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Abstract 

The southern greater glider (Petauroides volans) is southeastern Australia’s largest gliding 
marsupial and widely distributed, but the species has recently experienced drastic declines in 
population numbers. Its association with hollow-bearing trees, used for nesting, has made it 
an important flagship species for the conservation of old-growth forest ecosystems. Stand 
replacing or altering wild- or planned fires and timber harvesting have been identified as major 
threats to the greater glider, but individuals and populations have over time disappeared from 
areas that have experienced neither, raising questions about the role of other factors in their 
decline. Habitat suitability is determined by three distinct factors: A narrow thermotolerance 
makes greater gliders vulnerable to high ambient temperatures. A specialised diet consisting 
entirely of nutrient-rich Eucalyptus leaves confines them to certain forest types and the need 
for multiple large tree hollows for denning confines populations to mature forests. Therefore, 
different spatial scales need to be considered when determining likelihood of occupancy and 
habitat suitability for greater gliders.  

Using high spatial and temporal resolution climate data, I identified that climate is driving 
greater glider occupancy across the landscape. At a stand scale, I developed new methods of 
remotely sensing feeding and nesting resources using field sampling and multispectral imagery 
collected by an unoccupied aerial vehicle (UAV). My findings have important implications for 
greater glider management and conservation of their habitat and associated forest types. At 
the landscape scale, I identified climatic refugia that may allow greater gliders to persist into 
a future under climate change if properly protected. At a stand scale, remotely sensed estimates 
of feeding and nesting resources may enable forest managers to better retain highly suitable 
habitat or assess remaining habitat suitability and likelihood of persistence after disturbance. 
The gathered knowledge enables us to spatially extrapolate field observations and model 
findings to test how different landscape, resource and disturbance configurations affect 
population density and persistence, which should further enhance our ability to protect 
southern greater gliders in southeastern Australia.
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international, peer-reviewed journal and two of which are either under review or submitted for 
publication. These papers were all primarily the work of me, Benjamin Wagner, who conceived, 
designed and implemented the research, collected and analysed the data in the field and 
laboratory, prepared the manuscripts and wrote this thesis. All co-authors supervised various 
stages of the PhD research, contributed data or knowledge or supported writing and revising 
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M.P. & Nitschke, C. R. (2020). Climate change drives habitat contraction of a nocturnal 
arboreal marsupial at its physiological limits. Ecosphere, 11(10), e03262 

Wagner, B., Baker, P. J., Stewart, S. B., Lumsden, L. F., Nelson, J. L., Cripps, J. K., Scroggie, 
M.P. & Nitschke, C. R. (2021). Climate Change Drives Habitat Contraction of a Nocturnal 
Arboreal Marsupial at Its Physiological Limits. Bulletin of the Ecological Society of 
America, 102(1), 1-4. 

Chapter 4 – under revision in Ecology and Evolution 

Wagner, B., Baker, P. J., Moore, B. D., & Nitschke, C. R. in review. Mapping canopy nitrogen-
scapes to assess foraging habitat for a vulnerable arboreal folivore in mixed-species Eucalyptus 
forests.  

Chapter 5 – under revision in Conservation Science and Practice 

Wagner, B., Baker, P. J., & Nitschke, C. R. in review. The influence of spatial patterns in 
foraging habitat on the abundance and home range size of an arboreal marsupial in southeast 
Australia.  

Data collection and surveys were carried out in National Parks and adjacent State Forests in 
East Gippsland, Victoria, Australia, approved under Department of Environment, Land, Water 
and Planning (DELWP) permit number 10008487. All drone flights were registered with 
Australia’s Civil Aviation Safety Authority (CASA) under Aviation Reference Number (ARN) 
1044739 and authorised by Parks Victoria with registered Unmanned Aerial Vehicles (UAVs) 
11UCF720A40194 and 08QCEC2022034L. 
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1. Introduction and literature review 

