Food Policy xxx (2014) xxx–xxx

Contents lists available at ScienceDirect

Food Policy
journal homepage: www.elsevier.com/locate/foodpol

From global economic modelling to household level analyses of food
security and sustainability: How big is the gap and can we bridge it?
Mark T. van Wijk
International Livestock Research Institute (ILRI), Livestock Systems and the Environment, Nairobi, Kenya

a r t i c l e

i n f o

Article history:
Available online xxxx
Keywords:
Multi-scale
Integrated assessment
Models
Macro-economy
Food security
Sustainability

a b s t r a c t
Policy and decision makers have to make difficult choices to improve the food security of local people
against the background of drastic global and local changes. Ex-ante impact assessment using integrated
models can help them with these decisions. This review analyses the state of affairs of the multi-scale
modelling of policy interventions, with an emphasis on applications in developing countries and livestock
systems. Existing models do not sufficiently capture the complexity of human–environment interactions
across different scales, and especially the link between landscape and local market levels, and national
and sub-national level policies and markets is missing. The paper suggests a step wise approach with
increasing data needs to bridge this gap. Improvements need to be made at the description of effects
of the distribution of local markets on price formation and the representation of farm diversity within
a landscape. Analyses in contrasting agro-ecological systems are needed to derive generic summary functions that can be used as input for macro level model analyses. This is especially pertinent for macro level
descriptions of crop and livestock production in relation to price developments and of the mosaic of different agricultural land use responses in regions with contrasting socio-economic conditions and
developments.
! 2014 Elsevier Ltd. All rights reserved.

Introduction
Achieving sustainable food security (i.e. achieving the basic
right of people to produce and/or purchase the food they need,
while not harming the social and biophysical environment) – in a
world of a growing human population and large scale changes in
economic development is a major challenge. The way land is used
plays a significant role in the changing global food economy, and
determines food availability at both macro and micro levels.
Livestock plays an important role in achieving food security and
is the largest land use sector on earth (Herrero and Thornton,
2013). Livestock and its related land use (e.g. grassland, forage
production) bring both benefits and problems, and is a typical
example of how agricultural land-use is determined by a multitude
of environmental, economic and socio-cultural conditions
(Lotze-Campen, 2008).
The policy environment has profound impacts on the opportunities and constraints that affect agricultural land users. Policy
makers aiming to improve food security and rural livelihoods in
the developing world in a sustainable manner face many uncertainties when exploring the future of food systems (Ericksen

E-mail address: m.vanwijk@cgiar.org

et al., 2009). Policy can play an important role to balance the multiple functions of agriculture and support sustainable development
but needs adequate information on how different policy options
affect the complex issues surrounding food security and sustainable development. Integrated Assessment Modelling (IAM; IA
models are defined as models that combine knowledge from multiple disciplines, with the aim of shedding light on policy questions
(Tol, 2006)) is increasingly seen as a way to explore different
futures of land use and to support policy-making (Harris, 2002;
Rotmans et al., 1990; Rotmans and van Asselt, 1996; Ewert et al.,
2009). This paper reviews the application of the multi-scale modelling of policy interventions on livestock systems in developing
countries. In the modelling, we emphasise the importance of taking
into account the tribal relationship across food production, poverty
reduction, and environmental sustainability.
Rapid development are taking place in model development
(Parker et al., 2002), including applications to agriculture (Van
Cauwenbergh et al., 2007; Van Ittersum et al., 2008). However,
most models address specific issues, e.g. assessment of land use
change (Verburg et al., 2008), nitrogen emissions and leaching
(Velthof et al., 2007) or food production (Fischer et al., 2005). Many
of these models are also developed to address questions at a specific scale or level, which can vary from a farming system to the
globe (e.g. Ewert et al., 2009).
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However, for really integrated assessment of land use and food
production multi-scale assessments are essential (Rounsevell et al.,
2012). The viability of global food production, the maintenance of
ecosystems services, and the reduction of poverty, involve increasingly complex interactions between land users and their socio-economic and biophysical environment. To decide where investment
in and new policies for food producing systems are most efficient,
ex-ante integrated assessment of the consequences of these investments at livelihood, community, landscape, and regional level
needs to take place.
In recent years several reviews have been published on the
state-of-the art in IAM and multi-scale assessment (i.e. assessments that run across different spatial and temporal extents
(scales) and organisational levels (Ewert et al., 2011)). Examples
are IAM in relation to Life Cycle Analyses (LCA) (Creutzig et al.,
2012), land use and landscapes (Verburg et al., 2011, 2013a), land
use modelling (Rounsevell et al., 2012; Berger and Troost, 2014)
and one review that at least in the title claims to be a review of
IAM and issues surrounding food security (Verburg et al., 2013b).
Despite the latter’s title, the focus on food security is still very
much at landscape or regional scale, ignoring responses of crop
and livestock based livelihoods. Despite all these reviews it is still
not clear how multi-scale assessment can help to improve the
description of geographical variations in the drivers of agricultural
land use in macro-economic models. Capturing these variations is
essential, because they result in a mosaic of different agricultural
land use responses: continued expansion in regions with low population densities strongly affecting the functioning of (agro-) pastoralist communities, intensification in regions with good
connections to urban markets, and decrease in agricultural land
use near the rapidly expanding major cities. Furthermore, the
reviews typically miss a description of how the implications of land
use policies can be quantified at the level where many local land
use decision are made, and where the consequences of a lack of
food security are felt, i.e. the farm and household level. This review
wants to fill this gap, and analyses how macro and micro level
models are set up and analyse (livestock related) land use. Besides
giving an overview of the state of affairs of multi-scale modelling
of policy interventions, this paper also identifies key gaps in the
current approaches to work truly across multiple integration levels, and suggests ways forward to deal with these gaps.
Current state of affair of multi-scale IAM
In the scientific literature modelling efforts have focused on
specific aspects of policy, market and land systems (e.g., Dalgaard
et al., 2003; Volk and Ewert, 2011) and there is a clear methodological divide in describing food production and land use: current
approaches either use top-down global and continental approaches
(e.g. macro-economics and large scale land use modelling (e.g.
Zhang et al., 2013; Creutzig et al., 2012) or bottom-up approaches,
from farm level upwards (farm household modelling, micro-economics, agent based models and landscape level land use modelling) (e.g. Rufino et al., 2011; Parker et al., 2003; Valdivia et al.,
2012). This section describes the current state of affairs of both
approaches, the gap between the approaches, and existing
approaches to bridge the gap.
Top down macro-economic modelling of agricultural land use
Elaborate reviews of macro-economic models can be found in
recent work by Dumollard et al. (2013) and Zhang et al. (2013),
so here I will limit myself to a short description of contrasting
approaches. All global and continental models describing land
use and food production have a similar setup (for a schematic

