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Abstract. Conservation of free-ranging cheetah (Acinonyx jubatus) populations is multi faceted and needs

to be addressed from an ecological, biological and management perspective. There is a wealth of published

research, each focusing on a particular aspect of cheetah conservation. Identifying themost important factors,

making sense of various (and sometimes contrasting) findings, and taking decisions when little or no

empirical data is available, are everyday challenges facing conservationists. Bayesian networks (BN) provide

a statistical modeling framework that enables analysis and integration of information addressing different

aspects of conservation. There has been an increased interest in the use of BNs to model conservation issues,

however the development of more sophisticated BNs, utilizing object-oriented (OO) features, is still at the

frontier of ecological research. We describe an integrated, parallel modeling process followed during a BN

modeling workshop held in Namibia to combine expert knowledge and data about free-ranging cheetahs.

The aim of theworkshopwas to obtain amore comprehensive view of the current viability of the free-ranging

cheetah population in Namibia, and to predict the effect different scenarios may have on the future viability

of this free-ranging cheetah population. Furthermore, a complementary aim was to identify influential

parameters of the model tomore effectively target those parameters having the greatest impact on population

viability. The BN was developed by aggregating diverse perspectives from local and independent scientists,

agents from the national ministry, conservation agency members and local fieldworkers. This integrated BN

approach facilitates OO modeling in a multi-expert context which lends itself to a series of integrated, yet

independent, subnetworks describing different scientific and management components. We created three

subnetworks in parallel: a biological, ecological and human factors network, which were then combined to

create a complete representation of free-ranging cheetah population viability. Such OOBNs have widespread

relevance to the effective and targeted conservation management of vulnerable and endangered species.
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INTRODUCTION

Species conservation and biodiversity manage-
ment are complex environmental issues. When
addressed from the different ecological, econom-
ic and management perspectives, they are likely
to have quite diverse objectives. However,
ignoring a particular perspective may lead to an
incorrect and over-simplified view of the issues
of concern. Instead, all perspectives need to be
considered and integrated to form a cohesive
model for use in planning strategic conservation
actions. Bayesian networks (BNs) are ideally
suited for interactive, integrated modeling (John-
son et al. 2010a). A BN is a mathematical model
(Pearl 1988, Neapolitan 1990, Jensen and Nielsen
2007) providing a graphical representation of key
factors and interactions for an outcome of interest
(Jensen and Nielsen 2007, Uusitalo 2007, Johnson
et al. 2010a, b) such as the viability of a free-
ranging cheetah (Acinonyx jubatus) population.
Key factors are represented as nodes in the
diagram and their dependencies on other key
factors and the outcome of interest (target node)
are depicted as directed links to form a directed
acyclic graph (Lauritzen and Sheehan 2003,
Johnson et al. 2010b). Underlying each node is a
conditional probability table (CPT) that is deter-
mined by the states of the node and its parent
nodes (Table 1). The information used to popu-
late the CPTs in the network may originate from
diverse sources such as empirical data, expert
opinion and simulation outputs (Pearl 2000,
Jensen and Nielsen 2007).

Bayesian networks are growing in popularity
in environmental disciplines (Uusitalo 2007) but
the development of more sophisticated BNs,
utilizing dynamic and object-oriented (OO) fea-
tures is still at the frontier of ecological research,
where the available data may be sparse and the
underlying biological and physical models very
complex (Johnson and Mengersen 2012). Object-
oriented Bayesian networks (OOBN) are BNs
which have interface nodes (input nodes and
output nodes) and instance nodes (representing
another network or network fragment). Interface
nodes enable connectivity with other OOBNs by
providing the flow of information into (input
node) and out of (output node) the BN from, or
to, other OOBNs (Hugin 2007, Jensen and
Nielsen 2007, Johnson et al. 2010a). This enables

the construction of complex and dynamic models
(Koller and Pfeffer 1997, Johnson et al. 2010a)
when traditional BNs are often inadequate
(Uusitalo 2007, Johnson and Mengersen 2012).
Moreover, environmental or conservation issues
may be modeled by a series of integrated
subnetworks describing different scientific com-
ponents, combining scientific and management
perspectives, or pooling similar contributions
developed in different locations by different
research groups (Johnson and Mengersen 2012).

There is a range of alternatives to BN models
for describing complex systems and making
decisions about alternative strategies. Some of
these, such as agent based models, are explicitly
based on a systems approach and focus on
system modeling, behavior and description
(Tang et al. 2009). They provide a more mecha-
nistic description of a system and the model
components are linked by a set of rules rather
than probabilities. Other alternatives, such as
multi-attribute and multi-criteria models, deci-
sion trees and cost-benefit methods, are mainly
focused on decision analysis, which embrace a
range of methods for evaluating alternative
strategies in complex decision making (Chan-
kong and Haimes 1983).

Species conservation presents an appropriate
exposition of an integrated approach to model-
ing, because it requires distinct, yet inter-related,
aspects of ecological, biological and human
factors to be taken into account. BNs are
generally easier to use and understand than
many of the alternative models, and incorporates
uncertainty in the model and decision making
within different contexts (Jensen and Neilsen
2007, Barton et al. 2012). Moreover their visual
nature allows stakeholders with different back-
grounds to engage with the model, aiding and
directing communication (Henriksen et al. 2012).
Here we apply an OOBN to a vulnerable species
of high relevance, the free-ranging cheetah
population in Namibia, to exemplify the power
of this modeling approach for conservation
management.

Over the past century, free-ranging cheetahs
have undergone a drastic reduction in both
global geographic range and population size,
leaving Namibia as one of the remaining
strongholds for the species (Marker et al. 2007).
The current global free-ranging cheetah popula-
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tion is estimated at less than 12,000 individuals,
with the majority of cheetahs being found
outside protected areas (Purchase et al. 2007).
Based on these estimates, the free-ranging chee-
tah population in Namibia consists of more than
a third of the world population (Hanssen and
Stander 2004, Marker et al. 2007, Purchase et al.
2007). However, the steady increase in human
population size is resulting in an increase in
livestock numbers and valuable game species,
which intensifies the conflict between humans
and cheetahs. Effective management and main-
tenance of a healthy cheetah population in
Namibia is considered critical for cheetah con-
servation worldwide (Woodroffe et al. 2007).
Furthermore, knowledge gained from this pop-
ulation could prove invaluable for cheetah
conservation and management in other range
countries (Marker et al. 2007). The viability of the
free-ranging cheetah population in Namibia was
the focus of a Bayesian network modeling
workshop at Cheetah Conservation Fund (CCF)
in Namibia in June 2008, bringing together
conservationists, researchers and government
representatives.

