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ABSTRACT

Widespread declines of small- to medium-sized, semi-arboreal mammals in the drier regions of
northern Australia are of global concern. These declines have been variously attributed to either
disruption of available resources or increased predation pressure. We aimed to clarify causes of
mammal decline in northern Australia using a comparative methods approach, examining historical
changes in the distribution of two arboreal mammals, the common brushtail possum (Trichosurus
vulpecula) and the savanna glider (Petaurus ariel), and model drivers of their current abundance. We
used single-season occupancy models to describe changes in the geographic range of P. ariel and T.
vulpecula based on multiple-source occurrence data, from before and after 1993. We conducted
spotlighting surveys in 2016 across the mesic savannas of the Northern Territory to identify
environmental correlates of the current abundance of each species. Our results show that, within
northwestern Australia, the geographic range (area where the probability of occupancy was 25%) has
declined by 72% for T. vulpecula and 35% for P. ariel, between the historical and contemporary
periods (before and after 1993, respectively). The abundance of each species varied substantially
across the study area, but high T. vulpecula abundance was associated with high shrub density. We

propose that areas with high shrub density are providing refuge for T. vulpecula, due to an increase in



protection from predation by feral cats (Felis catus). Regardless of the driver, conservation
management within northern Australia should concentrate efforts on maintaining or increasing shrub
abundance in tropical savannas. Our findings should also be viewed as an indicator of early stages of

P. ariel decline and prompt targeted monitoring efforts.
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INTRODUCTION

Modelling patterns and drivers of species decline has never been so important. Globally, there has
been a rapid loss of biodiversity over the last century, suggesting we are witnessing Earth’s sixth
‘mass extinction’ event (Ceballos et al., 2015). However, there is a severe deficit of long-term
monitoring data for the vast majority of species globally. Thus, we are not only limited in our ability
to detect the early stages of species decline but also to infer causes of decline. Since European
settlement, Australia has experienced an extremely high rate of decline and extinction of its native
mammal fauna (McKenzie et al., 2007; Short & Smith, 1994; Woinarski, Burbidge, & Harrison,
2015), and we are failing to mitigate ongoing declines. Most notably, mammals are declining at an
alarming rate in the vast tropical savannas of northern Australia, a region once considered a
stronghold for mammal groups lost from the arid and temperate regions of Australia (McKenzie et al.,
2007). It has been difficult to determine the key drivers of the northern Australian mammal declines,
as many ecological processes within the region have been altered since European settlement (Russell-
Smith et al., 2003; Woinarski et al., 2011). Additionally, the relative lack of historical fauna survey
effort in northern Australia and the region’s vast area and inaccessibility has made it difficult to

determine the onset of these declines.

Evidence suggests that disruptions to key ecological processes in northern Australia may have
resulted in reduced availability of resources and increased predation pressure. Habitat simplification
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through changed fire regimes (Pardon, Brook, Griffiths, & Braithwaite, 2003; Russell-Smith et al.,
2003), over-grazing by herbivores (Legge, Kennedy, Lloyd, Murphy, & Fisher, 2011) and the
introduction of weeds (Setterfield, Rossiter-Rachor, Hutley, Douglas, & Williams, 2010), have all
been suggested as possible drivers of mammal decline, due to disruption of resource availability (food
and shelter) (Lawes et al., 2015; Legge et al., 2011; Woinarski et al., 2011). Increased predation
pressure through the introduction of feral cats has also been linked to the decline of mammal species
in northern Australia (Davies et al., 2017; Leahy et al., 2016). Overall, targeted studies on drivers of
mammal decline primarily support both resource availability (Firth, Brook, Woinarski, & Fordham,
2010; Pardon et al., 2003) and predation pressure (Davies et al., 2017; Frank et al., 2014) as the
significant drivers. Additionally, recent studies have shown feral cats are more likely to occur in areas
with a simplified habitat structure (Hohnen et al., 2016; McGregor, Legge, Jones, & Johnson, 2015;
McGregor, Cliff, & Kanowski, 2016), suggesting a complex interplay could be occurring between

changes in resource availability and predation pressure.

