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Invasive environmentally transmitted parasites have the potential to cause
declines in host populations independent of host density, but this is rarely charac-
terized in naturally occurring populations. We investigated (1) epidemiological
features of a declining bare-nosed wombat (Vombatus ursinus) population in cen-
tral Tasmania owing to a sarcoptic mange (agent Sarcoptes scabiei) outbreak, and
(2) reviewed all longitudinal wombat-mange studies to improve our understand-
ing of when host population declines may occur. Over a 7-year period, the
wombat population declined 80% (95% CI 77-86%) and experienced a 55%
range contraction. The average apparent prevalence of mange was high 27%
(95% CI 21-34), increased slightly over our study period, and the population
decline continued unabated, independent of declining host abundance. Com-
bined with other longitudinal studies, our research indicated wombat
populations may be at risk of decline when apparent prevalence exceeds 25%.
This empirical study supports the capacity of environmentally transmitted para-
sites to cause density independent host population declines and suggests
prevalence limits may be an indicator of impending decline-causing epizootics
in bare-nosed wombeats. This research is the first to test effects of density in
mange epizootics where transmission is environmental and may provide a
guide for when apparent prevalence indicates a local conservation threat.

1. Introduction

Invasive pathogens cause substantive impacts on wildlife populations and can
have long-term consequences for population trajectories [1]. Theory often suggests
host density plays an important role in disease outbreaks and population declines
(density dependence), particularly for directly transmitted pathogens [2]. Hence,
as a host population declines, pathogen prevalence may also gradually decline
in accordance with diminished host contacts and the pathogen-specific time
between infection and mortality. However, theory also suggests declines may
occur independent of density where pathogen transmission is environmental [3-
5]—that arising from free-living pathogen stages able to persist for lengths of
time independent of the host and cause infection on host contact with fomites
[6]. Hence, as host density declines, host encounter rates with fomites may
remain unimpacted, meaning prevalence of disease remains high and a disease
outbreak continues unabated [5]. In extreme cases, near or complete extirpation
of host populations can result because of environmental transmission [7]. How-
ever, empirical examinations of density independence of environmentally
transmitted pathogens are rare in naturally occurring populations.

Among the most invasive and impactful of mammalian parasites is the astig-
matic mite Sarcoptes scabiei, which causes sarcoptic mange (termed scabies in
humans) [1,8]. The parasite was dispersed associated with European colonialism
and now forms a globally invasive panzootic (documented to infect at least 148
mammal species) [8]. Depending on host species S. scabiei has emerged or is
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emerging, with transmission spanning direct to environmental
modes [9]. Where S. scabiei has emerged and become estab-
lished, post-invasion epidemiological dynamics are variable,
including endemic disease and outbreaks that cause local
declines and extirpations [10,11]. Host density is often pro-
posed as causally associated with S. scabiei induced
population declines [10,12-15]. However, given variable trans-
mission modes, declines may also occur independent of host
density where transmission is dominated by environmental
fomites. Density independent dynamics of environmentally
transmitted S. scabiei are yet to be assessed for any host species.

Bare-nosed wombats (Vombatus ursinus) typify complex
post-invasion dynamics of a virulent pathogen. Bare nosed
wombats are large fossorial marsupial herbivores that are
non-territorial, live largely solitary lives (meaning direct
contacts are rare outside of mating), and share burrows asyn-
chronously owing to burrow switching every 1-9 days [16,17].
Sarcoptes scabiei was introduced to Australia by Europeans and
their domestic animals (likely multiple times since the late
1700s), with records of infection in wombats dating back
over a century [18,19]. Sarcoptic mange is the most important
disease affecting bare-nosed wombats, killing individuals it
infects [20,21]. Exposure to S. scabiei occurs in burrows [22],
with environmental transmission driven by burrow switching
behaviours [17], which theory suggests it may or may not
be linked with local density (based on above ground popu-
lation counts [10]). Evidence suggests bare-nosed wombat
populations predominantly sustain S. scabiei independent
of other mammals [7], populations often persist in the pre-
sence of mange, and can also become disease free [10,23].
However, outbreaks driving gradual declines also occur [7],
and epidemiological features associated with declines are
rarely understood.

We describe a declining wombat population owing to sar-
coptic mange and evaluate evidence of density independence
and range contraction. We then compile and contrast all pub-
lished literature on longitudinal wombat population studies
where mange disease is reported, and examine if limits
exist between mange and wombat population trajectories.
Collectively, we characterize epidemiological features associ-
ated with variable post-invasion host-pathogen dynamics
of an environmentally transmitted parasite.