This paper models the factors influencing the
viability of the Namibian cheetahs using the
reservoir of data and expert opinion available for
the north-central free-ranging cheetah population
and discusses five possible scenarios and strate-
gies for reducing identified threats to ensure the
long-term conservation of this valuable popula-
tion. The application of OOBN modeling tech-
niques with its parallel concurrent development
of inter-related, yet self-contained networks by
specialist expert teams (Johnson et al. 2010a) is
eminently transferrable to modeling the issues

facing conservation and management of other
species of interest or concern.

MATERIALS AND METHODS

Study area
Free-ranging cheetahs are distributed through-

out most of Namibia, with the highest densities
in northern and central Namibia (Fig. 1). This
study uses data and information from this core
population.

OOBN modeling
We used the iterative Bayesian network devel-

opment cycle (IBNDC) approach, which had
been trialed at a cheetah relocation BN modeling
workshop in South Africa (Johnson et al. 2010b).
The IBNDC is divided into two parts, a Core
Process and an Iterative Process. During the Core
Process the target node was carefully defined by
the expert teams. Thereafter the key factors
believed to affect the target node were identified,
defined and grouped into logical, coherent
groups which were allocated to subnetworks
(Johnson et al. 2010b). Fig. 2 captures the key
steps and activities comprising the IBNDC
approach. The workshop participants split into
groups in accordance with the subnetwork which
best suited their expert knowledge.

For the Iterative Process, we used BN modeling
software conducive to OO modeling (Hugin),
which is required for the IBNDC heuristic, as
described in Johnson et al. (2010b). To start the
Iterative Process, each team reviewed the nodes
(key factors) and represented dependencies as
arrows (directed links) between the nodes (key
factors) in the network to illustrate the direction

Table 1. Example of a conditional probability table (CPT) showing the Female mate choice node with states increase

and decrease (left below) and parent nodes Cheetah removal with states decrease and increase, Intraspecific density

with states higher, medium and lower and Immigration/emigration with states gain and loss.

Female mate choice

Cheetah removal

Decrease Increase

Intraspecific density

Higher Medium Lower Higher Medium Lower

Immigration/emigration

Gain Loss Gain Loss Gain Loss Gain Loss Gain Loss Gain Loss

Increase 0.8 0.75 0.7 0.65 0.6 0.55 0.55 0.5 0.45 0.4 0.35 0.3
Decrease 0.2 0.25 0.3 0.35 0.4 0.45 0.45 0.5 0.55 0.6 0.65 0.7
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of the relationship between them. Then the teams
specified the interfaces for the subnetworks,
which dictate the flow of information between
different subnetworks. An interface for a subnet-
work consists of input and output nodes. The
expert teams identified nodes that were of
interest to more than one subnetwork. Each of
these nodes would be ‘owned’ by a particular
OOBN subnetwork that would create it as an
output node to make it visible to the other
subnetworks that needed to include it in their
model (Johnson and Mengersen 2012). Thereafter
the OOBN subnetworks that needed to model the
effects of this node on other factors in their
subnetwork, created a corresponding input node
(a ‘placeholder’ node). The states of the node
were decided by the team creating the output
node and the other team ensured that their input
node exactly matched those states (Fig. 3) (Jensen
and Nielsen 2007, Johnson and Mengersen 2012).
The interfaces therefore enable the creation of

integrated, yet separate, networks, by allowing
the flow of information through the input and
output nodes (Johnson et al. 2010a). Essentially
the set of interface nodes can be viewed as the
model’s ‘information gateway’, setting up ‘bridg-
es’ (connection points) and paths to guide the
flow of information between the model’s OOBN
subnetworks.

The teams were consequently able to work on
the structure and content of their subnetworks
without impacting on the other subnetworks,
since the interfaces dictate the means of commu-
nication with the other OOBN subnetworks. This
is an important concept in OO modeling known
as encapsulation, or information hiding (Pastor et
al. 2001, Booch et al. 2007).

The IBNDC Iterative Process consists of four
repeating (R) phases, Phase 1R (define), Phase 2R
(quantify), Phase 3R (validate) and Phase 4R
(evaluate) (Fig. 2; Johnson et al. 2010b). For each
team, Phase 1R involved the careful definition
and documentation of the nodes and their
interactions (see above). During Phase 2R the
nodes were quantified. This encompassed agree-
ing on how the node could be measured and
what information was available to determine the
probability distribution of the node, the defini-
tion of the possible states of the nodes and their
thresholds, and populating the CPT for the node
given the different combinations of states of the
parent nodes (Table 1).

In Phase 3R the OOBN subnetworks were
validated by compiling and running the BN, and
then checking to see whether the predictions
were consistent with known behavior and
whether the BN respected known causal rela-
tionships. The testing was primarily done using
expert knowledge to interpret the observed
behavior of the OOBN. If there were inconsis-
tencies, this could be due to either an error in the
entered data (evidence), an error in one of the
CPTs or in the directed links between the nodes.
Inconsistent behavior necessitated the reassess-
ment of nodes, states and probabilities which
were addressed in the next iteration (Johnson et
al. 2010b). At the end of Phase 3R the subnet-
works were reviewed by the other teams as a
‘sanity check’ and evaluation of the OOBN
subnetwork, which are typical Phase 4R activi-
ties. To process the changes resulting from the
Phase 4R evaluation, another iteration of the

Fig. 1. Map of Namibia showing the distribution and

density of the cheetah population in Namibia in 2004

(adapted from Marker et al. 2007).
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IBNDC is then invoked. Once the subnetworks
were in a stable condition, they were merged into
the overall network and the final set of iterations
was performed on the entire OOBN (Johnson et
al. 2010b). This involved scenario testing and
sensitivity analysis for both evidence (observed
values of nodes) and parameters (probability
values of CPTs) of the combined network.