There are distinct similarities in the traits of species that have declined in northern Australia that can
be used to identify drivers of decline. Increased predation pressure from the introduced red fox
(Vulpes vulpes) and feral cat (Felis catus) (Fisher et al., 2014; Johnson & lIsaac, 2009) has resulted in
the disproportionate decline and extinction of mammals that fall within a “critical weight range’ (35-
5500 g) (Burbidge & McKenzie, 1989). This trend is evident throughout mainland Australia,
including northern Australia (Johnson & Isaac, 2009; Murphy & Davies, 2014; Woinarski, 2015). The
continued pattern of decline of mammals in the critical weight range further suggests increased
predation pressure is an underlying driver of mammal decline in northern Australia, regardless of the

absence of the red fox.

Despite reviews into correlates of decline in both rodents (Lawes et al., 2015) and marsupials (Fisher
et al., 2014) in northern Australia, there are key patterns in the decline of mammals in northern
Australia that have seemingly been overlooked. For example, six out of the nine mammals that have
experienced ‘marked declines’ in northern Australia are semi-arboreal and arboreal. There has also

3



been little synthesis of research to explain why the onset of declines in northern Australia has
occurred in areas of lower rainfall for some species, with a resulting contraction to the mesic ends of
their former distribution (Firth et al., 2010; Start, Burbidge, McDowell, & McKenzie, 2012;
Ziembicki, Woinarski, & Mackey, 2013). Alarmingly, recent research has shown that the contraction
of mammal distributions has continued to extend into areas of high rainfall at the northern extremities
of the continent (Davies et al., 2017; Davies et al., 2018). The continued loss of species from their
mesic refuges further highlights the need to understand the drivers behind mammal declines in
northern Australia. Emphasis should be placed on linking patterns in mammal decline, and similarities
in the traits of declining species, to ecological processes, such as increased predation pressure and

changed resource availability, to determine key drivers of mammal decline in northern Australia.

Here, we use a comparative methods approach (Fisher & Owens, 2004) to identify historical changes
in the distribution of two arboreal mammals in the critical weight range, Trichosurus vulpecula Kerr
and Petaurus ariel (formerly P. breviceps subsp. ariel Gould), and model the influence of resource
availability as a potential driver of their current abundance. We chose these study species as field-
based surveys (Woinarski et al., 2010) suggest T. vulpecula has experienced a marked decline in the
region (Fitzsimons, Legge, Traill, & Woinarski, 2010), while P. ariel is (anecdotally) believed to be
the only widespread mammal within the critical weight range not to have declined. However, no
formal analysis has been undertaken on the extent of decline of either species in the region.
Additionally, both study species have sufficient historical occurrence records and can be readily

surveyed with conventional survey methods (i.e. spotlight surveys).

MATERIALS and METHODS

Study species

Neither T. vulpecula or P. ariel are currently listed as threatened by the IUCN or Australian
Government. Petaurus ariel is reported to be ‘stable’ (Woinarski, Burbidge, & Harrison, 2014) but
has only recently been taxonomically reclassified as a separate species (formerly P. breviceps subsp.
ariel) (T. Cremona, A. Baker, S. Cooper, R Montague-Drake, A. Stobo-Wilson, S. Carthew

4



unpublished data), thus making this the first formal assessment of the distribution and conservation

status of P. ariel.

Trichosurus vulpecula and P. ariel are nocturnal arboreal marsupials that primarily den in tree
hollows. Both species have similar and relatively high fecundity; they can carry up to two young in
their pouch and are able to reproduce twice within a year (Kerle, 1998; A. Stobo-Wilson, unpublished
data). Both species fall within the critical weight range of mammals highly susceptible to decline.
However, T. vulpecula is noticeably larger in body size (1300-1625 g; Kerle (1998)) than P. ariel
(65-140 g; A. Stobo-Wilson, unpublished data), thus there are likely to be differences in the
physiological demands of each species (i.e. food and water requirements). There are also minor
differences in the diet of each species: T. vulpecula are folivorous, while Petaurid gliders are more
exudivorous and insectivorous (Goldingay & Jackson, 2004; Jackson & Johnson, 2002). As a Petaurid
glider with a patagium, P. ariel can glide between trees and therefore may spend very little time on

the ground.