overview see Fig. 1). The globe is divided in a number of regions
(currently in most applications this values ranges been 6 and 32
regions) and a macro-economic model solves the price equilibrium
based on calculations quantifying regional supply and demand. The
price formation calculated and the regional estimates for supply
and demand are input to a finer scale land use model that
calculates how this supply can be generated (Fig. 1). Existing
macro-economic models can be grouped according to several
characteristics. At the level of the macro-economic description,
two types of models can be distinguished: Computable General
Equilibrium (CGE) models, which perform economy-wide analyses
(multi-sector analyses) and Partial Equilibrium (PE) models, which
describe specific segments of the economy (i.e. only one or a few
sectors). Examples of CGE models are ENVISAGE, FARM, GTAP,
GTEM and IMAGE (see Dumollard et al., 2013 for an overview).
GLOBIOM (Havlik et al., 2011), IMPACT (Rosegrant et al., 2012;
and also Msangi et al., 2014)) and MAgPIE (Lotze-Campen et al.,
2008, 2010) are examples of PE models.
Another way to group models is based on the way they describe
land use allocation. Three ways can be distinguished. The first
approach is used by the rule based models (i.e. CGE models and
the IMPACT model) and represents land use at an aggregated spatial level (different macro-regions, countries or groups of countries). In CGE models, land is considered as a production factor
and the different economic sectors that require land (crop sectors,
livestock, forestry) compete on a regional land market. The IMPACT
model follows a different approach: harvested area for each sector
and each region is expressed as a function of output prices of the
sector’s commodity itself but also of competing commodities,
which enable the representation of substitution effects. These then
form input to the set of equations IMPACT solves (Rosegrant et al.,
2012).
The second approach is used by optimisation models as GLOBIOM and MAgPIE, in which land use is represented on a spatially
disaggregated level (Havlik et al., 2011; Lotze-Campen et al.,
2008). GLOBIOM and MAgPIE use exogenous agricultural yields
and production prices that are location specific. As a consequence
land allocation is the only endogenous variable left to reach optimality. As yields and production costs are grid-cell specific, these
models are able to establish a link between land productivity and
land allocation at the local level, although the drivers of the allocation process are the regional food markets (Dumollard et al., 2013).
The third approach is the so-called ‘geographical’ or ‘geostatistical’ approach (e.g. Rounsevell et al., 2012). In the past this
approach was especially applied to regional land use analyses
and studies of rural–urban land use connections, but it is now
increasingly applied in continental or even global land use studies.
In models like CLUE (Verburg et al., 1999) and LandSHIFT
(Schaldach et al., 2011) spatially explicit land-use patterns are calculated using data on land suitability and assumptions on agricultural demand. Future land-use change in these models is
determined by statistical relationships of past trends in land use.
The macro-economic models simulate outputs (prices, supply
and demand) that serve as input for the spatially explicit land
use models (e.g. IMAGE, LandSHIFT) and the overall model framework can thereby simulate scenarios of developments in land use.
The lowest spatial scale at which the large scale economic land
use models make predictions differs strongly between the models.
Many global studies now aim at a 5 arcminute (!10 " 10 km) spatial resolution (Verburg et al., 2013b). Models like GLOBIOM, CLUE
and LandSHIFT now in general have a resolution of 0.5", whereas
CGE models, because of the more comprehensive economic model
that drives the simulations, land use shifts are calculated at a much
larger integration level, normally at regional or country level
(Zhang et al., 2013). The increasing resolution of the land use models causes problems in the description of land use systems that are
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Fig. 1. Generic structure of large scale economic impact assessment tools. In red circles the entry points where incorporating information from small scale bottom up
approaches can improve model reliability. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

