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Abstract. Increasing impacts of climatic change and anthropogenic disturbances on natural ecosystems
are leading to population declines or extinctions of many species worldwide. In Australia, recent climatic
change has caused population declines in some native fauna. The projected increase in mean annual tem-
perature by up to 4°C by the end of the 21st century is expected to exacerbate these trends. The greater gli-
der (Petauroides volans), Australia’s largest gliding marsupial, is widely distributed along the eastern coast,
but has recently experienced drastic declines in population numbers. Its association with hollow-bearing
trees, used for nesting, has made it an important species for the conservation of old-growth forest ecosys-
tems. Fires and timber harvesting have been identified as threats to the species. Greater gliders have disap-
peared however from areas that have experienced neither raising questions about the role of other factors
in their decline. A unique physiology and strict Eucalyptus diet make them vulnerable to high temperatures
and low water availability. As such, climatic conditions may drive habitat selection and recent climatic
trends may be contributing to observed population declines. Using presence:absence data from across its
distribution in Victoria, coupled with high spatial and temporal resolution climatic data and machine-
learning modeling, we tested the influence of climatic, topographic, edaphic, biotic, and disturbance vari-
ables on greater glider occupancy and habitat suitability. We found that climatic variables, particularly
those related to aridity and extreme weather conditions, such as number of nights warmer than 20°C, were
highly significant predictors of greater glider occurrence. Climatic conditions associated with habitat suit-
ability have changed over time, with increasing aridity across much of its southeastern distribution. These
changes in climate are closely aligned with observed population declines across this region. At higher ele-
vation, some areas where the greater glider is observed at high densities, conditions have become wetter,
which is improving habitat quality. These areas are of growing significance to greater glider conservation
as they will become increasingly important as climatic refugia in the coming decades. Protecting these
areas of habitat will be critical for facilitating the conservation of greater gliders as the broader landscape
becomes less hospitable under future climatic change.
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INTRODUCTION

The effects of climatic change and anthro-
pogenic disturbances, such as land-use change,
are negatively impacting biodiversity and alter-
ing ecological systems around the world
(Stenseth et al. 2002, Walther et al. 2002). The
increasing impacts of humans on natural ecosys-
tems are leading to reductions in habitat area
and quality for flora and fauna, which, in turn,
lead to population declines, local extirpations, or
extinctions (Diamond 1984, Lindenmayer et al.
2011, Youngentob et al. 2013). The rate of climatic
change and the increase in occurrence of extreme
events has had noticeable impacts on many glo-
bal ecosystems and species (Hoegh-Guldberg
et al. 2007, Cai et al. 2014, Iizumi et al. 2014,
Moran-Ordonez et al. 2018). In Australia, the cli-
mate is projected to change drastically with
increases in mean annual temperatures of up to
4°C by the end of the 21st century (CSIRO and
Bureau of Meteorology 2015) and shifts in the
amount and frequency of precipitation, as well
as increases in the frequency of extreme events
(Orlowsky and Seneviratne 2012). For southeast-
ern Australia, these extreme events manifest as
extended droughts and more frequent heat
waves associated with increases in diurnal and
nocturnal temperature maxima (Murphy and
Timbal 2008).

Climatic change is already having profound
effects on the populations and distributions of
native fauna (Cork and Catling 1996, Fischer
et al. 2001, Welbergen et al. 2007, Kearney et al.
2010) and flora (Hughes et al. 1996, Mok et al.
2012, Rawal et al. 2015b, c). Habitat suitability
models that include climatic variables can pro-
vide insights into how species may respond to
future climatic change (Zimmermann et al. 2009,
Briscoe et al. 2016, Mathewson et al. 2017). These
models however rarely account for local weather
patterns and extremes, which can have impor-
tant influences on species’ populations and dis-
tributions (Reside et al. 2010, Bateman et al. 2012,
Moran-Ordonez et al. 2018). As such, it is impor-
tant to assess the climatic preferences and toler-
ances of species to identify potential refugia and
to develop effective conservation strategies that
can maintain stable populations in these areas
over time. This requires understanding not only
the direct and indirect impacts of climatic

variability, but also their interactions with other
factors; however, these have not been widely
studied. Understanding how these various fac-
tors can affect species demography and habitat
suitability is central to conservation planning
and sustainable land management.
The greater glider (Petauroides volans), Aus-

tralia’s largest gliding marsupial, was once con-
sidered common but has recently experienced
range-wide declines and local extinctions (Lin-
denmayer et al. 2011, Youngentob et al. 2013).
The IUCN has classified the species as vulnerable
(Burbidge and Woinarski 2020), and the species
is listed as threatened nationally under the Envi-
ronment Protection and Biodiversity Conserva-
tion Act, and within Victoria under the Flora
Fauna Guarantee Act (Woinarski et al. 2014). In
response, ~100,000 ha of old-growth forest in
Victoria was protected in late 2019 (DELWP
2019). The conservation of these old-growth for-
ests was due to its association with hollow-bear-
ing trees that it uses for nesting (Lindenmayer
et al. 1990). A range of studies have identified
multiple factors that influence the habitat suit-
ability of greater gliders at different scales, such
as forest structure (Smith et al. 2007), disturbance
(McLean et al. 2018), nutrient availability (Youn-
gentob et al. 2011), and climate (Kearney et al.
2010). While the decline in greater glider popula-
tions has been variously attributed to timber har-
vesting, land-use change, bushfires, and planned
burning (Possingham et al. 1994, Kavanagh 2000,
Pope et al. 2004, Lindenmayer et al. 2013, Youn-
gentob et al. 2013), declines and extinctions have
also been observed in protected reserves, where
forests have not been subject to logging nor have
experienced recent fire (Lindenmayer et al. 2011).
The broader decline in the species’ populations
in some parts of its distribution is likely the result
of other environmental factors. Climate and
weather are potential factors (see Kearney et al.
2010); however, few studies have explored how
recent climatic change and extreme weather
events impact the species. Changes to climate
and weather patterns represent a potential sys-
temic risk to greater gliders across their distribu-
tion as they have limited physiological flexibility
—in particular, a narrow range of thermal toler-
ance (Rubsamen et al. 1984).
Unlike other mammals that have a thermoneu-