2. Material and methods

(a) Study site and surveys
This research was undertaken on private property in the central
Tasmanian highlands (average elevation 650 m.a.s.l.). The site is
characterized by highland Poa grassland, partially modified
by stock grazing, surrounded by Eucalyptus dalrympleana,
E. pauciflora and E. delegatensis dry forest and woodland [24].
Following detection of wombats showing signs of mange disease
in 2014, surveys commenced in 2015 and were conducted
through to 2022, with a gap in surveys between 2018 and 2020.
Occurrence of mange disease at the site prior to 2014 is
unreported, suggesting it was either absent or at low prevalence.
We undertook 29 survey trips, with most lasting 2-3 survey
days to record counts of wombats and wombats with mange
within our study area. Three surveys lasted 1 day and one
lasted 4 days. On each occasion surveys of wombats and their
signs of mange were undertaken by observation using estab-
lished methods [7,25]. Briefly, surveys were conducted from
late afternoon to dusk, walking a 4.4 km transect. Each observed

wombat was assessed for clinical signs of mange (characteristic
patterns of alopecia and hyperkeratosis [25]) using 10 x 42 mag-
nification binoculars. For each observation, the location of the
wombat and their mange status was recorded. In instances
where the wombat fled or disappeared down a burrow before
a mange assessment could be made, its location was recorded,
but mange status was listed as unknown. Survey frequency
varied across the 8-year study period, being most frequent in
2016 and 2020-2022, and can are broadly grouped into two
defined time periods: 2015-2018 and 2020-2022.

In addition to dusk surveys, to ensure robust confirmation of
population decline, we made efforts to survey wombats during
the day (cooler temperatures at the site’s elevation means wom-
bats are often out during the day) and at a night by spotlight. As
these additional surveys did not impact study findings and there
was no perceivable overlap in counted individuals, all surveys on
a given day were combined. We stress that wombat counts are
necessarily an index of true population size, and counts have
been shown to correlate among survey methods, suggesting
they are representative [26].

We explicitly use the term ‘apparent prevalence’ to describe
the relative proportion of the wombat population showing
signs of sarcoptic mange. Diagnosis of S. scabiei infection is
based on visual signs of disease (mainly alopecia and hyperker-
atosis) that have been verified against other clinical diagnostic
techniques [27]. Visual diagnosis of early stage S. scabiei infection
is inherently variable, so estimates of mange prevalence are likely
conservative in most instances [27].

Finally, we compiled all studies reporting longitudinal sur-
veys of wombats and where mange disease was also reported,
extracted study location, duration, number of wombats observed
and apparent prevalence of mange. This evaluation of literature
was undertaken to assess if there was any relationship between
the apparent prevalence and wombat population trajectories.

(b) Statistical analyses

All analyses were undertaken in R v. 4.0.3 using the ‘stats’, ‘rio’,
‘lubridate’, ‘stats4’, ‘arm’,'Ime4, ‘adehabitatHR’, ‘rgda’ and ‘sp’
packages. Wombat data were used as wombats observed per
survey day to account for minor variation in the number of sur-
veys in a given day and because the same transect (4.4 km) was
repeated. A generalized linear mixed model (GLMM) was used
to evaluate changes in wombat abundance (our response vari-
able) with time period (2015-2018 versus 2020-2022) and
apparent prevalence of mange as predictor variables, and
survey trip as a random effect. We excluded date from this analy-
sis as it was confounded with time period, and the analytical
outcomes were consistent. We additionally investigated whether
the probability of a wombat being assigned as mange positive
changed between the time periods using a GLMM with a bino-
mial error distribution and survey trip as the random effect.
For readers who prefer to see prevalence as the response vari-
able, we also provide data and analyses in this representation
(electronic supplementary material, S1)

Finally, we investigated if the distribution of wombats shifted
between the two time periods by calculating and comparing the
100% minimum convex polygon (MCP) around wombat obser-
vation points in 2015-2018 versus 2020-2022. In preliminary
analyses we considered a range of MCP sizes (100%, 90%, 80%,
70%) finding the same general conclusion was reached regardless
(electronic supplementary material, S2).