highly dynamic in time and space, and in the description of land
use systems that change over larger areas than the smallest resolution of the models. For example, most models use fixed land allocation patterns in which it is difficult to capture the dynamics of
pastoralist systems, in which the herders move over large areas.
To be able to deal with these systems, generic livestock and fodder
production values are normally used on a per land area basis (see
for example Msangi et al., 2014, for a detailed discussion), but this
approach has limited capacity to capture changes, for example
caused by the increasingly rapid conversion of grassland based systems to mixed crop – livestock systems.
Bottom up approaches to analyse agricultural land use
Bottom-up approaches that take into local information on land
use and management to describe outcomes at regional or landscape level, can be grouped in roughly three groups: farm household modelling, multi-agent approaches and micro-economic
approaches. In farm household modelling the goal is to model decision making at farm household level. Model outputs are then used
to say something about responses of a community of farmers (e.g.
see a recent review of Van Wijk et al., 2014). A standard approach
is to classify farm households into farm household types with common characteristics that occur across larger groups of farm households, and apply the model for these farm types to assess the
consequences of certain intervention measures. The responses of
the individual farm households can thus be scaled up to the total
population of farmers if the total number of farm households is
known together with the relative occurrence of the different farm
types. This is the simplest way to scale up responses of individual
household to a larger community or to landscape level, and it
ignores interactions between farm households and limiting
resources at levels higher than the farm household (for example
of the availability of communal grassland, e.g. Rufino et al.
(2011)). Another approach is to characterise the whole farm population in a community or landscape, or at least a very large part of
it, and then perform analyses at household level and scale these up
to the whole community in a landscape (e.g. Stoorvogel et al.,
2004). Also this approach ignores interactions between farmers.
Multi-agent models represent families, farmers or household
members as individual entities (agents) explicitly taking into
account interactions between these entities. This modelling technique often makes use of the same approaches as dynamic simulation models, but where those models typically focus on one
household or an average representation of a population of house-

holds, do agent-based models represent multiple instances of individual households. Agent-based modelling (ABM) has become an
important bottom-up tool that has been used extensively to study
complexity in theoretical studies, but now is also applied in empirical studies (e.g. An, 2012; Berger and Troost, 2014). Several ABM
models have been developed to study farmers’ behaviour in relation to land use and food production (e.g. Schreinemachers and
Berger, 2011), and most of these are spatially explicit by linking
agent to a location on a spatial grid (e.g., An et al., 2005; Berger
and Troost, 2014). ABMs have been coupled to environmental
models, for example of soil carbon and water (Schreinemachers
and Berger, 2011). In these models the individual agents are
located at specific positions in the landscape, and their land use
decisions affect the environmental variables for those locations.
These changes in the environmental variables are then used as
input for biophysical models that calculate patterns and changes
at landscape level. ABMs are capable of incorporating multi-scale
and multi-disciplinary knowledge and agent-based modelling is
believed to have the potential to facilitate methodologically
defensible comparisons across case study sites (An, 2012). For
example, ABM was used to synthesise studies of frontier land use
change in contrasting systems across the globe (Rindfuss et al.,
2008). However, further empirical support, especially data about
the behaviour of coupled human and environmental systems, is
still considered essential for gaining trust in the simulated results
of ABMs (An, 2012; Parker et al., 2003; Veldkamp and Verburg,
2004).
The calculation of food production and the representation of
farm level decision making is normally quite simplified in ABMs,
but recently also more complex farm production oriented models
have used to study land use at farm community level (e.g. Rufino
et al., 2011). The integration of farm production models within
an ABM framework to simulate processes at landscape level seems
a promising approach. Farm household models can give insight in
farm level decision making, especially on possibilities for land use
intensification. ABMs can calculate what the consequences of these
farm level decisions are on local and regional land use, for example
on farm expansion in previously non-agricultural land (e.g., Berger
and Troost, 2014). Pastoralist systems are typically captured at
integrated community and herd level, for example using ABMs
(e.g. MacOpiyo et al., 2006) without using the intermediate step
of independent household level analyses. This because management typically takes place at herd level, and the interactions
between cattle, owners and biophysical environment are so strong
that descriptions at individual household level are needed.
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There are surprisingly few micro-economic studies where
detailed descriptions of farm level production and decision making
are used to calculate consequences for supply and demand in local
or regional markets, and local market price formation is used as
input in farm household level analyses. Up to date only two of
these multi-scale agricultural models have been developed
(Valdivia et al., 2012; Laborte et al., 2007), and both studies show
that these local market feedbacks are affecting individual farm
level decision making. In a recent study these micro-economic
principles have also been applied to ABMs (Straatman et al.,
2013), opening the possibility to link farm production models
and ABMs within both an environmental and micro-economic
framework to perform local to regional integrated assessment
studies. However, such applications can only be performed successfully if model complexity and data needs of such a coupled
model can be controlled.
From this overview it is clear household level studies analyse
the impacts of global change on the functioning of households,
and rarely go beyond the local community or landscape level. At
the moment these results are not used to inform larger scale studies. It is the thesis of this special issue of Food Policy that this kind
of micro-level analyses, and the data and approaches that underlie
it (see for example Bahta and Malope, 2014), can enrich and
improve macro level models.
The gap
At the moment there is a clear gap between the top down,
macro-economic land use models, and the bottom up models using
farm scale modelling, multi-agent modelling and/or micro-economic modelling. The large scale models have their own internal
modules to calculate land use and productivity changes at pixel
scale, driven by the outputs generated by the large economic models and maps of land suitability and crop and livestock productivity
(e.g., JRC, 2011). The price and demand scenarios generated by the
large scale models are used to drive the small scale models
(Herrero et al., 2014; Van Wijk et al., 2014; Claessens et al.,
2012), but outputs generated at that lower level do not feed back
into the large scale models: The two approaches are decoupled.
The choice for this decoupling has several logical reasons:
building in land user decision making in the large scale models
would run into problems with model complexity and there is a lack
of good data at land user level across large areas of the globe. However, while acknowledging the underlying reasons and needs for
using such simplifications in the representation of land use and
landscapes at the global scale, the implications of such a representation are seldom documented (Verburg et al., 2011). Initially most
global scale integrated assessment models were used to study vegetation dynamics, carbon balances, crop growth and greenhouse
gas emissions in order to capture important trends in climate
and land use, and their feedbacks. However, they are now being
used for an increasing number of indicators, from global food security to ecosystem service assessments. It could be that for these
analyses, which are strongly dependent on land use decision making and the spatial structure in land use and the landscape, the use
of such simplified representations of space and land users may be
questionable (e.g., Verburg et al., 2013a; JRC, 2011).
In the past the strong divide between large scale models and
bottom approaches was accompanied by a clear spatial scale divide
as well (Fig. 2A) (see for example a review by Dowlatabadi (1995)
to illustrate the state of the art of IAM in the 1990s). However, this
is no longer true. There, is from a spatial scale point of view, a clear
overlap between the size of the grids now simulated by stateof-the-art IAMs like GLOBIOM (Havlik et al., 2011) and the areas
covered by simulations by bottom up approaches (Valdivia et al.,
2012; Schreinemachers and Berger, 2011; An et al., 2005). This