The loss of biodiversity is a concern of global scale and caused by climate change and 
anthropogenic disturbances (Stenseth et al. 2002, Walther et al. 2002, Butchart et al. 2010). 
Climate change is a result of an anthropogenically driven increase in greenhouse gases due to 
worldwide industrialization and globalization processes that lead to rising ambient 
temperatures and more frequent and extreme weather events (Chapin et al. 2000, Parry et al. 
2007, Field 2014). Globally, climate has warmed by 0.6˚C in the 20th century alone, a rate 
double of that of an entire millennium before (McCarthy 2001). Seven out of the ten hottest 
years on record have occurred since 2010, with 2020 being the hottest thus far (National 
Center for Environmental Information 2021). The impact of climate change is likely to be 
exacerbated by anthropogenic disturbances and pressures on the natural environment such as 
land-use change (Stenseth et al. 2002), leading to alteration of ecological systems that drive 
losses in global biodiversity (Chapin et al. 2000, Walther et al. 2002). The rate of climate 
change and increases in occurrence of extreme events (Cai et al. 2014, Moran-Ordonez et al. 
2018), has had noticeable impacts on global ecosystems such as the continual worldwide 
dieback of tropical coral reefs (Hoegh-Guldberg et al. 2007, Hughes et al. 2010, Cai et al. 
2014, Iizumi et al. 2014, Eghbert et al. 2017) or increasingly severe droughts and forest fires 
leading to severe forest mortality (Ward et al. 2020, Geary et al. 2021). Decreases or losses 
of ecosystem functionality have been reported (Cramer et al. 2001), as well as changes in plant 
species physiology (Lawler et al. 1997, Cotrufo et al. 1998, Kanowski 2001, Rawal et al. 2015b, 
c) and to species composition and distributions around the world (Parmesan and Yohe 2003, 
Thomas et al. 2004). These changes are directly influencing terrestrial tree and plant species 
and indirectly impacting other species guilds, that use and rely on them for habitat (Thomas 
et al. 2004, Walther 2010). This trend, first reported by Parmesan et al. (1999) in their studies 
on range-shifts of European butterflies, has increasingly been observed and reported worldwide 
(see e.g.McCann et al. 2013, Rézouki et al. 2016, Hoffmann et al. 2019). Along with the 
impacts of climate change, human impacts on species are directly increasing the pressure on 
their populations through deforestation, timber harvesting, fire management, fragmentation or 
other forms of land management that reduce habitat area and/or quality leading to population 
declines, local extirpations, or extinctions (Diamond 1984, Lindenmayer et al. 2011, 
Youngentob et al. 2013, McLean et al. 2015).  

As a response, it is often rare species that are the focus of conservation measures and public 
attention, due to their high vulnerability to extirpation or extinction if habitat and populations 
continue to decline (Rabinowitz et al. 1986, Gaston 1994). Research and conservation on 
common species is usually less directly targeted, using coarse filter management approaches, 
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while fine filter management is directly focusing on reducing the risk of extinction of critically 
endangered species (Noss 1987, Kohm 1990, Groves 2003, Hunter 2005). Nevertheless, many 
common species typically provide structure, function and services and play a major role in 
shaping our environment. As such, they are involved in main biotic interactions including 
predation, herbivory, seed dispersal or parasitism (Howe and Smallwood 1982, Gaston 2010). 
These species are also victims of habitat loss, fragmentation, degradation, overexploitation 
and invasion-pressure through factors such as land-use change, urbanisation, deforestation, 
overfishing, bushmeat collection or introduction of invasive species (Gaston 2008, Gaston and 
Fuller 2008, Gaston 2010). Continuous changes in climate and land-use pose a growing threat 
to flora and fauna and understanding how these factors affect species is important for 
conservation planning and sustainable land management. It is necessary to assess the habitat 
preferences and suitability of species to foster constructive conservation and management 
actions that can stabilize populations and react to threats dangers or pressures to these species. 
Detecting declines in population sizes and studying impacts of environmental change on 
common species is critical for understanding their decline and responding to possible extinction 
debts (Kuussaari et al. 2009, Gaston 2010). Based on the Principle of Determinism (Hoefer 
2016), a qualitative understanding of a species’ ecology is critical for informing management 
and inducing adaptive conservation to protect these threatened and associated species before 
they become rare and endangered (Tilman et al. 1994, Groom et al. 2006). 

 

The greater glider (Petauroides volans) 