Data collection

Geographic range

To map and compare the historical and current geographic range of T. vulpecula and P. ariel in
northwestern Australia we used occurrence records from several sources from the period of 1840 to
2017. Records were sourced from the online database Atlas of Living Australia
(http://www.ala.org.au), supplemented by data from Woinarski et al. (2014) and surveys undertaken
by the Western Australian Department of Biodiversity, Conservation and Attractions (I. Radford,
pers. comm.) and Kerle and Burgman (1984). We also used occurrence records from our own field
surveys during 2016. Records were split into two time periods, ‘before 1993” and “after (and
including) 1993’, to align with the time periods examined by Woinarski et al. (2014). We defined our
study area as northwestern Australia (116-141°E and 11-21°S ; shown in Fig. 1), where the
geographic range of both study species overlaps. We removed apparent duplicate records with the
same latitude, longitude and year, resulting in 1,654 T. vulpecula and 432 P. ariel records (Fig. 1). For
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both species, there were greater numbers of records available for the period since 1993 (275 and 171

records before 1993, 1379 and 261 records after 1993, for T. vulpecula and P. ariel respectively).

Within the defined study area, we assigned each occurrence record to a 50 x 50 km cell using
ARCMAP 10.2.2 (ESRI, Redlands, CA). We created separate detection histories for T. vulpecula and
P. ariel based on occurrence records before and after 1993. Detection histories were generated for
each cell (considered here as a site) across the entire survey period (1840 to 2017). For each given
year ‘1’ indicated the presence of the species and ‘0’ indicated an absence. We also captured
occurrence records for all non-flying terrestrial mammals from the study area (from Woinarski et al.
2014) to represent a measure of sampling effort. We tallied the number of records for all mammals
(36,700 records in total), including observation records for T. vulpecula and P. ariel, from within each
cell to create a measure of sampling effort for each year. Cells that did not include any observation
records in either time period were removed from analysis as they were deemed to be an unsurveyed
area (29% of all cells; see Supplementary information, Fig. S1). Before proceeding with analysis, we
first mapped the spatial-temporal pattern of sampling effort to ensure there was no underlying pattern

that would bias our findings (see Supplementary information, Fig. S1).

Current abundance

To characterise the current patterns of abundance of T. vulpecula and P. ariel, we surveyed 39 sites
across the mesic, coastal regions of the Northern Territory (Fig. 2). All sites were surveyed between
March and July 2016, with one exception (Bulman, Arnhem Land), which was opportunistically
sampled in November 2016. Site selection was based on the historical distribution of P. ariel, habitat
suitability and accessibility. To detect arboreal mammals, we undertook spotlight surveys on foot,
using head torches (1000 lumens output; Ledlenser, Solingen, Germany). We walked 750-m transects
over 45 min each, scanning all habitat and trees either side of the transect. Due to the low vegetation
density of the tropical savannas relative to forested areas of southern Australia, spotlighting at a pace
of 1km per hour was deemed sufficient for detecting the study species. Up to three sites were
surveyed within a night, with no site surveyed more than once in a night. Each site was surveyed at
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0.5, 2.5 and 4 h after sunset. The total count of T. vulpecula and P. ariel recorded from each spotlight

site (i.e. the sum of the three surveys) were tallied and used as an index of abundance for that site.

Data analysis

All analyses were conducted in the program R (R Core Team, 2017) unless otherwise stated.

