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ABSTRACT
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declarations see end of paper Context. Choosing the most effective combinations of actions to manage threatened species is

difficult. Aims. This study aimed to identify the most effective combinations of six management
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Data were derived from expert elicitation. Variation within and among expert judgements was
captured by incorporating submodels of individual responses.We evaluated alternativemanagementHandling Editor:

Peter Caley solutions to address four mortality factors (disease and injury, vehicle strikes, domestic dogs and
wild dogs/dingoes (Canis familiaris), and two habitat-related management actions (restoration and
protection). Key results. We show that there are marked differences in the expected response
of the koala populations to the various management options in the three regional landscapes
over a 20-year period (2019–2039), and that multiple management actions are required to arrest
and reverse the decline in koala populations of north-east NSW. Conclusions. Management
actions for koala conservation should be based on regional context. Our model, in conjunction
with robust expert-elicitation procedures, allows decision makers to distinguish effective from
ineffective combinations of management actions for threatened species management, and has
been structured so that new data can be incorporated into the model. Implications. Model
design could be easily adapted to different species or conservation contexts, and updated as new
evidence becomes available, making it valuable in adaptive management for local to regional-scale
conservation problems.
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Introduction

Biodiversity is in crisis, with current rates of extinction exceeding background rates 
(Johnson et al. 2017). These extinctions are driven by different combinations of 
threatening processes (Brook et al. 2008; Mantyka-pringle et al. 2012), with interactions 
among the threats influencing populations in different ways (Bal et al. 2018). 
Identifying priorities for conservation actions is essential to effectively manage this 
complex system (Santika et al. 2015; Bal et al. 2018). Doing so requires identifying the 
highest impact threats, and then the most effective combination of management actions. 
However, such decisions are often limited by the availability of data and imperfect 
knowledge of specific threats (Scheele et al. 2018). 
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The koala (Phascolarctos cinereus) is impacted by 
numerous interacting threats across its distribution, which 
covers four states of eastern Australia, including inland and 
coastal areas (McAlpine et al. 2015; Tisdell et al. 2017). 
The major threats are habitat loss (clearing for urban and 
rural development, and resource extraction such as mining 
and logging), fire, disease, vehicle strikes, dog attacks, and 
impacts of climate change, especially increased drought and 
heatwaves (Melzer et al. 2000; Rhodes et al. 2011; McAlpine 
et al. 2015; DAWE 2022). The impact of each threat varies 
from population to population, even within regions (Adams-
Hosking et al. 2015; McAlpine et al. 2015), which makes 
priority setting for regional management actions difficult. 
Setting management action priorities, therefore, needs to 
consider populations separately, and for interventions to be 
designed based on the particular characteristics of the local 
threats (Melzer et al. 2000). 

Knowing which management actions, or combination 
of actions, are likely to prove effective for different koala 
populations or regional landscapes is crucial for deciding 
where to allocate management resources. Local knowledge 
is invaluable when considering the full range of local or 
regional-scale threats and solutions, with a view to an efficient 
prioritisation of resource allocation to koala conservation and 
management. An approach that fails to consider the range of 
local management issues risks placing too much emphasis on 
the more prominent or visible issues, such as roadkill, while 
potentially failing to address higher impact threats. 

Although critical management actions, such as preventing 
habitat loss through improved planning to avoid development 
impacts, are essential, they are unlikely to be sufficient to 
achieve koala population recovery and sustainability unless 
other impacts are also managed. In the absence of concrete 
monitoring data or studies, expert knowledge can be used 
to estimate a species response to management (Burgman 
2016; Mayfield et al. 2020a). In this context, it provides 
an ideal platform for articulating the local-scale differences 
in expected benefits to koala populations from different 
management scenarios. However, the challenge is how to 
combine this expert knowledge into a suitable framework 
for making predictions on management effectiveness and 
capture the uncertainty inherent in such an estimate, and to 
provide flexibility within the framework to incorporate new 
information. We addressed this challenge by combining a 
data modelling framework with a robust expert elicitation 
process to predict the best combinations of actions based on 
local knowledge and an ecological outlook. 

The study aimed to identify the most effective 
management actions for reversing koala population declines 
in four Local Government Areas (LGAs) on the far north coast 
of New South Wales (NSW). We used a Bayesian network 
model (Pearl 1988) to integrate local expert knowledge on 
the threats and perceived effectiveness of management 
actions, and to capture the uncertainty around the impact 
of alternative actions. The outcome not only provides a 

necessary tool for koala management within the study 
region, but is also relevant to decision-making processes 
for other locations, state governments, and nationally, 
particularly in light of the national recovery plan for 
koalas (DAWE 2022), and the formal uplisting of the 
koala’s status in February 2022 for NSW, Queensland 
and the ACT from vulnerable to endangered under the 
Commonwealth legislation, following a discussion paper in 
2021 (DAWE 2021). 

Methods

The study encompassed three regional landscapes in north-
east New South Wales. For each of the regional landscapes, 
a Bayesian network was developed to capture the change 
in koala population size over a 20-year period. Data to 
parameterise the Bayesian networks were collected, using 
expert elicitation, from a diverse group of experts. Experts 
were consulted in preliminary stages of the project – defining 
each management action and developing a conceptual 
model – and then participated in the four-stage elicitation 
process by completing structured questionnaires. The answers 
to the questionnaires were used as the data for the Bayesian 
networks. 

