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Abstract
1. There are multiple demands for the development of effective and sustainable 

disease management practices in wildlife, but solutions are widely lacking. In this 
perspective, we focus on the need to structure research to support advance-
ment toward enhanced wildlife disease control solutions. We concentrate on 
the need for improved integration between wildlife disease management under-
taken in situ with modelling to guide and assess disease management actions.

2. We recognise that many disease management attempts in wildlife are made in 
isolation, are not supported by modelling and are not used as a stepping stone to 
advancement. However, we emphasise that the development of disease control 
practices in wildlife is greater than any one management attempt, and should 
be seen and undertaken as a set of systematic steps towards well- articulated 
management goals.

3. We describe modelling of disease management and in situ disease management 
as two complementary phases of investigation, viewed as a feedback loop to 
support advancements, and highlight established and less established pathways 
in this loop. We describe how stakeholders engaged in practical management 
actions can better engage with modellers, and also the need for more fit- for- 
purpose modelling that captures the on- ground realities of in situ practice to 
support advancements.

4. The concepts and approaches described in this perspective are captured within 
a Model Integrated Disease Management for wildlife framework. We illustrate 
the framework, concepts and challenges proposed in this perspective using 
a case study for which we have experience: sarcoptic mange (etiologic agent 
Sarcoptes scabiei) in bare- nosed wombats (Vombatus ursinus).

5. Synthesis and applications: Effective and sustainable solutions to critical wild-
life diseases are needed. Progress can be improved when disease manage-
ment is guided through iterative and fit- for- purpose integration between 
modelling and in situ practice. We describe and illustrate a Model Integrated 
Disease Management for wildlife framework. Moving beyond isolated disease 
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1  |  INTRODUC TION

A critical need has emerged for the development of management 
practices that address the deleterious real- world impacts posed 
by, often invasive, pathogens causing disease in wildlife (Langwig 
et al., 2015; Peters et al., 2019). Conceptual and technological ad-
vances in disease ecology and disease modelling over recent de-
cades have revolutionised our understanding of the impacts and 
dynamics of many wildlife diseases. Despite this, our ability to man-
age disease in free- ranging wildlife populations is still in its infancy 
(Joseph et al., 2013), with few records of management that is both 
demonstrably effective and sustainable. Indeed, the management 
of invasive pathogens causing disease in wildlife remains among 
the most challenging and pressing of frontiers in conservation, vet-
erinary epidemiology and disease ecology (Tompkins et al., 2015; 
Whilde et al., 2017). In this perspective, we use our expertise in 
applied ecological, veterinary and mathematical biosciences to 
highlight an area limiting advancement in effective management of 
infectious diseases in wildlife— the integration of modelling with in 
situ disease management in a systematic solutions- focussed feed-
back framework. Here, we emphasise the methodological steps that 
are needed to improve this integration, thereby facilitating progress 
to overcome barriers in the development of effective wildlife disease 
management solutions.

Wildlife disease management is exceptionally challenging, and we 
begin with some important acknowledgements. First, there are mul-
tiple contexts where demand for disease management in wildlife is 
generated. Principally, these include the following: conservation (e.g. 
amphibian chytridiomycosis, Whilde et al., 2017, bat white- nose syn-
drome, Fletcher et al., 2020); animal welfare concerns (e.g. sarcoptic 
mange in wombats, Martin et al., 2019); spillover risks to other spe-
cies including humans and domestic animals (e.g. bovine tuberculosis 
in badgers, Woodroffe et al., 2016, SARS- CoV- 2, Olival et al., 2020); 
game management (e.g. chronic wasting disease in deer, Winter & 
Escobar, 2020); and restoration of ecosystem functioning (e.g. am-
phibian chytridiomycosis, Rantala et al., 2015, sarcoptic mange in 
vicuña, Monk et al., 2022). Second, disease management in wildlife 
is focused on delivering the greatest benefit across diverse desired 
outcomes and is more nuanced than eradication, which is sometimes 
mistakenly viewed as the only worthwhile management approach 
(Joseph et al., 2013; Wobeser, 2002). Non- eradication examples in-
clude strategies that focus on suppression of clinical disease signs 
among target individuals or at the population level (e.g. Swinnerton 
et al., 2005); reduction of total pathogen prevalence in populations 