tral zone of several degrees, the greater glider
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has a fixed thermoneutral point at 20°C, above
which it becomes hyperthermic (Rubsamen et al.
1984). This makes it particularly sensitive to
changes in ambient temperature and water avail-
ability (Cork and Catling 1996, McIlwee 2001).
Consequently, greater gliders are commonly
found in areas with mild, cool temperatures and
high rainfall. In southeastern Australia, this is
typically in mountainous areas >300 m asl,
although greater gliders are most abundant
above 700 m (Bennett et al. 1991). They are noc-
turnal animals that emerge at nighttime to feed;
during the day, they shelter in tree hollows to
remain cool and protected from predators. At
temperatures >20°C, greater gliders expend con-
siderable energy and water to cool themselves
(Rubsamen et al. 1984). When nights are too hot,
they remain in their insulated and cooler dens to
conserve energy; however, this limits their ability
to feed on Eucalyptus leaves, which are their pri-
mary source of nutrients and water (Marples
1973, Foley et al. 1990, Kavanagh and Lambert
1990). This physiological sensitivity suggests that
a warming and drying climatic poses a threat to
the greater glider at the warmer and drier mar-
gins of its distribution (Kearney et al. 2010).

In addition to the direct physiological effect of
temperature on the greater glider, climatic
change is also predicted to alter the nutritional
value of one of their primary food resources
(Lawler et al. 1997). Eucalyptus leaves have high
levels of fiber, lipids, and phenols (Attiwill and
Leeper 1987), but low protein and carbohydrate
availability. This limits their nutritional value
and reduces digestibility (Cork and Sanson
1990). Nitrogen is the primary source of protein
for arboreal folivores; however, it typically only
comprises 0.8–2.0% of dry matter in Eucalyptus
leaves (Moore et al. 2004). Greater gliders have
evolved a dietary preference for certain eucalypt
species; they are found in greater abundance
where eucalypt species with higher nitrogen con-
tent and digestibility are found at higher densi-
ties (Braithwaite et al. 1984, Kavanagh and
Lambert 1990, Cork and Catling 1996, DeGabriel
et al. 2009, Jensen et al. 2015). Foliar nutrition is
influenced by topography and climate (Attiwill
and Adams 1996). As ambient CO2 levels rise,
the C:N ratio of Eucalyptus foliage has been
observed to increase, which results in lower
levels of available nitrogen in the leaves (Lawler

et al. 1997, Cotrufo et al. 1998, Kanowski 2001)
and increasing leaf toxicity (Cork and Foley
1997, Moore et al. 2004), which could lead to fur-
ther negative impacts on the greater glider.
In this study, we evaluated the influence of cli-

mate, disturbance, topography, edaphic, and for-
est structure variables on greater glider
occupancy patterns within the southeastern part
of its distribution. The primary aim was to iden-
tify the key variables associated with their habi-
tat selection and the role that they may have
played in the observed decline of the species.
These variables were used to develop a species
distribution model to predict areas of potentially
suitable habitat to help guide landscape-scale
forest management and conservation planning.
Given the physiological constraints of the greater
glider and their decline in areas where their main
assumed threat, disturbance, is not a direct issue,
we hypothesized that landscape-scale changes in
habitat suitability are driven more by climate,
topography, and edaphic factors than distur-
bance.

MATERIALS AND METHODS

Study areas
Our study focused on three areas within the

known distribution of the greater glider in Victo-
ria, southeastern Australia: East Gippsland, the
Central Highlands, and the Strathbogie Ranges.
These areas were chosen due to the availability
of presence and absence records and strong gra-
dients of topography, climate, and vegetation
communities across which the greater glider is
known to occur (Appendix S1: Fig. S1).
East Gippsland includes approximately

1,200,000 ha of forests in far eastern Victoria
(Dept. of Agriculture and Water Resources 2018).
The vegetation ranges from open lowland forests
dominated by a mix of Eucalyptus species (in-
cluding E. sieberi, E. tricarpa, E. globoidea) and
Banksia spp. to dense, high-elevation (>1000 m
asl) sites dominated by E. delegatensis and other
high-elevation mixed species (Opie et al. 1990,
Sebire and Fagg 2009). Eucalyptus obliqua is the
most abundant species, occurring across the
entire elevational range of the region (Dept. of
Conservation and Natural Resources 1995). Ele-
vation ranges from sea level to ~1300 m asl.
Annual rainfall across the region ranges between
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648 and 1178 mm (average for 1981–2014; Ste-
wart et al. 2020b) and mean annual temperature
between 6° and 15.8°C (average for 1981–2014;
Stewart and Nitschke 2017b). Greater gliders
have been recorded at varying levels of abun-
dance across the full range of elevation and in a
variety of forest types. However, they are more
abundant at higher elevations and in more closed
forests (Henry 1984, Bennett et al. 1991, Van der
Ree et al. 2004). Conservation-based prescrip-
tions have been in place for over 20 yr in East
Gippsland to protect areas with high densities of
greater gliders from timber harvesting (Depart-
ment of Conservation and Natural Resources
1995, Dept. of Natural Resources and Environ-
ment 1997).

The Victorian Central Highlands includes
~860,000 ha of forest to the east of Melbourne.
Elevation ranges from 75 to 1600 m asl. Annual
rainfall ranges between 564 and 2089 mm (Ste-
wart et al. 2020b) and mean annual temperatures
from 5.8° to 15.2°C (Stewart and Nitschke 2017b);
however, local climatic conditions are heavily
influenced by topography in this complex land-
scape. The main canopy tree species in the Cen-
tral Highlands forests are E. regnans, E.
delegatensis, and E. obliqua (Department of Natu-
ral Resources and Environment 1998). Surveys of
arboreal marsupials, including the greater glider,
have been conducted in the Central Highlands
since the 1980s and have recently documented
significant declines in their occurrence (Incoll
et al. 2001, Lindenmayer et al. 2011, Linden-
mayer and Sato 2018). Until late 2019, there were
no timber harvesting prescriptions for conserv-
ing the species’ habitat in the Central Highlands.
The recently updated and implemented