Study area

State-wide studies of koala distribution have identified the far 
north coast of NSW as being the major stronghold since the 
first major state-wide survey in 1986–87 (Reed et al. 1990; 
Adams-Hosking et al. 2016). Our study spans four local 
government areas: Lismore (1290 km2); Ballina (485 km2); 
Byron (567 km2); and Tweed (1321 km2) (Fig. 1), and 
supports significant koala populations (Harris and Goldingay 
2003; Brown et al. 2018). The coastal fringe mainly comprises 
urbanised environment, whereas inland areas are predomi-
nantly rural with National Parks and State Forests in 
sections of rugged terrain, but also include the regional 
centre of Lismore City with a residential population 29 000 
(Australian Bureau of Statistics 2018). While the north 
coast has seen localised extinction of koala populations 
(such as in Iluka in the 1990s; Lunney et al. 2019b) from a 
combination of threats, interventions in other parts, for 
example Coffs Harbour (Lunney et al. 2019a), have allowed 
populations to persist. 

All four local governments have adopted a range of 
measures for protecting and managing koalas, and skilled 
staff have been appointed to design and implement koala 
conservation planning programs (Lismore City Council 
2013; Byron Shire Council 2015; Ballina Shire Council 2017; 
Tweed Shire Council 2020). The strong community support 
for koala conservation is evidenced by the sustained 
efforts of local koala conservation and koala rehabilitation 
groups, such as the well-established Friends of the Koala 
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Fig. 1. Map of the study area in north-east NSW, Australia, showing
the three regional landscapes defined for this study – Coastal,
Hinterland and Riverine.

(Lunney et al. 2022a). Koala habitat within the broader region 
typically varies, containing a range of eucalypt forest commu-
nities that support differing compositions and densities of 
preferred koala food and shelter tree species (Callaghan 
et al. 2011). Based on discussions with local experts, we 
captured variations in koala numbers and threats across the 
study area by dividing it into three regional landscapes – 
Coastal, Hinterland, and Riverine (Fig. 1). These regional 
landscapes were based on topography, vegetation cover, 
land use, and local knowledge of koala distribution and 
threats to koalas. 

Defining management actions

We identified six management actions (Table 1, 
Supplementary material Appendix S1) grouped into two 
habitat-related management actions (restoration and 
protection) and four mortality-related management actions 
(vehicle strike hotspot management, wild dog management, 

disease and injury management, and domestic dog 
management). The actions address each threat and involve 
a suite of potential activities that may or may not be 
feasible or appropriate for specific locations. The actions 
were identified based on a review of existing literature and 
an initial consultation with local koala rehabilitation group 
Friends of the Koala, together with the four local councils 
involved in koala conservation. 

Conceptual model

A conceptual model was developed based on the literature 
and consultation with local experts to represent the 
interactions among threats, management actions, and 
population trends in the study area (Fig. 2). Populations 
were defined as the number of adult koalas in each regional 
landscape. The conceptual model illustrates the main direct 
influences of four management actions aimed to address the 
impact on koala population size of disease and injury, 
vehicle strikes, domestic dogs, and wild dogs/dingoes. Both 
domestic and wild dogs/dingoes (Canis familiaris) are present 
in north-east NSW (Lunney et al. 2021). Two management 
actions (habitat restoration and habitat protection) restrict 
the impact of these direct actions via carrying capacity, which 
ultimately limits population size. In this conceptualisation, 
changes to the upper components influence the overall 
change in population through effects on koala mortality 
and habitat. 

Bayesian network design

Bayesian networks are probabilistic models based on directed 
acyclic graphs, in which nodes represent system variables 
and directed edges define influences among them (Pearl 
1988). Variables in a Bayesian network can be both discrete 
and continuous, and interactions among them can be 
modelled by using both equations and conditional probability 
distributions. A Bayesian network model represents the joint 
probability distribution over its variables, reducing it into a 
product of conditional probability distributions expressing 
local interactions among directly related subsets of these 
variables (Marcot et al. 2006; Fenton and Neil 2013). 
Having a representation of the joint probability distribution 
allows for Bayesian inference, which amounts to calculat-
ing the posterior conditional probability distribution over 
variables of interest given observations of other variables. 
In those domains, for which the exact functional form of 
interactions among variables is not known, Bayesian networks 
offer a flexible representation of relationships among key 
components of the modelled system. Because the directed 
graph of a Bayesian network can represent the causal relations 
within a system, they are useful tools for evaluating potential 
impacts of management decisions, i.e. external manipulations 
of the modelled system (Marcot et al. 2001; McCann et al. 
2006; Mata et al. 2017). Importantly, Bayesian networks can 
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Table 1. Potential mortality-related management actions considered in this study as a guide to the expert elicitation.

Management action Description and potential activities

1 Disease and injury management Educate and raise community awareness, with a focus on increasing reporting of diseased and injured animals

Establish a wildlife hospital, training and financial support for vets

Increased support for koala rescue and welfare through licensed providers

Research into disease management, release sites, and evaluating the effectiveness of care, treatment, and rehabilitation

2 Domestic dog management Design all public parks, recreational areas, and residential areas in and adjacent to koala habitat to be dog-free

In areas adjacent to koala habitat, require dogs to be kept on leash in outdoor areas and kept inside overnight

Where other measures cannot be implemented, separate koala habitat from residential areas using exclusion fencing

Compliance is increased by means of community education campaigns

3 Management of vehicle strike Identify high-risk road stretches (vehicle strike hotspots)
hotspots Install fencing, underpasses/crossings, signage, road surface and design systems, driver alert systems, slow points and/or

roundabouts

Reduce speed limits

Increase driver awareness

4 Wild dog (dingo) management Identify areas with high levels of conflict

Monitor and control wild dogs/dingoes in these areas

easily be parameterised using empirical data (Mayfield et al. 
2020b), or by using expert elicitation (Smith et al. 2007; 
Richards et al. 2013), or a combination of the two, making 
them suitable for use in both data-rich and data-poor 
situations. 

