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This study aimed at understanding how landscape heterogeneity influences outbreaks of contagious
diseases in southern Africa. Landscape attributes influence patterns of movement and behaviour of animal
hosts, virus spread and survival, as well as land use practices. A multi-agent simulation was developed
to represent the spatial and temporal dynamics of pathogens between human-livestock and wildlife
interfaces at the fringe of large wildlife conservation areas. The model represents the three main elements
associated with epidemics - populations, space, and time - to simulate direct contacts between wildlife
and livestock. The dynamics of these populations emerge from interactions between agents and the
landscape. The model was calibrated to represent the transmission of foot-and-mouth disease through
direct contact at the border of the Kruger National Park in South Africa. In the region, African buffaloes
(Syncerus caffer) act as reservoirs of the virus and spread the infection to domestic cattle bordering the
park. We tested the sensitivity of various factors influencing contact rate between buffaloes and cattle,
and thus the risk of foot-and-mouth disease transmission. Results show that cattle-buffalo contacts
mostly depend on the range of displacements of cattle and buffaloes, as influenced by the landscape
configuration, and on the number of fence breakages multiplied by the time between breakage and
repair. Contacts take place not only close to water-points but also in grazing areas, within an area up to
6 km from the fence.
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1. Introduction

Spatial (or landscape) epidemiology is the study of spatial
variations in disease risk and the analysis of the impact of land-
scape structures on epidemiological processes (Ostfeld et al., 2005).
Infectious disease transmission emerges from interactions, albeit
directly or indirectly, between infective and susceptible hosts. As
these interactions take place in a geographical space, the consider-
ation of spatial attributes is important to understand the dynamics
of infectious diseases (Lambin et al., 2010; Ménard, 2002). Parts of
the variations in disease risk can be explained by landscape hetero-
geneity, environmental changes, and climatic conditions (Kitron,
1998; Ostfeld et al., 2005). Understanding the influence of land-
scape patterns on risk factors is a prerequisite for efficient control
of diseases.

Foot-and-mouth disease (FMD) is a viral disease from the fam-
ily picornoviridae that is highly contagious (Sutmoller et al., 2003;
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Thomson and Bastos, 2004). It is one of the most important livestock
diseases in the world. It has the potential to infect all cloven-
hoofed animals (wildlife, cattle, goats, sheep, pigs) as well as
camelids and has major economic impacts on animal trade (Keeling
et al,, 2001; Thomson and Bastos, 2004). The disease is mostly
transmitted via direct contact between infected and susceptible
animals (Alexandersen et al., 2003), with the possibility of mul-
tiple infections with various serotypes. In some cases, the infection
is transmitted through indirect contact - e.g., it can spread through
the environment or mechanically by persons, vehicles, wild ani-
mals, or birds (Sutmoller et al., 2003).

FMD is endemic to southern Africa (Klein, 2009; Vosloo et al.,
2002). In this region, African buffaloes (Syncerus caffer) can become
persistently infected with FMD virus without any apparent clin-
ical disease signs, and are generally responsible for outbreaks in
cattle (Kitching, 2005). Along the boundaries of nature reserves
endemically infected with FMD, African buffaloes and domestic
cattle come into contact at shared water points and grazing areas,
often resulting in FMD outbreaks in domestic cattle. In the recent
past, several such outbreaks have taken place around the Kruger
National Park (KNP), a large wildlife conservation area situated in
the northeastern corner of South Africa (Briickner et al., 2002). To
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Fig. 1. Study site bordering the Kruger National Park.

better understand the role of landscape patterns on FMD transmis-
sion at the wildlife-livestock interface, we developed a spatially
explicit multi-agent simulation (MAS) for a study site adjoining
the KNP to the west, spanning an area of approximately 2000 km?
(Fig. 1).

Several spatial models were developed for FMD in non-endemic
regions such as Europe, USA, and Australia (Bates et al., 2003;
Diggle, 2006; Ferguson et al., 2001; Gerbier et al., 2002; Keeling
et al,, 2001; Lawson and Zhou, 2005; Morris et al., 2001; Rivas
et al.,, 2004). None so far was developed for FMD endemic regions
such as southern where transmission risk is different compared to
non-endemic regions. Only no spatial models on risk assessment
have been developed in such area (Sutmoller et al., 2000; Jori et al.,
2009). In endemic regions, the transmission occurs mainly through
direct contact between wildlife and domestic animals while, in non-
endemic areas, transmission occurs mainly from farm to farm, after
a focal introduction of the virus in the area (Kitching, 2005). Pigs
excrete the virus in large quantities, which can facilitate airborne
spread over considerable distances (Donaldson and Alexandersen,
2002). However, a relatively low density of pigs and a climate less
suitable to virus survival outside the host create a very different
transmission risk scenario in southern Africa compared to Europe
(Thomson and Bastos, 2004).

Our MAS represents interactions between landscape attributes,
wildlife and livestock in a bottom-up approach. A MAS is a simu-

lation tool representing interactions between multiple agents in a
spatially explicit environment. A MAS is defined by: (i) agents, or
groups of autonomous individuals, with similar characteristics, that
are moving, interacting and communicating in an environment;
(ii) an environment, represented by georeferenced land cover
attributes; and (iii) decision rules that specify the behaviour of
agents and the relationships between them at a micro level (Ferber,
1995). In our model, the basic units, or lower-level elements (i.e.,
the only programmed elements of the model), are individuals and
landscape patches. Higher-level elements - emergent behaviours
and patterns such as an FMD outbreak - result from interactions
between the actions of lower-level entities (Grimm et al., 2005;
Parrott, 2009). A MAS splits processes into many components, thus
relying on empirical studies and an extensive literature review to
parameterise the decision rules (Kostova et al., 2004). MASs have
seldom been used to study the epidemiology of infectious diseases,
with notable exceptions however (Bonnell et al., 2010; Linard et al.,
2009; Perez and Dragicevic, 2009; Roche et al., 2008). The subtle
interplay of causes and effects, and the presence of feedbacks in
MASs, allow exploration of the mechanisms driving disease dynam-
ics better than with classical continuous (differential equations)
and discrete (discrete-time equations) dynamics system models
(Bithell et al., 2008).