Change in geographic range

We used single-season occupancy models to determine the historical and recent (before and after
1993, respectively) geographic range of T. vulpecula and P. ariel. To account for the spatial and
temporal variation in sampling effort over the study area, probability of detection was modelled as a
function of both mean annual rainfall and sampling effort. Probability of occupancy was modelled as
a function of mean annual rainfall and time-period (before and after 1993), including an interaction
term of mean annual rainfall with time-period to account for the onset of decline in areas of relatively
low rainfall. Single-season occupancy modelling was performed using the ‘unmarked’ package. We
used Akaike’s Information Criterion (AIC) to identify the most parsimonious models (Burnham &
Anderson, 2003). The model with the lowest AIC by >2AIC in the candidate set was deemed the best
model. The best model was used to predict the occupancy of each species for each time-period, by
using the “predict’ function in the “spatial tools’ package. We used the ‘raster’ package to map our
models over the study area. Any area that had a predicted occupancy of =5% was considered part of
the species geographic range. For both time periods, we calculated the maximum (95% predicted
occupancy) and core range (50% predicted occupancy) of T. vulpecula and P. ariel to highlight the

extent in which each species distribution has changed.

Correlates of current abundance

To model spatial patterns of abundance of T. vulpecula and P. ariel, we examined both geographic
(two) and site-based (10) predictor variables for fire, rainfall, canopy cover, topographic wetness, tree
diameter and shrub density (Table 1). We also included Julian day (i.e. day of the year) of the survey
because of the potential for seasonal variation in the detectability of each species.
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We used generalized linear models to investigate whether abundances of T. vulpecula and P. ariel
were correlated with the 13 predictor variables. Modelling was conducted using the ‘mass’ package.
Prior to analyses, predictor variables were centred and standardised by subtracting the mean and
dividing by the standard deviation. Data exploration was carried out following the protocol described
in Zuur, leno, and Elphick (2010). We checked for collinearity between predictor variables and
excluded variables that had an R? > 0.5. After initial data exploration, several variables were
eliminated from analysis (due to multi-collinearity) with only two geographic variables and three site-
based variables included in the final model set. Due to the underlying influence of geographic
variables, we modelled site-based predictor variables independently of geographic variables to
determine site-based correlates of species abundance. The negative binomial error family was chosen
for the GLMs of abundance as there were large numbers of zeros for the count of each species and the
data were over-dispersed. We used a model averaging approach to identify important predictor
variables (Grueber, Nakagawa, Laws, & Jamieson, 2011), using the ‘mumin’ package. Predictor
variables were deemed significant if they had a relative variable importance = 0.73; equivalent to an

AIC difference of 2, a common ‘rule-of-thumb’ to indicate a significant effect (Richards, 2005).

RESULTS

Change in geographic range

Using presence-only occurrence records we found the geographic range of both T. vulpecula and P.
ariel in northwestern Australia has significantly reduced since 1993 (Table 2). However, we found a
much greater decrease in the geographic range of T. vulpecula compared to P. ariel. The predicted
occupancy after 1993, for both the maximum and core range of T. vulpecula declined by more than
double that of P. ariel. Mean annual rainfall was strongly correlated with the extent of geographic
range contraction for both species (Table 3), with the geographic range of both T. vulpecula and P.
ariel contracting to areas of higher rainfall (Fig. 1). The coastal areas of our study region are also
where human population densities are highest, thus urban development is not considered as an

explanation for these range contractions.



Correlates of current abundance

Rainfall was the only significant geographic (broad-scale) predictor of abundance common to both
species (Table 4). Model averaging demonstrated that both T. vulpecula and P. ariel abundance
increased with increasing rainfall (Fig.3). For T. vulpecula, model averaging indicated that shrub
density (=100 cm height) was an important predictor variable, with T. vulpecula abundance increasing
with greater shrub density (Fig. 3). For both T. vulpecula and P. ariel, abundance was correlated
positively with canopy cover. Predicted abundances for both T. vulpecula and P. ariel were greatest in
the northern, mesic parts of their range (Fig. 2), which coincided with the core parts of their
contemporary geographic range. No other site-based predictor variable was a significant correlate of

either T. vulpecula or P. ariel abundance.