Scenario testing
A key feature of BN modeling is inference,

which enables us to draw conclusions about the
outcome of interest (Bednarski et al. 2004). For
this case study the outcome of interest (or target
variable) is the viability of the free-ranging
cheetah population in north-central Namibia.
The OOBN model is a joint probability distribu-
tion across all the nodes identified by the expert
teams.

A BN is often used to answer questions about
the conditional distribution of the target variable
based on values of specific variables in the BN
(Laskey 1995). Evidence is entered into the

network to represent various scenarios of interest
and this evidence is propagated through the BN
resulting in changed probabilities for the states of
the target variable. The evidence will also result
in probability changes in other nodes (variables)
in the model because of information flows along
the various pathways in the model (Taroni et al.
2006, Jensen and Nielsen 2007). Some open
pathways may become blocked and some
blocked pathways may be opened up when
evidence is entered in the BN, depending on
the nature of the associations between nodes
(Jensen and Nielsen 2007). The arcs in the BN
reflect the nature of the associations and the
conditional probability tables describe the
strengths of these relationships (Korb and Nich-
olson 2004, Taroni et al. 2006). For example, we
may want to run queries such as ‘what happens
if we are certain that cheetah removal is
decreasing?’ From a probabilistic perspective,
being certain that cheetah removal is decreasing,
is equivalent to setting the ‘decrease’ state of
cheetah removal to 100%.

Fig. 2. A conceptual diagram of the Iterative Bayesian Network Development Cycle (IBNDC), showing the key

modeling activities for building an OOBN.
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It is important to ensure that we understand
the sensitivity of the BN to variations in the
evidence (observed values of nodes) and param-
eters (probability values of CPTs) in the network
(Johnson et al. 2010b). Due to the lack of available
data or the nature of the information, some
parameters may have to be elicited from experts
(Bednarski et al. 2004). This information may be
biased and based on intuition rather than real
data. However, many parameters do not require
great precision (Onisko and Druzdzel 2011) and
expert opinions are ideally suited to estimate
them. Nonetheless, it is critical for the authentic-
ity and predictive accuracy of the BN inference to

refine those parameters that are shown to have a
more profound effect on the target node (Onisko
and Druzdzel 2011). If the probabilities of these
parameters are inaccurate or incorrect, they can
result in false or misleading conclusions and
predictions being made.

Sensitivity analysis
Sensitivity analysis of a BN is therefore a vital

part of the evaluation process. It involves the
assessment of the sensitivity of the target node to
variations in the evidence entered into the
network (evidence sensitivity) and to variations
in the values of the parameters (parameter

Fig. 3. Interface nodes for the three OOBN subnetworks. The human factors OOBN subnetwork has five output

nodes (eclipse with solid line): Human population growth, Cheetah removal, Human habitat impact, Prey poaching and

Land use. The ecological factors OOBN subnetwork has four input nodes (eclipse with broken line): Cheetah

removal, Human habitat impact, Prey poaching, Land use and two output nodes: Prey availability, Intraspecific

competition. The biological factors OOBN subnetwork has four input nodes: Human population growth, Cheetah

removal, Prey availability and Intraspecific density and three output nodes: Recruitment, Immigration-emigration and

Mortality which all feed into the target node of the combined network, Cheetah population viability.
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sensitivity) (Varis and Kuikka 1999, Bednarski et
al. 2004). Evidence sensitivity measures the
degree of variation in the BN’s posterior distri-
bution resulting from changes in the evidence
and assists the expert team in targeting future
data collection and identifying any errors in the
BN structure or CPTs (Jensen and Nielsen 2007,
Johnson et al. 2010b). Two popular ways in which
to measure evidence sensitivity are entropy and
mutual information (Pollino et al. 2007a). Entro-
py measures the randomness of a variable (key
factor) (Pearl 1988, Korb and Nicholson 2004,
Kjaerulff and Madsen 2007) and the higher the
value the more random the variable. Mutual
information gives an indication of the extent to
which the joint probability of two variables
differs from what it would have been if they
were independent (Korb and Nicholson 2004,
Pollino et al. 2007b). Therefore a value of 0 for
mutual information between two factors means
that they are independent (Pearl 1988, Kjaerulff
and Madsen 2007).

Using parameter sensitivity we can identify
those parameters which cause the biggest chang-
es in the posterior probabilities of the outcome of
interest. Efforts are then directed to improve the
level of accuracy for those parameters (Pollino et
al. 2007b) and to channel expert elicitation efforts
(van der Gaag et al. 2007). One way in which
sensitivity analysis can be performed is by
varying one of the parameters while keeping all
the others fixed and then measuring the variation
in the output parameter (Bednarski et al. 2004).

RESULTS

Core process
The objective of the expert teams was to model

the viability of the free-ranging cheetah popula-
tion in north-central Namibia. Viability was
defined as the cheetah population having a
positive annual growth rate. The experts nomi-
nated the factors believed to affect the viability of
this cheetah population, which readily separated
into three coherent groups: human, ecological
and biological factors. The experts aligned
themselves with the group which best suited
their skill set and entered the factors into the
chosen BN software package (Hugin). Each of the
three groups created nodes that became part of
separate, self-contained BN submodels.

Iterative process
Reviewing the nodes in each of the subnet-

works identified nodes common to more than
one subnetwork. These nodes formed the sub-
model interfaces and are shown in the high level
view of the integrated OOBN model in Fig. 3.
The input nodes have a broken line and the
output nodes a solid line.

The integrated OOBN model consists of the
three OOBN submodels (human, ecological and
biological) and the target node, which is the
viability of the free-ranging cheetah population
(Fig. 3). The OOBN subnetworks are discussed in
more detail below to clarify the selection of the
key factors (written in italic font) for each
subnetwork and those shared between subnet-
works.