We developed an object-based model, named EPIFMD (EPIdemi-
ology of FMD) to address the following question: how do landscape
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Fig. 2. Processes of FMD transmission near large conservation areas in southern Africa.

patterns and their changes influence the epidemiology of foot-
and-mouth disease at the fringe of conservation areas in southern
Africa? The objective of this study was to develop a “virtual labora-
tory” to allow testing of hypotheses inspired by various scenarios
related to the FMD transmission cycle. This paper describes the
EPIFMD model and its implementation for an FMD-endemic region
in southern Africa. Below, the model presentation follows the stan-
dard protocol (Overview, Design concepts and Details — ODD)
(Grimm et al., 2006) generally used to describe MAS. We then dis-
cuss the verification of the model.

2. Transmission cycle of foot-and-mouth disease in South
Africa

The epidemiology of FMD in Africa is more complicated than
in other parts of the world. Seven FMD serotypes are recognised
worldwide, of which three are endemic to certain areas in south-
ern Africa (Southern African Territories (SAT) serotypes 1, 2 and 3)
(Kitching, 2005). Within KNP, the African buffalo is the main reser-
voir of FMD (Kock, 2005). One herd can be permanently infected
without developing clinical disease and act as reservoir for future
transmission of the virus (Sutmoller et al., 2003). A buffalo can be
the carrier of the virus for up to five years (Vosloo et al., 2002).
Buffalo calves play an important role in the dynamics of the dis-
ease, because they are the most infectious individuals (Gainaru
et al., 1986). They become susceptible to FMD in the period after
their maternal antibodies wane and before their natural immunity
develop, which coincides with the age three to eight months (Bastos

etal.,2000; Vosloo et al.,2007). The maintenance of FMD by wildlife
makes the eradication of the virus impossible without the destruc-
tion of large numbers of African buffaloes - a solution that is both
ecologically and morally untenable (Thomson et al., 2003a).

Traditional livestock management systems prevail in most of
the area neighbouring KNP, with communal herds being herded
by agro-pastoralists daily between “kraals” (a local term for an
enclosure for livestock located within a village) (Diivel and Afful,
1996), grazing and drinking areas. To limit transmission risk to cat-
tle living around KNP, cattle herds are vaccinated twice per year
and inspected for any signs of clinical FMD once per week by the
para-veterinary personnel of the government veterinary services
(Briickner et al., 2002; Thomson, 2008; Vosloo et al., 2002). A fence
was erected around the KNP in an attempt to prevent domestic cat-
tle coming into contact with buffaloes in the late 1960s (Briickner
etal.,, 2002; Sutmoller et al.,2000; Sutmoller,2002; Thomson, 1996;
Thomson et al., 2003a). Despite these measures, the risk of disease
spread to domestic cattle is still present (Vosloo et al., 2002). The
efficacy of the vaccine varies by serotype and never reaches 100%
(Thomson et al., 2003b). The fence is permeable as a result of direct
and/or indirect impacts of various physical or eco-climatic factors
(Taylor and Martin, 1987): it is frequently destroyed by floods, ero-
sion, elephants, or people (mostly poachers, wood collectors, and
vandalists). Fence breakages enable buffaloes to come into direct
contact with domestic cattle, thus increasing the risk of FMD trans-
mission (Fig. 2).

South African parks are famous for their ecological diversity
and touristic value. Domestic cattle play a major role in the liveli-
hoods of the “communal farmers” located around the KNP, despite
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a low productivity per head of cattle and a low commercial value
of livestock in these areas (Barrett, 1992; Diivel and Afful, 1996).
Understanding land use dynamics associated with disease risk is
important to better manage the buffer areas around these natural
reserves.

3. Data
3.1. Remote sensing and GIS data

Remote sensing imagery was used to map environmental
attributes of the study area. A land cover map was derived from
a SPOT 4, 10 m fusion image of its multispectral and panchromatic
bands from August 11th, 2008. We used a classification approach
combining: (i) a tree classification method for land use features
and water classes, and (ii) a supervised maximum likelihood clas-
sification including a spatial texture metric for natural vegetation
cover classes. Seven land cover categories were identified: settle-
ments, croplands, water, bare soils, open sparse bush lands, open
wood bush lands, bush thickets. Land cover classes were based on
the standard land cover classification scheme for remote sensing
applications in South Africa (Thompson, 1996). An NDVI time series
derived from SPOT Vegetation imagery for a period of 20 years,
from 1986 to 2006 (Swinnen and Veroustraete, 2008) was used to
extract the annual variability and seasonal evolution of biomass.
An accessibility map was created using GIS analysis. It combines
distances to roads (1:50 000 map layers, Surveyor General, South
Africa) weighted by population density data (Census 2001, Statis-
tics South Africa). All GIS layers were georeferenced to Universal
Transverse Mercator (UTM) WGS84 (zone 368S).

3.2. Field data

3.2.1. Field work

Field observations associated with GPS points were collected
to train and validate the land cover classification and the water
model during a field trip in September 2008. Approximately 400
GPS points were collected: 200 for training and 200 for validation. A
semi-random sampling methodology was used: observations were
mostly made at randomly selected locations at short distances from
roads, as the dense vegetation makes the landscape quite inacces-
sible. The accuracy of the land cover classification was evaluated
by a Kappa index of agreement, whose value of 0.7 indicated an
acceptable classification accuracy.

During the field trip, 120 water points (rivers, dams and water
streams) were sampled and information relating to the nature of
each water point was recorded: presence or absence of water, main
land cover of riverbeds and banks, water characteristics (Fostier,
2009). All water points situated close to roads were selected. These
points were used to validate the output of the hydrographical sub-
model of EPIFMD.