3. Results

Across 29 survey trips, we undertook 60 individual surveys
between 2015 and 2022. Twenty-two surveys were undertaken
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Figure 1. Declining wombats per survey day over time (a) and time period (b), increasing apparent prevalence of sarcoptic mange over time (c) and time period
(d), and density independent relationship between wombats per survey day and the apparent prevalence of sarcoptic mange (e). Position of points jittered in (b)

and (d) for visual clarity.

from 2015-2018 (12 trips), no surveys occurred from 2018-
2020, and 38 surveys were undertaken from 2020-2022 (17
trips). A total of 182 wombats were observed (mean wombats
per survey day 3.0, 95% CI 2.5-3.6). Sarcoptic mange was
observed throughout the study with an average apparent
prevalence of 26.9% (95% CI 20.8-33.7).

(a) Characteristics of a declining wombat population
The average number of wombats observed per survey day
declined by 80% (95% CI 77-86%) across the survey trips,
from 5.9 (95% CI 5.3-6.4) during 2015-2018 to 1.4 (95% ClI
0.8-2.0) during 2020-2022 (figure 1a,b). The apparent preva-
lence of mange for the two time periods increased from 21.7%
(95% CI 15.2-29.3) to 39.6% (95% CI 27.2-53.1), respectively
(figure 1b,c). It is notable that the smaller number of wombats
per survey day during 2020-2022 meant estimates of apparent
prevalence were inherently more variable (range 0-100% per
individual survey, figure 1c,d).

The decline in the average number of wombats per survey
was associated with time period (2015-2018 versus 2020-
2022) and was unrelated to the apparent prevalence of
mange (figure 1, Gaussian GLMM: time-period F=9.83, p =
0.004; prevalence F =2.41, p =0.122). Notably, the probability

2015-2016

2020-2021

mange status
@ infected
©® healthy
© unknown

Figure 2. Reduction in the distribution of wombats from a site in central
Tasmania between time periods 2015-2018 and 2020—2022, and mange dis-
ease status of wombats.

of a wombat being assigned as sarcoptic mange positive did
not decline as the number of wombats per survey reduced
between the time periods, but rather increased (binomial
GLMM!: time-period z=2.16, p =0.031).
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Table 1. Longitudinal studies of wombat populations documenting apparent prevalence of sarcoptic mange and population trajectories. TAS = Tasmania, n

NSW = New South Wales, NP = National Park.

location (state) study timeframe

Bronte Park (TAS) 2015-2022 26.9 (182)
Narawntapu NP (TAS) 2010-2019 33.9 (103)
Forest|er Penmsula (TAS) 2017-2019 .2 (419)
(ape Portland (TAS) 2017-2019 (1118)
Flinders Island (TAS) 2018-2019 .0 (179)
Cradle Mountain (TAS) 2016-2019 .0 (413)
Wolgan Valley (NSW) 2011-2017 24.9 (1342)
Badger Grouhd (NSW) 2015-2017 13.6 (176)
Eagle’s Drift (NSW) 2015-2017 18.0 (137)

The distribution of wombats in the study area also
contracted between the two study periods (figure 2). Pro-
portional range contraction was estimated at 54.9%, based
on a 100% MCP of 74km’ in 2015-2018 to 4.5 km’
2020-2022. Range contraction was supported regardless of
MCP size (electronic supplementary material, S2).

(b) Longitudinal studies of wombat population

trajectories in relation to mange

Including the present study, we identified nine published
longitudinal studies documenting wombat population trajec-
tories where mange disease was also documented: six from
Tasmania and three from New South Wales (table 1). Study
durations ranged from 2-9 years and the count of wombats
from 79-1342. Of the nine studies, two documented mange
outbreaks driving declining wombat populations, with aver-
age apparent prevalence estimates 27.7% and 33.9%. By
contrast the average apparent prevalence of sarcoptic
mange among remaining studies was 10.1% (range 0.0-
24.9). Some inter-surveyor differences may exist in the diag-
nosis of mange across studies, particularly between the
NSW and Tasmanian studies. Nevertheless, the general pat-
tern among this limited study set was for population
declines to be observed when mange prevalence was greater
than 25% and stable when less than 25%. This interpretation
may indicate the population at the NSW Wolgan Valley site
to be at risk of decline (apparent prevalence 24.9%).

