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ABSTRACT

Context. Sound taxonomy is the cornerstone of biodiversity conservation. Without a fundamental
understanding of species delimitations, as well as their distributions and ecological requirements, our
ability to conserve them is drastically impeded. Cryptic species — two or more distinct species
currently classified as a single species — present a significant challenge to biodiversity conservation.
How do we assess the conservation status and address potential drivers of extinction if we are
unaware of a species’ existence! Here, we present a case where the reclassification of a species
formerly considered widespread and secure — the sugar glider (Petaurus breviceps) — has
dramatically increased our understanding of the potential impacts of the catastrophic 2019-20
Australian megafires to this species. Methods. We modelled and mapped the distribution of the
former and reclassified sugar glider (Petaurus breviceps). We then compared the proportional
overlap of fire severity classes between the former and reclassified distribution, and intersected
habitat suitability and fire severity to help identify areas of important habitat following the 2019—
20 fires. Key results. Taxonomic revision means that the distribution of this iconic species
appears to have been reduced to 8% of its formerly accepted range. Whereas the 2019-20
Australian megafires overlapped with 8% of the formerly accepted range, they overlapped with
33% of the proposed range of the redefined Petaurus breviceps. Conclusions. Our study serves
as a sombre example of the substantial risk of underestimating impacts of mega-disturbance on
cryptic species, and hence the urgent need for cataloguing Earth’s biodiversity in the age of megafire.

Keywords: dark extinction, mammal, marsupial, mega-fire, Petauridae, Petaurus breviceps, species
distribution model, threat assessment.

Introduction

Sound taxonomy is vital to biodiversity conservation (Garnett and Christidis 2017). It
allows clear delineation of species’ distributions and population size, which facilitates
assessments of extinction risk and reveals the need for conservation interventions (Mace
2004). Regrettably, there are many examples of species’ decline and extinction being
realised only after taxonomic review (Régnier et al. 2015) — sometimes termed ‘dark
extinctions’” (Boehm and Cronk 2021). For example, a recent taxonomic revision
resulted in elevation to species status of the Christmas Island shrew (Crocidura trichura)
a decade or so after the species’ likely extinction (Eldridge et al. 2014). The cryptic
treehunter (Cichlocolaptes mazarbarnetti) of northeast Brazil was formally described in
2014 (Barnett and Buzzetti 2014), but has not been sighted since 2007 and is presumed
extinct (Lees and Pimm 2015). Cryptic species — two or more similar but distinct species
classified as a single species (Bickford et al. 2007) - present a particular challenge to
conservation, especially when a species regarded as widespread and secure contains
multiple distinct species with far narrower distributions (Beheregaray et al. 2017). As
the scale and intensity of disturbance across the globe grows, so too does the risk of
losing species to extinction before they are described (Boehm and Cronk 2021).
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The 2019-20 Australian megafires commanded global
attention. From August 2019 to March 2020, more than 10
million hectares of south-eastern Australia burned in
wildfires, much of it at high severity (Nolan et al. 2020;
Wintle et al. 2020). These fires affected habitat for 832
native vertebrates, with 70 of these taxa having >30% of
their known habitat burned (Ward et al. 2020). While the
megafires burned, scientists were in the final stages of
re-defining the taxonomy of a charismatic species — the
sugar glider (family Petauridae) - previously considered
widespread and secure. Using a combination of morpho-
logical and genetic data, this taxonomic revision identified
these small, arboreal, gliding marsupials to be three distinct
but cryptic species (Cremona et al. 2021). This revision saw
the previously described northern sugar glider subspecies,
Petaurus breviceps ariel elevated to full species [savanna
glider Petaurus ariel (Gould, 1842)], the resurrection of a
previously synonymised species which occurs across vast

areas of eastern Australia, from South Australia to north
Queensland (Krefft’s glider Petaurus notatus Peters, 1859),
and restriction of the nominate species to coastal areas of
New South Wales and southern Queensland [sugar glider
P. breviceps (Waterhouse, 1838)] (Cremona et al. 2021). While
fires within the Australian government’s preliminary analysis
area (i.e. the area within which the bushfire season appeared
particularly anomalous) affected both P. notatus and
the reclassified P. breviceps, the latter’s distribution appears
particularly coincident with the fire-affected areas (Fig. 1).
Small gliders are known to be vulnerable to high severity
fires, likely due to a combination of direct mortality and loss of
key resources (Lindenmayer et al. 2013), especially hollow-
bearing trees (Gibbons and Lindenmayer 2002). Given this,
and the much narrower proposed distribution of P. breviceps
following taxonomic revision, there is an urgent need to
re-assess the potential impacts of the 2019-20 Australian
megafires on this species. Here, we model and map the
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Fig. I.