3.2.2. Key informants

To better grasp the complexity of the system, we conducted
discussions with several key informants: specialists from the
State Veterinary Services, members of South African National
Parks (SANParks), and local community members. Topics covered
included animal diseases; rural organisation; cattle, wildlife and
park management practices. A few meetings were also organised
with local experts in FMD risk factors.

3.2.3. Socio-economic surveys

Socio-economic surveys were conducted in the study area in
2008 based on a questionnaire. The goals were to understand the
social organisation of local villages, to collect data on the socio-
economic status of herdsmen and their decision-making rationale,

and to estimate the risk of FMD transmission. Forty cattle own-
ers were interviewed at government veterinary inspection points,
which are visited by herdsmen with their cattle once a week. This
survey revealed, for instance, that the main activities of herdsmen
in the study area are cultivation and cattle herding, and that these
local herdsmen are more concerned by water and grazing availabil-
ity than by FMD.

3.2.4. Cattle information and cattle tracking

Monthly livestock register reports by government animal health
technicians from 2003 to 2007 were collected in hard copy from
the local State Veterinary Office. These included data on animal
numbers, births, mortalities, sales and slaughter.

To better understand cattle grazing patterns, a cattle grazing
study utilizing handheld GPS units was conducted between May
2008 and September 2009 (unpublished data, Van Schalkwyk et al.).
In communal farming systems, groups of cattle are generally herded
by a paid herdsman or by the cattle owner. In the study area, 24
herdsmen from 7 inspection points (3-6 per inspection point) were
selected through a stratified sampling design based on the location
of the inspection point in relation to its distance to the park, prox-
imity/availability of water (perennial/non-perennial rivers, dams),
and land cover. These selected herdsmen recorded their grazing
patterns three to five days per month, using a handheld GPS unit
set to automatically record their location every 5 min.

3.3. Historical and other data

A number of datasets on the KNP were made available by
SANParks: annual buffalo census data, buffalo sightings by game
rangers, and information on fence events for 2007 (CyberTracker
data). A buffalo density map was produced based on estimates of
the total number of buffaloes inside the park and an existing distri-
bution map representing the concentration of buffaloes between
January and April 2007 (Rodwell et al., 2001; Winterbach and
Bothma, 1998). Four classes were defined: high density (7 or more
buffaloes/km?), medium density (between 5 and 7 buffaloes/km?),
low density (between 3 and 5 buffaloes/km?), and other areas (1 or
less buffalo/km?).

When buffaloes are observed outside the park, they are either
immediately destroyed or chased/transported back into the park.
A database of the location of buffaloes observed and/or controlled
outside the park for the period 1998-2007 was used to validate
our model outputs. These records stem from monthly veterinary
reports as well as interviews with officials performing stray buffalo
control operations to improve the spatial accuracy of these reports.
Atotal of 398 stray buffalo events were recorded (unpublished data,
Van Schalkwyk et al.).

State Veterinary Services, Mpumalanga Province, South Africa
provided spatial information on the fence - i.e., electrified or not,
height, gate location - and records of some fence breakages. Fur-
thermore, we collected information on the fence from the literature
(Sutmoller et al.,2000) and through field observations, by travelling
along segments of the fence.

A map of FMD control zones was obtained from the State Vet-
erinary Services, Mpumalanga Province, South Africa. Three FMD
control zones are defined: infected areas (i.e., inside the KNP and
private reserves bordering the KNP), inspection zone with vacci-
nation (outside the natural reserves), and inspection zone without
vaccination.

4. Model description
We followed the standard ODD protocol (Grimm et al., 2006) to

describe our model. Below, we provide an overview of the model
and describe the key concepts that were part of the model design.
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The detailed model description, including specific rules and equa-
tions, is provided as an Supplementary data. EPIFMD was coded in
NetLogo, a free software that offers a suitable platform for multi-
agent simulations (Wilensky, 1999). Unified Modelling Language
(UML) diagrams (Booch et al., 2004) were used to describe the
conceptual structure of the model.

4.1. Overview

4.1.1. Purpose

The model was developed to create risk maps of direct contact
rates between buffaloes and cattle in space and time. The broader
objective was to analyse and describe spatial factors influencing
contact risk by examining the influence of the landscape. The model
does not predict the risk of disease transmission per se, but only
direct contact between buffaloes and cattle - i.e., the presence
of a buffalo and cattle agents in the same cell, at the same time.
The actual transmission rate of FMD virus due to contact between
infected buffaloes and susceptible cattle is very poorly understood
(Condy and Hedger, 1974; Dawe et al., 1994). Since transmission
is not considered in the model, vaccination and its effect on trans-
mission rates and risk of outbreaks occurring has been omitted.

4.1.2. State variables and scales

The elements responsible for the dynamics of FMD epidemics
are populations, space and time. These elements make up the inter-
nal structure of the model. The class diagram represents the static
structure of the model and displays the relations between all the
classes that constitute the model (Fig. 3). This diagram represents
the low-level entities with their elementary properties and the full
set of variables making up the model.

Agents are either mobile or cell agents. The former are indi-
viduals or groups of individuals who can move from one cell to
another. Cell agents are represented by a grid where each cell con-
tains several values that can be modified at each model run. Some
of the attributes of cell agents change according to global values
of temperature, precipitation and seasonality. The mobile agents
comprise two populations: buffaloes and domestic cattle. Buffaloes
live within the KNP and are only able to leave the reserve when
the fence is permeable. There are between 21,000 and 27,000 buf-
faloes in KNP, occupying specific habitats (SANParks, 2001-2007;
Winterbach and Bothma, 1998; Rodwell et al., 2001). Herds tend
to be non-migratory but their home range varies seasonally from
40 to 1000 km?2 (Bastos et al., 2000; Huffman, 2007; Vosloo et al.,
1996). Within this space, buffaloes move around to feed and drink
(Ryan and Jordaan, 2005; Winterbach and Bothma, 1998). Due to
computing constraints, one buffalo agent represents five individu-
als in the model, corresponding to the mean number of buffaloes in
a typical small herd of animals ranging the landscape (Halley and
Mari, 2004; Ryan et al., 2006). A buffalo agent is assigned a single
life cycle - i.e., all five buffaloes belong to the same age cohort. The
study area was estimated to contain around 4700 buffaloes, thus
940 buffalo agents (SANParks, 2001-2007). Buffaloes have two life
stages: they are either calves or adults.