DISCUSSION

Due to limited historical survey effort, our inability to model change in the geographic range of
species has hamstrung our efforts to understand patterns of species decline globally. Here, our
analysis of historical and contemporary records using an occupancy—detection model framework
(MacKenzie et al., 2002; Royle, Nichols, & Kéry, 2005), has demonstrated that T. vulpecula — once
Australia’s most widespread marsupial (Burbidge et al., 2009) — has dramatically contracted to the
mesic areas of its distribution within northwestern Australia, becoming almost extinct in arid areas.
Our findings are in addition to documented declines throughout southern and western regions of
Australia (Woinarski et al., 2014) and support prior evidence of T. vulpecula decline in northern

Australia (Woinarski et al., 2010; Ziembicki et al., 2013).

A decline in T. vulpecula contrasts markedly with P. ariel, where while we noted some apparent
contraction, we found a less severe range reduction. Thus, only T. vulpecula showed a marked decline
in distribution corresponding to the pattern of decline in other small- to medium-sized mammals. As
such identifying the ecological processes — particularly changed resource availability versus increased
predation pressure — that are impacting T. vulpecula but not P. ariel, will help us to identify key
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drivers of mammal decline in northern Australia. At a local scale, we found T. vulpecula to be more
prevalent in areas of higher shrub abundance (= 100 cm height), but established no such relationship
between P. ariel abundance and shrub abundance. We suggest the contrasting patterns of decline
between T. vulpecula (dramatic contraction to mesic areas) and P. ariel (relative stability, with limited

contraction to mesic areas) is linked to the greater reliance of T. vulpecula on a shrubby understorey.

The apparent dependence of T. vulpecula on a shrubby understorey relative to P. ariel may be
explained by the different degrees of arboreality between the two species in terms of foraging
behaviour and movement between trees. While little is known of the foraging behaviour of P. ariel,
during our spotlight surveys P. ariel was only occasionally observed foraging on low shrubs and
grasses, and was more often observed within the tree canopy or the branches just below. Petaurus
ariel foraging behaviour is consistent with other well-studied marsupial gliders within Australia
which are predominantly arboreal foragers, known to spend a larger proportion of time foraging
within the canopy, with only a small proportion of time spent in low shrubs (Goldingay, 1990;
Jackson, 2001; Sharpe & Goldingay, 1998). This contrasts with T. vulpecula, which was frequently
observed on the ground and is easily detected with ground-based camera surveys (Davies et al., 2018).
In other studies, T. vulpecula has been found to feed extensively on the leaves, flowers and fruits of
understorey shrubs in northern Australia (Kerle & Burgman, 1984), often coming to ground while
foraging and to move between trees (which are typically not overlapping in savannas). Thus, relative
to P. ariel which has the unique ability to glide between trees rather than traversing along the ground,
T. vulpecula is likely more dependent on shrubs as a food source and more exposed to predation by

ground-based predators.

Habitat patches that have a high abundance of shrubs have previously been found to facilitate the
persistence of T. vulpecula and other small- to medium-sized mammals, by providing an important
food source as well as shelter from predators (Davies et al., 2017; Davies et al., 2018; Kerle &
Burgman, 1984; Kerle, 1998; Leahy et al., 2016). However, the mechanism underlying the
relationship between shrub density and mammal persistence in northern Australia is yet to be
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identified. We offer two (not mutually exclusive) explanations for why T. vulpecula has remained
more common in areas with high shrub abundance. Firstly, we hypothesise the loss of shrubs within
the region has resulted in the subsequent loss of critical food sources and/or refuges (i.e. lower
resource availability). Secondly, predation by the feral cat, a ground-based predator, has resulted in

greater dependence of T. vulpecula on areas containing shrubs for shelter from predation.

An overall reduction in shrub density in northern Australia since European settlement may have led to
the loss of a critical source of food and/or refuge for small- to medium-sized mammals. In northern
Australia, overgrazing by livestock has been linked to a decline in shrub abundance (Legge et al.,
2011), and this is especially evident in the arid zone (McKenzie et al., 2007; Milton, Dean, Du Plessis,
& Siegfried, 1994). In the mesic savannas of northern Australia, habitat simplification due to altered
fire regimes — namely an increase in fire frequency and intensity — is widely believed to have resulted
in a decline in the density of shrubs in the understorey and midstory (Atchison, Head, & Fullagar,
2005; Russell-Smith, Edwards, & Price, 2012; Vigilante & Bowman, 2004). Although shrub loss is
evident within northern Australia, T. vulpecula distribution historically covered areas of relatively low
productivity, for example the central Australian deserts, where shrubs are naturally sparse. As T.
vulpecula has a patchy distribution (Kerle & Burgman, 1984), it is possible that they only ever
persisted in riparian refuges within the arid zone, similar to other arid-zone mammals that depend on
access to refuges (McDonald et al., 2017; Pavey, Cole, McDonald, & Nano, 2014). Yet it remains
unclear whether a dependence on structurally complex habitat patches and the patchy distribution of
T. vulpecula and other small- to medium-sized mammals reflects a natural historical or altered