The area burnt by the 2019-20 Australian megafires (red) informed by the Google Earth Engine Burnt Area Map

(Department of Industry Planning & Environment (DIPE) 2020) overlayed on the former (light grey) and reclassified (dark
grey) geographic range of the sugar glider Petaurus breviceps (Waterhouse, 1838) as described by Cremona et al. (2021).
Because sugar gliders were introduced to Tasmania, we excluded all Tasmanian records. Inset: Distributions of the newly
resolved species in the sugar glider complex as assigned by Cremona et al. (2021): savanna glider (Petaurus ariel) (green);
Krefft’s glider (Petaurus notatus) (blue); and sugar glider (Petaurus breviceps).



www.publish.csiro.au/pc

Pacific Conservation Biology

distribution of the former and reclassified P. breviceps and
calculate the proportion of its habitat that burned during
the 2019-20 bushfire season. We compare the proportional
overlap of fire severity classes between the former and
reclassified P. breviceps distribution and intersect habitat
suitability and fire severity to help identify areas of
important habitat following the 2019-20 fires. Our study
highlights the vital importance of sound taxonomy for
measuring the threats posed to species, including those
from mega-disturbance.

Methods

Ethical approval

All data used and generated in this study came from publicly
accessible repositories (Atlas of Living Australia and Google
Earth Engine Burnt Area Mapping) and approval by an
animal ethics committee was unnecessary.

Occurrence data

Occurrence records of P. breviceps were collected from the
Atlas of Living Australia (https://www.ala.org.au) and were
subject to a filtering process. Because sugar gliders were
introduced to Tasmania (Campbell et al. 2018), we excluded
all Tasmanian records. We then removed dubious records by
clipping all records to either the former P. breviceps range
(based on IUCN maps; IUCN 2021) or the proposed
reclassified P. breviceps range (Cremona et al. 2021) to
create two sets of occurrence data (i.e. one each for the
former and reclassified P. breviceps). It is worth noting,
however, that the reclassified distribution of P. breviceps
proposed by Cremona et al. (2021) is an estimate based on
genetic and morphological data. Although evidence currently
suggests that the Great Dividing Range acts as the western
edge of the distribution of P. breviceps (Cremona et al. 2021),
we cannot be certain of this. However, for the purposes of this
study we have assumed it to be so. In both datasets, records
were removed if: (1) they were missing date information or
were collected before the year 2000; or (2) they had high
locational uncertainty (e.g. vague or inaccurate locations).
Records within any 1 x 1 km grid cell were collapsed into a
single record. The final filtered data base consisted of
7777 presence records within the formerly considered
geographic range, and 5089 within the reclassified range
(see Fig. S1).

Geographic range estimation

We mapped the extent of occurrence (EOO) of the former and
reclassified P. breviceps using the occurrence datasets. EOO is
defined as the area enclosed by the shortest possible boundary
containing all sites in which a species is known to be present

(IUCN 2021). We calculated EOO as a-hulls (a generalisation
of convex polygons that allow for breaks in species ranges),
using the ‘alphahull’ package in R ver. 3.6.2 (R Core Team
2021), specifying an a value of two (IUCN 2021). We
regarded EOO as preferable to area of occupancy because
maps of the latter showed clear spatial bias indicated by
high densities of records surrounding major capital cities.

Species distribution modelling

Using the Maxent algorithm, we developed species
distribution models (SDMs) based on the two occurrence
datasets outlined above (Phillips et al. 2006). We selected
SDM environmental layers based on their likely importance
to P. breviceps habitat suitability. All environmental layers
were resampled to 1 x 1 km resolution prior to being
included in models. A set of 10 000 background points
were included within the SDM to compare densities in
environmental values occupied by P. breviceps with those of
the surrounding unoccupied environment. We addressed
sample bias within the study area with a ‘target group’
background sampling approach (Phillips et al. 2009)
(see Fig. S1). We defined the target group as arboreal
mammal species occurring within the study area, including
P. breviceps. Sampling intensity for target group species was
mapped by converting species presence records of the
target group to a kernel density map using the kde2d
function of the ‘MASS’ package (Venables and Ripley 2002)
set with the default kernel bandwidth. Model performance
was measured as area under the curve of the receiver
operating characteristic plot, and the contribution of
environmental variables to the response variable was
measured as permutation importance (Phillips 2005).

Fire overlap

We overlapped the former and reclassified P. breviceps
EOO with 2019-20 bushfire severity maps from the Google
Earth Engine Burnt Area Mapping (GEEBAM; Department of
Industry Planning & Environment (DIPE) 2020). GEEBAM
classifies the cells within the fire boundary as one of five fire
severity classes: no data (cleared land, water etc.); unburnt
(unburnt and lightly burnt); low and moderately burnt
(some or moderate change post-fire); high severity (vegetation
mostly scorched); and very high severity (vegetation clearly
consumed). When calculating fire overlap, we considered
only fires occurring within the ‘preliminary area for
environmental analysis’ (following Legge et al. 2020). This
area encompasses bioregions that were deemed to have
experienced anomalously substantial fire activity during the
2019-20 bushfire season. Overlap measures were calculated
using QGIS ver. 3.14.1 (QGIS Development Team 2021).