For the overall integrated OOBN, the biolog-
ical factors were determined to have a direct
effect on the viability of the cheetah population
(Recruitment, Immigration-emigration and Mortali-
ty) (Fig. 3). The conditional probability table
describing the influence of these three factors on
the population viability is shown in Table 2.
These probabilities were elicited by consensus
from the three teams of experts. Expert opinion
regarding the Namibian cheetah population was
substantiated by demographic estimates includ-
ing age structure, sex ratio, and cheetah removals
drawn from the literature (Marker et al. 2003a, b,
2007, 2008). Two human factors (Human popula-
tion growth, Cheetah removal ) and two ecological
factors (Prey availability, Intraspecific density) were
identified as directly affecting biological factors.
The ecological factors are in turn deemed to be
affected by the human factors Cheetah removal,
Human habitat impact, Prey poaching and Land use
(Fig. 3).

Human factors OOBN
The thirteen nodes of the human factors OOBN

are shown in Fig. 4. The expert teams believed
the human factors identified in the workshop to
influence both the ecology and biology of the
free-ranging cheetah population. They nominat-
ed Human population growth, Cheetah removal,
Human habitat impact, Prey poaching and Land
use as output nodes for access by the biological
and ecological factors OOBNs (Fig. 3). These five
nodes formed the human factors interface.

Human-carnivore conflict is a major issue for
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carnivore conservation (Woodroffe et al. 2007).
Considerable research has been conducted on
Namibian cheetahs and has shown that this
population has been reduced in numbers due to
perceived and actual livestock and game losses
leading to Human cheetah conflict (Marker et al.
2002, 2003a, b). The biggest threats to cheetahs
are the loss of suitable habitat and prey avail-
ability, and indiscriminate removals and killing
(Cheetah removal ).

Commercial farmlands in Namibia have high-
er game and carnivore densities and species
richness, as well as lower human population
pressures than communal lands (Kauffman et al.
2007). They are managed for livestock and
wildlife, whereas communal lands are managed
only for livestock (Kauffman et al. 2007). High

livestock densities compounded by ineffective
livestock and veld management practices result
in productive wildlife habitat becoming over-
grazed and bush encroached (de Klerk 2004)
(Livestock & wildlife management).

To mitigate the Human cheetah conflict, Farmer
education was considered crucial to long term
conservation strategies by the expert team.
Developing education and training programs
that promote an integrated approach to livestock,
wildlife and predator management are vital to
improving basic understanding of farm produc-
tion principles including animal health, breeding,
financial management, rangeland management,
and predator conflict prevention. More generally,
Environmental education (educating all levels of
society) has been identified as a priority for

Table 2. The expert elicited conditional probability table (CPT) for Cheetah population viability,which is determined

by parent nodes Recruitment, Mortality and Immigration/emigration.

Cheetah population viability

Recruitment

Increased Decreased

Mortality

Increased Decreased Increased Decreased

Immigration/emigration

Gain Loss Gain Loss Gain Loss Gain Loss

Gain 0.55 0.45 0.90 0.80 0.20 0.10 0.55 0.45
Loss 0.45 0.55 0.10 0.20 0.80 0.90 0.45 0.55

Fig. 4. Human factors OOBN subnetwork showing output nodes (double line eclipse with solid outer line):

Cheetah removal, Land use, Human population growth, Human habitat impact and Prey poaching. These five nodes form

the interface of this OOBN.
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cheetah conservation throughout cheetah-range
countries (Purchase et al. 2007). Given that
human-carnivore conflict is multi-faceted, there
is a need to create a knowledge based society.

Changes in Land use from commercial to
communal systems, e.g., where large tracks of
land are subdivided for resettlement, are likely to
have significant effects on wildlife population
density and species diversity. Ownership of
resources and the land tenure systems, especially
on communal lands, also influence the manner in
which people perceive natural resources. As
such, it is believed that communal resources
would continue to be exploited, unless people are
empowered with the responsibility to manage
the resources on a sustainable basis. Identified
Land use categories were commercial farmlands,
communal land and protected land. Land tenure
systems play a key role in determining the
outcomes and implementation of management
decisions (Muntifering et al. 2006, Nghikembua
2008) (Local community awareness).

Commercial and communal farmlands support
an integrated livestock and wildlife based econ-
omy. Productive rangelands provide a direct
economic incentive to farmers, therefore stocking
rates and livestock densities are raised, especially
in good rainfall seasons. Economic benefits may be
derived from both agriculture and conservation
enterprises such as bee-keeping and ecotourism.
Financial benefits raise positive tolerance, atti-
tudes and perception towards predators (Marker
2002), whereas poor economic benefits may
compel the removal of carnivores, perceived as
threats. This is especially the case in areas with
no conservancies where benefits from wildlife
resources are limited due to user rights. The
human factors subnetwork team believed that
increased economic benefit may also have a
negative effect because farmers stand to lose
more from game or livestock loss to cheetahs.

Namibia is sparsely populated (National Plan-
ning Commission 2004), its climate and unreli-
able rainfall creating a fragile environment with
limited productivity. An increase in human
population puts further pressure on limited
natural resources to satisfy basic human needs
such as food security, shelter, health, and
employment (Human population growth).

Legislation implementation encompasses both
the existence and implementation of acts, poli-

cies, and approved protocols to prevent the
decline of an endangered species, protect suitable
habitat and promote coexistence with farmers,
including those administered by the Ministry of
Agriculture, Ministry of Environment and Tour-
ism, and Ministry of Land and Resettlement.
Land resettlement policies could have a direct
impact on habitat suitability for the free-ranging
cheetah population, especially where individual
farms are reduced to smaller units, thereby
increasing the risk of rangeland degradation
and low productivity. Human habitat impact on
cheetah population viability may be incidental,
purposeful or unintentional and is dependent on
the effects of four key factors: Land use, Human
population growth, Farmer education and Legislation
implementation.

Ecological factors OOBN
Fig. 5 depicts the ecological factors subnetwork

containing eleven nodes, of which six form the
interface with other OOBN subnetworks. There
are four input nodes from the human factors
OOBN and two output nodes which are accessed
by the biological OOBN.

The ecological OOBN was designed around
the two core ecological factors: prey availability
and competition (intraspecific and intraguild).
While ecological factors can have a significant
effect on species within ecosystems, it is the
pressures from other factors that most affect the
ecological balance. The expert team determined
that human factors (Cheetah removal, Human
habitat impact, Prey poaching and Land use) would
have the greatest impact on the ecology of the
cheetah. The ecological factors Prey availability
and Intraspecific density would in turn affect the
biology of the cheetah.