Petauroides volans Action Statement stipulates
that a higher rate of tree retention must now
occur where timber harvesting is permitted in
areas of medium greater glider densities across
all of Victoria. In addition, ~100,000 ha of key
habitat across the entire state has been placed
under immediate protection (see DELWP 2019).
The Strathbogie Ranges is an isolated land-

scape of approximately 44,000 ha of forest north-
east of Melbourne. This is an area of typically
steep slopes with native forests surrounded by
agriculture and pine plantations in the lowlands.
Elevation ranges from 300 to 1033 m asl; mean
annual rainfall ranges from 718 to 1245 mm (Ste-
wart et al. 2020b) and mean annual temperatures
from 10.4° to 15°C (Stewart and Nitschke 2017b).
The main tree species in the region are E. radiata,
E. globulus, E.dives, and E. dalrympleana (Marshall
2007). Recent government and citizen science
surveys for nocturnal fauna have identified an
abundance of greater gliders in the region. A
comparison with historical data from the 1980s
provides no indication of population decline in
the region, suggesting that this isolated forest
landscape may be an important refuge for the
species (Nelson et al. 2018).

Datasets and survey design
Observations from four surveys for arboreal,

nocturnal fauna in mature forest, carried out
between 2012 and 2019 in the three study areas,
were combined into a dataset consisting of 725
sites. The survey dataset includes 233 sites where
greater gliders were present. The survey sites
ranged in elevation from 9 to 1508 m a.s.l
(Table 1). All surveys were conducted at night
using standard spotlighting survey methods to

Table 1. Overview of surveys used for this study.

Region (year) Contributor
Total
sites

Petauroides
volans

presences

Elevational
gradient (m

asl)

Survey effort
(no. surveys/

site)

Minimum no.
of surveyors/

survey

Central Highlands
(2012)

Arthur Rylah Institute for
Environmental Research

421 71 123–1508 2–3 1–2

East Gippsland (2015) Department of
Environment, Land,
Water and Planning

164 94 9–1132 4 2

Strathbogie
Ranges + Central
Highlands (2017–2018)

Arthur Rylah Institute for
Environmental Research

110 59 100–1400 1 2

East Gippsland
(2018–2019)

This study 30 9 42–1200 1–2 2
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detect nocturnal fauna while walking along for-
est tracks or through the forest, recording all spe-
cies sighted using high-powered spotlights
(Lumsden et al. 2013). The 2012 survey used 100-
m transects to spotlight for arboreal species
(Lumsden et al. 2013). The 2015–2019 surveys
used transects of 1 km length on track or 500 m
off track (Nelson et al. 2018). The 2012 surveys
were surveyed twice by a single observer, while
all the other surveys were surveyed at least once
using two observers (Table 1). Double observer
distance sampling has been found to increase
detection probabilities (Kissling and Garton
2006). The different survey methods represent
different levels of survey effort, which could
influence detectability at non-presence sites (Wat-
son et al. 2008). If one or more individuals of
greater glider were spotted, the site was consid-
ered a presence site. Sites where gliders were not
detected were classified as absence sites; how-
ever, because detection is imperfect for greater
gliders (see Wintle et al. 2005), some absence sites
may represent false-negative observations. The
inclusion of too many false-negative sites can
impact the performance of species habitat mod-
els by diluting or overestimating the influence of
the predictor variable (Tyre et al. 2003). Greater
gliders have high detectability given their small
home ranges, low mobility, and high densities
(Wintle et al. 2005). Wintle et al. (2005) found that
two surveys had a greater than 60% detectability
yielding low false-negative rates (<40%). Tyre
et al. (2003) stated that for species with false-
negative rates <50%, more sites should be sam-
pled, as opposed to more visits to the same sites,
to improve precision and reduce bias in habitat
models. The approach used for the surveys con-
sidered in this study balanced multiple surveys
to improve detectability at each site while
increasing the number of independent sites to
reduce potential bias in model estimates from
false-negative observations. Other data recorded
in all surveys included the following: location of
observation, tree species on which an animal was
observed, height on tree, behavior, fur color, time
of observation, and distance and bearing to the
animal.

Species distribution models built with bal-
anced presence and absence points are more
accurate and less likely to contain biases that
may lead to model overfitting (McPherson et al.

2004, Liu et al. 2005). To ensure a balanced study
design and avoid overrepresentation of absence
sites from a single study region, we randomly
selected absences from the 2012 Central High-
lands surveys, where the target species was
recorded at a lower proportion of sites. We did
this to match the presence:absence ratio of the
other two landscapes, which was 53%. Random
sampling of absences was selected to avoid bias-
ing the selection of absence sites under the
assumption that, given the survey effort, the
absence sites are true absences that represent a
range of potential habitat suitability within areas
of mature forest. All presences were used in the
analysis. After balancing the presence: absence
ratio, the final dataset used for modeling
included 437 sites.

Independent variables
For all presence and absence sites, variables

describing climate, topography, geology, forest
structure, productivity, and soil chemistry, as
well as past management and disturbance
records, were compiled. The initial modeling
dataset contained >150 variables across these cat-
egories, although climatic variables were most
common (Appendix S1: Table S1). We reduced
the total number of variables by first removing
highly correlated variables and then low or non-
significant variables through generalized linear
models (GLM). Our final analysis included 12
variables.

Climatic data
All climatic variables were generated using

daily gridded datasets. Variables used in the
modeling were extracted at ~250 m resolution by
interpolating weather station observations (Ste-
wart and Nitschke 2017a, 2018, Fedrigo et al.
2019, Stewart et al. 2020a, b, c) and combining
preexisting datasets (McVicar 2011). The gener-
ated data span the period from 1981 to 2014
(33 yr). These long, high-resolution time series of
climatic data were developed specifically for eco-
logical modeling across the state of Victoria and
were used to calculate derived variables describ-
ing aridity, weather events, and climate. Vari-
ables used for modeling included daily
maximum, minimum, and mean temperatures,
diurnal temperature range, precipitation, poten-
tial evapotranspiration, vapor pressure deficit,
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and saturation vapor pressure (svp; Alduchov
and Eskridge 1996; Eq. 1, es = saturation vapor
pressure, T = temperature):

esðTÞ¼ 6:1094�exp
17:625�T
243:04�T

: (1)

From these data, the number of nights with tem-
peratures >20°C (hot nights) and days with
≥25 mm of precipitation (wet days) was calcu-
lated. In addition, a daily condensation index (CI;
Eq. 2, svp tmin = saturation vapor pressure at
minimum temperature, vp9am = vapor pressure
at 09:00 AM) was derived, with CI values < 0
used to calculate the number of days that conden-
sation occurred. Climatic aridity for each site was
calculated using the mean annual heat moisture
index (AHMI; Eq. 3, MAT = mean annual temper-
ature, MAP = mean annual precipitation; Wang
et al. 2006, Paudel et al. 2016). A total of six cli-
matic variables were used in the final model.