Long considered common in Australia, the greater glider (Petauroides volans), the continents 
largest gliding marsupial (Jackson and Thorington 2012), has experienced a recent decline in 
population numbers (Lindenmayer et al. 2011, Youngentob et al. 2013). Greater gliders inhabit 
the Eucalyptus forests along the east coast of Australia, and have viable populations ranging 
from tropical Queensland in the north-east to temperate central Victoria in the south-east of 
the continent (Fig. 1.1, Lindenmayer et al. 1990a, van der Ree et al. 2004a). As an arboreal 
folivore, the greater glider relies exclusively on Eucalyptus for foraging and nesting in their 
hollows. It also satisfies most to all of its water requirements from their foliage, similar to the 
koala (Phascolarctos cinereus, Marples 1973, Foley et al. 1990, Kavanagh and Lambert 1990). 
Long-term greater glider habitat surveys have found population declines at annual rates of up 
to 9%, as well as local extinctions (Lindenmayer 2009, Lindenmayer et al. 2011), while climate 
modelling predicts substantial shrinking of greater glider habitats across eastern Australia in 
the future due to rising ambient temperatures (Kearney et al. 2010). The IUCN has classified 
the species as vulnerable (Burbidge and Woinarski 2016) and it is listed as threatened in parts 
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of its distribution under the Environment Protection and Biodiversity Conservation Act, and 
within Victoria under the Flora Fauna Guarantee Act (Woinarski et al. 2014, DELWP 2019). 
The decline in greater glider populations has typically been attributed to timber harvesting, 
land-use change, wildfires and planned burning, as these disturbances fragment habitat and 
reduce the amount of nesting- and foraging trees (Lindenmayer 1994, Possingham et al. 1994, 
McCarthy and Lindenmayer 1999, Kavanagh 2000, Lindenmayer et al. 2003, Lindenmayer et 
al. 2004, Pope et al. 2004, Lindenmayer 2009, Youngentob et al. 2013). Conservation 
recommendations and regulations at the state-level have set high priorities to the mitigation 
of assumed threats from logging and other forest management practices and proposed research 
priorities focus on the assessment of impacts of current forest and fire management practices 
(Woinarski et al. 2014, DELWP 2019).  

 
Figure 1.1. Left: Geographic range of the greater glider (blue shading) according to IUCN (2020). Right: a southern greater 
glider in its most common colour morph (black fur with a white chest) observed in a Eucalyptus viminalis on Granton Road near 
Narbethong, Victoria. Picture Credits: Christoph Parsch. 

Taxonomy  

The greater glider was first scientifically described in 1792 as Didelphis volans (Kerr.) and has 
since undergone many changes in both family and scientific name (see Maloney and Harris 
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2006, Harris and Maloney 2010). The greater glider is part of the family Pseudocheiridae 
(Winge, 1893 - see Jackson and Thorington 2012), which includes other arboreal marsupials 
such as the common ringtail possum (Jackson and Groves 2015). It is the largest gliding 
marsupial in Australia and is distinguished from other gliders by its gliding membrane attached 
to its elbow instead of hand (Johnson-Murray 1987), as well as its bushy, pendulous tail, which 
is longer than its body and has a small naked area at the tip (Fleay 1933, Jackson and Groves 
2015). Greater gliders are currently divided into two subspecies: P. volans minor in northern 
Queensland and P. volans volans (the southern greater glider) in temperate and subtropical 
Victoria and New South Wales (Comport et al. 1996, Jackson and Thorington 2012). More 
recently, genetic evidence has been reported, that supports a population structure of three 
distinct greater glider species – Southern, Central and Northern – found in the temperate 
(mostly Victoria and southern New South Wales), subtropical (New South Wales and southern 
Queensland) and tropical regions (Queensland) of Australia (McGregor et al. 2020). 
Nevertheless, for conservation and management purposes, Petauroides volans has been 
legislated as a single species thus far (Woinarski et al. 2014, Burbidge and Woinarski 2016). 
The focus of this thesis will be the southern greater glider and its distribution in the state of 
Victoria, southeastern Australia.  

Morphology 

Petauroides volans is generally described in literature as a medium sized gliding possum with 
large gliding membranes, which increases the body-size appearance of the animal (Marlow 
1965, Jackson 2012). Body lengths are reported between 39 – 43 cm and tail lengths from 43 
– 52 cm at body masses between 1 – 1.7kg (700-900g for the northern subspecies, Rübsamen 
et al. 1984, Flannery 1994, Comport et al. 1996, Kavanagh and Wheeler 2004, Jackson and 
Groves 2015). While many possible colour-combinations of its fur that have been reported, 
two main colour morphs can be distinguished: brown-black pelt (Fig. 1.1) and a white-grey 
coating (Flannery 1994, Comport et al. 1996, McGregor et al. 2020). 