Namibian cheetahs are known to show prey
preference for native game species (Marker et al.
2002). However, Prey availability is dependent on
numerous factors such as habitat parameters and
climatic factors. Besides these intrinsic factors,
the legal and illegal removal of potential prey
(Prey poaching) due to human activities such as
poaching and game harvesting (e.g., biltong,
meat and trophy hunting) plays an important
role in prey availability for cheetahs. Conse-
quently, Prey poaching (output node from the
human factors OOBN) is included in this
subnetwork as an input node. Additionally,
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Human habitat impact (output node from the
human factors OOBN) influences prey densities
indirectly due to overgrazing from livestock,
which in turn contributes to bush encroachment
(de Klerk 2004).

Land use (output node from the human factors
OOBN) and Vegetation structure are also expected
to affect available habitat for cheetah, and
carrying capacities. Cheetahs prefer habitat
patches with grassy cover and high visibility
(Muntifering et al. 2006). Intraguild density and
available space affect Intraspecific density of
cheetahs (Kelly et al. 1998). Intraspecific density
and Intraguild density are assessed to only
modestly affect Prey availability. In addition, the
type of Land use affects the Intraguild density or
numbers of larger predators (specifically lions
(Panthera leo) and spotted hyenas (Crocuta crocu-
ta)) that would compete with cheetahs in three
ways: a) reducing the amount of prey available,
b) scavenging kills from cheetahs and c) killing
cheetah cubs (Laurenson et al. 1995, Durant
2000).

Direct Cheetah removal by humans (output node
from the human factors OOBN), both legal
(trophy hunting, reported removal of problem

animals) and illegal will have a substantial effect
on the density and abundance of cheetahs. The
level of removals of cheetahs within Namibia is
poorly understood. While the quota of 150
cheetahs per annum for trophy hunting (CITES
1992) is almost never met, the levels of illegal
removal remain largely unknown. Furthermore,
excessive human pressures would affect preferred
cheetah habitat (Vegetation structure and Available
space), Prey availability and Intraspecific density.

Biological factors OOBN
The biological OOBN subnetwork shown in

Fig. 6 contains eleven key nodes with the
interface consisting of four input nodes and three
output nodes. The biological factors were de-
signed around Health, Genetics, Stress and behav-
ior (Female mate choice). Ecological factors
influencing the biology of the cheetah were
identified as Prey availability, which was assessed
to have a stronger impact if it dropped to a
critical level, and Intraspecific density. Crucially, all
biological factors fed directly into Mortality and
Recruitment to reflect that these two factors, in
addition to Immigration-emigration, define popu-
lation growth or decline, and ultimately, the

Fig. 5. Ecological factors OOBN subnetwork showing four input nodes (double line eclipse with broken outer

line) and five output nodes (double line eclipse with solid outer line) that make up this OOBN’s interface. All

input nodes are from the human factors OOBN subnetwork: Prey poaching, Human habitat impact, Land use and

Cheetah removal. The output nodes are Prey availability and Intraspecific density.
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viability of the free-ranging cheetah population
in Namibia.

Cheetahs are known for their low genetic
variability (O’Brien et al. 1983, O’Brien et al.
1985, Menotti-Raymond and O’Brien 1993, Cas-
tro-Prieto et al. 2011). However, there is no
evidence that this directly impacts on Recruitment
(successful pregnancies and survival of cubs to
adulthood) (Wachter et al. 2010) and Health
(general health regarding disease, injury, genetic
defects and energy turnover) of free-ranging
cheetahs (Laurenson et al. 1992, Laurenson
1994, Marker and Dickman 2003, Munson et al.
2005, Thalwitzer 2007, Thalwitzer et al. 2010).
Thus, for the biological factor subnetwork, low
genetic variability (Genetic) was not considered to
cause any major genetic defects through delete-
rious alleles in the gene pool or any critically low
functional genetic diversity. A decrease in spe-
cies-specific low genetic variability due to chang-
es from incoming nodes in the biological factor
subnetwork was assumed to eventually lead to
significant genetic defects if the negative effects
were strong. Such a scenario would affect

Mortality, and consequently population growth.
Since Genetic variability evaluated the risk for
loss of genetic variants, an increase in the number
of genetic variants was not considered in the
model as it depends on mutation. Health was
determined to be influenced by disturbance of
the homeostasis due to aversive stimuli (Stress),
Intraspecific density and Prey availability (output
nodes from the ecological factors OOBN). Prey
availability was assessed to have a strong impact
on Health and Recruitment if it dropped to a
critical level.

Females of a large number of species choose
sires of their offspring in a non-random way,
selecting males with traits signaling male quality
(Harvey and Bradbury 1991). For example, in the
Serengeti National Park in Tanzania, female
cheetahs seem to prefer sires holding a territory
compared to males roaming in large home ranges
(Gottelli et al. 2007). Territorial males are in better
physical condition than non-territorial males
(Caro 1994). For this study, it was assumed that
Namibian cheetah females preferably choose
males that occupy territories, and the fluctuation

Fig. 6. Biological factors OOBN subnetwork showing four input nodes (double line eclipses with a broken

outer line) and three output nodes (double line eclipse with solid outer line) that make up this OOBN’s interface.

Input nodes Human population growth and Cheetah removal are from the human factors OOBN and input nodes

Intraspecific density and Prey availability are from the ecological factors OOBN. The output nodes are Immigration-

emigration, Mortality and Recruitment.

v www.esajournals.org 11 July 2013 v Volume 4(7) v Article 90

JOHNSON ET AL.



of such males was considered to be crucial for the
mate choice exercised by females from the
available number of males within their range
(Female mate choice).