Based on the conceptual model (Fig. 2), we developed 
a Bayesian network structure (common for each of 
the regional landscapes; Fig. 3) and parameterised each 
network separately, using expert judgments for each 
landscape (Coastal, Riverine and Hinterland). This resulted 
in three separate models with identical network structures, 
but different parameters. Experts provided values for their 
highest, lowest, and best guess estimates for population 
response to management, as well as their certainty in their 
estimates (see following section for description of the 
elicitation process). For each landscape, we used the values 
provided by each expert (see following section for descrip-
tion of the elicitation process) to develop individual-level 
submodels (Appendix S2). The target node (response variable) 
of the Bayesian network was ‘Change in population size’ and it 
represented the predicted proportionate change in koala 
population from 2019 to 2039 (i.e. a span of time equal to 
approximately three generations of koalas). 

Within each submodel, change in population size was 
calculated as ‘Population size 2039’ divided by ‘Population 
size 2019’ (Eqn 1). To account for uncertainty in the 
estimates, the range of values for the population size in 2019 
derived during elicitation (Appendix S3, Question 1) is 
represented by a triangular distribution of the lower bound 
(L), best guess (B), and upper bound (U) values (Eqn 2), 
each value standardised to 80% based on the experts’ 
confidence levels using linear extrapolation prior to input 

(Bedford and Cooke 2001; Adams-Hosking et al. 2016). 
‘Population size 2039’ reflects the lower of the two values of 
‘Population response’ and ‘Carrying capacity 2039’ (Eqn 3), 
effectively capping the population size by the estimated 
carrying capacity of the habitat. 

Population size 2039 
Change in population size = (1) 

Population size 2019 

Population size 2019 = TriangularðL1,B1,U1Þ (2) 

��
Population response,Population size 2039= min

�
)Carrying capa ty 2039

�
(3ci

Each individual level submodel was split into two components 
based on the conceptual model (Fig. 2). The first calculated 
‘Carrying capacity 2039’ by using the elicited carrying 
capacity for 2019 and multiplying this figure by the 
predicted change in habitat area. It was assumed that 
change in habitat area directly resulted in a proportionate 
change in the carrying capacity of the individual landscape. 
The formula for ‘Change in habitat area’ combined three 
nodes (Eqn 4). 

Change in habitatarea 
ðHabitat area 2019 + Area of habitat restored 

− Area of habitat lostÞ
= (4)

Habitat area 2019 

The first node, ‘Habitat area 2019’ was an elicited reference 
point (Appendix S3, Question 3), to which ‘Area of habitat 
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Fig. 2. A conceptual model of the impact of sixmanagement actions (shown in darker shading) on changes in population size over 20 years
for the regional population of koalas on the far north coast of New South Wales. The model illustrates the expected influence of four
management actions to address mortality factors (disease and injury, domestic dogs, vehicle strikes, and wild dogs/dingoes) on changes
in population size. Population size is capped by the carrying capacity of the available habitat, which is influenced by two fundamental
management actions (habitat restoration and habitat protection).

restored’ (Eqn 5) and ‘Area of habitat lost’ (Eqn 6) were
combined to give a change in habitat area. 

The triangular distributions used in the latter two nodes are 
defined by the set of elicited values (lower bound (L), best 
guess (B) and upper bound (U)) relevant to each numbered 
question. The ‘choose function’ was used to select a formula 
based on a ‘Yes’ or ‘No’ response for each management action. 
The management actions – in this case, habitat protection and 
habitat restoration – became the decision nodes for this 
component of the network. Decision nodes in this design 
acted as the interactive components of the model – the user 
would set each decision node to either ‘Yes’ or ‘No’, 
activate the model (update beliefs) and then interpret the 
results of the output at the target node. 

In the second component, the four mortality-related 
management actions were incorporated as decision nodes: 
‘disease and injury management’, ‘domestic dog management’, 
‘vehicle strike hotspot management’, and  ‘wild dog manage-
ment’ (actions outlined in Table 1, Appendix S1). Each had 
an option of a ‘Yes’ or ‘No’ choice. Combinations of manage-
ment actions were incorporated into a conditional probability 
table (chance node), in which ‘Yes’ (Y) and ‘No’ (N) responses 
for each action were each assigned either 100% or 0% chance 
of occurring. Thus, there were 16 possible combinations of 
these four management actions. Values for each combination 
of management actions were elicited individually. 

Each combination of actions activated unique values in the 
child node, ‘Population response’ (Eqn 7), which would 
sample 50 000 possible values from the activated triangular 
distribution. As with habitat-related management actions, 
the triangular distributions are defined by the set of elicited 
values [lower bound (L), best guess (B) and upper bound (U)] 
relevant to each numbered question (Appendix S3, Questions 
8–23), standardised to 80% based on the expert’s confidence 
using linear extrapolation. 
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8 
TriangularðL8,B8,U8Þ for YYYY > > > > TriangularðL9,B9,U9Þ for YYYN > > > > TriangularðL10,B10,U10Þ for YYNY > > > > > TriangularðL11,B11,U11Þ for YYNN > > > > TriangularðL12,B12,U12Þ for YNYY > > > > TriangularðL13,B13,U13Þ for YNYN > > > > TriangularðL14,B14,U14Þ for YNNY > < TriangularðL15,B15,U15Þ for YNNN Population response = > TriangularðL16,B16,U16Þ for NYYY > > > > TriangularðL17,B17,U17Þ for NYYN > > > > TriangularðL18,B18,U18Þ for NYNY > > > > TriangularðL19,B19,U19Þ for NYNN > > > > TriangularðL20,B20,U20Þ for NNYY > > > > > TriangularðL21,B21,U21Þ for NNYN > > > TriangularðL22,B22,U22Þ for NNNY > : 
TriangularðL23,B23,U23Þ for NNNN 

(7) 
Once both population response and carrying capacity 
were defined, the network estimated the population size for 
2039 by taking the lowest of these two components (Eqn 3), 
effectively capping the population size at the predicted 
carrying capacity of the habitat. 