(e.g. López et al., 2009); and avoidance of outbreaks through mon-
itoring and intervention when tolerance thresholds are exceeded 
(e.g. Potapov et al., 2012). Third, there are challenges in wildlife 
disease management that differ from, or are in addition to, disease 
management in humans and domestic animals. Some differences are 
wildlife are free- ranging may occur on private lands that are inac-
cessible (e.g. Schumaker et al., 2012), are generally non- compliant 
with therapeutic interventions (e.g. Martin et al., 2019), and dis-
ease management may involve multiple species simultaneously (e.g. 
Wobeser, 2002). Fourth, for pathogens that infect both wildlife and 
non- wildlife, there may be a need to include human and domestic 
animal health management approaches, together with risk commu-
nication and strategic biosecurity interventions (Peters et al., 2019). 
Fifth, disease management in wildlife involves consideration of ex-
pertise from a range of perspectives (e.g. management agency, in-
digenous, academic) and disciplines (e.g. veterinary, population and 
ecosystem ecology, policy; Joseph et al., 2013; Wobeser, 2002). 
Sixth, consideration increasingly needs to also be made as to how 
disease management might negatively impact processes of adap-
tation in populations (e.g. evolution of tolerance/resistance, selec-
tion on behaviours), or perversely give rise to other health impacts 
(e.g. loss of microbiome components, behavioural stress; Mounsey 
et al., 2022; Vander Wal et al., 2014; Wobeser, 2002).

An array of epidemiological modelling techniques exist that are 
applicable to wildlife disease issues (Keeling & Rohani, 2008), such 
as ordinary differential equations, network modelling, individual- 
based models, matrix models, movement models and state- space 
models. However, many wildlife disease management attempts are 
made independent of modelling (Joseph et al., 2013). On the surface, 
an absence of epidemiological modelling in disease management 
practices may appear an underappreciation of the complex nonlin-
ear dynamics of infectious pathogens in populations. However, in 
our experience, this is rarely the case. More commonly, there is a 
mismatch between working and collecting data in the field and the 
parameter and technical demands of modelling (McCallum, 2016), 
which we focus on here, and also recognise can be compounded by 
poor engagement between modellers and practitioners. Illustrative 
scenarios of modeller- practitioner mismatch are where management 
actions may be required at short- notice limiting time for modelling to 
be undertaken; practitioners may lack technical familiarity with the 
value of contemporary modelling approaches for their applied needs 
and so not seek engagement; and in situ management may change 
over time creating challenges for modellers to incorporate for man-
agement needs. We posit that an inevitable outcome of inadequate 

management attempts into a structured process of advancement can help over-
come barriers to tackling pathogens threatening wildlife.

K E Y W O R D S
conservation management, disease control, emerging infectious disease, endemic disease, 
model guided, pathogen management, translatable solutions, wildlife health
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modelling integration is limited scientific progress in tackling wildlife 
disease problems.

2  |  THE VALUE OF MODEL INTEGR ATED 
DISE A SE MANAGEMENT FOR WILDLIFE

We suggest that modelling of wildlife disease management and in situ 
disease management practice can be viewed as two complementary 
phases whereby management actions and outcomes are evaluated 
in each (Figure 1). The ‘modelling phase’ simulates disease manage-
ment actions and evaluates their theoretical outcomes, whereas the 
‘in situ phase’ tests practical on- ground disease management actions 
and examines their empirical outcomes. For example, the ‘modelling 
phase’ uses existing knowledge to investigate plausible management 
approaches for situation- specific disease management (e.g. culling, 
therapeutic interventions, host movement restriction, combinations 
of actions), with outcomes supporting decisions for the ‘in situ phase’ 
where action(s) are implemented (this is also termed ‘knowledge to 
action’ in some texts, Stephen, 2022). The in situ outcomes then 
feed back to the ‘modelling phase’. The complementarity of these 
approaches is significant. Modelling is valuable for exploring vari-
able mitigation methods, has potential to be undertaken rapidly and 
can help set clear expectations of outcomes (e.g. chronic wasting 
disease, Wasserberg et al., 2009, and Batrachochytrium salamandriv-
orans, Bozzuto et al., 2020). The adoption of epidemiological mod-
els can thus support and guide in situ management actions a priori 

(e.g. Mycoplasma ovipneumoniae, Almberg et al., 2022). On- ground 
disease management efforts in wildlife are the practical applica-
tion of model- derived management recommendations, which may 
reveal unidentified or underappreciated variables relevant to man-
agement (e.g. the need for improved drug delivery methods, Martin 
et al., 2019). Hence, in situ disease management is also complemen-
tary to the modelling phase as it provides a critical empirical test of 
the validity of theory, and acts as a driver of theoretical innovation.