The fluctuation of males occupying territories
was considered to be influenced by three factors:
Cheetah removal (output node from the human
factors OOBN), Intraspecific density (output node
from the ecological factors OOBN) and Immigra-
tion-emigration (a factor representing the quanti-
tative difference between immigrating and
emigrating cheetahs). Cheetah removal on com-
mercial farmland usually occurs at marking trees
within territories (Marker-Kraus et al. 1996) and
hence the likelihood of capturing a cheetah there
is increased. The sex-ratio of cheetahs removed
by this technique is heavily biased towards males
(approximately 95% males vs. 5% females)
(Marker-Kraus et al. 1996). As a result, large

numbers of potential sires, including males
favored by females are removed. This leads to a
higher turnover of males and thus an increased
number of males available to females to select
from. This scenario was considered to increase
opportunities for females to exercise mate choice.

Cheetah removal was assumed to increase the
number of dead adult male and female cheetahs
(Mortality) and to potentially eliminate genetic
variants from the cheetah population, hence
decreasing genetic variability. Increased oppor-
tunities for females to exercise mate choice was
assumed to increase genetic variability, since
females might choose different partners for
consecutive litters, or have multiple-paternity
litters (Gottelli et al. 2007). It was not known
how many potential partners were available in
the range of a Namibian cheetah female, but it
was assumed that a higher turnover of males
leads to increased partner changes. Thus, from
the Genetic node point of view, there was a
negative, direct effect from the Cheetah removal
node and a positive, indirect effect via the Female
mate choice node. For the model the positive effect
was assessed to be slightly stronger than the
negative effect. Direct effects of Human population
growth on biological factors were considered to
be minor, however they were considered to affect
the viability of the free-ranging cheetah popula-
tion indirectly through Human habitat impact and
Prey poaching.

Integrated OOBN
Finally, the combined integrated OOBN (Fig. 3)

was updated to include the latest versions of the
subnetworks, so that the validation and evalua-
tion of the complete model could be performed.
This included performing sensitivity analysis and
scenario testing, to aid the future strategy for
data collection, research, and refinement or
extension of the integrated OOBN model and
subnetworks.

Sensitivity analysis
Table 3 shows the calculated entropy for the

variables in the combined OOBN. The larger
values represent the more random variables,
with the probability mass distributed more
evenly between the states of those nodes.
Therefore the largest possible value is attained
for a uniform distribution across the states of the

Table 3. Entropy values for the nodes in the combined

OOBN. The entropy value for the target node (Free-

ranging cheetah population viability) is shown in italics

at the top of the table as a reference for the values of

the other nodes. The entropy can be considered as a

measure of how ‘uninformative’ a variable is.

Therefore the larger the value, the more random

the distribution (Kjaerulff and Madsen 2007).

Node Value

Free-ranging cheetah population viability 0.692
Legislation implementation 0.303
Land Use 0.489
Environmental education 0.500
Local community awareness 0.579
Farmer education 0.611
Social impacts 0.636
Plant biomass production 0.642
Cheetah removal 0.653
Human habitat impact 0.662
Health 0.663
Livestock & wildlife management 0.675
Recruitment 0.682
Prey poaching 0.689
Genetic 0.691
Female mate choice 0.692
Human population growth 0.692
Stress 0.693
Mortality 0.693
Immigration-emigration 0.693
Vegetation structure 0.866
Rain 0.867
Intraguild density 0.927
Intraspecific density 0.929
Available space 0.975
Prey availability 1.066
Human cheetah conflict 1.079
Economic benefits 1.098
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node (Kjaerulff and Madsen 2007).
Another measure of evidence sensitivity is

mutual information, which is listed in Table 4.
The mutual information between the target node,
Free-ranging cheetah population viability, and the
other nodes in the OOBN is representative of the
amount of information shared between the target
node and each of the variables. The greater the
value the bigger the amount of information
shared. However, it is important to bear in mind
that the depth of the network will affect the
amount of information shared with the target
node. This explains why nodes such as Human
cheetah conflict, which may have been deemed to
have a marked affect on the cheetah population
viability, has a relatively small value. In other
words, those nodes that are further removed
from the target node, would have smaller values.
Table 4 shows that Mortality and Recruitment
share the most information with Free-ranging
cheetah population viability, followed by Health and
Prey availability. On the other hand Free-ranging
cheetah population viability appears to be indepen-
dent of Environmental education and Human
population growth.

Scenario testing
When the combined OOBN was run, the

probability that the free-ranging cheetah popu-
lation in north-central Namibia would be viable
was reported as 52.4% (Table 5), a very slender
margin between being viable and unviable. Thus,
if the current level of conservation activities
continues and everything else remains largely
unchanged, then the free-ranging population in
north-central Namibia is practically equally
likely to be viable or unviable. This means that
the population continues to be under threat,
especially if the status quo changes due to
unforeseen circumstances or if some of the
undesirable trends persist or increase.

The experts were interested in exploring the
effect that several different scenarios may have
on the viability of this population. The posterior
probabilities for the nodes of interest are shown
in Table 5 prior to any evidence being added to
the OOBN. These values therefore formed the
basis for comparison of the predicted probabil-
ities from the scenarios. The following four
scenarios were proposed by the expert team
and tested on the combined OOBN model.

1. Cheetah removal from farmlands ceases.—
Farmers are interested in how much the cheetah
population would grow if cheetahs were not shot
anymore (farmers of the Seeis Conservancy,
personal communication). Although the OOBN
cannot predict the increase in cheetah population
numbers, we can enter evidence into the network
to represent this scenario. Setting the probability
of Cheetah removal decreasing to 100% represents
that we are certain that cheetah removal is
decreasing. When we set this probability in the
OOBN and propagate the information through
the model, the probability of a viable population
increases from 52.4% to 58.1%. This behavior
suggests that, based on the constructed model
and inputs, it is a worthwhile strategy to target a
change in farmer attitudes. The model predicts
that a decrease in cheetah removal will be
associated with a substantially higher probability
of economic benefits to farmers, increasing from
34.6% (Table 5) to 56.9% and with an increased
probability of farmer education from 30.0%

Table 4. Mutual information between the hypothesis

variable (Free-ranging cheetah population viability) and

each of the variables listed in the table. They are

ordered in descending order so that those variables

sharing most information with the target node are at

the top of the list (Kjaerulff and Madsen 2007)