Ecology and habitat 

Greater gliders inhabit Eucalyptus forests along the east coast of Australia. A large variety of 
forest types suitable as greater glider habitat is reported in literature from open lowland forests 
along the coasts and plains to old-growth forests in high elevations and lower elevation 
woodlands west of the Great Dividing Range (Flannery 1994, Moore et al. 2004b). In south-
eastern Australia they are found most commonly in tall high-elevation and wet forests, such 
as the Central Victorian Highlands or the high-country of East Gippsland (Fig. 1.2, Bennett 
et al. 1991, Kavanagh and Bamkin 1995, van der Ree and Loyn 2002, Eyre 2004, 2006, 
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Maloney and Harris 2006). Greater gliders have viable population densities from 0.5 – 3.8 
animals per hectare and have a patchy distribution throughout the landscape (Kehl and 
Borsboom 1984, Henry 1985, Kavanagh and Lambert 1990, Comport et al. 1996). This 
patchiness may be explained with differences in foliar nutrition of different Eucalyptus species 
in their habitat (Braithwaite et al. 1984, Kavanagh and Lambert 1990, Cork and Catling 1996, 
Cork and Foley 1997), as well as nesting-space availability (Lindenmayer et al. 1990a), 
predator pressure (Kavanagh 1992), soil fertility, species, age and structure of the forest, 
disturbance history and climatic variables (Pausas et al. 1995, Cork and Catling 1996, Kearney 
et al. 2010). Average home-ranges sizes are between 1.2 and 4.1 ha, depending on sex of the 
animal and location, with male home-ranges being slightly larger (Kehl and Borsboom 1984, 
Comport et al. 1996, Kavanagh and Wheeler 2004, Pope et al. 2004). Individual animals have 
been observed to extend home range sizes to up to 18 ha, where habitat is fragmented or 
resources are scarce (Smith et al. 2007, Youngentob et al. 2013).  

 
Figure 1.2. Two very different forest types forming greater glider habitat: On the left, dry lowland forests of Lake Tyers Reserve, 
East Gippsland, Victoria at ~50 meters above sea level. These landscapes are dominated by iron barks, boxes and silvertop ash 
(Eucalyptus sieberi). Population densities are low and greater gliders are confined to riparian areas with favourable climates and 
tree species such as E. cypellocarpa. On the right, a tall mature mixed stand of E. viminalis and E. fastigata on Mount Ellery, 
Errinundra Plateau, East Gippsland at ~1000 meters above sea level. These mixed species forests occur up to 1300 m elevation 
and have high densities of greater gliders in habitat that contains favourable tree species and are highly climatically suitable. 
Picture Credits: Benjamin Wagner. 



Chapter 1. Introduction 
 

6 
 

Within their home-ranges, greater gliders usually occupy between four and 20 large tree 
hollows in branches or trunks of large-diameter, mostly mature or over-mature eucalypts, 
which are used for nesting (Henry 1985, Lindenmayer et al. 1990a, Comport et al. 1996, 
Cunningham et al. 2004, Kavanagh and Wheeler 2004, Lindenmayer et al. 2004, Lindenmayer 
et al. 2017). Greater gliders are mostly solitary, sharing a den rarely or during mating season 
from November to December (Fleay 1933, Kavanagh and Lambert 1990, Comport et al. 1996, 
Cunningham et al. 2004). They are strictly nocturnal, leaving tree-hollows to forage only after 
sunset and returning before dawn (Lindenmayer et al. 1990a, Cunningham et al. 2004). In the 
daytime greater gliders sleep in a curled posture, wrapping their tails around the body in a 
nest within a tree hollow and keep insulated from hot or cold temperatures outside (Rübsamen 
et al. 1984). The animal is reported to be able to glide distances up to 100 meters from the 
top of a tall tree to travel from its den-tree to a foraging tree (McKay 1983) and spends its 
entire diurnal and nocturnal cycle within the uppermost strata of the canopy, to which the 
greater glider is best adapted and where it is safest from predation by its main predator, the 
powerful owl (Ninox strenua, Kavanagh 1988, Kavanagh and Lambert 1990, Bennett et al. 
1991, Cunningham et al. 2004).  

 

Drivers of occupancy and habitat suitability  

Greater glider habitat selection is strongly influenced by three main factors that operate over 
multiple spatial scales. At the landscape scale, climate can shape the distribution of the species 
due to its narrow thermotolerance, restricting populations to cooler and wetter parts of the 
landscape, predominantly found at higher elevations (Rübsamen et al. 1984, Kearney et al. 
2010, Smith and Smith 2020). At the stand scale, a specialised diet consisting entirely of 
nutrient-rich Eucalyptus leaves and the need for multiple large tree hollows for denning, 
influences the establishment and spatial configuration of individual home ranges (Kavanagh 
and Lambert 1990, Lindenmayer et al. 1990b, Smith et al. 2007, McLean et al. 2015). 