means that the spatial scale at which the different models can perform analyses does not have to be the cause of the strict divide
between the approaches. The divide is caused by the different
internal model structures, which at the moment prevents easy
communication between the approaches.
The gap between top-down and bottom up approaches means
that dynamics and changes occurring at other integration levels
are not included. For example, an expert consultation on large scale
economic modelling (JRC, 2011) noted the wide differences
between large scale economic land use models regarding assumptions about yield increases, marginal yield, by-products and pasture land effects. Economic models tend to underestimate the
long-term interconnectedness of world production and substitution between crops and forages, because they are calibrated on
short-term annual data (Zhang et al., 2013). The future situation
for developing countries is likely to change given the economic
development surrounding the urban centres, which has strong
consequences for the rural areas that have market connections to
these urban centres. A key weakness in the large scale land use
models is the allocation of changes in agricultural land use, be it
crop production, fodder production or livestock grazing. Land suitability is certainly one driver, and is generally accounted for in
these models, but other socio – economic criteria and political constraints on land use and land ownership are mostly ignored (JRC,
2011). To improve this situation lower scale information is needed
to improve the large scale representation of key relationships
determining land use change (JRC, 2011; Rounsevell et al., 2012;
Creutzig et al., 2012).
On the other side, bottom up based models are often used in
specific applications with limited geographical extent, thereby limiting their usefulness at the larger scales of analyses at which land
management and policy plans are developed (Rounsevell et al.,
2012). Interactions between the top-down and bottom-up modelling approaches would lead to a more comprehensive representation of the land system (Rounsevell et al., 2012) and a more
realistic assessment of the consequences of policy options. To
achieve these interactions demands developments at both sides
of the divide. An example in which multi-scale assessment is
urgently needed is the debate around land-sharing and land sparing, and the potential role of production intensification. Diverse
livestock related examples of such ongoing intensification are
increased nutrient use in crop and forage production, improved
integration of crop – livestock systems, marketing of forage and
crop residues and pastoralist systems turning into agro-pastoralist
systems. Despite considerable research efforts to improve our
understanding of agricultural intensification (Bakker et al., 2007;
Foley et al., 2005; Lambin et al., 2000; Rudel et al., 2009), it is still
unclear whether intensification can balance the triangle of food
security, poverty and environmental sustainability indicators.
Some studies stress the negative environmental impacts of intensification (e.g., IAASTD, 2009), while others highlight the positive
environmental effects of potential land-saving through intensive
cultivation technologies (e.g. Burney et al., 2010; Phalan et al.,
2011). Individual model systems or empirical approaches working
one or a two integration levels can contribute limited information
to the debate surrounding intensification, and multiple scale analyses are needed to clarify issues and drivers.
Bridging the gap: current status
At the moment there is only one model framework in which
agricultural household level decision making is integrated into
large-scale, economic based integrated assessment, and this is
the SEAMLESS framework (Van Ittersum et al., 2008). The SEAMLESS framework is described in detail in a series of papers (Van
Ittersum et al., 2008; Ewert et al., 2009), and here I just want to
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Fig. 2. Previous divide between top down and bottom approaches in relation to spatial scales of analysis (A), and current situation, where there is overlap between the
approaches in terms of spatial extent, while there is still a strict functional divide between the approaches (B).