For domestic cattle, one agent in the model represents a herd of
cattle as they always stay in groups. Every evening, the cattle return
to their kraal. At daytime, cattle are herded 2-5 km away from vil-
lages to graze. The grazing paths of cattle herds were parameterised
based on the tracking data. On average, there are 85 cattle own-
ers per village (standard deviation of 29), and thus 690 herds in
the study area (Livestock register data, State Veterinary Services,
Mpumalanga, South Africa, 2007). The movements of all the mobile
agents are mainly influenced by the location of water points. After
drinking, they move toward high biomass rangelands.

Space is represented by a grid-based landscape with multiple
layers representing land cover attributes. Space provides the envi-

ronmental basis for movements and interactions of populations.
The 210,000 cells of 100 by 100m cover the study area on the
western part of KNP (Fig. 1). This scale is a trade-off between a suf-
ficient spatial resolution to represent the relevant agents involved
in FMD transmission and computer processing time. Some spatial
attributes vary through time: biomass, fence state, and hydrogra-
phy. Proxy variables for biomass were derived from SPOT Vege-
tation imagery and were correlated with precipitation to derive
rules of seasonal variations in vegetation. The fence is represented
by a one pixel-wide line bordering the KNP. Fence breakages are
represented by a stochastic rule that was calibrated based on data
on fence breakage events, location of gates (SANParks 2004, State
Veterinary Services, Mpumalaga Province, South Africa, 2007), and
field observations. This rule simulates occasional fence destruc-
tions where it crosses rivers and in random locations for damage
by humans or wildlife. The likelihood of fence repair was influ-
enced by its accessibility. The state of the hydrographical network is
influenced by monthly precipitation from the Worldclim database
(Hijmans et al., 2005). Movements of animals are largely deter-
mined by the presence of water. Other attributes of cells are fixed
parameters of the environment, represented as raster data: land
cover type, FMD control zone, buffalo density, and accessibility.

Time was represented by discrete time steps corresponding to
one-fifth of a day: night, morning, midday, afternoon and evening.
This resolution allows representing the population dynamics and
mobility as defined in the literature (Ryan and Jordaan, 2005;
Winterbach and Bothma, 1998). A calendar was included to track
time in days, weeks, months, and years to represent seasonal
processes that influence animal behaviour, biomass growth, and
water availability. Monthly mean temperature and precipitation
were driving seasonal changes. Model simulations cover five
years. Table 1 summarizes all parameters and variables of the
model.

4.1.3. Process overview and scheduling

The behaviour of each group of agents controls contacts between
buffaloes and cattle on the landscape over time. The processes
running during each discrete time-step and their interactions are
represented in a UML sequence diagram (Fig. 4). It provides an
overview of the sequence of processes and the schedule of interac-
tions betweens the different agents at each time-step. Each process
is applied to a specific class of agent defined in the UML class dia-
gram.

At each time-step, firstly the global variables (the time counter,
temperature and precipitation) are updated. Then the values of
cell agents change in the following sequence: biomass, hydrol-
ogy, and the state of the fence. Next, the variables for buffaloes are
updated as they move, reproduce and die. Finally, a similar process
is applied to cattle. In each module, agents are processed in a ran-
dom sequence. Variables are updated immediately during model
runs. Some procedures are only activated under particular condi-
tions - e.g., during the mating season, between January and April,
movements of buffaloes are influenced by group cohesion.