CI ¼ svp tmin�vp9am (2)

AHMI¼ðMATþ10Þ
MAP
1000

� � (3)

Topographic, edaphic, and vegetative data
We used static variables describing topogra-

phy (elevation, slope, aspect, geology), edaphic
conditions (pH, soil type, terrain wetness index
[TWI]), ecological context (ecological vegetation
classes [EVC]), disturbance history, including
number of past fires (both bushfires and planned
burns) and number of timber harvesting opera-
tions, and the normalized difference vegetation
index (NDVI) at survey date. These were collated
for each site. All data are publicly available
through open-source data portals DATA VIC
(data.vic.gov.au) and TERN (portal.tern.org.au)
or derived from freely available satellite imagery
through NASA and USGS data portals (glo-
vis.usgs.gov). For all sites, these data were
extracted as spatial vector or raster layers in
QGIS 3 (QGIS Development Team 2018).

Data preparation
All statistical analyses were conducted in R (R

Core Development Team 2018) and the packages
caret, dismo, effects, gbm, landscapemetrics,
MuMIN, raster, ROCR, and SDMTools (Sing

et al. 2005, Hijmans et al. 2017, Fox and Weisberg
2018, Barton 2019, Greenwell et al. 2019, Hessel-
barth et al. 2019, Hijmans 2019, VanDerWal et al.
2019, Wing et al. 2019). Cumulative data for cli-
matic events such as the total number of hot
nights or condensation days across all 33 yr
observed were divided by the total number of
years (n = 33 for most variables) in the dataset to
estimate mean annual values. Additionally, sepa-
rate 11-yr datasets were developed, where the
total number of cumulative events across the
11 yr observed was divided by n = 11. This
allowed for comparisons of climate at approxi-
mately decadal time intervals. All variables were
standardized prior to analysis.

Variable selection
The initial dataset included a wide range of

variables that have been hypothesized to influ-
ence greater glider occupancy (Appendix S1:
Table S1). To reduce the number of variables for
analyses, we used a multi-step procedure. We first
excluded variables when the Pearson’s correlation
coefficient was ≥0.7. The variable within a corre-
lated pair that had more ecological relevance was
kept. Variables that had multiple high intercorre-
lations with other variables of ecological meaning
were also removed. This was particularly the case
with elevation, which was correlated with most
climatic variables. Elevation also represents a sta-
tic proxy of climate making its inclusion for
understanding the role of climatic variability rela-
tively uninformative. We grouped the variables
into seven categories (extreme events, climatic
normals, structure/vegetation, topography, cli-
matic indices, disturbance history, and soil) and
used binomial GLMs to identify the strongest
variables for predicting the presence or absence of
greater gliders within each group. Only variables
with significance of P ≤ 0.01 were selected for
inclusion in the final analyses. In cases where all
variables within a given group had P ≤ 0.01, the
dredge function in MuMIN was used to build
multiple models on all possible combinations of
variables within that group. Only the significant
variables in models with the highest AIC and
delta ≤ 2.5 were selected for use in the machine-
learning modeling (Anderson and Burnham 2004,
Burnham and Anderson 2004). This process
reduced the initial number of variables to 12 for
further analysis (Table 2).
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Statistical modeling
We used boosted regression trees (BRTs) to

identify variables associated with the occurrence
of greater gliders and model habitat suitability.
A machine-learning technique was selected
because, unlike linear models, it allows for non-
linearities and interactions to be considered
simultaneously (De’ath 2007, Elith et al. 2008).
BRTs also allow for precise parameter control
(such as learning rates and tree complexity) and
an evaluation of interactions and variable thresh-
olds within the final model. A learning rate of
0.001 was used with a bag fraction of 0.5 and a
tree complexity of 5, to allow for interactions to
be considered. The number of trees was chosen
by error rate with minimum error as the selection
criterion for model complexity (De’ath 2007). The
full dataset was randomly split into training
(70% of the data) and validation (30%) subsets.
The models were built on training data only;
model fit was tested using cross-validation (CV)
and independent validation using the full dataset
and the validation dataset, respectively. Multiple
statistics were used to test model fit including
CV correlation, deviance, accuracy, area under
the curve (AUC), sensitivity (true-positive rate,
TPR) and specificity (true-negative rate, TNR),
and the true skill statistic (TSS), which, as com-
pared to kappa, is not dependent on prevalence
affecting predictive accuracy (Allouche et al.

2006). Cohen’s kappa was instead used to deter-
mine the probability of occurrence threshold
used to represent suitable habitat of the final
habitat suitability model that maximized model
fit (Elith et al. 2006, 2008, De’ath 2007). Addition-
ally, the most important variable interactions
were extracted. Interactions were based on the
residual variance of a linear model fitted to deter-
mine the influence of the variable interaction on
model variance. The interaction size expresses
the relative strength of the interaction. If residual
variance is 0, no interaction has occurred; the lar-
ger the interaction value, the stronger the
observed interaction (see Elith et al. 2008).

Modeling spatial and temporal changes in greater
glider habitat
We used the relationships between greater gli-

der occurrence and environmental predictors to
explore how these variables have changed over
the last three decades and how this may have
impacted the distribution of the species within
the study landscapes. To do this, we developed
rasterized data layers for each of the variables
included in the final habitat suitability model.
Important climatic variables were extracted for
each ~250 m grid cell over the State of Victoria
for two time frames. The first time frame was the
entire 33 yr of climatic data; this was used to
visualize the species distribution model. The

Table 2. Final modeling variables, their groups, and significance when fitted using GLM.