contemporary pattern.

An alternative, and complementary explanation to that of a decline in the availability of shrubs for
food and shelter, is a contraction of the range of T. vulpecula and other small- to medium-sized
mammals to more densely vegetated habitat due to predation by feral cats. Feral cats have been linked
to the decline of numerous mammal species throughout Australia (Davies et al., 2017; Fisher et al.,
2014; Johnson & Isaac, 2009; Woinarski et al., 2015). There is evidence that cats consume mammals
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in the size range of T. vulpecula and P. ariel (Doherty, Davis, et al., 2015). A recent study in Kakadu
National Park recorded T. vulpecula and P. ariel remains in 12% and 13%, respectively, of the scats
of feral cats (Stokeld et al., 2018). Additionally, feral cats have been shown to prefer hunting in open
landscapes, compared to densely vegetated landscapes in northern Australia (Hohnen et al., 2016;
McGregor et al., 2015; McGregor, Legge, Jones, & Johnson, 2014). The loss of the brush-tailed
rabbit-rat (Conilurus penicillatus), a small semi-arboreal rodent, from much of northern Australia has
been linked to predation by feral cats, and predation pressure appears to be greater in areas of low
shrub abundance (Davies et al., 2017). Areas with high shrub abundance may provide important
contemporary refuges for T. vulpecula, despite not necessarily being important prior to the

establishment of cats in the region in the early 1900°s (Abbott, 2008).

The persistence of T. vulpecula in the rugged desert uplands within the arid zone of the Northern
Territory (in lieu of dense shrubby habitat), provides further evidence that T. vulpecula is not strictly
dependent on high shrub abundance where other forms of shelter from predation exist. Indeed, in that
region T. vulpecula is now only known to occur in these rugged rocky areas, despite the persistence of
relatively productive, tree-lined watercourses and alluvial woodlands (McDonald, Luck, Dickman,
Ward, & Crowther, 2015). Thus T. vulpecula most likely selects habitat to better evade ground-based
predation rather than occupying riparian areas where typical food sources are more abundant
(McDonald et al., 2017). Selection for rugged areas to avoid predation has also been shown in the
northern quoll (Dasyurus hallucatus) (Braithwaite & Scientific, 1985; Hernandez-Santin, Goldizen, &
Fisher, 2016), another semi-arboreal mammal that has suffered severe declines in northern Australia
(Woinarski et al., 2010). Thus, we speculate that in northern Australia, a shrubby understorey
provides important refuges from predation by the feral cat, a highly effective ground-based predator

(Doherty, Dickman, Nimmo, & Ritchie, 2015; Frank et al., 2014; Kutt, 2012).

Although it is recognised that predation by feral cats is one of the key threatening processes for small-
to medium-sized mammals in northern Australia, there is a perception that mammal declines began
well after the initial introduction of cats and thus cannot be the ultimate driver of decline (Woinarski
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etal., 2011). Abbott (2002) suggested the establishment of feral cat populations throughout Australia
was likely slow and patchy, with feral cats reaching most of northern Australia at least 60 years after
their initial colonization in southeastern Australia. Thus, feral cat abundance and predation pressure
may have increased over time. Alternatively, the pattern of recent mammal decline in northern
Australia may reflect our limited ability to detect the early stages of mammal decline in the historical
record, and that long-term population decline is only now becoming evident (without any recent

change in the threatening process).