4.2. Design concepts

4.2.1. Observation

A user-friendly interface was created to follow spatial and tem-
poral variations in model outputs. Global level outputs, such as
the number of buffaloes escaping the park, the number of contacts
between wildlife and cattle, and the grazing pathways of animals
were computed and visualised on plots and maps. Maps represent-
ing environmental variables were also produced to track seasonal
and inter-annual changes in these variables.
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Table 1
Summary of input variables and parameters.
Variables/Parameters Abbrev.  Value or range value in EPIFMD  Endogenous/  Extreme values in Extreme values in References
(standard values) exogenous reality sensitivity analysis
Global Monthly mean temperatures (°C) t 14.30 exo - - Worldclim
Monthly precipitations (mm) pp 0-125 exo - - Worldclim
Time-step length (day) p 1/5 exo - -
Cells Map Land cover LC Urbanised, cultivated, water, exo - - Epistis production: Spot classification
riparian veg., low veg., medium
veg. and high veg.
Control zone of fmd Czone Buffer area, inspection and free  exo - - SANparks
area
Buffalo density habitat map Bders High density, medium density, exo - - SANparks
low density
Accessibility map Acces Accessibility indice exo - - Epistis production
Fences Probability of fence destroyed brk 32.8+2.7(SD) exo Difficult to Whbrk +Rbrk SANparks/Field data estimations
(breaks/100 km of fence/year) estimate
Probability of fence destroyed by water =~ Whbrk 22.54+2.2(SD) exo Difficult to 18-27 SANparks/Field data estimations
(breaks/100 km of fence/year) estimate
Probability of fence destroyed Rbrk 10.3+1.3(SD) exo Difficult to 8.5-12.5 SANparks/Field data estimations
randomly (breaks/100 km of estimate
fence/year)
Time that fence stays unrepaired (days) 55425 exo Difficult to 0.5-10.5 Field data estimations
estimate
Biomass Ndvi range of vegetation Biom -0.2-0.25 endo - - Gloveg project (Swinnen and Veroustraete,
2008)
Const. Biomass influencing max biomax 0.8 exo Difficult to 0.6-1 Equation defined based NDVI cycle of
biomass in function of t and pp estimate vegetation
Hydrographic  Binary water-map Water Oor1l endo Oor1 - Ruled base on filed data observation
Distance to water Dist 0-1 endo 0-1 - Map calculated on the basis of distance from
river
Total water (in Netlogo ref.) Twat 500 exo Computer 401-600 Calculated iteratively with gps field data
modelling value
Importance of a water drop on the w-drop 2.5 exo Computer 1.5-3.6 Calculated iteratively with gps field data
water flow modelling value
Agents Buffaloes Density of buffaloes in the area Db 1.1-1.7 exo 1.1-1.7 1.1-1.7 SANparks, Winterbach 98, Rodwell et al.,
2001
Reproduction rate R 8.4+0.98% (SD) exo 7-13% 7-13% Jolles (2007), Pienaar (1969), Caron et al.,
2003
Mortality rate adult Ma 8.51+£1.24% (SD) endo 3-17% 3-17% Jolles (2007), Pienaar (1969), Caron et al.,
2003
Mortality rate calf Mc 17.5+4.33% (SD) exo 14-21% 14-21% Jolles (2007), Pienaar (1969), Caron et al.,
2003
Percentage of buffaloes killed outside KOut 5.50+0.85% endo Difficult to Buffaloes outside
the park estimate the park
Distance moved/day Db 7-10km (central value endo 7-10km/day 8-10km Sinclair (1977) and Ryan et al. (2006)
used =9 km)
Constant defining extreme values for Cqgmb —0.09 to —0.01 exo Computer —0.07 to —0.03 Sinclair (1977) and Ryan et al. (2006)
the total move — Define number of 80-100 endo modelling value 80-100
pixel cross/day
Cattle Number of cattle herds Nbc 668 exo 650 534-802 State Vet. Ser., Dept. of Agriculture,
Mpumalanga and Limpopo Prov., SA,
2003-2007
Distance moved/day (in km) Dc 3-6km exo 3-5km 3-6km Epistis data
Constant defining extreme values for Cqmc 100-300 exo Computer 100-300 Epistis data
total — Define number of pixel 10-70 km? endo modelling values 10-70 km?

cross/day
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Table 2
Percentage of output variation per percent of input variation of key parameters.

Parameter number

Buffaloes escaping the park Contacts between buffaloes and cattle

1 Fence breaks near rivers 0.45 0.33
2 Random fence breaks 0.43 0.29
3 Duration of fence breaks 0.82 0.84
4 Biomass -0.08 0.28
5 Volume of rain -0.23 -0.30
6 Water height -0.04 0.03
7 Quantity of movement, buffaloes 1.01 0.94
8 Quantity of movement, cattle —0.04 1.07
4.2.2. Sensing programming and conceptual errors. As a third exploratory step,

Animals react to external environmental factors such as tem-
perature and precipitation, which influence animal activities, the
biomass cycle, and the hydrographical network.

4.2.3. Interactions and emergence

A main feature of the modelled system is the emergence of
contacts between animals from different species, in particular
buffaloes and cattle. Spatiotemporal dynamics of contacts are influ-
enced by changes in the global state of the system, which affect
interactions between animals and the landscape. Mobile agents
move independently from each other. Each individual adapts and
optimises his movements by preferentially selecting cells with high
food resources and water availability. Within the population of
buffaloes, the disease dynamics is linked with births, since calves
between three and eight months of age are very infectious (Bastos
et al., 2000).

4.2.4. Stochasticity

Random events were introduced in the model to represent
landscape heterogeneity and seasonal and interannual climatic
variability. A realistic pattern of variability was introduced into
deterministic rules by defining Gaussian probability distribution
functions that were calibrated using observations. For example, the
stochasticity of mobiles agents was represented by varying their
locations in the landscape during the initialisation of each model
run and by introducing a random element in animal movements.
The population dynamics of buffaloes includes a random selection
of individuals who reproduce and die at each time step.

5. Model consistency

After model parameterisation, one has to evaluate the quality of
the outputs to determine whether the MAS is a realistic and use-
ful representation of the actual system. MAS cannot be validated
in the same way as traditional simulation models given the com-
plex nature of the system, with multiple interactions and emerging
properties (Niazi et al., 2009). No set of specific validation tests are
easily applicable to MAS (Sargent, 2009). Therefore, several tech-
niques and tests were used simultaneously here to verify the model
consistency.

5.1. Exploration and verification of EPIFMD

The first stage after the creation of a MAS, is to ensure that the
model works correctly and that the computer code is free from
programming errors (Kleijnen, 1995; Niazi et al., 2009; Sargent,
2009). As a first test, the conceptual representation of EPIFMD was
explained to experts to evaluate whether the input-output rela-
tions were intuitively acceptable. Secondly, a visual examination
of the animations and graphs generated by multiple model runs
increased the confidence that the model behaved consistently with
the conceptual model (Law, 2008). We analysed both the overall
model behaviour, and specific routines and submodels to detect

preliminary simulations were conducted on selected variables to
evaluate the output responses. In particular, a linear increase in
the number of buffalo and cattle herds was introduced to observe
whether it was producing a linear increase in the number of buf-
faloes outside the park and in the number of buffalo-cattle contacts.

5.2. Sensitivity analysis

Sensitivity analysis consists of changing the values of inputs and
parameters of a model by simulation experiments to explore the
effect on the model’s behaviour and output variables. This stage was
particularly important given the uncertainties with regard to some
of the model parameters. It identified which parameters whose
level of uncertainty was high, had a large impact on the model
behaviour and therefore had to be refined (Sargent, 2009).