Where modelling and in situ components of wildlife disease con-
trol are misaligned, there are critical costs (Table 1). For in situ disease 
control, a lack of mechanistic modelling of the system can mean the 
expected outcomes of management actions are poorly defined and 
may lead to adverse outcomes, such as actions inadvertently increas-
ing pathogen prevalence (Choisy & Rohani, 2006). Logistical challenges 
associated with disease management in the field can also result in ac-
tions that are not fully conceived and are consequently short- lived, and 
alternative options may be missed, limiting or preventing steps towards 
advancement. For example, most attempts at control of amphibian 
chytridiomycosis are single approaches, but strategically combining in 
situ management methods may have a greater probability of success 
(Garner et al., 2016). Similarly, modelling that is not well integrated with 
what is happening in situ can be impracticable: suggesting management 
actions that are infeasible (e.g. Barlow, 1996); demanding parameters 
that are unobservable (e.g. transmission events); producing predic-
tions that are not identifiable in the field (e.g. cryptic wildlife mortality 
events, Garner et al., 2016); being more theoretical than implementable 
(e.g. widespread environmental decontamination, Beeton et al., 2019); 

F I G U R E  1  The systematic feedback loop characterising Model Integrated Disease Management for wildlife to support the advancement 
of solutions. Established research pathways (solid arrows) and common gaps (dashed arrows) that often limit integration between modelling 
and in situ phases of disease management in wildlife (e.g. culling, therapeutic interventions, host movement restriction, combinations of 
actions). Programmes commence with prior knowledge, leading to posterior knowledge which informs additional research and, in turn, 
more knowledge for advancing modelling and in situ phases. Key personnel involved include practitioners and modellers tasked with finding 
effective and sustainable management solutions for wildlife disease issues, as well as a broader array of stakeholders (e.g. landholders, 
indigenous and community groups, government, students).
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overlook critical variables relevant to management outcomes; and be 
inflexible to the types of adaptive management that invariably happen 
with on- ground practice (e.g. adopting new therapeutic agents and 
therapeutic agent delivery methods, changing host capture and mon-
itoring techniques and frequencies, and adapting the frequency of in-
terventions to accommodate field logistics). In the worst case scenario, 
disease management practices that are not informed by prior modelling 
may lead to worse disease outcomes, for instance by underestimating 
the significance of population disturbance in driving disease transmis-
sion in some scenarios (e.g. behavioural changes in response to culling, 
Woodroffe et al., 2006). Where in situ and modelling phases are poorly 
integrated and wildlife disease management begins and ends with-
out modelling, advances do still happen, but they are typically slower, 
fragmented in nature, and may not culminate in efficient and practical 
solutions that might otherwise be identified under a more systematic 

process of advancement. For example, recent modelling of sylvatic 
plague in black- tailed prairie dogs suggests control to sustain prairie dog 
colonies could be more optimal if vaccine efficacy can be extended to 
18 months and administered to colony's annually, and that insecticidal 
dusting and strategic culling may still have context- dependent functions 
(Elzinga et al., 2020); conclusions that may not have been reached with-
out in situ and modelling integration.

3  |  A PRACTICAL FRAMEWORK FOR  
FIT- FOR- PURPOSE MODELLING IN WILDLIFE 
DISEASE MANAGEMENT RESEARCH

We propose that there is a need to bridge the gaps that inhibit the inte-
gration of in situ and modelling phases (see also Table 1). In particular, 

TA B L E  1  Illustrative contexts and specific examples of how the development of wildlife disease management solutions is disadvantaged 
from misaligned modelling and in situ phases of investigation and advantaged from their integration

Illustrative contexts Examples Reference

Costs— modelling of wildlife disease management not integrated with in situ actions

Parameters requested are difficult to measure 
in situ

Suggested use of R0 to decide between culling or 
vaccination strategies is not feasible to measure in a 
timely manner for in situ action