The seven, individual-level Bayesian networks (one per 
expert) for each regional landscape were designed as 
submodels within the final model (Fig. 3). Decision nodes 
representing the management actions were programmed to 
activate management action combinations for all submodels 
simultaneously, generating seven individual-level estimates 
for change in population size as a result of a management 
action combination, each with triangular distributions 
representing uncertainty. The distribution for the overall 
change in population was the mean distribution of the seven 
individual distributions (Fig. 3). The Bayesian networks were 
designed to incorporate continuous data to represent the 
triangular distributions elicited through the questionnaires. 
Thus, each node contained an equation that included, at a 
minimum, lower bound (L), upper bound (U) and best guess (B) 
estimates for that value (TriangularðLx,Bx,UxÞ), standardised to 
80% based on their confidence levels using linear extrapolation 
(Bedford and Cooke 2001; Adams-Hosking et al. 2016). The 
submodels (including each node, equation and state) are 
described in Appendix S2. 

Expert elicitation

The data collection phase of this study was conducted in 
2019, before the bushfires in 2019–2020. These bushfires 
covered only a small area of our north-east NSW study 
area, so the issues we identified were not overwhelmed by 
the fires. To estimate the conditional probabilities in the 
Bayesian networks, the expert elicitation process used 
here followed the IDEA protocol – ‘Investigate’, ‘Discuss’, 
‘Estimate’, ‘Aggregate’ (Hemming et al. 2018), and used 
a four-point elicitation question style (Burgman 2016). 
Experts were defined by their qualifications, track record, 

professional standing, and experience (Burgman et al. 2011; 
Burgman 2016). A diverse selection of experts participated, 
including those with direct, local experience in koala 
management, those with specialisations in some aspect of 
koala conservation, and those with broader koala conserva-
tion experience across Australia. The elements of the IDEA 
protocol were adapted according to the timeframe and 
resources available. The number of experts completing each 
step of the process ranged from 7 to 16 (Table 2). 

A preliminary consultation was held, involving 16 experts 
from a range of backgrounds and professions comprising 
representatives from local government (3), state government 
(1), NGOs (2), environmental consultants (2), university-
based koala ecologists (6), and modellers (2). Experts 
defined the three regional landscapes of the study area and 
began to consider management actions in these landscapes. 
All experts from the preliminary consultation were then 
contacted via email, presented with introductory material, 
and asked to complete the questionnaire individually 
(Appendix S3) over 2 weeks (‘Investigate’ phase). Each 
question, following the four-point format outlined by Burgman 
(2016), asked experts to provide estimates for the highest, 
lowest, and most likely values for conditional probabilities. 
Experts were also asked to rate their confidence that the true 
value would be between their lowest and highest estimates. 
Responses were compiled (n = 8), aggregated, and visualised 
using Microsoft Excel for use as a visual guide in a facilitated 
workshop (‘Discuss’ phase). 

The ‘Discuss’ phase was conducted in the expert elicitation 
workshop, held in August 2019. The workshop involved nine 
experts – local and state government conservation officers (3), 
university-based koala ecologists (3), and volunteers from 
koala-focused, non-government organisations (3). Experts 
(n = 9) were provided with tailored questionnaires, each 
containing a record of their initial estimate (for those 
experts who took part in the Investigate phase), and a space 
to record new estimates if necessary. Discussion was 
facilitated by EBC and HJM and focused on clarification of 
terms, reasoning, and evidence, rather than aiming towards 
reaching a consensus, and this goal was made clear to the 
experts. The structure of the discussion mirrored the structure 
of the questionnaire in order to give experts the opportunity to 
evaluate each question. For questions 8–23 (Appendix S3), 
there was a strong focus on defining each mortality-related 
management action, as well as considering the impacts of 
each action. 

After the group discussion, each expert was given the 
opportunity to amend their estimates (the ‘Estimate’ phase). 
Each questionnaire was divided into two sections. The first 
section contained seven questions about baseline popula-
tion sizes, the impact of research on specific management 
actions, the coverage and carrying capacity of koala habitat 
in each regional landscape, and potential for change in 
habitat coverage over the next 20 years (2019–2039). The 
second section contained 16 questions about four conserva-
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Fig. 3. Modelled data from each expert were fed into individual submodels (Experts 1 through 7). The primary network was simplified to
show only the nodes necessary for decision analysis – management actions, outputs from each submodel, and the resulting predicted
changes in population size between 2019 and 2039.

tion actions to reduce mortality (actions defined in Table 1, 
Appendix S1). It is acknowledged that gauging the success 
of any single management action, or combinations of 
actions, can be difficult because drought or good rains will 
have strong effects on population sizes. Questions were 
therefore structured such that estimates were provided 
assuming non-drought conditions. 

Only the data collected from experts who participated 
in all stages of the elicitation process were included in the 
final output (n = 7). However, input from all experts was 
welcomed during the ‘Discuss’ phase, including data from 
experts who had filled out the questionnaire but were not 
present at the workshop. The finalised conditional probabili-
ties from each expert were standardised to 80% based on 
their confidence levels using linear extrapolation (Bedford 
and Cooke 2001; Adams-Hosking et al. 2016). These data 
were then used to parameterise the Bayesian networks for 
subsequent analysis. 

Analysis

To quantify the consequences of different choices of 
management actions, we defined a range of management 
scenarios and used the model to assess the implications for 
koala population trends under each scenario. These scenarios 
consisted of combinations of all, one, or no management 
actions for each regional landscape, combinations of all but 
one management action, and paired management actions. 
To derive estimates from the model, clustered sampling 
algorithms were applied using 50 000 samples generated by 
the GeNIe modeller software (https://www.bayesfusion. 
com/genie). That is, at each node, 50 000 possible values 
were sampled from each triangular distribution and used in 

the calculations for the subsequent child nodes. High upper 
estimates, combined with low confidence declared by one 
or more experts, sometimes led to the possibility of very 
extreme estimates being sampled in very low frequencies 
by chance. Therefore, the upper bound of the domain for 
‘change in population size’ was set at 6 (i.e. an increase in 
population size of 600%). 