Node Value

Mortality 0.0774
Recruitment 0.0759
Health 0.0253
Prey availability 0.0243
Plant biomass production 0.0137
Immigration-emigration 0.0051
Cheetah removal 0.0037
Rain 0.0031
Genetic 0.0022
Female mate choice 0.0011
Economic benefits 0.0006
Intraspecific density 0.0005
Vegetation structure 0.0002
Human cheetah conflict 0.0002
Farmer education 0.0001
Land use 0.0001
Stress 0.0001
Human habitat impact 0.0001
Intraguild density 0.0000
Social impacts 0.0000
Legislation implementation 0.0000
Available space 0.0000
Livestock & wildlife management 0.0000
Prey poaching 0.0000
Local community awareness 0.0000
Environmental education 0
Human population growth 0
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(Table 5) to 39.0%. Furthermore, the model
indicates that if removal of cheetahs ceased, this
will be associated with a reduced chance that
genetic variability will decrease over time (47.6%
probability that genetic variability will decrease
as opposed to the previous 53.6%). Moreover, the
predicted increase in cheetah population is
expected to be associated with only a very small
drop in the probability that prey availability will
be abundant (a drop from 44.1% (Table 5) to
43.4%).

2. Increased farmer and environmental educa-
tion.—One conservation management strategy
to combat free-ranging cheetah population de-
cline is to target both farmer and environmental
education, especially in those areas which fall
into the home ranges of the cheetahs of the free-
ranging population. If the OOBN is updated with
the ideal situation of 100% coverage of farmer
and environmental education in north-central
Namibia, the probability that the free-ranging
cheetah population is viable is predicted to
increase only marginally to 53.5%. This outcome
was contrary to expectation. On closer analysis of
the OOBN, we observed that these two nodes are
far removed from the model end-point. This is
bound to have a diluting effect on the target node
and consequently it may be of greater interest to
observe how this scenario affects other key nodes
which are known to be influential in their effect
on the population viability, such as cheetah
removal, human cheetah conflict, and wildlife
and livestock management. The probability that
cheetah removal will decrease was predicted to

substantially improve from 35.9% (Table 5) to
47.8%. Furthermore, a full coverage of farmer
and environmental education was associated
with a large reduction in human cheetah conflict
from 37.1% for low conflict (Table 5) to 61.1%,
and a substantial increase in wildlife and
livestock management from 40.5% for high
management (Table 5) to 65.0%. Another positive
outcome was an accompanying large increase in
human habitat impact from 37.5% positive
impact (Table 5) to 64.7%, which is known to
be one of the major contributors to the world-
wide decline in free-ranging cheetah populations
(GCCAP 2002). This suggests that education may
not have a strong direct impact on cheetah
population viability, but that it is expected to
sustain positive trends in the influential factors
which are widely acknowledged to improve free-
ranging cheetah population viability.

3. Climate change.—Namibia has periodic
drought cycles which are accompanied by
decreased prey availability and less tolerance of
predators by farmers (Marker et al. 2007).
Climate change in Namibia is expected to see
an increase in temperature and a reduction in
rainfall (Thuiller et al. 2006). By entering evi-
dence of low rainfall into the OOBN, the cheetah
population viability is predicted to decline
(probability of population being viable is
46.6%). If we include further evidence of insuf-
ficient plant biomass as a consequence of climate
change, the model predicts a more dramatic fall
to 40.9%, which bodes ill for the free-ranging
cheetah population. This represents a percentage

Table 5. Posterior probabilities of selected nodes of the combined OOBN. The target node, Free-ranging cheetah

population viability, has a probability of 52.4% of being viable (gain) and 47.6% of declining (loss).

Key factor (node) Node state
Probability

(%) Node state
Probability

(%) Node state
Probability

(%)

Free-ranging cheetah population viability Gain 52.4 Loss 47.6
Cheetah removal Decrease 35.9 Increase 64.1
Economic benefits High 34.6 Medium 32.0 Low 33.4
Environmental education Yes 20.0 No 80.0
Farmer education Yes 30.0 No 70.0
Genetic Increase 46.4 Decrease 53.6
Health Increase 62.2 Decrease 37.8
Human habitat impact Positive 37.5 Negative 62.5
Human cheetah conflict Low 37.1 Moderate 38.6 High 24.3
Livestock & wildlife management High 40.5 Low 59.5
Mortality Increase 50.6 Decrease 49.4
Plant biomass production Sufficient 65.8 Insufficient 34.2
Prey availability Abundant 44.1 Sufficient 32.6 Insufficient 23.3
Rain High 8.0 Average 61.0 Low 31.0
Recruitment Increase 57.4 Decrease 42.6

v www.esajournals.org 14 July 2013 v Volume 4(7) v Article 90

JOHNSON ET AL.



decrease of 21.9% on the original probability of
population viability and is likely to be accompa-
nied by insufficient prey (probability of insuffi-
cient prey predicted to rise from 23.3% to 65.3%)
and a decline in cheetah population health
(probability of health deteriorating predicted to
change from 37.8% to 65.7%).

4. Disease outbreak.—The free-ranging Nami-
bian cheetah population is in good health status
despite being in regular contact with various
viral pathogens (Munson et al. 2004, Thalwitzer
et al. 2010). Although the cheetah experts
therefore felt that an outbreak of infectious
disease would be unlikely in the free-ranging
cheetah population, they were interested in
modeling this scenario. Evidence of decreased
health of the free-ranging cheetah population
was entered into the OOBN which predicted a
devastating effect on the viability of this popu-
lation, causing it to drop to 38.0%. It would be
prudent therefore for conservation organizations,
and government and research institutions to
closely monitor the health of this free-ranging
cheetah population to pre-empt any possible
health issues and if evidence of a disease
outbreak is detected, then early intervention
would be possible, preventing any deleterious
consequences.