highlight the most important characteristics of this multi-scale
framework. First of all, four integration levels are explicitly taken
into account: field, farm, region and continental level. For three
of these levels specific models have been used (Ewert et al.,
2009), while the regional level is only important for sampling purposes, thereby accounting for variations in environmental and
socio-economic conditions across the European continent. Field
and farm models calculate the supply of agricultural products,
and these are used by the continental market model to calculate
equilibrium prices. These continental prices are then used as market prices in the farm models. An important decision made in the
development of the SEAMLESS framework is to not represent local
markets, market access, road access, local social institutions or
landscapes, thereby making it a framework mainly focusing on
productivity and economics. It also ignores the spatial component
of land use change, which is why it is capable to go across spatial
scales and integration levels relatively easily.
No other frameworks exist that represent multiple levels as systematically as the SEAMLESS framework does. Many studies exist

in which scenarios predicted by large scale economic models are
directly implemented on farm level (e.g., Herrero et al., 2014;
Van Wijk et al., 2014; Claessens et al., 2012). In recent projects in
developing countries regional scenarios of price development are
directly used to analyse what is happening to ‘typical’ farms using
farming systems work like Dixon et al. (2001) and Seré and
Steinfeld (1996) (e.g. AnimalChange, ‘www.animalchange.eu’).
Bottom up approaches that represent the decision making of the
land user are not used in the large scale studies, although recent
reviews stress that is the way forward for large scale land use modelling (e.g., Rounsevell et al., 2012; JRC, 2011). Results from
detailed simulation studies are only used in large scale studies to
generate maps of crop and livestock productivity (e.g., Havlik
et al., 2011), which form the basis for the calculations of food supply. Geographical modelling approaches take local level interactions implicitly into account through empirical analyses of past
land use change patterns, but adaptive farmer behaviour, for example based on simulation results at farm household level is not
taken into account.
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Bridging the gap: issues, and a way forward
Previous reviews have dealt with several of the issues in multiscale analyses (e.g., Rounsevell et al., 2012; Verburg et al., 2011,
2013a; Van Asselen and Verburg, 2012; Creutzig et al., 2012): for
example the limited data availability of environmental and socioeconomic variables, the need for remote sensing data and for
improved representation of ‘soft science’ in the economic models
(e.g. effects of social rules, legislation and institutions on land
use change), and the integration of information between different
modelling approaches (Rounsevell et al., 2012; Creutzig et al.,
2012). Here I want to highlight one issue which has not been dealt
with in detail in the previous reviews, and which is a critical bottleneck for any scaling exercise that analyses the effects of regional
or national policies on farm households and other land users. This
is how we should deal with the diversity in land users, markets and
institutions and how we can represent these key players in land
use in space.

Fig. 3. An example of a farm wealth distribution, and how different technical
interventions (1–4) and different management interventions (a–b) could be best fit
interventions along this distribution. The farms in this distribution will not only
differ in resource endowment, but on a separate axis also in the type of
management they practice. Interventions can therefore be evaluated more
thoroughly than with a typology approach, which often uses a wealth-based
categorisation.

Land users
Agro-ecology, markets and local cultures determine land use
patterns and agricultural management. Farm households differ in
resource endowment, production orientation and objectives, ethnicity, education, past experience and management skills and in
their attitude towards risk. Recognising variability in farm households is key to designing policies to help poor farmers (e.g. Giller,
2013), and understanding the main drivers of household diversity
and their relationship with livelihood strategies can help to better
target agricultural innovation (Klapwijk et al., 2014).
So how to deal with farm household diversity within the setting
of integrated assessment? As shown in the SEAMLESS example, one
way is to develop farm typologies, calculate the responses of these
farm types, and scale these up to the total population of farmers
(Ewert et al., 2011). Patterns of farms, farming livelihoods and production objectives have been used to construct farm typologies in a
wide range of systems (e.g., Sakané et al., 2013) and these typologies are seen as particularly useful when combined with analyses
of different rural household strategies (such as Dorward’s ‘hanging
in’, ‘stepping up’ and ‘stepping out’ (Dorward et al., 2008) and different ‘rural worlds’ in terms of engagement of rural households in
markets (Vorley, 2002), see for example Giller (2013)). Also in
many multi-agent models farm typologies are used to deal with
the overall diversity in agricultural decision makers.
However, the use of farm typologies within integrated assessment has disadvantages. First, and most fundamental of all, is the
fact that the a priori decision on the indicators used to develop
the typology to a large extent determines which interventions or
techniques will be adopted according to the modelling analyses.
In most cases an indicator representing wealth (e.g. number of cattle, size of land, etc.) is the most important factor driving the typology, and not the way farmers manage their resources. This
automatically means that options that improve management efficiency of existing management options will be assessed as less
important compared to other overall productivity increasing
options like mineral fertilizer application.
Other approaches make use of the so-called ‘distribution’
approach (Fig. 3), in which a population of farmers is treated as
the unit of analysis (Frank et al., 2014). This is a potentially powerful approach because the analyses of interventions can be based on
more complete information than when farmers are first aggregated
into typologies (Fig. 3). However, it is not an easy approach to
implement across a landscape or a certain area in land use models.
It is difficult to allocate a distribution to a location within a landscape, whereas allocation of farm types across a landscape is more