We also included scenarios that combined habitat 
protection plus one other management action (i.e. disease 
and injury management, domestic dog management, wild dog 
management, or management of vehicle strike hotspots); then 
habitat restoration with one other action; domestic and wild 
dog management plus one other action; disease and injury, 
and vehicle strike hotspot plus one other action; and then 
finally combinations of all actions with one action missing. 
The results are presented separately for each landscape 
and expressed as the change in population size by 2039 
(i.e. a 20-year horizon). 

Results

Under the ‘no change to management’ scenario, i.e. the status 
quo, populations were predicted to decline in all three 
regional landscapes (Table 3, s1; Appendix S4). Estimated 
decline was greatest in the Riverine landscape (0.69), 
where a value below 1.0 identifies a population decline. 
The Hinterland landscape showed the least-estimated decline, 
with the proportion surviving the 20-year period being 0.87 
(Table 3, s1). In contrast, if all management actions were 
undertaken, the populations in each regional landscape 
were predicted to increase over the 20-year time frame, 
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Table 2. Stages of the expert elicitation process.

Stage Number of Purpose
experts

Preliminary consultation 16 Define the three regional landscapes, major threats, and possible management actions

Conceptual model and NA Develop conceptual model and questionnaires
questionnaires developed

‘Investigate’ phase’ 8 Individual estimates submitted via email

‘Discuss’ phase (expert elicitation 9 Discuss each question and the responses submitted in the investigate phase
workshop)

‘Estimate’ phase 9 Experts submit individual estimates after group discussion

‘Aggregate’ phase 7 Input of final estimates into BN for analysis. Only estimates collected from individuals that attended the
three major phases (Investigate, Discuss, and Estimate) were included

with the Riverine showing the greatest increase of 1.40. When 
mortality-related actions were implemented as sole actions in 
the Coastal and Riverine landscapes, the most effective was 
disease and injury management, whereas wild dog 
management was the least effective (Table 3, s4, s7). By 
contrast, vehicle strike hotspot management was the most 
effective mortality related management action in the 
Hinterland landscape, and the least effective was disease 
and injury management (Table 3, s6, s4). 

In the multi-action scenarios, where all but one actions 
were implemented, all regional landscapes were estimated 
to have a positive response, with the Riverine landscape 
showing the best response overall (Table 4). The Riverine 
landscape showed the best two responses of the entire suite of 
all regional landscapes, with scenarios implementing all 
actions, except either domestic dog management or habitat 
protection, showing the highest koala population growth 
rate over the 20 years (2019–2039). Although there is little 
discernible difference in the growth response when only 
one management action is missing (i.e. no one action tips the 
balance in favour of growth), it was noticed that removing 
disease and injury management from the combination 
resulted in the lowest predicted increase in population for 
both Coastal and Hinterland regional landscapes (Table 4, 
s27–s32; Appendix S5). 

In scenarios with two to three actions implemented 
(Table 4, s8–s26), the six strongest management responses 
are in the Hinterland and the Riverine landscapes. Habitat 
restoration, vehicle strike hotspot, and disease and injury 
management for the Riverine landscape had the strongest 
response, with a 21% increase in population in the next 
20 years. In the Hinterland landscape, a combination of 
habitat protection, vehicle strike hotspot, and disease and 
injury management had a strong estimated response, with a 
17% increase in population. The same combination also 
showed an increase in Coastal and Riverine landscapes. 
The third highest score was scenario 26, in the Hinterland 
landscape – a combination of wild dog management, 
vehicle strike hotspot management, and disease and injury 

management. When disease and injury management and 
hotspot management are considered with one other manage-
ment action, there are positive responses across the board 
(Table 4, s22–s26). Overall, the best set of responses are in 
the Hinterland landscape, with the clearest responses 
coming in conjunction with either habitat protected in the 
Hinterland landscape or habitat restoration in the Riverine 
landscape (Table 4, s23–s24). 

Neither habitat protection nor habitat restoration alone 
were sufficient to reverse the decline of koala populations 
in any landscape (Table 3, s2, s3, Table 4, s8). For the 
Hinterland landscape, every combination of either habitat 
restoration or habitat protection with one other manage-
ment action produced an increase in population size, 
except for the combination of these two alone (i.e. habitat 
restoration and habitat protection). In the Coastal landscape, 
neither of the habitat measures was sufficient to stem the 
population decline. 

When domestic and wild dog management were 
considered together, with one other management action, 
most results showed weak increases or negative growth 
responses for koala populations in the Coastal landscape, 
but not for Riverine or Hinterland landscapes, where there 
were small gains. This is especially true for Riverine 
landscape, with the addition of habitat restoration, and in 
the Hinterland landscape with disease and injury 
management (Table 4, s17–s21). The Hinterland landscape 
showed the strongest response, with the best combination 
being wild and domestic dog management combined with 
disease and injury management (Table 4, s20). When 
habitat protection or restoration were added to the 
management of both wild and domestic dogs, there was 
positive population growth, although not strong (Table 4, 
s18–s19). 

Regional landscapes differed in their potential to respond 
to management actions (Table 4). The Coastal landscape was 
estimated to have the weakest overall response, whereas the 
Hinterland landscape showed the strongest positive response 
in terms of koala population growth. The Riverine landscape 
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Table 3. Estimated change in population size over 20 years (2019–2039) for eight scenarios across Coastal, Hinterland, and Riverine regional landscapes on the far north coast of NSW,
showing the median, minimum, and maximum of up to 50 000 values sampled from the estimated distribution.