Group Variable Explanation P*

Extreme events Hot nights No. of nights with nighttime temperatures (tmin)
≥20°C

**

Wet days No. of days with precipitation (P) ≥ 25 mm ***
Condensation events No. of days with condensation index (CI) <0 *

Climatic normals Potential evapotranspiration (et0) Mean et0 of site ***
Vapor pressure deficit (vpd) Mean vpd of site *

Structure/
vegetation

Forest type Ecological vegetation classes (EVC) ***
Normalized Difference Vegetation Index
(NDVI)

NDVI value at survey date *

Topography slope Slope in degrees ***
TWI Terrain wetness index ***

Climatic indices AHMI Annual heat moisture index ***
Disturbance
history

Fires No. of fires between 1981 and 2014 ***

Soil pH Soil pH of organic layer *

Note: Variables such as hot nights are cumulative over the 33-yr period, averaged per year.
*P ≤ 0.01, **P ≤ 0.001, ***P ≤ 0.
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second time frame was a series of 11-yr win-
dows, which represented climate within the
periods 1981–1992, 1992–2003, and 2003–2014
(climatic years were calculated from July to
June). These 11-yr windows were used to test for
changes in climate and variable patterns over
time. Non-climatic variables were transformed
into rasters and rescaled to 250-m resolution
where necessary. Due to the lack of cloud-free
satellite imagery for the entire State of Victoria
for all survey periods, rasters were cropped to
the forest areas of the three study landscapes.
For these, all variable rasters were compiled into
raster stacks using raster. Partial variable depen-
dence plots were used to identify thresholds (i.e.,
variable values that lead to positive or negative
impacts on habitat suitability) and extracted for
each of the significant climatic predictors (i.e.,
AHMI, wet days, hot nights, VPD, and conden-
sation). Using averaged rasters, we identified
areas of suitable climatic conditions. Rasters rep-
resenting all climatic variables for each 11-yr
window were used to calculate the percentage of
change in each climatic variable included in the
model between the first (1981–1992) and last
(2003–2014) period. We then analyzed the extent
of currently suitable area by extracting area per-
centages and inter-period changes in habitat suit-
ability using niche overlap and percentage of
area of habitat suitability in either period,
defined by variable thresholds according to Scho-
ener and Gorman (1968) and Warren et al. (2008).
The number and size of patches of suitable and
unsuitable habitat were extracted by reclassify-
ing prediction rasters based on the identified
suitability threshold defined by Cohen’s kappa
and elevation to create landscape classes. These
were then analyzed using calculate_lsm from the
landscapemetrics package. We also used the data
to identify changes in the area with suitable cli-
matic conditions for greater gliders based on cli-
matic variable-specific thresholds. Additionally,
we used confirmed and verified historical

records matching the earliest 11-yr window
from the Victorian Biodiversity Atlas (VBA;
vba.dse.vic.gov.au/vba) to explore whether the
modeled declines in climatically suitable condi-
tions for greater gliders were consistent with
observed spatial patterns of declines in greater
glider observations.

RESULTS

Model performance
Cross-validation and independent validation

datasets suggest that the final boosted regression
tree model performed with high classification
accuracy in both evaluations. AUC was 0.93 for
cross-validation and 0.82 for independent valida-
tion, respectively, and TSS was 0.71 and 0.5
(Table 3). In cross-validation, 90% of all pres-
ences and 81% of all absences were predicted
correctly, while in independent validation, the
model predicted 81% of all presences and 69% of
all absences correctly. The best true-positive (TP)
and true-negative (TN) predictions were
achieved for the East Gippsland study region
(Appendix S1: Figs. S2, S3). These results show
that the models are robust and can be used as a
predictive tool for greater glider occupancy
across the studied landscapes.

Variable importance
Aridity, weather events, and climate were the

most important predictors of habitat suitability
(Fig. 1). Non-climatic variables had less influ-
ence, although they still contributed to the model
performance. Of the five most important vari-
ables, four were related to climate: AHMI (22%
variable influence), number of wet days (12.1%),
number of hot nights (11%), and vapor pressure
deficit (8.7%). Other climatic variables had 5.9%
(days with condensation) and 5.7% (evapotran-
spiration) variable influence, respectively. The
performance of non-climatic variables in ranked
order was slope (9.5%), NDVI (8.4%), TWI

Table 3. Summary of model evaluation.

Test Kappa Accuracy AUC Correlation Sensitivity Specificity TSS P

Cross-validation 0.71 0.86 0.93 0.74 0.81 0.90 0.71 <0.001
Independent validation 0.49 0.75 0.82 0.56 0.69 0.81 0.5 <0.001

Note: Both validations were based on a BRTmodel of 3300 trees with a deviance of 0.68.
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(5.4%), EVC forest type (4.4%), number of fires
(3.5%), and soil pH (3.3%). Partial dependencies
were used to evaluate the influence (positive or
negative) each variable had on the presence or
absence of greater gliders (Fig. 2). Interactions
were detected between both climatic and non-cli-
matic variables. The strongest interaction was
observed between slope and AHMI (interaction
size: 14.13, Fig. 1; Appendix S1: Fig. S4).

Species distribution models
We predicted the location of high suitability

habitat—areas most likely to have greater gliders
present—in all three study regions (Fig. 3). High
habitat suitability was defined based on the
probability that maximized the kappa statistic
(maximum TPR + TNR at 0.47). Areas below the
threshold were considered unsuitable and unli-
kely to support greater gliders based on the
model parameters. In East Gippsland, 16%
(~200,000 ha) of the forest area was found to be
high suitability habitat. In the Central Highlands
and Strathbogie Ranges, 47% and 49% were high
suitability habitat (~400,000 ha and ~20,000 ha,

respectively; Fig. 3, Table 4). Elevations above
700 m were predominately classified as highly
suitable across all regions (Appendix S1: Fig. S5);
elevations above 500 m make up more than 50%
of the total suitable area in all study regions
(Appendix S1: Fig. S6).