We created a fire severity x habitat quality matrix to help
identify the spatial intersection between fire severity and
habitat quality for the reclassified P. breviceps. First, we
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classified the continuous output of relative habitat quality
derived from the SDM into four discrete classes: low quality
(relative likelihood of occurrence 0-0.25); low-medium
quality (relative likelihood of occurrence 0.25-0.50); medium—
high quality (relative likelihood of occurrence 0.5-0.75); and
high quality (relative likelihood of occurrence 0.75-1). We
then combined the reclassified SDM with the GEEBAM fire
severity layer to derive a layer with 16 unique combinations
of all combinations of habitat quality and fire severity and
mapped this across the range of P. breviceps.

Results

Based on the proposed distribution for the reclassified
P. breviceps Cremona et al. (2021), the range of the former
P. breviceps is 12 times larger than the reclassified species
range based on EOO (1 276 383 km? cf. 105 723 km?;
Figs 1 and 2). The 2019-20 fire overlapped with 8.1% of
the former P. breviceps EOO (103 931 km?) compared to
32.7% of the reclassified P. breviceps EOO (34 529 km?;
Figs 1-3). Fire severity maps showed that 13.3% of the
reclassified P. breviceps EOO burned at either high (9.6%) or
very high (3.7%) severity, compared to only 3.3% of the
former EOO falling within those two categories (high = 2.3%);
very high = 1%,; Fig. 3). Intersecting habitat quality and fire
severity showed areas of high-quality habitat were affected
by high severity fires, particularly areas in the NSW south
coast (Dampier and Bodalla State Forests; Fig. 4c). High
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Fig. 2.

quality unburned refuges within the fire boundary occur on
the mid-north coast of NSW, in areas such as Washpool and
Cottan-Bimbang National Parks (Fig. 4a).

Discussion

This study highlights the significant contribution that
taxonomic revision can make to conservation. In this case, the
taxonomic revision affected a common and long-recognised
species in an ostensibly well-known group of animals
(i.e. mammals). This revision resulted in a large reduction in
the geographic distribution of one of the three reclassified
constituent species, and a substantial increase in the
proportion of its habitat impacted by Australia’s 2019-20
megafires. Based on available evidence for the species’
extent, approximately a third of the distribution of the
reclassified P. breviceps was impacted by fire, with ~13%
severely burned, including high-quality habitat. There is no
doubt that the insufficient taxonomic resolution that plagues
most other animal classes has led to equally dramatic, yet
undetected, impacts on currently undescribed species
(Saunders et al. 2021). Thus, the full impacts of the 2019-
20 megafires on Australia’s biodiversity are unlikely to be
apparent until more species are identified and described,
and species complexes resolved (Catullo et al. 2021).

This study underscores the ongoing and considerable
potential for substantial impacts to and extinctions of unde-
scribed species (‘dark extinctions’; Boehm and Cronk 2021)
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Spatial distribution of (a) the 201920 megafires classified into fire severity classes, and two measures of the

geographic range of the reclassified sugar glider Petaurus breviceps (NIAFED, National Indicative Aggregated Fire Extent
Dataset); (b) suitable habitat derived from a Maxent model; and (c) extent of occurrence (EQO). In pane (c), range
estimate is blue and the 2019-20 fire boundaries are red. The dashed line represents the species’ range as described in

Cremona et al. (2021).
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the sugar glider Petaurus breviceps (Waterhouse, 1838) as described by Cremona et al. (2021)
that burnt in the 2019-20 Australian megafires as informed by the Google Earth Engine Burnt
Area Map (Department of Industry Planning & Environment (DIPE) 2020).

in an age of increasingly large-scale disturbances. The 2019-
20 Australian megafires burned ~10.4 million hectares, an
area nearly the size of England (Wintle et al. 2020). These
fires were not only unprecedented in their scale, but also in
their severity — some 1.8 million hectares of land burnt at
high severity. Recent megafires in California and the Amazon
(Escobar 2019; Barlow et al. 2020) were also unprecedented
in scale (although smaller than the Australian fires) and
captured the world’s attention. The footprint of mega-
disturbances across broad areas encompassed an unknown
number of undescribed species that may well become
examples of dark extinctions. Boehm and Cronk (2021)
suggest one way of avoiding ‘dark extinctions’ is to
prioritise taxonomic efforts in areas of high endemism,
especially areas of high endemism that are subject to
disturbance. Eastern Australia is recognised as an ecoregion
of high vertebrate endemism (Lamoreux et al. 2006).
Appropriately recognising threats and avoiding unknown
extinctions of undescribed species in the age of megafire
will require a significant investment in taxonomy, a field
that is under-appreciated and under-resourced (Wheeler
2004). While species are typically thought of as the base
units of biodiversity, where taxonomic resolution is
potentially unresolved, an alternative approach may be to
use genetic data to conserve lineage diversity (Rosauer
et al. 2016; Coates et al. 2018), rather than relying solely
on conserving described species diversity.