straightforward. Any spatial mapping of farming systems or farm
households is a compromise between the attractiveness of showing farms or farm types in a spatial grid and the danger of implying
sharp boundaries between neighbouring systems or types. With a
large degree of variation inevitable among types of farm households, there are seldom sharp boundaries between systems
(Dixon et al., 2001).
The distribution approach can be useful at integration levels larger than the landscape. For example, in the N2Africa project
(www.n2africa.org) farm characterisation surveys were performed
along two axes: agro-ecological potential and market access
(Franke et al., 2011). For both axes a ‘high’ and a ‘low’ class were
defined, and farm surveys were executed in four areas that covered
the possible combinations of the two variables. Such a two-axes
classification can then subsequently be used as the entry point
for upscaling of farm household level behaviour and responses.
Such an approach assumes that production potential and market
access are the key drivers of the functioning of farm households,
and ignores for example landscape position as a determinant. To
apply these methods across larger regions requires large datasets
of social surveys that characterise land use systems and the decision making in these systems (Rounsevell and Arneth, 2011). The
development of databases of social surveys from around the world
would provide an immensely rich resource to be able to derive
descriptions linking land use to the socio-economic and biophysical environment of the decision-maker (Herrero et al., 2014). At the
moment no such databases exist and similar efforts like recently
executed successfully in ecology are needed (e.g. Rounsevell and
Arneth, 2011). Similar work on empirical social data could possibly
allow construction of a generalizable framework of multi-agent
models which could work over larger areas and thereby inform
large scale models (Rounsevell and Arneth, 2011). A database of
farm characterisations could also better inform farm household
models, which again could help the search for generalizable rules
of opportunities for successful policy intervention (Van Wijk
et al., 2014).
Land use data
In recent years the spatial resolution of the physical and socioeconomic data that are used as drivers of land change and of data
needed to assess impacts of land change on environmental indicators has increased substantially (Verburg et al., 2013a). See for
example a new global dataset presented by Herrero et al. (2013)
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in which detailed spatially explicit data are made available on livestock production, fodder, feed efficiencies and greenhouse gas
emissions. Recent advances in the development of such datasets
may increase the spatial resolution of model predictions even further (Verburg et al., 2013a). However, it is important to note that
only increasing the resolution of the land cover and land use data
does not automatically lead to more accuracy in model predictions.
Increasing the resolution of land cover data does not necessarily
allow us to represent those characteristics of landscapes essential
for its functioning which only become apparent at relatively high
spatial resolutions (Verburg et al., 2013a). However, this is not
even the most fundamental problems with spatial explicit analyses
of land use, because this problem might be solved in the future
with even more accurate maps.
The most fundamental issue in spatially explicit analyses of
land use and land and livestock productivity is the basic mismatch
between pixel and land user: a pixel of a satellite image or a raster
of a GIS raster map is neither a landscape nor a social unit, nor a
farm household (e.g., Rindfuss et al., 2004). This puts a fundamental limit on further increasing the resolution of the spatial input
data needed for running land use models, because at a certain resolution fundamental mismatches will affect model simulations.
This problem is even more pressing for pastoralist systems, in
which expressing productivity on a per area basis for a specific
location in space automatically is problematic when the area for
which the productivity is smaller than the region in which the pastoralists are moving. See also for example Little et al. (2014) on
how pastoralists of the Horn of Africa negotiate the need for herd
mobility (production) under conditions of variable rainfall and
grazing conditions, with the necessity to market animals at fixed
market locations. Fixed markets can easily be represented in pixel
based framework, but that is less easy for mobile pastoralists.
Pastoralists are therefore only represented through fixed production responses that do not explicitly take into account effects of
mobility, and thereby might lead to over-estimation of the responsiveness of pastoralists (Little et al., 2014).
Farmers, markets and institutions
Answering the question ‘how many are there of which farms,
and where are they located’ is pertinent in relation to describing
market access and landscape level processes. As noted before, pastoralist communities have their own peculiarities in this respect.
To obtain an answer to that question remote sensing, farm characterisation questionnaires, and market access and agro-ecological
information need to come together. Two recent examples trying
to link farmers and local markets are Valdivia et al. (2012) and
Laborte et al. (2007), and both studies show that local market feedbacks have strong effects on individual farm level decision making.
In Valdivia et al. (2012) spatial explicit information on farm location is used to generate response maps, but how exactly these
maps were generated and how they are linked to the farm populations analysed within their household model is unclear.
Furthermore, there is little general insight into the role of institutions, land tenure and land governance on land use intensity as
most research is based on case studies that are strongly context
dependent (Verburg et al., 2013b). The fact that a very large part
of the land used for food production is privately owned or has been
allocated long term land rights to private persons or companies
makes the top-down implementation of improved land system
management that better match food production demand and ecosystem protection impossible (Verburg et al., 2013b), and again
creates problems for pixel based approaches. IAMs need further
development on how ‘soft science’ knowledge can be built in,
related to fundamental questions of governance, economic systems, and the assumptions, beliefs, and values underlying human