Barlow (1996)

Infeasible management actions proposed Suggested population- wide environmental 
decontamination is not a practical in situ management 
action

Beeton et al. (2019)

Predictions difficult to measure in situ Proposed use of abortifacient to control influx of 
susceptibles, but it is difficult to measure wildlife 
abortions in situ

Smith and Cheeseman (2002)

Costs— In situ wildlife disease management not integrated with modelling

Range of outcomes of management actions 
are not fully considered

Overall increased prevalence of bovine tuberculosis in 
both badgers and cattle in areas surrounding badger 
culling

Woodroffe et al. (2008)

Management outcomes are short lived Temporary reduction in helminths in pheasants following 
anthelmintic treatment program

Draycott et al. (2006)

Viability and prioritisation of management 
actions are hampered by uncertainty

Uncertainty around prioritising management actions for 
Australian frog species threatened by chytrid fungus 
remained unresolved

Skerratt et al. (2016)

Benefits— integration of modelling and in situ phases of wildlife disease management

Existing management tools are refined Increasing duration of vaccine efficacy was identified to 
help sustain black- tailed prairie dog colonies against 
slyvatic plague induced declines

Elzinga et al. (2020)

Guiding of research on drug delivery and 
therapeutic agents

Improved delivery and duration of efficacy of therapeutic 
agents were identified to improve the chances of 
sarcoptic mange control in wombat populations

Martin et al. (2019)

Tackling of uncertainty in transmission for 
decision making

Models across transmission scenarios showed selective 
culling, depopulation and translocation can help 
bighorn sheep populations recover from pneumonia 
outbreaks

Almberg et al. (2022)

Evaluation of single and combinations of 
feasible management strategies

Combined selective culling and proactive vaccination 
suggested as effective at reducing feline leukaemia 
virus in Florida panther, whereas proactive vaccination 
alone is detrimental

Gilbertson et al. (2022)

Helping set targets for stages of eradication Guiding of the intensity of management efforts in the final 
stages of rinderpest eradication

Roeder et al. (2013)
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there is a need to approach these phases as a feedback system to 
advance wildlife disease management solutions (Figure 1), which we 
term Model Integrated Disease Management for wildlife (this has an 
analogue in ecology, Restif et al., 2012). We illustrate this approach 
using a case study for which we have first- hand experience (see sec-
tion below). First and foremost, wildlife disease control practice should 
involve practitioners and modellers striving to collaborate with a com-
mon goal (effective real- world management of the wildlife disease 
issue) and a recognition that progress to solutions acceptable to stake-
holders is an iterative process including, and extending beyond, any 
one management attempt (e.g. management of bighorn sheep pneu-
monia; Almberg et al., 2022). Modellers should strive to identify and 
create models that can be most usefully applied to the management 
of the particular wildlife disease issue (e.g. CWD models needing to 
include environmental transmission; Almberg et al., 2011). This should 
include recognition that widely used epidemiological models may not 
always be the most practicable and that this is an opportunity for in-
novation to advance the science of wildlife disease management. For 
example, Martin et al. (2019) created a novel state- based model to 
improve inclusion of environmental transmission and combinations 
of specific management actions. Similarly, it is important for those en-
gaged with in situ actions to educate those with modelling expertise 
in the complexities of the system, in the sorts of activities that can 
feasibly be done and sustained in the field (and to update those as they 
change), in what is measurable and observable, and what is not (e.g. 
as illustrated by the iterative engagement involved in the eradication 
of rinderpest; Roeder et al., 2013). These interactions are not always 
easy and dialogue needs to be ongoing but they are likely to provide 
the greatest chance of achieving management goals. Based on our 
experiences, we highlight the importance of regular communication 
throughout the process, a willingness to share preliminary and imper-
fect information, and judicious consideration of adapting approaches 
throughout (the quality of interpersonal interactions are well estab-
lished as critical for team science success; Love et al., 2021). A potential 
criticism of the framework we propose is that timely windows of man-
agement intervention could be missed while a priori modelling is taking 
place (e.g. Bozzuto et al., 2020). However, in most circumstances, pre-
liminary models can be efficiently created on the basis of limited infor-
mation and still provide some insight that align with the needs of in situ 
management when decisions have to be made with haste. For example, 
Bozzuto et al. (2020) suggested non- selective removal of amphibians 
was unlikely to control Batrachochytrium salamandrivorans outbreaks. 
These types of engagements are ultimately critical for the frontier of 
wildlife disease control science to advance and translate into solutions.