Unfortunately, there is currently very little known about
the effects of high severity wildfire on populations of sugar
gliders through their reclassified range and, although less
than ideal, we are mostly reliant on information on the
effects of high severity fire on a closely related species (i.e.
Krefft’s glider) in a different ecosystem (i.e. mountane ash
forest). A previous study of responses to high severity fire
found that Krefft’s gliders (P. notatus; formerly subsumed
in P. breviceps) were observed 3 years post-fire at just 3%
of sites burned in the 2009 Black Saturday bushfires
compared to 17% of sites in unburned mountain ash forests
(Lindenmayer et al. 2013). Encouragingly, sugar glider site
occupancy in unburnt coastal eucalypt forests appears to be
considerably higher than that of Kreftt’s gliders in mountain
ash forests. Occupancies of sugar gliders at 40-100% of
survey sites have been observed through their reclassified
range (Kavanagh et al. 1995; Wintle et al. 2005; Goldingay
et al. 2015; Goldingay 2021), potentially increasing the
likelihood and pace of recovery and recolonisation of severely
fire-affected sites. Although a study of sugar gliders in their
reclassified range found no influence of fire on P. breviceps
5-year post-fire (Kavanagh et al. 1995), fire severity was not
characterised in this study, and it is unclear whether the same
response would be observed following fires of high severity.

In some Australian forests, arboreal mammals are highly
vulnerable to the effects of severe fire, particularly obligate
hollow-users (Lindenmayer et al. 2021). While fire can play
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Fig. 4. Comparison between relative likelihood of occurrence of the reclassified sugar glider Petaurus breviceps
based on a species distribution model and fire severity mapping of the 2019-20 Australian megafires as informed
by the Google Earth Engine Burnt Area Map (Department of Industry Planning & Environment (DIPE) 2020).
(a) Washpool National Park was unburnt or experienced predominantly low severity fires in high-quality
sugar glider habitat; (b) Yengo and Wollemi National Parks experienced predominantly low to moderate fires
in low-quality habitat; and (c) Dampier and Bodalla State Forests experienced predominantly high and very
high severity fires in high-quality habitat.
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an important role in accelerating the formation of tree
hollows (Adkins 2006), it can also have a significant effect
on the death, collapse and consequent loss of large hollow-
bearing trees. Following the 2009 Black Saturday fires in
montane ash forests of Victoria, 79% of large hollow-
bearing trees died and 57-100% of dead trees or stags were
consumed by the fires (Lindenmayer et al. 2012). Given
that hollow formation in some eucalypts can take over a
century (Gibbons and Lindenmayer 2002), the removal of
such trees from the landscape can have long-lasting impacts
on arboreal fauna. However, the impacts of fire on
hollow-bearing trees in the eucalypt forests of south-eastern
Australia are somewhat context- and species-dependent.
Whilst fire has consistently been found to reduce dead
hollow-bearing tree abundance (Eyre 2005; Eyre et al
2010), more frequent fires (McLean et al. 2015) and fires of
higher severity (Salmona et al. 2018) can result in more
hollows, more frequent fires can result in fewer hollows
(Salmona et al. 2018), and less time since fire can result in
fewer hollow-bearing trees (Eyre et al. 2010; Haslem et al.
2012). Encouragingly, at least in some fire-affected regions,
sugar gliders may not be as strongly dependent on hollow
abundance as other sympatric gliders, such as threatened
yellow-bellied gliders (Goldingay 2021). Fire may also
affect some food resources for sugar gliders, which feed on
plant exudates (e.g. honeydew and nectar) and a range of
invertebrates (Smith 1982). Insect abundance also likely
declined following the 2019-20 fires, at least temporarily
(Swengel 2001; Legge et al. 2021). In the context of the
2019-20 bushfires, areas burned at high and very high
severity may result in reduced abundance and occupancy of
sugar gliders. Over what timespan these potential impacts
are felt remains unclear and likely depends on the pace
of post-fire vegetation succession, recovery rates and the
temporal patterning of future fires. Clearly, studies investigat-
ing the impacts of high severity fire (and regimes including
such fires) on populations of sugar gliders through their
reclassified range are needed to assess the realised impact
of such fires on this species.

In addition to highlighting the potential impacts of the
2019-20 bushfires on sugar gliders, while it will require
validating in the field, we have outlined an approach to
mapping the intersection of habitat quality and fire
severity. Early analyses of the potential 2019-20 post-fire
impacts on species measured the overlap between a
species range and the fire boundary (Ward et al. 2020),
but acknowledged that a more nuanced approach would
improve assessment of impacts across a species’ range.
Here, we outlined one approach for defining a habitat
quality x fire severity matrix, which facilitates a rapid
assessment of the proportion of areas that differ in their
habitat suitability that were burned at varying severities.
Mapping this matrix helps to identify key areas of interest
to conservation practitioners: key areas could be prioritised
for protection (unburned refuges) or urgent interventions

(severely burned, high-quality habitats), as well as helping
to identify areas that are relatively low priorities, such as
low-quality habitats burned at low severity. Such an
approach could be used for other species within fire-
affected areas. While this approach has broad utility for
mapping priority areas for species across large areas, due to
constraints in data resolution, it also has the potential to
overlook environmental features which are important at
the microhabitat scale. In acknowledging the potential
importance of these features to species conservation, we
suggest the current approach could be optimised with the
inclusion of microhabitat data, such that species habitat
quality can be assessed in more detail.