Our findings link low shrub abundance to mammal declines in northern Australia. Whether the
ultimate mechanism is through changes in resource availability (food and/or shelter) and/or increased
predation pressure, future conservation management within northern Australia should concentrate
efforts on improving or maintaining shrub abundance in tropical savannas. This can be achieved
through reductions in fire frequency and/or intensity, and/or reduction in grazing pressure by cattle, as
both changed fire regimes and overgrazing have been identified as key drivers of shrub loss in
northern Australia. Our conclusions would be strengthened by an improved understanding of the
dependence of T. vulpecula and P. ariel on shrubs for food or shelter from predation. Further research
in the region should aim to quantify rates of ground or shrub-based foraging between and within

species.

Understanding the patterns and drivers of species decline is essential to developing strategies to
mitigate threatening processes. Our comparative methods approach and novel use of presence-only
occurrence data allowed us to model changes in the distribution of two species and infer the drivers of
their decline. We provide a potentially robust and accessible tool to detect early stages of species
decline. While the marked decline of T. vulpecula is alarming, evidence of a decline (albeit less
marked) in the distribution of P. ariel is also concerning. Our findings should be viewed as an

indicator of early stages of P. ariel decline and prompt further investigation.
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TABLES
Table 1: Description and source of the predictor variables used in analyses of correlates of abundance

for Trichosurus vulpecula and Petaurus ariel in the mesic savannas of the Northern Territory.

Predictor variable Description and source

(a) Geographic variables (broad-scale)
Rainfall Mean annual rainfall based on a standard 30-year climatology (1961 — 1990)
(Bureau of Meteorology, www.bom.gov.au).
Topographic wetness Topographic wetness index is calculated as log_e (specific catchment area/slope)
index (TWI) and estimates the relative wetness within a catchment (CSIRO,
http://data.csiro.au).
(b) Site-based variables (fine-scale)

Diameter at breast Average diameter at breast height of all trees, recorded within two 5 * 100 m
height transects from either side of each spotlight transect.

Shrub abundance (>100 A count of the number of shrubs (diameter at breast height <5 cm) greater than or
cm height) equal to 100 cm height, recorded within two 1 * 100 m transects from either side

of each spotlight transect.
Shrub abundance (<100 A count of the number of shrubs (diameter at breast height < 5 cm) less than 100

cm height) cm height, recorded within two 1 * 100m transects from either side of each
spotlight transect.

Canopy cover Persistent green fraction at spotlight location, derived from Landsat data as an
index of woody cover (TERN AusCover, www.auscover.org.au)

Total basal area Total basal area of all trees that had a diameter at breast height greater than or

equal to 5 cm, recorded with two 5 * 100 m transects from either side of each
spotlight transect.

Eucalypt basal area Total basal area of Eucalypts (including both Eucalyptus and Corymbia spp.), that
had a diameter at breast height greater than 5 cm, recorded within from two 5 *
100 m transects from either side of each spotlight transect.

Non-eucalypt basal area  Total basal area of all trees excluding Eucalypt species, that had a diameter at
breast height greater than 5 cm, recorded with two 5 * 100 m transects from
either side of each spotlight transect.

Late fire frequency Numbers of years burnt between 2000 — 2016 late in the season (after July 31st) at
spotlight location, derived from Landsat data (North Australia and Rangelands
Fire Information, www.firenoth.org.au).

Years since last burnt Number of years since last burnt between 2000 — 2016, at spotlight location,
derived from Landsat data (North Australia and Rangelands Fire Information,
www.firenoth.org.au).

Fire frequency Numbers of years burnt between 2000 — 2016, at spotlight location, derived from
Landsat data (North Australia and Rangelands Fire Information,
www.firenoth.org.au).

(c) Other
Julian day The Julian day of the calendar year that the spotlighting survey was undertaken.

Table 2: The modelled geographic range changes for Trichosurus vulpecula and Petaurus ariel. The

maximum range was where predicted occupancy (of 50 x 50 km cells) was =5 %, and the core range
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was where predicted occupancy was =50 %. Predictions are given for historical and current periods

(before and after 1993, respectively), within the defined study area in northwestern Australia.