Scenario Code Action Change in population size by 2039

Habitat
protected

Habitat
restored

Disease and
injury

Domestic dog
management

Vehicle strike
hotspot

Wild dog
management

Coastal landscape Hinterland
landscape

Riverine landscape

management management Median Min. Max. Median Min. Max. Median Min. Max.

No change to
managementA

s1 0.76 0.37 2.18 0.87 0.44 2.44 0.69 0.34 2.16

Single s2 x 0.80 0.39 2.27 0.88 0.41 2.50 0.73 0.38 2.01
management
action

s3

s4

x

x

0.78

0.92

0.36

0.48

2.23

2.35

0.87

0.99

0.42

0.50

2.28

2.48

0.73

0.99

0.33

0.48

2.04

2.35

s5 x 0.84 0.37 2.30 1.00 0.51 2.79 0.90 0.45 2.23

s6 x 0.86 0.38 2.30 1.04 0.55 2.93 0.92 0.45 2.33

s7 x 0.81 0.38 2.13 1.02 0.52 2.59 0.86 0.44 2.26

All s33 x x x x x x 1.22 0.61 2.90 1.24 0.62 2.83 1.40 0.78 3.02
management
actions

Scenario codes are listed in the second column for reference. In each scenario, one action, no actions, or all management actionswere selected. The ‘x’ in this table represents the implementedmanagement action/s
in each scenario.
ANo change to management, i.e. a status quo scenario, refers to a scenario in which current management practices persist without alteration. Refer to Appendix S4 for mean and standard deviation.
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Table 4. Estimated change in population size for 25 scenarios across Coastal, Hinterland and Riverine regional landscapes, showing the median, minimum, and maximum of up to 50 000
values sampled from the estimated distribution.

Scenario Scenario
code Habitat

protected
Habitat
restored

Disease and
injury

management

Action

Domestic
dog

management

Vehicle strike
hotspot

management

Wild dog
management

Change in population size by 2039

Coastal landscape Hinterland Riverine landscape
landscape

Median Min. Max. Median Min. Max. Median Min. Max.

Habitat
protection + 1
other

s8

s9

s10

x

x

x

x

x

x

0.82

0.99

0.91

0.39

0.50

0.39

2.25

2.40

2.40

0.88

1.04

1.05

0.43

0.52

0.52

2.34

2.48

3.40

0.75

1.08

0.98

0.37

0.58

0.48

2.06

2.49

2.40

s11 x x 0.93 0.40 2.35 1.07 0.50 3.25 1.01 0.51 2.61

s12 x x 0.87 0.41 2.33 1.07 0.55 2.65 0.95 0.49 2.20

Habitat
restoration + 1
other

s13

s14

s15

x

x

x

x

x

x

0.97

0.90

0.90

0.45

0.40

0.41

2.38

2.25

2.59

1.01

1.02

1.05

0.52

0.49

0.53

2.53

2.51

2.95

1.14

1.03

1.05

0.58

0.51

0.51

2.44

2.38

2.39

s16 x x 0.85 0.40 2.40 1.04 0.52 2.68 0.99 0.50 2.75

Domestic and wild
dog control + 1
other

s17

s18

s19

x

x

x

x

x

x

x

x

0.87

0.94

0.91

0.38

0.44

0.43

2.36

2.50

2.58

1.04

1.09

1.06

0.52

0.52

0.49

2.91

2.57

2.78

0.96

1.06

1.09

0.49

0.57

0.55

2.26

2.52

2.42

s20 x x x 0.99 0.47 2.41 1.13 0.57 2.84 1.00 0.48 2.39

s21 x x x 0.91 0.43 2.47 1.07 0.54 2.60 0.99 0.49 2.57

Disease, injury, and
vehicle hotspot + 1
other

s22

s23

s24

x

x

x

x

x

x

x

x

0.99

1.08

1.06

0.48

0.53

0.49

2.53

2.89

2.68

1.11

1.17

1.13

0.58

0.59

0.57

2.81

2.88

2.68

1.03

1.14

1.21

0.53

0.59

0.54

2.53

2.53

2.73

s25 x x x 1.02 0.53 2.59 1.13 0.53 2.67 1.03 0.55 2.24

s26 x x x 0.98 0.49 2.58 1.14 0.59 2.64 1.06 0.55 2.45

Missing one action s27 x x x x x 1.12 0.57 2.66 1.18 0.63 2.70 1.29 0.62 2.85

s28 x x x x x 1.14 0.56 2.68 1.22 0.65 2.88 1.21 0.68 2.80

s29 x x x x x 1.06 0.53 2.72 1.14 0.56 2.65 1.23 0.53 2.76

s30 x x x x x 1.15 0.54 2.57 1.22 0.65 2.76 1.34 0.71 2.84

s31 x x x x x 1.14 0.51 2.71 1.21 0.60 2.67 1.25 0.69 2.66

s32 x x x x x 1.18 0.61 2.72 1.21 0.63 2.72 1.28 0.70 2.64

Each scenario includes a combination of management actions. The ‘x’ in this table represents the implemented management action/s in each scenario. Scenario codes are listed in the second column for reference.
Refer to Appendix S5 for mean and standard deviation.
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showed a stronger positive response than the Hinterland 
landscape when only one management action was omitted. 
The response in growth rate across all actions ranged from 
0.73 to 1.40 (Tables 3, 4). However, most responses were 
clustered nearer to 1.0. 