Our assessment of the revised taxonomic and geographic
boundaries of P. breviceps suggest a potential for large-scale
and long-term impacts of the 2019-20 megafire on this
recently reclassified species. However, it is worth noting
that very little work assessing the impacts of severe
wildfires on sugar gliders has been conducted within their
reclassified distribution. As a result, we have noted how
severe wildfires have impacted a closely related species
(P. notatus) in a different system (i.e. mountain ash;
Lindenmayer et al. 2013). Future studies investigating the
impacts of severe wildfire on sugar gliders are sorely
needed if we are to better understand the threat they pose
to this newly reclassified species. The 2019-20 fires
provide an opportunity to fill this critical knowledge gap.

In addition, where taxonomy lags behind our
understanding of the genetic structure of populations, we
suggest future studies could benefit from assessing the
impact of major disturbances on genetic lineages (see
Rosauer et al. 2016; Coates et al. 2018; Catullo et al. 2021),
striving to conserve population and lineage diversity, rather
than solely focusing on the impacts to described species.

By comparing the range of the reclassified species with fire
severity maps, we have demonstrated that this species was
potentially considerably more impacted by the megafires
than previous taxonomy indicated. This trend is likely true
for other groups suffering from poor taxanomic resolution.
Our study provides an instructive example of the
substantial risk of under-estimating impacts of mega-
disturbance on undescribed or poorly resolved species, and
hence the urgent need for cataloguing Earth’s biodiversity
in the age of megafire.

Supplementary material

Supplementary material is available online.

References

Adkins MF (2006) A burning issue: using fire to accelerate tree hollow
formation in Eucalyptus species. Australian Forestry 69, 107-113.
doi:10.1080,/00049158.2006.10676236

23


https://doi.org/10.1071/PC21045
https://doi.org/10.1080/00049158.2006.10676236
www.publish.csiro.au/pc

C. . Jolly et al.

Pacific Conservation Biology

Barlow J, Berenguer E, Carmenta R, Franca F (2020) Clarifying
Amazonia’s burning crisis. Global Change Biology 26, 319-321.
doi:10.1111/gcb.14872

Barnett JM, Buzzetti DRC (2014) A new species of Cichlocolaptes
Reichenbach 1853 (Furnariidae), the ‘gritador-do-nordeste’, an
undescribed trace of the fading bird life of northeastern Brazil.
Revista Brasileira de Ornitologia 22, 75-94. doi:10.1007/BF03544237

Beheregaray LB, Pfeiffer LV, Attard CRM, Sandoval-Castillo J, Domingos
FMCB, Faulks LK, Gilligan DM, Unmack PJ (2017) Genome-wide data
delimits multiple climate-determined species ranges in a widespread
Australian fish, the golden perch (Macquaria ambigua). Molecular
Phylogenetics and Evolution 111, 65-75. do0i:10.1016/j.ympev.2017.
03.021

Bickford D, Lohman DJ, Sodhi NS, Ng PKL, Meier R, Winker K, Ingram KK,
DasI(2007) Cryptic species as a window on diversity and conservation.
Trends in Ecology & Evolution 22, 148-155. doi:10.1016/j.tree.2006.
11.004

Boehm MMA, Cronk QCB (2021) Dark extinction: the problem of
unknown historical extinctions. Biology Letters 17, 20210007.
doi:10.1098/1sb1.2021.0007

Campbell CD, Sarre SD, Stojanovic D, Gruber B, Medlock K, Harris S,
MacDonald AJ, Holleley CE (2018) When is a native species
invasive? Incursion of a novel predatory marsupial detected using
molecular and historical data. Diversity and Distributions 24, 831-840.
doi:10.1111/ddi.12717

Catullo RA, Schembri R, Tedeschi LG, Eldridge MDB, Joseph L, Moritz CC
(2021) Benchmarking taxonomic and genetic diversity after the fact:
lessons learned from the catastrophic 2019-2020 Australian bushfires.
Frontiers in Ecology and Evolution 9, 645820. doi:10.3389/fevo.2021.
645820

Coates DJ, Byrne M, Moritz C (2018) Genetic diversity and conservation
units: dealing with the species-population continuum in the age of
genomics. Frontiers in Ecology and Evolution 6, 165. doi:10.3389/
fevo.2018.00165

Cremona T, Baker AM, Cooper SJB, Montague-Drake R, Stobo-Wilson AM,
Carthew SM (2021) Integrative taxonomic investigation of Petaurus
breviceps (Marsupialia: Petauridae) reveals three distinct species.
Zoological Journal of the Linnean Society 191, 503-527. doi:10.1093/
zoolinnean/zlaa060

Department of Industry Planning & Environment (DIPE) (2020) The
Google Earth Engine BurntArea Map (GEEBAM) v2pl.’ (State
Government of NSW and Department of Planning, Industry &
Environment). Available at https://datasets.seed.nsw.gov.au/
dataset/google-earth-engine-burnt-area-map-geebam