4. Discussion

Invasive environmentally transmitted parasites have poten-
tial to cause declines in host populations independent of
host density, but the empirical features associated with vari-
able host and pathogen dynamics are rarely studied in
naturally occurring populations. Here, we investigated the
epidemiological features of a declining wombat population
owing to a sarcoptic mange outbreak, and contrasted longi-
tudinal wombat-mange studies to help understand when
host population declines are likely to occur. The study popu-
lation declined by an average of 80% between 2015-2018 and
2020-2022, exhibiting a high (27%) and slightly increasing
apparent prevalence of mange. The population decline was
characterized by a 55% range reduction within the study

% mange prevalence (wombats surveyed)

population trajectory reference

decline present study
dedine ‘ Martin et al. [7]
stable Driessen et al. [22]
‘ stable - ‘ ‘ Driéssen et al. ‘[‘22]
stable Driessen et al. [22]
stable Driessen et al. [22]
stable Stannard et al. [28]
stable ‘ ‘ Stahnard et al.‘ {28]
stable Stannard et al. [28]

area. Combined with other longitudinal studies, our research
suggests wombat populations may be at risk of decline
when the apparent prevalence exceeds 25%. This empirical
study supports the capacity of environmentally transmitted
parasites to cause density independent declines in host
populations and suggests prevalence limits may be a useful
indicator of impending epizootics.

This study represents the third formally documented
decline of bare-nosed wombats owing to sarcoptic mange
outbreaks. The first S. scabiei-driven decline for any host
species was by Gray [29], who discussed the severe decline
of bare-nosed wombats over a 5-year period in southern
NSW. Although no empirical data were presented, descrip-
tions suggest the decline was likely greater than 80%. More
recently a detailed empirical description of S. scabiei causing
a 94% decline of wombats in northern Tasmania was made
by Martin et al. [7]. Like the present study, a host range
reduction was also documented [7], and very low numbers
of wombats continue to occur there [23]. Host population
declines associated with S. scabiei are widespread in affected
mammals, such as red-fox [30-32], kit fox [33], vicufia [34,35],
ibex [36,37], chamois [38], grey wolf [11] and coyote [15].
Importantly, this research is the first to test for the effect of
density in mange epizootics where transmission is principally
environmental [9].

A general feature of S. scabiei outbreaks across host
species is the extended timeframe over which epizootics
take place. Mange outbreaks typically take years to spread
through host populations [8], in contrast with many other
important wildlife pathogens causing host declines (e.g.
[39-41]), although not all (e.g. [42]). Whether a host popu-
lation experiences a decline owing to S. scabiei may be
governed by a range of factors, and indeed factors shaping
transmission of S. scabiei vary across host species [9]. A
recent study by Beeton et al. [10] suggested epidemiological
outcomes of S. scabiei in bare-nosed wombat populations
could be determined by host density, environmental survival
of the parasite, host shedding of S. scabiei into burrows, and
the rate at which wombats switch burrows. Our research
suggests that once an outbreak is initiated, the abundance
of bare-nosed wombats (measured as counts of individuals
above ground) plays little role in modifying outbreak pro-
gression, pathogen prevalence or host decline. Similarly
Martin et al. [7] also showed an outbreak in wombats contin-
ued unabated, regardless of host abundance. These findings
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are consistent with theory, suggesting environmentally trans-
mitted pathogens can have density independent transmission
and cause local population extirpations [2,4]. Further research
on mechanisms underscoring environmental transmission of
S. scabiei among bare-nosed wombats would be valuable.
Absolute host abundance/density may not be the most criti-
cal factor, and a relative metric such as the ratio of burrows
per wombat may be more useful, as this could dictate the
extent of shared space use and probability of environmental
exposure [17]. Given wombats have relatively small and
fixed home ranges, the combination of burrow switching,
ratio of burrows per wombat, and home range stability
may explain why declines continue when host densities are
low, and reciprocally, why the apparent prevalence of
manage can remain stable in some populations over time
[23,43].

A potentially valuable outcome of this study is the
relationship between apparent prevalence of mange and
whether a wombat population remains stable or declines.
While the apparent prevalence threshold of 25% we ident-
ified is necessarily tentative because of the relatively small
number of studies available, it does provide a reference
from which other studies may conservatively consider a
warning of local conservation issues. It is also important to
acknowledge apparent prevalence is a conservative estimate
of true S. scabiei prevalence in wombat populations [27].
Under-diagnosis rates are poorly understood, particularly at
early stages of infection, and some research suggests ‘true’
prevalence estimates could be 25% higher than apparent
prevalence during epizootics [27]. Similarly, population
level prevalence estimates may vary among observers,
owing to expertise in diagnosing clinical signs. This

contributes to some caution in our interpretation of mange
prevalence and host decline relationships. However, among
the Tasmanian studies a similar consistency of researcher
training has been used, giving some confidence that the
25% value may be reasonable.
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