Changes in climatic predictors and suitable
habitat over time
Analyses of the climatic data and historic

records suggested that climatic conditions over
the past three decades have shifted, with extreme
conditions such as hot nights increasing over
time, particularly over the last five years of avail-
able data (Appendix S1: Fig. S7). In all sites
within the three study regions, annual maximum
summer nighttime temperatures have exceeded
the thermoneutral point of 20°C since 1996. Addi-
tionally, we observed a trend of rising mean
annual nighttime temperatures since the late
1980s across sites and regions (Appendix S1:
Fig. S8). Analyzing changes in the area with suit-
able climatic conditions for greater gliders
between 1981–1992 and 2003–2014 based on
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Fig. 1. Variable importance in percent and main interactions of final boosted regression tree (BRT) model for
greater glider occupancy in eastern Victoria. See Table 2 for variable explanation.
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climatic variable-specific thresholds, we found
that the total area with suitable climatic condi-
tions was highly responsive to decadal changes
in climate across all three study regions and for
all climatic variables. The most striking response
was a decline in the area of suitable conditions
associated with changes in the number of hot
nights. The increasing frequency of hot nights
was associated with a reduction in area with suit-
able climatic conditions from 63% (across all three
regions) to 10%. For three variables (AHMI, wet
days, and condensation days), an increase in the
suitable area was detected in some regions. How-
ever, in most cases these changes were marginal
(Table 5; Appendix S1: Fig. S9). Using single-vari-
able suitable area extent and historic greater

glider records from 1981 to 1992, we found,
across the study regions, that the total area with
suitable climatic conditions and greater glider
observations was much greater in the 1980s and
that the changes in observed occurrences by the
late 2000s are consistent with observed changes
in climatic conditions (Fig. 4). Studying the per-
centage change in AHMI between the first and
last 11-yr period, we found that all study regions
have generally become hotter and drier over time.
These areas had higher average AHMI values in
2003–2014 compared with 1981–1992. Neverthe-
less, some areas in East Gippsland above 500-m
elevation, experienced lower AHMI values
between 2003 and 2014, suggesting a decline in
aridity during this time period (Fig. 5).

Fig. 2. Partial variable dependence plots for all 12 modeling variables and their variable importance in percent.
Abbreviations are AHMI, annual heat moisture index; rain, number days with P ≥ 25 mm; hn, number of nights
with tmin ≥20°C; slope250, slope in degrees at 250-m resolution; vpd, vapor pressure deficit; NDVI, normalized
difference vegetation index; cond, number of days with condensation index (CI) < 0; et0, potential evapotranspi-
ration; TWI250, terrain wetness index at 250-m resolution; FT, forest type according to EVC; Fire250, number of
forest fires between 1981 and 2014 at 250-m resolution; and ph250, soil pH at 250-m resolution.
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DISCUSSION

Climatic change and weather extremes affect
the quality and distribution of habitat for many
animal species (Hughes et al. 1996, Reside et al.

2010, Bateman et al. 2012, Rawal et al. 2014,
2015a, Seidl et al. 2017). Using high-resolution,
daily climatic datasets, we identified that the dis-
tribution of greater gliders in Victoria in south-
eastern Australia is primarily influenced by
climatic variables that relate to their unique
physiology; areas with cool nighttime tempera-
tures and higher water availability were most
suitable for greater gliders, and areas with high
nighttime temperatures and arid conditions were
least suitable. Importantly, we found that these
climatic conditions have changed to such a
degree over the last 30 yr that it has precipitated
a landscape-scale contraction of wetter and
cooler conditions to higher elevations. Our
results have important implications for under-
standing the recent declines of greater glider
populations in the region (see Lindenmayer et al.
2011, Lindenmayer and Sato 2018).
The greater glider’s unique physiology and

diet make it particularly vulnerable to high tem-
peratures and low water availability (Rubsamen
et al. 1984). Higher temperatures lead to heat dis-
sipation through more rapid evaporation of sal-
iva licked onto the animals’ fur for cooling, as
well as increased respiratory frequency and inef-
ficient and excessive use of water for both pro-
cesses. Foley et al. (1990) reported that free-living
gliders obtained 58% of their water intake from
water in leaves and only 18% from metabolic
processes. Remaining water came from licking
dew and rainwater on the surface of leaves, thus
indirectly from their food source. Increasing arid-
ity, more frequent hot nights, and decreasing
numbers of wet days and days with condensa-
tion events all negatively impacted the area of
potentially suitable habitat for greater gliders
across a wide range of forests and forest condi-
tions in southeastern Australia. Warmer nights
(i.e., higher minimum temperatures) increase the
water-holding capacity of the atmosphere (i.e.,
higher svp) and therefore reduce the amount of
condensation available. When coupled with
increasing aridity, these factors are likely to con-
siderably reduce the amount of water available
to the animal. Climate and weather variables
accounted for ~65% of the variable influence in
our model. Earlier studies demonstrated the
influence of temperature on greater glider habitat
suitability (Cork and Catling 1996) and sug-
gested that climate is an important determinant

Fig. 3. Mapped habitat suitability for greater glider
over forest areas of (a) East Gippsland, (b) Central
Highlands, and (c) Strathbogie Ranges with survey site
overlay (0/red = absence, 1/blue = presence site.
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of the species’ future distribution (Kearney et al.
2010).

Aridity, represented by AHMI, was the most
influential variable in our model. High values of
AHMI indicate increased atmospheric aridity in
response to either warmer temperatures or low
precipitation, which in turn influence site-level
moisture availability (Paudel et al. 2016). Higher
AHMI values had a negative influence on occu-
pancy (Fig. 2). This suggests that long-term shifts
in regional hydroclimate have the potential to sig-
nificantly alter the distribution of the greater gli-
der across the region. The observed change in
aridity over the last 33 yr is consistent with
observed declines of the species within the region.
Interestingly, our analyses found that some high-
elevation areas, particularly within East Gipps-
land, may have become less arid in recent years
(Fig. 5). These areas were also modeled to be the
most suitable for the greater glider. It is worth not-
ing that AHMI does not account for the role of

topography on water availability. To consider this,
we included the terrain wetness index (TWI),
which accounts for fine-scale effects of landform
on soil moisture. It explained 5.4% of the influence
in the model. Higher TWI values are associated
with greater upslope drainage and thus higher
soil moisture (Beven and Kirkby 1979). Steeper
slopes were also found to positively influence the
occupancy of the greater glider (Fig. 2). This may
be due to the influence of steepness on soil runoff
and microclimate. Steeper slopes tend to connect
to areas with high TWI values in riparian areas,
which are also areas with increased condensation
and lower temperatures due to cold air drainage
(Stewart and Nitschke 2017b). Additionally, the
strong interaction between AHMI and slope
(Appendix S1: Figs. S4, S10) suggests that in drier
parts of the landscape, areas with flatter slopes
have a higher likelihood of occupancy. These
areas have lower temperatures (see Stewart and
Nitschke 2017b), higher terrain wetness indices,

Table 4. Habitat suitability statistics based on landscape predictions for the three study regions.