In general, there was little variation in trends of the 
experts’ best guess estimates, indicating a consensus on 
the relative effectiveness on the management actions in the 
regions (Appendix S6). Generally, the strongest consensus 
was in the Riverine region, and the lowest was in the 
Hinterland region, where most actions were positively 
skewed, suggesting that more experts estimated values 
below the mean and fewer experts estimated values above 
the mean for each of the scenarios. Scenario 4 (disease and 
injury management as a standalone action) was an exception 
to this rule, with the strongest consensus for this action in the 
Hinterland region, and the weakest consensus in the Coastal 
region. In the Riverine region, although most estimates for 
Scenario 4 were below 1 (i.e. a decrease in population 
size), the maximum best guess for this region was over 1 
(i.e. increase in population size). The single action with the 
strongest consensus was wild dog management in the 
Coastal region, and the weakest consensus was wild dog 
management in the Hinterland region. 

Discussion

The koala is impacted by interacting threats, so it is crucial for 
managers to know which actions, or combination of actions, 
are likely to prove effective for the specific populations. 
This paper addressed the challenge of combining expert 
knowledge with a framework for making predictions on 
management effectiveness to capture the uncertainty and to 
provide flexibility to incorporate new information. A major 
finding was that, if no additional management is carried 
out over the 2019 baseline, the koala populations in the far 
north coast region of NSW were predicted to continue 
declining over the 20-year period of 2019–2039. Further, 
the nature of the decline was found to differ across three 
regional landscapes in the study area of north-east NSW. If 
single management actions are taken, there will be, by and 
large, little gain, with one of the regional landscapes – the 
Hinterland – gaining marginally more than either of the 
other two – the Riverine and Coastal landscapes. 

Koala populations in all three regional landscapes were 
predicted to differ in their response to management actions. 
In the Hinterland, most mortality-related actions were 
predicted to support the recovery of the koala populations, 
subject to habitat protection and restoration, with the most 
successful estimated to be wild dog/dingo management. 
The Hinterland is the largest of the three regional 
landscapes, and its size, and extent of remaining forest, in 
rugged terrain possibly provides a more secure foundation 

for koala populations. In contrast, in the Riverine landscape, 
disease and injury management was the only mortality-
related action predicted to lead to an increase of the koala 
population when implemented as a sole action, and only by 
a small margin. 

Koalas in both urbanised and rural environments are at risk 
from mortality related to vehicular collisions (Dique et al. 
2003; Rhodes et al. 2014; Gonzalez-Astudillo et al. 2017; 
Lunney et al. 2022a, 2022b), but our results predict that 
the management of vehicle strike hotspots is likely to be 
more effective in the Hinterland and Riverine landscapes 
than in the Coastal landscape. Although it was not possible 
to validate model predictions against empirical data, the 
results accurately reflect the best guess of experts in the 
area. These findings highlight the need for local planning, and 
coordination across each of the councils to find regionally 
specific solutions. The three regional landscapes we identified 
therefore offer management advantages by focusing strategic 
planning and conservation actions to address needs based on 
geographical similarities, rather than local government 
boundaries. 

The study outcomes confirm that the best way forward 
is to implement combinations of actions, but with careful 
emphasis on the specific suite of measures most likely to 
produce the most positive response within each of the regional 
landscapes. Notably, solely protecting and/or restoring habitat 
will not be sufficient to arrest the population decline. If all six 
management actions are implemented, then koala populations 
are predicted to increase. However, if any one of the mortality 
management actions is dropped, the population’s recovery  will  
be similar to what would have occurred had all six actions 
been taken. 

When each management action was combined with 
other actions, the recovery, or failure to recover, was telling. 
It was the various combinations of actions that either failed 
to prevent the decline in koala populations or provided 
the potential for recovery over the 20-year period of 
2019–2039. From a manager’s perspective, it is valuable to 
consider each local landscape as a separate unit for strategic 
planning and management purposes. Some combinations of 
management actions that are suited to the needs of one 
landscape are not predicted to be optimal in another. The 
lesson becomes clear: one action alone is not enough to 
prevent extinction, and although some combinations slow 
but do not stop the decline, some combinations offer the 
most efficient and effective approach for koala conservation 
in the far north coast of NSW to reverse the decline to 
extinction. 

The six management actions fall into two categories, 
namely reducing mortality factors, e.g. death rates, through 
wild dog/dingo management, domestic dog management, 
vehicle strikes, i.e. roadkill, injury and disease management; 
and increasing population growth potential through protect-
ing and restoring habitat. Although habitat protection and/or 
habitat restoration alone were not predicted to be sufficient to 
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reverse the decline of koala populations in any landscape, any 
changes in habitat area will result in changes in the potential 
stability, viability, and maximum size of the koala population. 
Our model predicts that a combination of habitat manage-
ment and any other individual action would likely reverse 
the decline of the koala populations, with the exception 
of one combination in the Coastal landscape (habitat 
restoration, habitat protection, and either wild or domestic 
dog management). In addition, the potential to stabilise or 
increase the koala populations by 2039 using a single 
action to reduce mortality in any landscape was increased 
by protecting and restoring habitat. This makes logical 
sense because populations would be expected to decline if 
habitat is decreased, but have potential to expand where 
habitat is protected and ultimately increased or enhanced 
through restoration programs. If managers seek to reverse 
the decline in koala numbers through the improvement of a 
single, mortality-related management action in the Coastal 
landscape, they will therefore also need to protect and 
restore habitat. 

The need for combinations of actions is consistent with 
other work recognising that multiple management actions 
are required to ensure the success of a recovery strategy 
(Brook et al. 2008; Mantyka-pringle et al. 2012; Beyer et al. 
2018). Our study takes the next step by establishing a 
potential mechanism to systematically compare and contrast 
the likely outcomes from specific combinations of conserva-
tion actions. 