DISCUSSION

This study demonstrates the successful appli-
cation of the IBNDC approach to create an
integrated BN model design within an object-
oriented (OO) framework. The IBNDC heuristic
was applied at the CCF BN modeling workshop
where three independent OOBN subnetworks
were constructed in parallel. Although each
subnetwork focused on a different aspect of the
free-ranging cheetah population in north-central
Namibia, information flow between the OOBNs
was possible through the three expert-defined
interfaces. Each interface isolated the inner
workings of one subnetwork from the other
subnetworks. Therefore, changes could be made
to one subnetwork without adversely impacting
on another subnetwork. This facilitated the
parallel development of three OOBN subnet-
works (human, ecological and biological) for
subsequent integration into a combined OOBN.
This feature is particularly appealing when

modeling environmental issues of concern which
involves several distinct domain expert groups.
The IBNDC approach makes efficient use of their
time by allowing them to work concurrently, yet
independently, and then exchanging knowledge
and performing cross validation, evaluation and
scenario testing on the integrated network.

Furthermore, the continual development cycle
of the IBNDC is appealing and relevant to multi-
disciplined ecological issues such as species
conservation enabling the perpetual refinement
and development of integrated OOBNs as new
data and knowledge comes to light. The inte-
grated OOBN constructed for the free-ranging
cheetah population in north-central Namibia
represents the current expert knowledge, data
and modeling for this population and may
readily be extended to different spatial and
temporal scales (Johnson et al. 2010a).

The sensitivity analysis of the combined
OOBN indicated the need for research to focus
on the quantification of the Mortality and
Recruitment nodes in order to improve the
estimates of the viability of the free-ranging
cheetah population. The parent nodes Cheetah
removal, Health, Genetic and Prey availability are
therefore a priority as they affect the conditional
probability distributions of Mortality and Recruit-
ment. Additionally, the scenario testing con-
firmed observed trends and suggested
increased focus on health monitoring, changing
farmer perceptions and continued efforts in
farmer and environmental education.

The OOBN model created as a result of the
workshop and the subsequent refinement by the
expert teams has largely been populated with
expert opinion and in accordance with the
IBNDC development cycle may be regarded as
an initial baseline model of the current cheetah
population viability in north-central Namibia.
The model should be reviewed and adapted as
more data, supplementary modeling, and new
research become available. Furthermore, it is
common practice in BN modeling to use fewer
states for the initial model, which may then be
refined in subsequent versions to improve the
predictive accuracy of the model output (Marcot
et al. 2006). In the model presented here, the
nodes had generally only two or three states. The
most influential nodes should be further investi-
gated and additional statistical modeling may be
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used to complement the integrated OOBN
model.

It is important to note that even though the
integrated OOBN model generates a single
probability for each of the states of the cheetah
population viability node, it does not give a
definitive answer of what state the node is in.
Therefore when using the BN model for infer-
encing such a scenario testing, the probability
mass around the states of the target node is of
foremost interest – are we more or less certain
that the node is in a particular state? The OOBN
model is able to represent many scenarios of
interest, but care needs to be taken to ensure that
it is not used to assess queries which are outside
of the scope and context of the model. For
example, the expert team was interested in
exploring the impact of ungulates migrating to
water points as a means of survival. Farmers are
creating more permanent water holes, making
water freely available to them. Consequently the
ungulates roam near the water points and do not
need to migrate. This increases the survival rate
of the offspring and populations build up around
these water points (G. Roeber, CCF Farmer
Education Coordinator, personal communication).
This farmer activity is creating an artificial
availability of prey which would otherwise be
accompanied by higher rainfall and consequently
a greatly improved plant biomass production in
the integrated OOBN model. The model should
therefore be updated to include the factors and
interactions of this farmer activity before doing
inferencing to explore the effects on cheetah
population viability.

It would be useful for future iterations of the
integrated OOBN to model long term cheetah
population viability. The model presented here
aimed to assess whether the current free-ranging
cheetah population was viable and a continually
growing cheetah population may introduce other
issues (Lubben et al. 2008). Extinction probabil-
ities are positive functions of population dynamic
factors such as growth rates, density dependent
carrying capacities, resource bases, and current
(initial) population size. Population viability
analyses generally rely on inferences from
stochastic population dynamic model followed
by calculation of average time to extinction,
probability of extinction in a given time period,
or some other quantity of management concern

(Pettorelli and Durant 2007). Including the
output from these models would enhance the
existing OOBN model.

Other enhancements to the initial model would
be to consider integrating Geographic Informa-
tion System (GIS) maps to quantify nodes that
are spatial and to explore representing the output
from the model in a GIS map which will
highlight areas of concern for cheetah population
viability (Johnson et al. 2012).

Although this OOBN structure and quantifica-
tion is specific for the cheetah population in
north-central Namibia, lessons learned through
this study have widespread applications in other
places where conservation on private land is
critical to the maintenance of viable populations
of large carnivores and in those areas most
critical for future cheetah conservation.
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Rabuñal Dopico. J. Dorado and A. Pazos, editors.
Encyclopedia of artificial intelligence. Hershey,
Pennsylvania, USA.

Taroni, F., C. Aitken, P. Garbolino, and A. Biedermann.
2006. Bayesian networks and probabilistic infer-
ence in forensic science. John Wiley & Sons,
Chichester, UK.

v www.esajournals.org 18 July 2013 v Volume 4(7) v Article 90

JOHNSON ET AL.



Thalwitzer, S. 2007. Reproductive activity in cheetah
females, cub survival and health in male and
female cheetahs on Namibian farmland. Disserta-
tion. Free University Berlin, Berlin, Germany.

Thalwitzer, S., B. Wachter, N. Robert, G. Wibbelt, T.
Müller, J. Lonzer, M. Meli, G. Bay, H. Hofer, and H.
Lutz. 2010. Seroprevalences to viral pathogens in
free-ranging and captive cheetahs (Acinonyx juba-
tus) on Namibia farmland. Clinical and Vaccine
Immunology 17:232–238.

Thuiller, W., G. F. Midgley, G. O. Hughes, B. Bomhard,
G. Drew, M. C. Rutherford, and F. I. Woodward.
2006. Endemic species and ecosystem sensitivity to
climate change in Namibia. Global Change Biology
12:759–776.

Uusitalo, L. 2007. Advantages and challenges of
Bayesian networks in environmental modelling.
Ecological Modelling 203:312–318.

van der Gaag, L. C., S. Renooij, and V. M. H. Coupe.

2007. Sensitivity analysis of probabilistic networks.
Pages 103–124 in P. Lucas, J. A. Gámez, and A.
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