Study region Area suitable (ha) Percentage of total area suitable Mean suitability SD SE

East Gippsland 198,556 16 0.64 0.14 0.0008
Central Highlands 403,462 47 0.58 0.07 0.0003
Strathbogie Ranges 21,514 49 0.75 0.08 0.0014

Table 5. Area and overlap analysis results for each climatic variable in the three study regions.

Variable Threshold Region
Percentage of area
suitable 1980s

Percentage of area
suitable today

Percentage niche
overlap

AHMI 14–25 EG 4.5 6.9 62.3
CH 50.4 43.4 73.2
SR 46.5 15.7 33.8

Wet days >100 occasions per
decade

EG 84.3 61.3 72
CH 54.3 51.3 89.2
SR 98.2 99.4 98.7

Hot nights <50 occasions per
decade

EG 85 9.1 10.7
CH 65 18.9 29
SR 39.5 4.1 10.3

vpd 3.5–5 EG 59 36.8 53.1
CH 64.1 54.8 81.6
SR 10 6.3 63

Condensation
days

>200 occasions per
year

EG 25 19.6 65.6
CH 46.2 46.3 96.3
SR 8.6 8.7 93.8

Notes: Values in italics indicate (marginal) increases in suitable habitat, all others are declines, based on variable thresholds.
Region abbreviations are EG for East Gippsland; CH for the Central Highlands; SR for the Strathbogie Ranges. See Table 2 for
variable explanation.
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and higher levels of condensation. They are also
typically dominated by riparian forests, where
aridity is mediated by topographic influence.
These results suggest that topographic complexity
can provide microclimatic refugia in warmer and
drier parts of the landscape, thus enabling the
thermoregulatory threshold of greater gliders to

be maintained. Many examples emphasize the
importance of riparian and other stable habitat
areas as refugia (Reside et al. 2019). Other species
of Australian vertebrates, from the marsupial
quokka (Setonix brachyurus) to woodland birds,
are known to depend on these types of sites (De
Tores et al. 2007, Bennett et al. 2014).

Fig. 4. Example of suitable habitat decrease for the variable hot nights (number of nights >20°C) according to
variable threshold for 1981–1992 with historic records from the Victorian Biodiversity Atlas and 2003–2014 (to-
day) with presence records from this study in East Gippsland. Dark green represents suitable-, gray represents
unsuitable areas, and black dots are greater glider observations.
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Several non-climatic variables relating directly
or indirectly to vegetation quality were included
in our final model of greater glider occurrence.
The partial dependence plots of soil pH values
suggest that sites with relatively neutral soils are
preferred (Fig. 2). Soil pH may influence the
nutritional content of the vegetation on which
the species depends (Cork and Catling 1996).
Soils with extreme pH values, whether too high
or too low, generally have less plant-available
nitrogen and other nutrients (Handreck et al.
2002). Cork (1992) showed that Australian euca-
lypt forests with leaf nitrogen content values
below 10 mg/g are typically unfavorable for foli-
vores. However, more research is needed to
determine the relationship between soil pH and
tree nutrition on greater glider habitat use. We
also found that high NDVI values and certain
forest types had a positive influence on occur-
rence (Fig. 2). In general, more productive forests
(see Tucker 1979) with closed canopies were
more likely to support the greater glider, which
is consistent with early research by Kavanagh
and Lambert (1990). NDVI has previously been
identified as a useful predictor of greater glider
abundance (Youngentob et al. 2015). These vari-
ables may be capturing the influence of soil and

vegetation patterns on forest nutrition, which in
turn influences the occurrence of greater gliders
and other marsupial folivores. Closed-canopy
forests in general also have a microclimatic effect
and typically have cooler temperatures and
higher moisture retention than open-canopy for-
ests (Makarieva et al. 2006). These metrics may
therefore represent a proxy for favorable micro-
climatic conditions within the landscape.
The lack of significant association with vari-

ables describing forest disturbance history (e.g.,
timber harvesting, forest fires, fire management
practices) and the occurrence of greater gliders
was surprising, as more than half of our sites had
experienced some form of disturbance through
fire or harvesting operations between 1980 and
2014 (Appendix S1: Fig. S11). Disturbance
through fire and timber harvesting is generally
considered the main threat to the species (Lin-
denmayer and Sato 2018, McLean et al. 2018).
Timber harvesting, in particular, changes the
structure of the forest, reducing nesting and for-
aging resources by replacing hollow-bearing
trees with young regrowth or leaving relatively
few habitable trees through retention, and thus
poses a direct threat to the species at local scales
(Lindenmayer and Sato 2018, McLean et al.
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Fig. 5. Percent change in AHMI between 1981–1992 and 2003–2014 in the East Gippsland study region. Nega-
tive changes (blue colors) in AHMI indicate development of cooler and wetter conditions, suggesting the forma-
tion of climatic refugia for the greater glider. Positive changes (red colors) illustrate development of hotter and
drier condition, likely reducing habitat suitability.
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2018). However, the recently described local
extinction of the greater glider at Booderee
National Park, New South Wales, which has
experienced neither logging nor severe fire over
the period of observation, suggests that other fac-
tors may drive population fluctuations of the
species (Lindenmayer et al. 2011). The lack of
association between disturbance history and
occurrence in our study may be, in part, due to
the sampling design used to survey for greater
glider and other arboreal marsupials. Typically,
mature forests were targeted, and the survey
technique detects animals when they are out for-
aging at night, rather than in their nesting habi-
tat. However, the relatively small home ranges of
greater gliders (Smith et al. 2007) may limit the
importance of this as an issue. The species has
often been detected adjacent to harvested areas.
However, the harvested areas themselves are
typically not directly targeted in arboreal marsu-
pial surveys, nor are sites that have been recently
burned. One reason for this is the dense vegeta-
tion that occurs in harvested and burnt areas,
which limits detectability of animals in the forest
canopy. Lindenmayer et al. (2013) found that the
abundance of greater gliders declined when the
amount of burned area around a survey point
increased. The low importance of forest fires as a
variable in our models suggests this response
does not scale across the three study regions.
Our analyses suggest that across mature forest
stands, aridity and weather extremes are consis-
tently more important than disturbance history
in shaping the distribution of the species at the
landscape-scale in southeastern Australia.