Predictions are based on the best single-season occupancy model in Table 3.

Species Proportion of Proportion of .
Proportional
study area study area .
. . change in area
occupied occupied oceuied
before 1993 after 1993 P
Trichosurus vulpecula ~ Maximum range 100 % 28 % 172%
Core range 34 % 6 % 184%
Petaurus ariel Maximum range 75 % 49 % 135%
Core range 44 % 29 % 134%

Table 3: Model selection results for the best three single-season occupancy models (lowest AIC by

>2AIC units) to assess change in area and extent of occupancy for Trichosurus vulpecula and

Petaurus ariel. K indicates the number of parameters; wiis the Akaike weight; AAIC represents the

difference between the model’s AIC (Akaike’s Information Criterion) value and that of the top-

ranking model. W denotes the occupancy component of the model and p denotes the detectability

component. Bold text indicates most supported models (AAIC <2).

Model AAIC

Wi

(a) Trichosurus vulpecula

W (Sampling effort + Rainfall + Time period) p (Rainfall * Time period) 0.0
Y (Sampling effort + Rainfall + Time period) p (Rainfall + Time period) 13.9
Y (Sampling effort + Rainfall * Time period) p (Rainfall * Time period) 13.9

(b) Petaurus ariel

W (Sampling effort) p (Rainfall * Time period) 0.0
W (Sampling effort) p (Rainfall + Time period) 1.3
Y (Sampling effort + Rainfall + Time period) p (Rainfall * Time period) 9.9

1.00
0.00
0.00

0.65
0.34
0.00

Table 4: Relative variable importance (RVI) of geographic (broad-scale) and site-based (fine-scale)

variables on Trichosurus vulpecula and Petaurus ariel abundance; calculated from Akaike weight’s
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using negative binomial generalised linear models. Variables with a RVI = 0.73 (indicated in bold) are

considered significant predictor variables and were included in the best model.

RVI Trichosurus vulpecula Petaurus ariel
(@) Geographic variables

Rainfall 0.92 0.99
Topographic Wetness Index 0.32 0.22

(b) Site-based variables

Canopy cover 0.77 0.97
Shrubs (=100 cm height) 0.95 0.29

Late fire frequency 0.27 0.46
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FIGURES

Figure 1: Location of the study area and occurrence records for (a) Trichosurus vulpecula and (b)
Petaurus ariel in northwestern Australia. Light grey circles represent records before 1993 and dark
grey circles represent records after 1993. Black lines represent 200 mm isohyet contours, with 600
and 1000 mm isohyets indicated. The location of the study area relative to Australia is shown in the
inset. The modelled geographic range changes for Trichosurus vulpecula (c) before 1993, and (e) after
1993 and Petaurus ariel (d) before 1993, and (f) after 1993, based on the predicted occupancy (=5%)
generated from single-season occupancy models using occurrence records. Areas of darker shading
indicate higher predicted abundance. The white areas indicate where predicted occupancy for the

respective species is <5%.
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Figure 2: Location of 39 sites surveyed for arboreal mammals (grey crosses) in 2016 across the mesic
savannas of the Northern Territory. The yellow—brown shading indicates the predicted abundance
(total number of detections per site over three transects) of (a) Trichosurus vulpecula and (b) Petaurus
ariel, generated from the best negative binomial generalised linear model using geographic and site-
based variables. Areas of darker brown shading indicate higher predicted abundance. Grey shaded
areas indicate where predicted occupancy for the respective species is <5%, generated from single-

season occupancy models using occurrence records from after 1993 (Table 3; Figure 1).
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Figure 3: Modelled relationship for mean annual rainfall, canopy cover and shrub density (>100 cm
height) on Trichosurus vulpecula abundance and mean annual rainfall and canopy cover on Petaurus
ariel abundance, based on total count of individuals from three spotlight surveys, holding all other
variables at fixed median level derived from the best negative binomial generalised linear model using
geographic and site-based variables. Abundance is the total number of detections from the three
spotlight transects per site. Black solid line is model fit and grey band indicates 95% confidence

interval.
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