Ideally, modelling should be included a priori as a routine step 
in wildlife disease management studies, allowing differing manage-
ment approaches to be iteratively explored in relevant complexity 
corresponding to conditions experienced in the field (e.g. single 
management actions such as therapeutic intervention, transloca-
tions, culling and movement restrictions, or combinations of man-
agement actions; Elzinga et al., 2020; Gilbertson et al., 2022; Martin 
et al., 2019; McCallum, 2016; Whilde et al., 2017). This step helps set 
expectations of likely management outcomes (hypotheses) and can 

be particularly important for considering feasibility, sustainability 
and approaches to evaluating effectiveness. For example Gilbertson 
et al. (2022) considered proactive and reactive strategies for manag-
ing feline leukaemia outbreaks in Florida panthers, showing syner-
gistic effects of combined management practices. New information 
generated from in situ disease control efforts should not be treated 
as an end point, but rather as the basis of crucial feedback into mod-
els, to initiate new research to address critical knowledge gaps, and 
to generate new information that can improve parameterisation 
and the specification of models. Restif et al. (2012) illustrated an 
analogous scenario in ecology where a ‘model guided fieldwork’ ap-
proach could support enhanced understanding of the epidemiology 
and disease ecology of plague, rabies and lagos virus transmission. 
Additionally, outcomes from in situ disease control efforts should be 
used for model fitting (e.g. Martin et al., 2019). This feedback can also 
help with estimating unknown parameters and improving the capac-
ity of models to inform in situ disease control actions. Although not 
the focus of this perspective, we also recognise that the conceptual 
framework we propose for advancing wildlife disease management 
may have utility for seeking solutions involving pathogen spillover 
and spillback, such as at the wildlife– livestock– human interface (e.g. 
Hampson et al., 2011; Restif et al., 2012).

The novelty of the framework we propose is in formalising a sys-
tematic feedback loop process to support advancement to solutions 
(Figure 1). Certainly, there are cases of models guiding management 
efforts (e.g. Bozzuto et al., 2020) and also, reciprocal instances (e.g. 
Almberg et al., 2022). However, a formal systematic feedback loop to 
guide advancement has, to the best of our knowledge, not been pro-
posed for wildlife disease management. It is possible that a system-
atic process analogous to Model Integrated Disease Management 
for wildlife is being embodied, although not explicitly articulated, in 
some other systems. Indeed, our efforts to embrace this approach 
for management of sarcoptic mange in wombats led us to propose 
this formalisation. Notable systems illustrating an apparent sys-
tematic modelling and in situ phase approach include feline leukae-
mia virus in Florida panther (Cunningham et al., 2008; Gilbertson 
et al., 2022), Mycoplasma ovipneumoniae in bighorn sheep (Almberg 
et al., 2022) and Yersinia pestis in black- tailed prairie dogs (Elzinga 
et al., 2020). In this perspective, we hope that clear articulation of 
Model Integrated Disease Management for wildlife will help facil-
itate the development of effective translatable solutions for other 
critical wildlife disease issues.

4  |  A C A SE STUDY OF MODEL 
INTEGR ATED DISE A SE MANAGEMENT TO 
ADVANCE SOLUTIONS FOR SARCOPTIC 
MANGE DISE A SE IN BARE-  NOSED 
WOMBATS

Sarcoptic mange disease, or scabies in humans, is caused by the 
panzootic parasitic mite Sarcoptes scabiei (Arlian & Morgan, 2017; 
Escobar et al., 2022). This parasite was introduced to Australia by 
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European settlers and their domestic animals, likely on multiple 
instances, over the two centuries of European settlement (Fraser 
et al., 2019). The parasite has spilled over into a range of Australian 
wildlife, becoming endemic within bare- nosed wombat (Vombatus 
ursinus, a.k.a. common wombat) populations (Martin et al., 2017). 
Sarcoptic mange is primarily an animal welfare issue in wombats, and 
also an occasional local conservation issue.