Eldridge MDB, Meek PD, Johnson RN (2014) Taxonomic uncertainty and
the loss of biodiversity on Christmas Island, Indian Ocean: taxonomic
uncertainty and extinction. Conservation Biology 28, 572-579.
doi:10.1111/cobi.12177

Escobar H (2019) Amazon fires clearly linked to deforestation, scientists
say. Science 365, 853-853. d0i:10.1126/science.365.6456.853

Eyre TJ (2005) Hollow-bearing trees in large glider habitat in south-
east Queensland, Australia: abundance, spatial distribution and
management. Pacific Conservation Biology 11, 23-37. doi:10.1071/
PC050023

Eyre TJ, Butler DW, Kelly AL, Wang J (2010) Effects of forest management
on structural features important for biodiversity in mixed-age
hardwood forests in Australia’s subtropics. Forest Ecology and
Management 259, 534-546. doi:10.1016/j.foreco.2009.11.010

Garnett ST, Christidis L (2017) Taxonomy anarchy hampers conservation.
Nature 546, 25-27. doi:10.1038/546025a

Gibbons P, Lindenmayer DB (2002) ‘Tree Hollows and Wildlife
Conservation in Australia.” (CSIRO Publishing: Melbourne, Vic.)

Goldingay RL (2021) General or local habitat preferences? Unravelling
geographically consistent patterns of habitat preference in gliding
mammals. Forest Ecology and Management 491, 119204. doi:10.1016/
j-foreco.2021.119204

Goldingay RL, Rueegger NN, Grimson MJ, Taylor BD (2015) Specific nest
box designs can improve habitat restoration for cavity-dependent
arboreal mammals: nest box designs favored by arboreal mammals.
Restoration Ecology 23, 482-490. doi:10.1111/rec.12208

Haslem A, Avitabile SC, Taylor RS, Kelly LT, Watson SJ, Nimmo DG,
Kenny SA, Callister KE, Spence-Bailey LM, Bennett AF, Clarke MF
(2012) Time-since-fire and inter-fire interval influence hollow

24

availability for fauna in a fire-prone system. Biological Conservation
152, 212-221. doi:10.1016/j.biocon.2012.04.007

IUCN (2021) ‘“The IUCN Red List of Threatened Species, version 2021-2.
(International Union for Conservation of Nature)

Kavanagh RP, Debus S, Tweedie T, Webster R (1995) Distribution of
nocturnal forest birds and mammals in north-eastern New South
Wales: relationships with environmental variables and management
history. Wildlife Research 22, 359-377. doi:10.1071/WR9950359

Lamoreux JF, Morrison JC, Ricketts TH, Olson DM, Dinerstein E,
McKnight MW, Shugart HH (2006) Global tests of biodiversity
concordance and the importance of endemism. Nature 440, 212-214.
doi:10.1038/nature04291

Lees AC, Pimm SL (2015) Species, extinct before we know them? Current
Biology 25, R177-R180. doi:10.1016/j.cub.2014.12.017

Legge SM, Woinarski JCZ, Garnett ST, Nimmo DG, Scheele BC, Lintermans
M, Mitchell N, Ferris J (2020) Rapid analysis of impacts of the 2019-20
fires on animal species, and prioritisation of species for management
response. (Department of Agriculture, Water and the Environment)

Legge S, Woinarski JCZ, Scheele BC, Garnett ST, Lintermans M,
Nimmo DG, Whiterod NS, Southwell DM, Ehmke G, Buchan A, Gray J,
Metcalfe DJ, Page M, Rumpff L, Leeuwen S, Williams D, Ahyong ST,
Chapple DG, Cowan M, Hossain MA, Kennard M, Macdonald S,
Moore H, Marsh J, McCormack RB, Michael D, Mitchell N, Newell D,
Raadik TA, Tingley R (2021) Rapid assessment of the biodiversity
impacts of the 2019-2020 Australian megafires to guide urgent
management intervention and recovery and lessons for other
regions. Diversity and Distributions doi:10.1111/ddi.13428

Lindenmayer DB, Blanchard W, Blair D, McBurney L, Taylor C, Scheele
BC, Westgate MJ, Robinson N, Foster C (2021) The response of
arboreal marsupials to long-term changes in forest disturbance.
Animal Conservation 24, 246-258. doi:10.1111/acv.12634

Lindenmayer DB, Blanchard W, McBurney L, Blair D, Banks S, Likens GE,
Franklin JF, Laurance WF, Stein JAR, Gibbons P (2012) Interacting
factors driving a major loss of large trees with cavities in a forest
ecosystem. PLoS ONE 7, e41864. doi:10.1371/journal.pone.0041864

Lindenmayer DB, Blanchard W, McBurney L, Blair D, Banks SC, Driscoll D,
Smith AL, Gill AM (2013) Fire severity and landscape context
effects on arboreal marsupials. Biological Conservation 167, 137-148.
doi:10.1016/j.biocon.2013.07.028