7

behaviour. This must involve close integration of social and biophysical sciences (Reid et al., 2010). Neither bottom up nor top
down approaches are very powerful in this integration at the
moment, and there is urgent need to improve model descriptions.

A step wise approach to bridge the gap
Here 6 different approaches are described (see also Fig. 4),
increasing in complexity and data needs, to scale up bottom up
approaches so that they can generate information that can used
in the model formulations of large scale economic approaches
(see also Fadiga and Katjiuongua, 2014, for how a similar approach
could be used for modelling animal diseases). I assume the bottom
approaches receive region specific information under specific scenario conditions from the higher scale models: for example relative
changes compared to a baseline value of prices of products, inputs
and labour. This information can be combined with participatory
scenario work to derive development pathways that could encompass the regional context and cultural history of the location of
interest (e.g. Chaudhury et al., 2013), and serve as key drivers of
the micro-scale models presented in Fig. 4. The micro-scale models
can then generate information that can improve the descriptions in
the large scale models, focusing there on (1) the descriptions of
crop and livestock production in relation to price developments
and in relation to the rapidly developing urban centres; these
descriptions in this way will take into account the decision making
of land users (e.g., where and when will the switch from farm land
extension to farm land intensification take place, and why), and (2)
the rules describing the spatial allocation of land use (Fig. 1). The
setup described here is distinct from the one proposed by
Rounsevell et al. (2012) which only focuses on multi-agent models
as the way to go as the bottom up approach (see also Berger and
Troost, 2014). Given the fact that application of ABMs across large
regions is still unproven (as stated by Rounsevell et al. (2012)
themselves) and that in general there is still a strong lack of data
to support such generic development of ABMs across large areas,
I aim in this section to describe different approaches along with
their data needs and the type of information they can generate.
The most data-efficient approach to link farm scale analyses to
the large scale economic outcomes is to use farming descriptions
available for the region of interest (for example Dixon et al.
(2001) or Seré and Steinfeld (1996)), represent these farming systems by one or more ‘typical’ farm(s), and calculate consequences
of certain scenarios for the food security at farm household level
(e.g., Van Wijk et al., 2014). These outcomes can then be taken as
representative for the whole region for which the farming system
description is supposed to be representative (Fig. 4A). Given the
data available for farm typologies this is an approach that can be
readily operationalized in many regions in the world (Ewert
et al., 2011; Herrero et al., 2014). This approach can give improved
information on the supply side of the large scale economic models,
and but would not necessarily make the large models better in
their predictions of land use change. The approach ignores farm
heterogeneity, and can therefore lead to over-prediction of the
responsiveness of farmer population, as only few farms are
represented.
A second approach could be to disaggregate farming systems
along the axes market access and agro-ecological potential, two
key drivers of productivity (Fig. 4B). Hereby large farming systems
clusters are broken up and thereby diversity in farms is represented. Farm household characterisation across the whole population of farmers is necessary (e.g. Franke et al., 2011; Rufino et al.,
2013), and the approach therefore demands more information than
the first approach. The advantage of the approach is that it better
represents the differential responses different farmers might have,
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Fig. 4. Schematic representation of different upscaling methods for representing farm household level decision making at higher scales/integration levels. For explanation see
text.

but it still ignores interactions between farmers and interactions
between farm consumption and production and local market level
supply and demand.
A third approach would be to specify local markets (identified
through surveys, or by simple rules, e.g., population centres with
more than ‘x’ people), and market access as key drivers of farm
livelihood responsiveness (Fig. 4C). Such a model can be set up