We first applied the most common approach to sensitivity anal-
ysis where parameter values are modified one by one - the “One At
aTime analysis” (OAAT) - to measure the influence of each input on
outputs (Beres and Hawkins, 2001). The outputs were the number
of buffaloes outside the park and the number of buffalo-cattle con-
tacts. All the parameters with an uncertain value were tested for
their sensitivity. For each of these parameters, high and low values
were identified based on the literature, field data and expert knowl-
edge. This approach better captured the specific level of uncertainty
for a given parameter, rather than the more common method of
applying a fixed increment (+10-20% from the baseline value).
Eight parameters were evaluated (Table 2) and for each parameter,
four values were tested (lower and upper extreme and two inter-
mediate values), in addition to the baseline (central) value. Fifty
replications of each configuration were tested to determine the
level of internal stochastic variability of the model. Thus, the model
was run 250 times for each parameter. To compare the influence
of parameters on the model outputs, values of inputs and out-
puts were normalised with a central value of 100 for the baseline.
This normalisation was then used to calculate for each parameter a
percentage of output variation for each percent of input variation
(Table 2).

This method does not capture potential interactions between
parameters, even though a MAS represents a complex system for
which the result of the model is more than the addition of all
the rules. Multivariate methods for sensitivity analyses drastically
increase the number of potential pairwise interactions between
parameters. Simulations with only an upper and a lower value
required 2" simulation runs per configuration, where n is the num-
ber of parameters. In our case, it would amount to 1600 simulations
for the 5 most important parameters only, with 50 runs per config-
uration. Including 8 parameters would require 25,600 simulations.

Several methods to reduce the number of model runs
for multivariate analyses have been developed. We used the
Plackett-Burman design (PB design) method that provides an
experimental design for investigating the dependence of some
measured quantity on a number of factors, using a limited number
of experiments (Plackett and Burman, 1946, in Beres and Hawkins,
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Table 3
Ranking of score values obtained by the PB design method for: (a) buffaloes escaping
the park and (b) contacts between buffaloes and cattle.

Buffaloes escaping the park

Score ofindividual parameters Score of parameter interactions

Parameter 7 102.61 Parameter 3 x Parameter 7 45.48
Parameter 3 76.4225 Parameter 4 x Parameter 7 —3.3925
Parameter 5 —5.1075 Parameter 5 x Parameter 7 —2.08
Parameter 4 —3.985 Parameter 3 x Parameter 5 —2.075
Parameter 8 —2.795 Parameter 3 x Parameter 8 —1.4225
Parameter 7 x Parameter 8 -1.315
Parameter 3 x Parameter 5 -1.3075
Contacts between buffaloes and cattle
Score of individual parameters Score of parameter interactions
Parameter 8 84.0075 Parameter 7 x Parameter 8 4461
Parameter 7 69.765 Parameter 3 x Parameter 8 35.8925
Parameter 3 68.4775 Parameter 3 x Parameter 7 30.975
Parameter 4 7.625 Parameter 4 x Parameter 7 4.0925
Parameter 5 —6.685 Parameter 4 x Parameter 8 -1.635
Parameter 5 x Parameter 7 -1.1025
Parameter 5 x Parameter 8 0.16

2001). The experiment is constructed based on a Hadamard matrix
- asquare matrix whose entries are either +1 or —1 and whose rows
are mutually orthogonal (Plackett and Burman, 1946). This is a pre-
scriptive methodology using pre-determined designs. It requires
approximately twice the number of parameters times the num-
ber of runs per configuration. For five parameters, it required 800
simulations, and 1200 simulations for 8 parameters. Compared to
Monte Carlo simulations, which is often used for sensitivity anal-
ysis of MAS, this methodology requires less simulations to obtain
similar results (Claeys-Bruno et al., 2009). PB design only consid-
ers pairwise interactions and not higher order interactions. This
is acceptable given the sparsity-of-effects principle, stating that “a
system is usually dominated by main effects and low-order inter-
actions” (Wu and Hamada, 2000). The individual parameters and
2-way interactions are therefore expected to have the most sig-
nificant influence on outputs. The successive stages required to
implement the PB methodology, illustrated by an example, are
described in Beres and Hawkins (2001).

Firstly, only the five most influential parameters - as identified
by the OAAT methodology - were selected for the PB methodol-
ogy and only their upper and lower values were tested. The second
step consisted in selecting the appropriate Plackett—-Burman pat-
tern given the number of parameters (Plackett and Burman, 1946).
These patterns are strings of ordered pluses and minuses. The
designs come in sizes that are multiples of four. To select an ade-
quate pattern, the number of signs in the list n must be smaller than,
but as similar as possible to the design size d (n<d). PB patterns
provide the string of d — 1 signs. Thirdly, the Plackett-Burman sen-
sitivity analysis matrix was created. This is an array of signs where
the top row is the PB pattern. Each subsequent row is constructed
by a cyclic permutation, one by one, of the top row to obtaind —1
rows. A row with only minuses is then added. An additional set of
d new rows is also created, with the opposite signs of the d first
rows (Fig. 5). Each row of the PB matrix specifies a distinct scenario
of the model and each column is associated with a parameter. If
the number of parameters is lower than the number of columns
(i.e.n<(d—1)) - as they are multiples of four - then the surplus of
columns is ignored. The signs in the matrix indicate whether the
upper or lower extreme values were selected for each parameter.
A model run is performed for each scenario - 2d scenarios - with
50 replications per scenario.

The output value of each scenario was used to evaluate the effect
of each parameter. It is calculated by the sum of the signed out-
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Fig. 5. Complete PB matrix.

puts - as derived from the PB matrix - divided by the design size
d of the PB matrix (eight in our case). The scores obtained for each
parameter were sorted (Table 3). Higher absolute values indicate
a larger influence of the parameter. The sign of the score indicates
the direction of change: positive scores indicate an increase in the
response when the parameter value increases and negative scores
mean a decrease in the response with an increase in the parame-
ter value. This ranking of parameters associated with the greatest
model sensitivity was compared with the OAAT ranking.