Through population monitoring, we documented an epizootic 
of sarcoptic mange in a National Park popular for viewing wom-
bats (Figure 2); Narawantapu National Park in Tasmania (Martin 
et al., 2018). The epizootic was driving a dramatic decline in wom-
bats at Narawntapu and surrounding areas (Carver et al., 2021). 
Visibly suffering wombats and the popularity of the National 
Park for viewing them drove demand for disease management. 
Like many disease control attempts in wildlife, we commenced a 
population- scale eradication attempt without modelling input in 
late 2015 (Martin et al., 2019). We used best available practices 
available at the time— 12 weekly treatments of 4- 5 ml Cydectin® 
(c. 1 mg/kg moxidectin) administered weekly via remote- delivery 
burrow flaps to all active burrows identified in the population— 
with the intent of creating population- scale disease resistance for 
a period sufficient for all mites to die on hosts and in the envi-
ronment (Martin et al., 2019). Our disease control attempt repre-
sented a high effort for reward scenario, whereby our significant 
efforts led to disease control during the treatment period and 
immediately after, but was not successful at eradication and the 
epizootic eventually regained its foothold, continuing to cause 
population decline.

In many instances, wildlife disease control attempts end at this 
point, without integration into a systematic feedback framework to 
advance towards solutions. We freely admit to being naive to the 
enormity of the challenge of mange control in the early stages of our 
endeavour. However, the mixed success and failure of our attempt 
also generated much valuable information that could be harnessed 
for improved disease control, particularly with input from modelling 
expertise. Through much engagement and, at times difficult, debate 
about the details of our system, the realities of on- ground manage-
ment, and what is feasible and measurable in situ, we elected to de-
velop a new state- based modelling approach that focused on the 
disease status of burrows as well as the host (Martin et al., 2019). 
This was done because we concluded: (1) most traditional epidemi-
ological modelling approaches did not easily accommodate environ-
mental transmission and (2) the specifics of most types of on- ground 
management actions were not well captured or implemented within 
traditional models and, thus, they had some limitations in being fit- 
for- our- purpose. Our new modelling approach, when applied to our 
Narawantapu study, revealed some unanticipated field difficulties 
(low treatment delivery success), and it allowed us to investigate the 
value of a range of practical options that might, on their own or in 
combination, improve disease management success (e.g. a longer- 
lasting treatment and methods associated with greater delivery suc-
cess of treatments; Martin et al., 2019).

Through integration of fit- for- purpose modelling into an in situ 
disease management attempt, our overarching goal of improved 
solutions for sarcoptic mange disease in wombats has propelled us 
in new research directions. We have undertaken new research to 

F I G U R E  2  Illustration of how we have adopted a Model Integrated Disease Management for wildlife framework in our research targeting 
effective translatable solutions to sarcoptic mange disease in bare- nosed wombats (Vombatus ursinus). Solid and dashed arrow lines 
illustrating established and common gaps in research pathways, as per Figure 1. Our research commenced with the in situ phase and we are 
now back in the in situ phase; numbers indicate the sequence of learning. Our journey has guided additional research to develop a longer 
lasting treatment and more effective delivery of the treatment.
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test a longer- lasting drug for mange control in wombats (fluralaner, 
marketed as Bravecto®), showing a single 25 mg/kg dose to be safe 
and efficacious for 1– 3 months in bare- nosed wombats (Wilkinson 
et al., 2021). The implication of this is that 1– 3 treatment doses of 
Bravecto® may lead to manage control, which is considerably more 
feasible than the larger number of doses required for Cydectin®. 
We are currently developing new tools and technologies to deliver 
treatments more effectively, and have also sought to advance our 
understanding of the environmental survival and transmission of the 
mite (Browne et al., 2021). Our new research is now being used a 
priori in our model, which has also been revised, to guide field imple-
mentation with this treatment, with a focus on more feasible imple-
mentation towards individuals with clinical disease, rather than the 
entire population. With clearer goals and outcome expectations, this 
Model Integrated Disease Management is being field tested, where 
we anticipate further lessons to be learned and enhancements to 
greater solutions to be made. While an argument could be made that 
this case study and modelling is bespoke, we are of the opinion that it 
provides lessons and tools translatable to similar situations involving 
manage in other species (Browne et al., 2022; Escobar et al., 2022), 
and possibly other similarly transmitted/controlled pathogens im-
pacting wildlife.
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