non-spatially explicit (e.g. Laborte et al., 2007) or spatially explicit
(e.g. Valdivia et al., 2012). This modelling approach takes feedbacks
between farmer level decision making and price formation into
account. In Valdivia et al. (2012) farmers/farm types are given a
location, and the micro-economic analysis could therefore also be
embedded in a landscape level analysis where environmental indicators are assessed as well. The approach is already highly data
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demanding, but still ignores interactions between farmers, and
between farmers and their environment.
In the fourth approach interactions between farmers are taken
into account, and these interactions are seen as key drivers of overall system functioning and behaviour (Fig. 4D). This approach is the
basis of many existing agent based models (e.g., Van Wijk et al.,
2014). Important direct buying-and-selling relationships between
farmers can be captured in multi-agent models, for example the
sale of crop residues of crop farmers as animal feed to livestock
owners without the existence of a formal market. While the
approaches represented in Fig. 4A–D are currently available, the
more complex setups of Fig. 4E–F are not. The approaches of 4C
and 4D could be combined by giving the local market a specific
location in the multi-agent interactions (Straatman et al., 2013).
The next step would be to bring in the landscape in such a model
description, so that the assessment of environmental indicators
can be improved. Feedbacks between key environmental indicators
like erosion and nitrogen leaching, which vary strongly across a
landscape, and crop, grassland and livestock production can be
quantified in such a setup and the longer term sustainability of
food production in different locations of a landscape can be
assessed. In first instance interactions between farmers could be
ignored (Fig. 4E), although in a complete description of the landscape and the local market they will be important to incorporate
(Fig. 4F). This full-blown model description will be very datademanding (they will require farm characterisation data in combination with socio-economic information on institutions, local markets, cultural rules and biophysical information), but can give
important information in terms of land management and farm
expansion or farm relocation responses of the local community.
These responses, sampled in contrasting sites, could be summarised in relation to their drivers, and used for better land use management and land use change descriptions in higher scale models.
For example, ABMs have been used in contrasting regions of the
world to generate information about the drivers of land use forest
transition zones (Evans and Kelly, 2008) and especially in ecology
macro-scale patterns have been derived from interactions of heterogeneous agents at lower scales (Grimm et al., 2005). Whether this
is a powerful approach for land use modelling at large scales still
has to be proven though (Rounsevell et al., 2012).

Conclusions
Regional and national policies can provide a framework, guide
the incentive structure and police outcomes that can help to
improve the food security and sustainability of farm based livelihoods. Infrastructure development, improvement of value chains
for agricultural products and innovation systems for the design
and promotion of alternative agricultural practices ought to
empower small scale farmers to achieve food security, while at
least not endangering ecosystem services (Lopez-Ridaura and
Gérard, 2012). However, good impact assessment tools that can
assess the consequences of regional and national policies across
integration levels in developing countries, thereby informing policy makers, are still missing. The existing gap between landscape
and community to sub-national market and policy levels prevents
truly integrated assessment of policy options. This paper suggests a
step wise approach with increasing data needs to bridge the existing gap with a focus on smallholder farming in developing
countries.
Clear improvements need to be made at the description of
effects of the distribution of local markets on price formation and
the representation of farm diversity within existing large scale
maps of farming systems (Dixon et al., 2001; Seré and Steinfeld,
1996). Especially answering the question ‘how many are there of
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which farms, and where are they located’ is pertinent. Here remote
sensing, farm characterisation questionnaires, and market access
and agro-ecological information need to come together. Pastoralist
systems especially form a challenge for the land based approaches
that are used in the current models. The modellers’ quest for ‘finding homogeneity in heterogeneity’ (Messerli et al., 2009) to be able
to aggregate fine-scale information for up-scaling purposes has
quite some similarities to the one for the holy grail, but it is essential that we develop methods to identify particular land user
groups of which land use and market response are important for
policy projections. It is easy to drown in model complexity and
unrealistic model data demands, although this danger should also
not result in that we only use simplistic representations of the
inherent complex socio-agro-ecological systems (Rounsevell and
Arneth, 2011). Detailed micro-market and multi-agent studies
are useful in this context if they are used to derive summary functions describing the most important effects of feedbacks between
farmers’ choices and local markets. Laborte et al. (2007) and
Valdivia et al. (2012) have shown that these feedbacks matter
when describing farm level management responses and local market level price formation. More work on these feedbacks is needed
to derive generic summary relations that capture these feedbacks
across a wide range of systems and socio-economic conditions that
can be used in larger scale studies. Also the income and food security consequences of interactions between farmers not well quantified yet, for example the selling of crop residues as animal feed to
livestock owners without the presence of formal markets. These
interactions and feedbacks between farmers are likely to increase
the flexibility and buffer capacity of crop and livestock based livelihoods to deal with climate and market shocks.
The review did not cover an area like the modelling of regional
and larger scale trade flows, but improved embedding of these
trade modelling approaches could further improve the description
of the scenarios that are used for describing the future developmental pathways that act as drivers of change at micro-level. Also
how market failure and short term government responses (as in
contrast to longer policy development) can shape the development
of the agricultural sector was ignored in this review. It is clear that
by filling the gap between micro and macro level approaches better
information can be generated for policy makers regarding the consequences of global level changes for local level food security, and
regarding the identification of where most efficiently policy investments should take place to achieve larger food security and environmental impacts. Especially for the livestock sector, as the
largest land use sector in the world with its big role in food production and its big environmental impact, filling this gap is essential to
better target policy interventions to increase the benefits of livestock production while reducing the problems associated with it.
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