Mace GM (2004) The role of taxonomy in species conservation.
Philosophical Transactions of the Royal Society of London. Series B:
Biological Sciences 359, 711-719. doi:10.1098/rstb.2003.1454

McLean CM, Bradstock R, Price O, Kavanagh RP (2015) Tree hollows and
forest stand structure in Australian warm temperate Eucalyptus forests
are adversely affected by logging more than wildfire. Forest Ecology
and Management 341, 37-44. doi:10.1016/j.foreco.2014.12.023

Nolan RH, Boer MM, Collins L, Resco de Dios V, Clarke H, Jenkins M,
Kenny B, Bradstock RA (2020) Causes and consequences of eastern
Australia’s 2019-20 season of mega-fires. Global Change Biology 26,
1039-1041. doi:10.1111/gcb.14987

Phillips SJ (2005) A brief tutorial on Maxent. AT&T Research 190,
231-259.

Phillips SJ, Anderson RP, Schapire RE (2006) Maximum entropy
modeling of species geographic distributions. Ecological Modelling
190, 231-259. doi:10.1016/j.ecolmodel.2005.03.026

Phillips SJ, Dudik M, Elith J, Graham CH, Lehmann A, Leathwick J, Ferrier
S (2009) Sample selection bias and presence-only distribution models:
implications for background and pseudo-absence data. Ecological
Applications 19, 181-197. doi:10.1890/07-2153.1

QGIS Development Team (2021) QGIS geographic information system.
(Open Source Geospatial Foundation) Available at http://qgis.org

R Core Team (2021) ‘R: a language and environment for statistical
computing.” (R Foundation for Statistical Computing: Vienna)

Régnier C, Achaz G, Lambert A, Cowie RH, Bouchet P, Fontaine B (2015)
Mass extinction in poorly known taxa. Proceedings of the National
Academy of Sciences of the United States of America 112, 7761-7766.
doi:10.1073/pnas. 1502350112

Rosauer DF, Blom MPK, Bourke G, Catalano S, Donnellan S, Gillespie G,
Mulder E, Oliver PM, Potter S, Pratt RC, Rabosky DL, Skipwith PL,
Moritz C (2016) Phylogeography, hotspots and conservation
priorities: an example from the Top End of Australia. Biological
Conservation 204, 83-93. doi:10.1016/j.biocon.2016.05.002


https://doi.org/10.1111/gcb.14872
https://doi.org/10.1007/BF03544237
https://doi.org/10.1016/j.ympev.2017.03.021
https://doi.org/10.1016/j.ympev.2017.03.021
https://doi.org/10.1016/j.tree.2006.11.004
https://doi.org/10.1016/j.tree.2006.11.004
https://doi.org/10.1098/rsbl.2021.0007
https://doi.org/10.1111/ddi.12717
https://doi.org/10.3389/fevo.2021.645820
https://doi.org/10.3389/fevo.2021.645820
https://doi.org/10.3389/fevo.2018.00165
https://doi.org/10.3389/fevo.2018.00165
https://doi.org/10.1093/zoolinnean/zlaa060
https://doi.org/10.1093/zoolinnean/zlaa060
https://datasets.seed.nsw.gov.au/dataset/google-earth-engine-burnt-area-map-geebam
https://datasets.seed.nsw.gov.au/dataset/google-earth-engine-burnt-area-map-geebam
https://doi.org/10.1111/cobi.12177
https://doi.org/10.1126/science.365.6456.853
https://doi.org/10.1071/PC050023
https://doi.org/10.1071/PC050023
https://doi.org/10.1016/j.foreco.2009.11.010
https://doi.org/10.1038/546025a
https://doi.org/10.1016/j.foreco.2021.119204
https://doi.org/10.1016/j.foreco.2021.119204
https://doi.org/10.1111/rec.12208
https://doi.org/10.1016/j.biocon.2012.04.007
https://doi.org/10.1071/WR9950359
https://doi.org/10.1038/nature04291
https://doi.org/10.1016/j.cub.2014.12.017
https://doi.org/10.1111/ddi.13428
https://doi.org/10.1111/acv.12634
https://doi.org/10.1371/journal.pone.0041864
https://doi.org/10.1016/j.biocon.2013.07.028
https://doi.org/10.1098/rstb.2003.1454
https://doi.org/10.1016/j.foreco.2014.12.023
https://doi.org/10.1111/gcb.14987
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://doi.org/10.1890/07-2153.1
http://qgis.org
https://doi.org/10.1073/pnas.1502350112
https://doi.org/10.1016/j.biocon.2016.05.002

www.publish.csiro.au/pc

Pacific Conservation Biology

Salmona J, Dixon KM, Banks SC (2018) The effects of fire history on
hollow-bearing tree abundance in montane and subalpine eucalypt
forests in southeastern Australia. Forest Ecology and Management
428, 93-103. doi:10.1016/j.foreco.2018.06.026

Saunders ME, Barton PS, Bickerstaff JRM, Frost L, Latty T, Lessard BD,
Lowe EC, Rodriguez J, White TE, Umbers KDL (2021) Limited
understanding of bushfire impacts on Australian invertebrates. Insect
Conservation and Diversity 14, 285-293. doi:10.1111/icad.12493