Given our findings that multiple actions are required to 
improve the prognosis for koala populations, considera-
tion is needed on the feasibility of this occurring, given 
the range of government jurisdictions responsible for 
implementation. For example, the National Wild Dog Action 
Plan 2020–2030 (https://wilddogplan.org.au/wp-content/ 
themes/nwdap/docs/NWDAP2020–2030.pdf, accessed 16 
April 2021) is a responsibility of the NSW State government. 
However, the licensing and management of domestic dogs is 
the responsibility of local councils, and a separate state 
government department collates the figures. 

For habitat protection, the selection and dedication of 
National Parks and Nature Reserves is a state government 
matter (Lunney et al. 2018); however, local councils also 
operate as the consent authority for legislation established 
by the state government and have a key role to play in land-
use decisions and the overall shire-wide plans for development 
or habitat retention. Habitat restoration programs can be 
conducted at different scales, individually or collectively, 
and can be supported through local, state and commonwealth 
government initiatives or grants or philanthropic organisa-
tions. Disease and injury management has been largely taken 
up by local volunteer groups operating under licence from 
the NSW State government (Lunney et al. 2022a). Vehicle 
strike hotspot management is the responsibility of the State 
government for highways, but the management of local and 
arterial roads falls to local councils. Thus, it becomes apparent 

that any management decisions aimed at recovering koala 
populations will have responsibilities and costs that fall to 
different people at different levels of government as well as 
individuals, and to koala conservation and rehabilitation 
groups. This highlights the importance of collaboration across 
different administration levels in achieving conservation 
outcomes. 

The decision-making approach we developed to assess the 
use of conservation resources for koala management is both 
timely and beneficial for local conservation planning and 
action. Central to the success of this project was the 
approach to the modelling and data acquisition. The data 
used were based on judgements from a range of experts, 
and aggregating those responses is a common challenge in 
expert elicitation programs, particularly where expert 
estimates vary considerably (Kuhnert et al. 2010). Commonly, 
these results are simply averaged (Hemming et al. 2018); 
however, doing so may not adequately represent the 
breadth of opinions (Adams-Hosking et al. 2016; Burgman 
2016). We applied an innovative modelling approach by 
integrating each expert into the main design as a separate 
submodel, with associated levels of confidence incorporated 
into each node. 

A key advantage of the model design over more traditional, 
categorised Bayesian networks is that uncertainty from the 
elicitation process has been preserved by using continuous 
distributions. Doing so allowed the model outputs to be 
presented as minimum, maximum and average values for 
each scenario. This extra information becomes meaningful 
in the context of prioritisation, where decision makers may 
opt for more certain outcomes. Another advantage of this 
approach over previous designs is that it is a more formal 
integration of individual expert data. By constructing detailed 
submodels for each set of expert data and embedding 
triangular distributions into all stages of the model, our 
study was better able to capture uncertainty than if answers 
had been aggregated prior to input. This uncertainty is 
apparent in the full range of values (Appendix S7). 
Although the bulk of data is centred on the mean, the wide 
range and long tails attached to each value show much 
uncertainty that could be reduced by further research, or by 
incorporating empirical data into the model. 

Another advantage of this model is the flexibility of the 
design, which allows for the inclusion of new data and is 
such that the model can be scaled to a variety of contexts. 
New expertise, data or evidence can quickly be integrated 
into the model as a submodel. This may include popula-
tion studies that prompt a revision of current population 
estimates, studies regarding one or more threatening 
processes, or outcomes from an implemented management 
action. Further, additional threatening processes, such as 
climate change or adverse fire regimes, could be added to 
the model if new data (elicited or otherwise) become 
available. In addition, the style and structure of this model 
could be adapted to different threatened species and other 
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conservation problems. Individual components of the model 
may be refined through further elicitation. For simplicity, 
the carrying capacity of the habitat was assumed to be 
linearly related to an increase in habitat area. In addition, it 
was assumed that carrying capacity would not be exceeded, 
even when pressures from other threats were reduced. This 
assumption may not hold in all situations; koalas can 
become overpopulated in the absence of regulating impacts 
(Masters et al. 2004; Whisson et al. 2016). However, to 
date this has not been an issue in NSW. 

There are several limitations to the model designed for 
this study. Firstly, the koala populations in this study area 
face multiple threats. This model considered the recognised 
top six local management actions to address those threats. 
We have not included climate-related threats, such as 
drought, fire and heatwaves (Lunney et al. 2012, 2020), 
and although some mitigation is possible at the local level, 
long-term management actions to address these broad and 
globally important issues require input at state, national, 
and international levels. We have addressed those threats 
that have been identified as most relevant when mitigation 
actions are implemented at a local or regional scale. We 
suggest that habitat protection and restoration are among 
the local solutions to mitigate climate change. Last, the 
model does not incorporate rare events, such as the 
catastrophic bushfires in 2019–2020. 

Conclusion

This study has confirmed that multiple actions are required 
to manage threats to koalas in north-east NSW, and that 
the contribution of each action varies from place to place. 
We predict ongoing losses of the koala populations if no 
changes are undertaken, as well as various rates of recovery 
when different combinations of management actions are 
implemented effectively. The model outcomes are important 
for the region because they can be used by the local 
governments to help direct their coordinated efforts to 
maximise koala conservation benefits and guide strategic 
planning. The value and utility of local knowledge from 
those involved with the ongoing survival of the local 
koala populations is highlighted – their expertise can be 
incorporated through an elicitation process to facilitate 
targeted conservation outcomes. Bayesian networks can be 
used to structure this knowledge to help decision makers 
decide on immediate actions for management. The design of 
the model presented here also captures areas of uncertainty 
that could benefit from further research or monitoring, as 
well as targeted research to help refine the models and 
ensure they remain relevant and tuned to address local- and 
regional- scale issues. The design of the model described 
here could be easily adapted to different species or conserva-
tion contexts. It is easy to update as new evidence become 

available, making it valuable in adaptive management to 
address local to landscape-scale conservation problems. 

Supplementary material

Supplementary material is available online. 
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