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ARTICLE INFO ABSTRACT
Keywords: Determining the role of an infectious agent in contributing to wildlife population declines is a pervasive problem
Declines in the field of conservation biology. We expand on a recently proposed broad investigative approach for disease,
Koala with a systematic framework outlining the specific types of individual- and population-scale empirical evidence
Phascolarctos cinereus required to demonstrate whether a pathogen is a component cause of declines in wild animal populations. Using
Conservation koala (Phascolarctos cinereus) population declines and their putative association with the bacterial disease
Framework .. . . . . . .
Review chlamydiosis (Family Chlamydiaceae) as a case study, we review the relevant published literature and synthesize
Misconception a logical conceptual argument based on our suggested framework. Available empirical evidence supports a role
Evidence for chlamydiosis contributing to host mortality and sterility, and cannot rule out a role of chlamydiosis as a
Disease component cause of koala population declines. However, the relative importance of chlamydiosis (among other
Chlamydia threatening processes) as a driver of changes in koala demography and autecology may differ depending on the
particular population or system examined, and this has yet to be elucidated over the koala's distributional range.
Our approach allows us to highlight current research gaps in order to assist with future policy planning and
conservation strategy. We recommend that a similar approach will assist in the evaluation of the role of disease
in population declines in other ecological systems.
1. Introduction pathogens or diseases that deserve our attention, funding and research,
and the multitude of other potential disease-causing agents. Expanding
Does a particular pathogen or disease cause declines of wild animal on the Disease Investigation Framework presented recently by Preece
populations? This crucial question pervades the interface between the et al. (2017), in this manuscript we:
fields of disease ecology and conservation biology, across numerous
ecosystems globally (Preece et al., 2017). Infectious diseases can have 1. Specifically address pervasive misconceptions concerning the role of
dramatic, widespread and long-term effects on ecological communities, infectious diseases in declines
and are increasingly being recognised as a substantial challenge in 2. Present a detailed Evidence Framework outlining specific veterinary
endangered species' conservation (Daszak, 2000; Fisher et al., 2012; and ecological methodologies available to provide the evidence re-
Jones et al., 2008; Scheele et al., 2017; Tompkins et al., 2015). Diseases quired to assess the relative role of disease
that have been associated with vertebrate declines and extinctions 3. Demonstrate the application of this Evidence Framework with a
globally include, for example, white nose syndrome in bats, West Nile detailed case study investigating the role of chlamydial disease in
Virus and avian malaria in birds, chytridiomycosis in amphibians, and koala population declines
chronic wasting disease in ungulates (Edmunds et al., 2016; George
et al., 2015; Samuel et al., 2015; Skerratt et al., 2007; Thogmartin et al., Please note that throughout this text we have used epidemiological
2012; Tompkins et al., 2015). In the applied field of conservation terms with specific meanings. For definitions concerning our usage of
biology, conservation managers, ecologists, veterinarians and policy- these terms, please refer to the glossary provided by Preece et al.

makers are regularly being called upon to distinguish between those (2017).
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Table 1
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Key challenges for determining the importance of disease among other threatening processes.

#  Challenge Description

1 Inadequate knowledge

Most systems are poorly understood; there is typically a poor level of baseline ecological knowledge, and drivers of disease dynamics and

population dynamics are not well identified (Smith et al., 2009).

2 Lack of protocols

Effective protocols are lacking for the investigation of (1) the impacts of wildlife diseases on population abundance/distribution, and (2) for

comparing the relative importance of disease among other threatening processes (Preece et al., 2017).

3 Methodological limitations

The independent effects of disease on wild animal populations are difficult to measure and evaluate with current approaches. These effects

might include reduced survival, fertility/fecundity, fitness, and changes in population structure. For example, sporadic animal mortalities may
be difficult to detect in situ due to scavenging and rapid carcass decomposition (Wobeser and Wobeser, 1992; Wobeser, 2007).

4 Limited resources

Robust conclusions require obtaining sufficient independent sample sizes with appropriately-scaled variables at replicated sites. However, these

large scale studies are expensive and difficult to achieve without cooperation between industry, government and university sectors.

5 Time-delayed response

Impacts of disease are challenging to predict, manage and mitigate, typically leading to a temporal delay between initial population declines,

recognition of disease as a threat, and development of sufficient understanding for implementation of mitigation measures (i.e., consider the
case with chytridiomycosis in amphibians; see Grogan et al., 2014; Muths and Hero, 2010; Skerratt et al., 2011a).

6 Variable priorities

Research is often limited by sociopolitical and economic constraints associated with species of varying public appeal, inconsistent funding, and

the relative lack of appropriate expertise (Grogan et al., 2014). Furthermore, policy implications of research findings may unduly influence

interpretation and reporting of results.