Smith AP (1982) Diet and feeding strategies of the marsupial sugar
glider in temperate Australia. The Journal of Animal Ecology 51, 149.
doi:10.2307/4316

Swengel AB (2001) A literature review of insect responses to fire,
compared to other conservation managements of open habitat.
Biodiversity and Conservation 10, 1141-1169. doi:10.1023/A:10166
83807033

Venables WN, Ripley BD (2002) ‘MASS library of functions. Modern
applied statistics with S.” (Springer)

Ward M, Tulloch AIT, Radford JQ, Williams BA, Reside AE, Macdonald SL,
Mayfield HJ, Maron M, Possingham HP, Vine SJ, O’Connor JL,
Massingham EJ, Greenville AC, Woinarski JCZ, Garnett ST,
Lintermans M, Scheele BC, Carwardine J, Nimmo DG, Lindenmayer
DB, Kooyman RM, Simmonds JS, Sonter LJ, Watson JEM (2020)
Impact of 2019-2020 mega-fires on Australian fauna habitat. Nature
Ecology & Evolution 4, 1321-1326. doi:10.1038/s41559-020-1251-1

Wheeler QD (2004) Taxonomic triage and the poverty of phylogeny.
Philosophical Transactions of the Royal Society of London. Series B:
Biological Sciences 359, 571-583. doi:10.1098/rstb.2003.1452

Wintle BA, Kavanagh RP, McCarthy MA, Burgman MA (2005) Estimating
and dealing with detectability in occupancy surveys for forest owls and
arboreal marsupials. Journal of Wildlife Management 69, 905-917.
doi:10.2193/0022-541X(2005)069[0905:EADWDI]2.0.CO;2

Wintle BA, Legge S, Woinarski JCZ (2020) After the megafires: what next
for Australian wildlife? Trends in Ecology & Evolution 35, 753-757.
doi:10.1016/j.tree.2020.06.009

https://doi.org/10.506 | /dryad.wm37pvmnb.

Conflicts of interest. The authors declare no conflicts of interest.

Recovery Hub).

Acknowledgements.

Data availability. Data extracted from published sources used in the preparation of this manuscript, along with R code used in analyses, are available in Dryad at

Declaration of funding. This project was supported indirectly by the Australian Government’s National Environmental Science Program (Threatened Species

We thank all the taxonomists working to resolve cryptic species globally. Itis an often thankless task with little recognition —we recognise

its fundamental importance to species conservation. Specifically, we thank A. Baker, S. J. B. Cooper, R. Montague—Drake, A. M. Stobo—Wilson and S. M. Carthew for
revising the sugar glider complex. We thank Atlas of Living Australia and Google Earth Engine Burnt Area Mapping for providing open access data repositories. We
thank Alana de Laive for the illustration. We thank one anomoymous reviewer and Dr. Ross Goldingay for their reviews which greatly improved the manuscript.

Author contributions. C.J.J. conceived the study and led the writing; H.A.M. and D.G.N. conceived the study, and led the analysis and data visualisation. All
authors contributed to the preparation and revision of this manuscript, gave final approval for publication and agree to be accountable for the content.

Author affiliations

Alnstitute of Land, Water and Society, School of Environmental Science, Charles Sturt University, Albury, NSW 2640, Australia.
BAustralian Museum Research Institute, Australian Museum, Sydney, NSW 2010, Australia.

CSchool of Biological Sciences, University of Western Australia, Crawley, WA 6907, Australia.

PResearch Institute for the Environment and Livelihoods, Charles Darwin University, Darwin, NT 0810, Australia.

EWestern Australian Feral Cat Working Group, 58 Sutton Street, Mandurah, WA 6210, Australia.

FCentre for Conservation and Biodiversity Conservation Science, University of Queensland, St Lucia, QId 4072, Australia.
GFenner School of Society and the Environment, The Australian National University, Acton, ACT 2602, Australia.

HSchool of Life and Environmental Sciences, The University of Sydney, Camperdown, NSW 2006, Australia.

25


https://doi.org/10.1016/j.foreco.2018.06.026
https://doi.org/10.1111/icad.12493
https://doi.org/10.2307/4316
https://doi.org/10.1023/A:1016683807033
https://doi.org/10.1023/A:1016683807033
https://doi.org/10.1038/s41559-020-1251-1
https://doi.org/10.1098/rstb.2003.1452
https://doi.org/10.2193/0022-541X(2005)069[0905:EADWDI]2.0.CO&semi;2
https://doi.org/10.1016/j.tree.2020.06.009
https://doi.org/10.5061/dryad.wm37pvmnb
www.publish.csiro.au/pc

	Taxonomic revision reveals potential impacts of Black Summer megafires on a cryptic species
	Introduction
	Methods
	Ethical approval
	Occurrence data
	Geographic range estimation
	Species distribution modelling
	Fire overlap

	Results
	Discussion
	Supplementary material
	References