Only recently have the potential effects of heat
stress and drought been considered as threat to
greater gliders (see DELWP 2019). Modeled
future climatic scenarios for southeastern Aus-
tralia suggest that the climate will become war-
mer and drier with more extreme events in the
coming decades (CSIRO and Bureau of Meteorol-
ogy 2015). This may have important conse-
quences for forests as habitat (Keenan and
Nitschke 2016, Seidl et al. 2017). For the greater
glider, predicted future climatic conditions will
likely lead to more hot nights and less available
water from rainfall and condensation. Indirect
effects on forest nutrition and eucalypt species
composition, preferred for foraging, may also
lead to a reduction in habitat suitability. Our

results suggest that the species has already expe-
rienced the impacts of climatic change and that
these changes will be amplified as the climate
becomes increasingly warmer and drier across
southeastern Australia. Identifying and protect-
ing bioclimatic refugia—that is, areas where suit-
able climatic conditions are likely to persist over
the long term, within landscapes, is critical for
the conservation of the greater glider. While
many areas within the studied landscapes have
become hotter and drier, some remained stable
or have become less arid. Although observed
aridity has increased throughout the entire Cen-
tral Highlands and Strathbogie Ranges, mid- to
high-elevation areas in East Gippsland have
shown an opposite trend and may already be act-
ing as climatic refugia for greater gliders (Fig. 5).
These areas, where high densities of animals
have been observed, are critical for the conserva-
tion of this species: In East Gippsland, more than
80% of suitable habitat lies above 500-m eleva-
tion and more than a third above 1000 m
(Appendix S1: Fig. S6). In contrast, low-elevation
sites, which have experienced the most drastic
increases in AHMI, and which occur across all
study regions, are likely to support fewer and
fewer animals and will become increasingly
unsuitable as habitat for the species. As the cli-
mate continues to change, low-elevation sites
and other areas where the AHMI is likely to
increase may become habitat traps—fragments
of low-quality habitat that will eventually be
unable to support greater gliders. Here, patch
size of suitable habitat is already smaller and
clumpiness of patches is lower, indicating more
isolated habitat. In higher elevation areas, fewer
but larger patches with higher clumpiness (close
to maximum aggregation) indicate intact and
interconnected habitat for the greater glider
(Appendix S1: Table S2). Developing a network
of bioclimatic refugia across these landscapes
would be critical to the long-term viability of
their populations in the region. Identifying these
areas and protecting them will foster not only
greater glider populations, but also with them a
wide range of fauna and flora species relying on
similar mature forest ecosystems and climatic
conditions. All regions studied are covered by a
complex and wide-ranging network of protected
areas (Appendix S1: Figs. S12–S14). Recent con-
servation measures have added large areas to
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this protected network (DELWP 2019) and have
led to the protection of additional crucial and cli-
matically suitable habitat. As such, greater glider
habitat in the Strathbogie Ranges forests is now
widely protected (Appendix S1: Fig. S14). Never-
theless, large areas of suitable habitat in both
East Gippsland and the Central Highlands study
regions still lie outside any protected area, while
areas with low or no suitability contribute large
percentages to the protected area network. We
found ~360,000 ha of currently suitable habitat
for greater gliders across all three study regions
to still be outside the protected area network
(Appendix S1: Figs. S12–S14, Table S3).

The sensitivity of greater glider physiology to
changes in climate and the potential impacts of
recent climatic change on its distribution high-
light significant challenges to the future conser-
vation of some fauna. Conservation of these
species is being challenged by both habitat loss
and the direct impacts of climatic change on their
physiology. The latter process may drive a con-
traction in population size or range extent, inde-
pendent of habitat availability. The number of
examples of mammal species being challenged
by climatic change is increasing. Hoffmann et al.
(2019) showed that the mountain pygmy possum
(Burramys parvus) is increasingly threatened by
the impacts of a warmer climate on its hiberna-
tion physiology, which may reduce overwinter-
ing survival. Rézouki et al. (2016) found that the
recent trend to warmer winters and springs is
increasing mortality rates in juvenile and older
alpine marmots (Marmota marmota), due to inter-
actions between marmot physiology, snow
depth, and social structures. Recent climatic
change is also considered as a potential cause in
the contraction of moose (Alces alces) populations
at the southern extent of their range due to heat
stress (McCann et al. 2013). The broad conserva-
tion of habitat alone may not be enough to over-
come the impacts of climatic change for these
species. Understanding where both climatic and
habitat refugia co-occur is critical for conserving
these species under warmer future climatic con-
ditions. For the greater glider and other species
that are being pushed up to and beyond their
physiological limits, recognizing the systemic
impact of recent climatic change is critical to
understanding and interpreting current popula-
tion trends and designing conservation strategies

that can facilitate their long-term protection.
Although further work is needed to incorporate
climatic change predictions into assessments of
future habitat suitability for the greater glider in
the region (e.g., Nitschke et al. 2020), our results
demonstrate that the fingerprint of climatic
change is already apparent across the warmer
and drier portions of its distribution in southeast-
ern Australia.

CONCLUSION

Climatic aridity and heat stress are primary
drivers of greater glider habitat suitability in the
studied regions and likely contribute to observed
changes in greater glider populations over the
past decades. Under a future of warming and
drying climatic conditions, these observed decli-
nes are likely to continue as populations of
greater gliders increasingly contract to biocli-
matic refugia. Currently, the most suitable,
stable, and least patchy habitat is found at higher
elevations. However, these areas are not com-
pletely protected from future disturbances and
climatic change. Targeted protection of current
and future bioclimatic refugia will be important
to ensure that viable populations of greater glid-
ers can persist in southeastern Australia.
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