The next step was the calculation of the two-way interactions
of parameters. All parameters were combined 2 by 2, creating a
matrix of signs with (n%2 —n)/2 columns (with n the number of
parameters), each column representing one of the possible pairs.
The signs of the two individual parameters were multiplied row by
row to create the new matrix of signs. The output of each scenario
was associated with these derived signs - as in the previous step —
and the (signed) outputs were summed and divided by d to obtain
the scores. The score value for each two-way interaction was then
sorted as for individual parameters (Table 3). A high score for inter-
action effects means that the pair of parameters acts in concert to
produce an effect that is over and above the sum of the individ-
ual effects of the two parameters (Beres and Hawkins, 2001). The
higher the score value, the more the two parameters mutually rein-
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Fig. 6. Mean number of contacts between buffaloes and cattle per month.

force their effects to increase variation in output values. Note that
aliasing interactions could lead to identical scores for more than one
pair, which may blur the interpretation (Beres and Hawkins, 2001).
All the pairs with the same score are members of an alias group
and the effect on the score is the effect of the influence from more
than one pair. The analysis of the scores was based on the assump-
tion that the pairs within an alias group with the most significant
score for individual parameters are the ones responsible for most of
the group’s effect. In that case, the other pairs may be disregarded
based on the scarcity of effects principle. “The observed effects are
the result of a linear combination of the pairs having the same out-
comes from the calculation procedure and the coefficients for some
of the terms in the linear combination are very small, making those
terms negligible” (Beres and Hawkins, 2001).

5.3. External consistency

To evaluate whether it is realistic within its domain of appli-
cability, a MAS needs to be validated at least at two organisational
levels. At the object level, model subsets were calibrated simultane-
ously with the elaboration of rules based on empirical observations.
At the level of emergent properties, a validation of model outputs
that reflect interactions between agents increase the confidence
that the model is able to reproduce macro-level dynamics. For this,
we used historical data on locations of buffaloes killed outside the
park over 10 years. These data were compared with simulated maps
of the probability of presence of buffaloes outside the park. Given
the non-exhaustive character of the observed data, one cannot val-
idate the absolute number of buffaloes escaping the park but rather
their spatial distribution outside the park with respect to landscape
features. The relevant landscape attributes were the distances to
perennial rivers, to all rivers, and to settlements. We also compared
the buffalo distribution outside the park to a set of locations ran-
domly distributed outside the park, to test whether the buffaloes
are distributed near specific areas.

6. Results
6.1. Exploration and verification of EPIFMD

The model outputs are the grazing pathways of cattle and
buffaloes, the number of buffaloes escaping the park, and the
number of buffalo—cattle contacts. These variables were visualised
spatially, on graphs (Fig. 6) and on land cover maps (Fig. 7). Ini-
tial model explorations revealed that EPIFMD outputs agree with

expert opinions and do not produce anomalous or counter-intuitive
results.

6.2. Sensitivity analysis

The sensitivity analysis identified the model parameters with
uncertain values that had the greatest influence on model out-
puts. The home ranges of buffaloes and of cattle strongly influence
the output values: a 1% variation in input gives a variation of
around 1% in output (Table 2). Actually, movements over longer
distances increase the likelihood of contact with other animals. Val-
ues for these parameters are still slightly uncertain, in particular
for buffaloes, but refining them further would require GPS tracking
data.

The following three parameters - fence breakages caused by
water, random fence breakages, and time between fence breakage
and repair - influence both when and for how long the fence is open,
and thus allow buffaloes to exit the park. The model outputs are
also sensitive to these parameter values: a 1% input variation leads
to a 0.8% output variation (Table 2). These are the most uncertain
parameters given the incomplete field data on these events. For
the PB methodology, these three parameters were aggregated in a
single one, defined as the time between fence breakage and repair.
Unexpectedly, the location of fence breakages — near water points
or randomly distributed - does not influence model outputs.

For the remaining parameters, a 1% variation in input leads to
less than 0.3% of output variation (Table 2). They were therefore
not used in the PB analysis. The reproduction rate and mortality
rate of buffalo calves only influence contacts between buffalo calves
and cattle. As calves represent a small fraction of the total popu-
lation of buffaloes, their influence on the model output - number
of buffalo-cattle contacts - is relatively limited. While this study
did not explicitly consider transmission per se, the significance of
these cattle-buffalo calf contacts, albeit few, on transmission was
not estimated. The water height, a parameter defining the rule for
water flow, influences the river sub-model but this effect is diluted
in the overall model and therefore has only a weak influence on
model outputs

Results from the OAAT methodology show a strong relation
between variations in the number of buffaloes escaping the park
and buffalo-cattle contacts, except for parameters associated with
cattle and the biomass cycle (Table 2). Cattle do not influence buf-
faloes escaping from the park. Biomass consumed by cattle causes
vegetation cover to decrease, which increases the contrast between
overgrazed areas around villages and more remote areas. Stray buf-
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Fig. 7. Map of high contact areas showing the presence of buffaloes outside the park.

faloes tend to concentrate on patches with higher biomass, thus
located in these remote areas.

The same level of influence and direction of change was obtained
for each parameter with the PB design and OATT methodolo-
gies for the model sensitivity calculated for individual parameters
(Table 3(a) and (b)). For buffaloes escaping the park, only the
interaction between the time between fence breakage and repair,
and the quantity of movement of buffaloes was important in the
two-way analysis (Table 3(a)). For the number of contacts, three
interactions were important: between the quantity of movement
of cattle and the quantity of movement of buffaloes, between the
quantity of movement of cattle and the time between fence break-
age and repair, and between the time between fence breakage and
repair with the quantity of movement of buffaloes (Table 3(b)).