2. Challenges in establishing the role of disease

Recent advances have been made in outlining an approach to de-
termining the role of an infectious agent (and/or the disease it causes)
in wildlife population decline and extirpation (Preece et al., 2017;
Smith et al., 2009). However, substantial challenges (Table 1) and
misconceptions (Table 2) remain. Even overt wildlife disease, causing
epidemic or pandemic spread and associated with mass mortalities,
may still take considerable time to recognise and diagnose (e.g. chy-
tridiomycosis, white nose syndrome and dramatic mortalities of saiga
antelope (Saiga tatarica) in Kazakhstan; Milner-Gulland, 2015). In
contrast, our capacity for recognizing disease as a more subtle com-
ponent cause (Wensink et al., 2014) of population declines, among
other threatening processes, is currently limited (e.g. the sudden dis-
appearance of the woylie (Bettongia penicillata) in Australia; Wayne
et al., 2015).

Addressing these challenges in practice requires a transdisciplinary
approach bridging veterinary science, epidemiology/disease ecology,
general ecology, and conservation biology fields. It requires not only
recognizing and appreciating the tools and expertise utilized by the
various disciplines in solving these problems, but respecting the validity
of these various methodologies. Discipline-specific jargon and research
silos can result in ineffective transdisciplinary communication and in-
terpretation of data and results, as well as misconceptions surrounding
the potential role of pathogens and disease in host population declines
(Table 2).

There is a long history of the development of criteria for causal
inference, from the early work of David Hume (Hume 1739-1740) to
the well-known Henle-Koch Postulates (Box 1; Evans, 1976), to more
recent applications (Plowright et al., 2008). While these methods for
“testing” the plausibility of causal associations are essential and ex-
tremely valuable, no single set of “rules” will be suitable for all sce-
narios, and all have their exceptions. For example, the Henle-Koch
Postulates (Box 1), widely used for identifying and confirming the
causative agent of an infectious disease within an individual, are in-
appropriate criteria for non-infectious, multifactorial, and chronic dis-
eases due to their focus on pathogen isolation (Evans, 1976). Further-
more, no single study is able to definitively prove an association
between a pathogen and population declines, and thus contemporary
scientific inference demands corroboration of the results via multiple
studies.

3. Evidence framework
The Disease Investigation Framework provided by Preece et al.

(2017) (see Box 2) outlines a series of steps for investigating cases of
wildlife population decline where disease is a putative cause. Here, we

expand on the three components of this process (steps 6, 7 and 9 in Box
2) that are most challenging in subtle cases of disease-associated decline
(i.e. where pathogens are present, but mass mortalities are not ob-
served). Our Evidence Framework (Fig. 1) provides a structure for
identifying disease-associated wildlife declines where disease cannot be
clearly ruled out as a causal factor.

In our Evidence Framework (Fig. 1) we separate disease processes
into two scales — the individual host scale (Fig. 1A) and the host po-
pulation scale (Fig. 1B). To confirm that a pathogen may potentially
contribute to population declines, it should be demonstrated to be
having an effect at both of these scales. In the figure columns we outline
the main effects that pathogens can have on individual fitness
(Fig. 1AI) and population size (Fig. 1BI), together with evidence re-
quired to demonstrate these effects (Fig. 1AIl and 1BII), and a suite of
veterinary and ecological methods by which this evidence can be
provided (Fig. 1AIIl, BIII and examples provided in Fig. 1AIV, BIV). We
define “individual fitness” following Barrows (2011) as “an individual's
relative contribution to the gene pool of its next and future genera-
tions”.

To use the Evidence Framework, at the individual host scale
(Fig. 1A), it is important that a pathogen of interest should both be
proven to be present (Fig. 1AIl), and demonstrated as causally asso-
ciated with one or more of the listed effects (Fig. 1AIb—d) on individual
hosts. It should be noted that lack of proof of pathogen presence does
not confirm its absence without appropriate test sensitivity, sample
sizes and study power (Skerratt et al., 2011b). Veterinary pathologists
are well situated to collect appropriate evidence (Fig. 1AII) for causally
associating tissue or organ dysfunction (Fig. 1Allc) with pathogen
presence (Fig. 1Alla) and consistent clinical signs (Fig. 1AIlb). Their
expertise may be called upon to confirm lack of a more plausible cause.
Specific laboratory diagnostic testing is usually required to provide
evidence for consistent host physiological and immune responses.
Ecologists may be best suited to provide evidence concerning other
forms of reduced fitness (Fig. 1Alc) and behavioural changes (Fig. 1AId)
in individuals with evidence of disease. While evidence for these latter
effects is supportive, it is not in itself sufficient, and veterinary ex-
aminations are still required.

At the host population scale (Fig. 1B), the effects of negative po-
pulation growth (Fig. 1Bla) and/or increased population vulnerability
(Fig. 1BIb) should be demonstrated in association with the presence of
disease in individuals (Fig. 1BIIa). Although not essential for confirming
disease as a potential component cause of declines, identifying and
examining the relative importance of other threatening processes pu-
tatively contributing to population declines can help elucidate the re-
lative role of disease, and/or the presence of any synergisms or inter-
actions between threatening processes and their effects on populations.
It is also important to recognise that population decline need not be
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