomes, although
is declining with increased income from logging and
forest clearing. This has natural resource degradation
implications. There is a shift away from endemic
ruminants, in favour of higher productivity breeds, as
forest clearing reduces tsetse fly pressures.

(Zaibet et al.,
2010)

Tanzania/mixed system
with dairy production

Assessed Climate Smart Agriculture technology
implementation for return on investment in
face of climate change.

Simulation model Improved feed: (Shikuku et al.,
2017)• Increased income for all households

• Reduced poverty for households with improved
breeds

• Improved food security for households with
traditional breeds

• GHG emissions reduced in all households

Kenya/mixed systems Assessed climate change adaptation strategies
by considering impacts under different
management strategies.

Simulation model Required adaptations to climate change include: (Claessens et al.,
2012)• Improved crop varieties

• Improved livestock breeds and feeding

Kenya/mixed systems
with maize focus

Assessed the strategies for optimal allocation of
finance, labour and nutrient resources; whilst
considering short and long term objectives.

Optimisation
modelling

• Identified indicator thresholds

• Investment should favour increased labour, over
nutrient use.

• Results specific to particular systems

(Tittonell et al.,
2007)

Brazil/beef systems From both an economic and environmental
perspective, compared pasture management
approaches relative to traditional methods.

Optimisation
modelling

Largely through soil organic carbon sequestration,
improved pasture management has both economic
and environmental benefits.

(De Oliveira Silva
et al., 2017)
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the household dairy enterprise. An additional element of food quality in
terms of milk fat and protein content was also intended to be included,
but these results were inconclusive.

Results of the study are summarized in Table 3. In summary, of the
seven different household dairy systems compared, one system (the
indigenous Zebu crossed with exotic Bos taurus dairy cattle under good
management) was promising from multiple angles. This system pro-
duced good milk yields, the highest household profit as well as highest
household benefit to cost ratio. In addition the cross-breed animals
were highly preferred by both women and men dairy cattle keepers.
The greenhouse gas emission intensity was low (i.e. favourable).
However for this cross-bred to be kept in Senegal, where the climatic
conditions result in low quantity and poor quality pastures, the cattle
need supplementary feed, much of which is contaminated with afla-
toxins (Grace et al., 2015; Marshall et al., 2016). As previously noted,
this creates a human food safety risk as the aflatoxins are passed into
milk which humans consume. Furthermore, the households practicing
this system tended to fall into a ‘higher’ market orientation category
(study households were categorised as higher or lower market or-
ientated based on volume of milk produced and sold). In the majority of
higher market oriented households it was men who controlled the in-
come from the sale of milk, as compared to women in the lower market
oriented households (Walugembe et al., 2016). Whilst this latter result
requires further investigation, it suggests that practicing this system
may lead to negative impacts on broader household welfare (Smith
et al., 2003; Quisumbing, 2003). The main practical implications of
these results are that indigenous Zebu by Bos taurus crossbred animals,
kept under good management, represent a promising dairy system as s
long as measures are put in place to ensure a year-round supply of safe
(non-aflatoxin contaminated) animal feed; and potential gender
equality issues associated with increasing market orientation of
household dairy enterprises are addressed.

In terms of methodology, this study used a combined approach of
direct assessments (e.g. milk yield, farmer breed preferences) and
modelling (e.g. household profit and greenhouse gas emission intensity)
with the modelling benefiting from having a good subset of input
parameters well estimated from the study data. Additionally this study
combined expertise from a range of scientific backgrounds (including
animal sciences, agricultural economics, and social scientists, particu-
larly gender experts). Limitations of this trade-off analysis (as com-
pleted to-date) are that: it has not yet covered all relevant trade-offs (for
example, other aspects of environmental sustainability); the focus was
on average response for the various systems without considering the
variability around these, which would be particularly important to risk-
adverse livestock keepers such as those who are particularly poor

(Andrieu et al., 2015); and sensitivity analysis has not been performed,
which may be important in terms of the emphasis the users of the
evidence base place on the different trade-off components considered.
Efforts to fill these gaps will be undertaken in the future.

Results of the study were summarized in a brief for policy makers
(Marshall et al., 2017), as well as extension material for farmers, with
the aim of providing these and other actors with an evidence base on
which to make better informed decisions. The effective interpretation of
such results is still complicated by the various dimensions and options:
a clear course of action is not the result. In considering these results the
stakeholders will need to be flexible, willing and open-minded to re-
cognize different objectives, consider solutions to observed negative
trade-offs and the employment of methods for effective decision
making.

6. Conclusions – the importance of a holistic approach to
agricultural development

As a paradigm SI provides a framework for agricultural develop-
ment initiatives. However, with increased understanding and pressure
from practitioners SI has evolved; with an increasing recognition that to
successfully guide development a broad perspective (including en-
vironmental, economic and social aspects) is required. This paper has
discussed the increased complexity in choosing an appropriate course of
action, when additional objectives and perspectives are included in a
trade-off analysis. There are a selection of tools available to perform
trade-off analyses and assist in effective decision making; but a funda-
mental requirement appears to be an assurance that an element of
systems thinking becomes part of everyday practice rather than an add-
on or after thought.

Acknowledgements

The Senegal Diary Genetics project was funded by the Ministry for
Foreign Affairs of Finland and carried out within the framework of the
Finnish development co-operation, under the FoodAfrica program and
the CGIAR Research Program on Livestock. CGIAR Research Program
on Livestock and Fish. We would like to gratefully acknowledge those
involved in availing the data used in the case-study, in particular the
cattle farmers in Thies and Diourbel regions, Senegal, for their parti-
cipation in the project. The opinions expressed in this publication are
solely those of the authors and does not in any way constitute the of-
ficial opinion of any above-mentioned organisations.

Table 3
Summary of examined trade-offs for different dairy cattle-production systems in the study sites in Senegal., as defined by breed-type kept and level of management.
Cells highlighted are favourable. Reproduced from Marshall et al. (2017).

Breed type Zebu Zebu Zebu x Guzerat Zebu x Guzerat Zebu x Bos taurus Zebu x Bos
taurus

High Bos taurus

Management levela * ** * ** ** *** ****

Milk yields (litres milk offtake per 365 day lactation) 307 899 408 907 931 1,863 2,251
Profit of the household dairy enterprise ($/cow/annum)b 113 267 122 352 388 838 703
Benefit to cost ratio of the household dairy enterpriseb 1.22:1 1.32:1 1.23:1 1.44:1 1.47:1 1.66:1 1.41:1
Breed preference – male/ female dairy cattle keepersc +/+ +/+ +/+ +/+ +++/+++ +++/+++ ++/+
Environmental sustainability – greenhouse gas emission intensity (kg CO2

equivalent/kg protein)
338 190 307 165 188 110 108

Level of supplementary feeding with aflatoxin contaminated feed (reduced
food safety)

Low Medium Low Medium Medium High Very high

Women control the income from the sale of milk in the majority of
households

Yes Yes Yes Yes No No No

a The higher the number of asterisk (*) the better the level of animal management; reflective of the investment in animal feed.
b Assumes a herd size of 8 cows (and followers); no transhumance; natural mating for Zebu and Zebu by Guzerat and artificial insemination for Zebu x Bos taurus

and high Bos taurus.
c The higher the number of plus signs (+) the stronger the preference for that breed.
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