6.3. External consistency

Comparing the location of buffaloes killed outside the park with
the maps of their location predicted by the model reveals simi-
lar spatial distributions, mainly for the distance to perennial rivers
(coefficient of determination r2 =0.87). We found weak linear rela-
tions between the set of random locations that were generated and,
on one hand, field observations (r2 =0.14) and, on the other hand,
model predictions (12 =0.10). Similar results were obtained for the
comparison between mean distances to perennial rivers: a mean
value of 3333 m was obtained for the buffaloes killed outside the
park, of 3268 m for the model predictions, and of 4227 m for the ran-
dom locations. For the distance to all rivers, which have a higher
density network, field observations have a mean value of 165 m,
model predictions of 147 m, and random locations of 207 m. Buf-
faloes thus tend to concentrate close to rivers. For the distance to
settlements, the three distributions were in agreement.

7. Discussion

Our sensitivity analysis reveals that the landscape configuration
is a key factor explaining buffalo-cattle contacts given its influence

on cattle and buffalo movements. Spatial and temporal variations in
risk of contacts were well captured by our model. The main factors
influencing buffalo-cattle contact are the range of displacements of
cattle and buffaloes, and the number of fence breakages multiplied
by the time between breakage and repair. A large number of fence
breakages that are repaired rapidly have the same influence as a few
breakages that remain unrepaired for several days. The location of
breakages does not seem to influence the risk of contact, which
is an unexpected result. As buffaloes move along directions that
are more or less perpendicular to rivers - after drinking once per
day, they move toward high biomass patches - they may encounter
fence openings anywhere along their displacements. Fences are
important elements in the control of FMD transmission, although
they are criticised for their ecological impacts (they interfere with
wildlife’s migratory routes) and their social and economic costs are
high (Vosloo et al., 2002). From a disease control point of view,
very little can be done with regard to grazing movements of cat-
tle and buffaloes. Therefore, the most critical intervention to reduce
cattle-buffalo contacts conclude by the model, and thus FMD trans-
mission risk, would be to intensify fence monitoring and repairs.

Our model simulations showed that contacts take place not only
close to water-points but also in grazing areas, within an area up to
6 km from the fence. The most frequent contact area is in the vicin-
ity of the Sabie River, an important perennial river flowing inside
the KNP along its fence. Contacts mainly occur in open woodlands,
bushlands, open sparse bushed area, and subsistence cultivation
areas when fields are not cultivated. Fewer contacts occurred in
settlements, bare soil areas with sparse vegetation, and thickets.

The results from simulation experiments were consistent with
field observations. This increased the confidence in the model,
although the availability of true validation data was limited. Com-
parisons between field data and model predictions were restricted
to the spatial distribution of buffaloes. Field observations were also
used to calibrate individual sub-models through iterative proce-
dures.

The main limitation of the EPIFMD model is a lack (or low
accuracy) of calibration data. Moreover, the biology of FMD virus
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transmission between buffaloes and cattle in an African context
is not well understood. Therefore, the model represents contacts
between cattle and buffaloes rather than the actual disease trans-
mission. Although several studies on buffalo behaviour have been
conducted (Cross et al., 2005; Ryan and Jordaan, 2005; Sinclair,
1977; Winterbach and Bothma, 1998), these are not sufficiently
detailed for fine-scale modelling. As some of these elements will
become better known, they could easily be integrated into EPIFMD,
since a MAS can be improved incrementally.

In follow-up work, the EPIFMD model will be used to test various
hypotheses based on the dynamics of contact between cattle and
buffaloes, by modifying exogenous variables and parameters of the
model. We will explore scenarios that include changes in landscape
configuration (e.g., landscape fragmentation and heterogeneity,
land-use changes, increase in human population and expansion
of settlements) and climatic changes (e.g., droughts and rainfall
variability). This will allow exploration of non-linear impacts of
exogenous variables of the model, such as climatic conditions, on
output responses. Climate indirectly influences animal behaviour,
biomass, rivers and fence permeability due to flooding. The useful-
ness of the model to assist local veterinary authorities will also be
evaluated.

To our knowledge, EPIFMD is one of the first studies to model
the spatial risk of FMD transmission, based on wildlife-livestock
contact, in an integrated way, with a focus on landscape attributes
as major elements influencing outbreaks. This model provides a
solid basis to study spatial influences on wildlife-livestock contact
and hence possible transmission of viral diseases at the interface
between wildlife conservation areas and traditional farming areas.

8. Conclusion

EPIFMD provides a tool to better understand the influence of
environmental factors on the contact rate between buffaloes and
cattle, which is an important variable influencing transmission of
FMD in African savannahs. Results show that these contacts mostly
depend on the range of displacements of cattle and buffaloes, as
influenced by the landscape configuration, and on the number
of fence breakages multiplied by the time between breakage and
repair. Contacts take place not only close to water-points but also
in grazing areas. The spatiotemporal dynamics of contacts between
domestic and wild animals is an emergent property of a complex
system where each agent makes decisions based on climatic and
landscape factors. The dynamics of each animal population is the
result of actions by individuals. Individuals adapt and optimise their
movements by preferentially selecting cells with high biomass and
water availability. Within buffalo populations, the dynamics of the
disease is linked with synchronous birth cycles, as calves play an
important role in FMD transmission (Gainaru et al., 1986).

A pragmatic approach to control outbreaks of the disease is to
limit contact between the two populations. A better understanding
of the factors influencing contact can improve the spatial man-
agement of the disease control zones around natural reserves. The
MAS allows integrating multiple factors and visualising spatial and
temporal dynamics of multiple agents and their interactions. With
this user-friendly interface, spatial and temporal variations can be
examined with spatial visualisation tools. The EPIFMD could easily
be adapted to areas other than the KNP by only changing a few vari-
ables such as the number of animals, temperature and precipitation
data, and landscape map layers.
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