Physiology  

Within the guild of arboreal folivores, it is especially the greater glider, that is most abundant 
at higher elevations with milder temperatures and more rainfall (Braithwaite 1983, Opie et al. 
1990, Bennett et al. 1991, Kavanagh and Bamkin 1995, Braithwaite 1996, Smith et al. 2007, 
Taylor et al. 2017). Kavanagh and Bamkin (1995), studying greater gliders in southeastern 
New South Wales, concluded that elevation and the related vegetation community are the 
best predictors for the occurrence of greater gliders in some areas. In an early study on 
temperature tolerances of Australian mammals, Robinson and Morrison (1957) concluded, that 
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the guild of gliders have their thermal equilibrium at 2˚C > ΔT > 1˚C, a medium heat-
regulatory ability and found a moderate respiratory response at 40˚C ambient temperature. 
Rübsamen et al. (1984) conducted studies on the thermoregulation of captive greater gliders 
from New South Wales and concluded that rather than having a thermoneutral zone covering 
several degrees like most homoeothermic species (Kingma et al. 2014), greater gliders have a 
thermoneutral point at 20˚C, above which the animal becomes hyperthermic. At these 
temperatures, they have to spend considerable amounts of water and energy to cool themselves 
through evaporative processes (Rübsamen et al. 1984). The study emphasizes the clear 
contrast between the greater glider’s inefficient use of water for above described processes and 
the limited water availability within their arboreal habitat and main foraging resource – 
Eucalyptus leaves (Rübsamen et al. 1984). A preference for higher elevation forests may 
therefore exist because this particular thermoneutral point is less likely to be exceeded here, 
especially at night when greater gliders are active outside their insulated hollows. Other 
explanations include the occurrence of favourable forest communities in high elevations in 
combination with land clearing of suitable habitat in lowland regions (Gibbons and 
Lindenmayer 2002, Lindenmayer et al. 2011), as well as a nutritional relationship. In areas 
where nights are cold in comparison to daytime temperatures, plants metabolize less 
photosynthate, thus available foliage for gliders and other nocturnal folivores might be more 
nutritious in higher elevation ecosystems (Braithwaite 1996). Based on the results of the study 
in 1984 and including other factors as modelling parameters, such as food properties or 
metabolism of greater gliders, Kearney et al. (2010) created species distribution models 
(SDMs) to predict the habitat extent across the greater glider’s range under climate change. 
They predicted habitat contractions of up to 94% which suggested the near loss of the northern 
subspecies P. volans minor in a 3˚C warming scenario (Kearney et al. 2010). In the south, 
populations were predicted to be more stable, but may also be affected by habitat loss 
associated with climate change (Kearney et al. 2010). These modelled findings are in line with 
field observation for greater gliders and other arboreal marsupials in response to high ambient 
temperatures. High mean annual temperatures and low precipitation rates, along with an 
increased forest fire frequency were found to be important in explaining greater glider density 
in the Blue Mountains, New South Wales (Smith and Smith 2020). For the koala – another 
eucalypt dependant folivore – similar distribution models have been used to predict its 
distribution under climate change and it was found that under a hotter and drier future, current 
distributions will shift and contract drastically (Adams-Hosking et al. 2011). Climatic effects 
on koala populations have been reported as early as the 1980s: In 1988 a severe local koala 
population crash was observed during a major drought and heatwave in the south-west of 
Queensland: 63% of the observed population died as a consequence of water deficiencies, while 
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most surviving animals were found in wetter gullies (Gordon et al. 1988). In an earlier drought 
in 1982 – 1983, large numbers of koalas reacted by moving into more suitable swamp- and 
manna gum forests (Hindell 1984). Similar behaviour in greater gliders has not yet been 
observed and may be restricted due to their smaller home-range sizes and limited dispersal 
ability, which are up to 100 ha in koalas (Moore et al. 2004b). Nevertheless, riparian areas 
with suitable climate have been found to act as important habitat refugia for greater gliders 
as well, where surrounding forests had been disturbed by timber harvesting and/or fire 
(Lindenmayer et al. 1993a, Kavanagh 2000, McLean et al. 2018). 

Diet and foraging preferences 

The greater glider is an arboreal folivore, the animal group among marsupials, that live and 
forage in trees and, in Australia, include the families Phalangeridae, Pseudocheiridae and 
Phasocolarctidae (Hume 1999, Jackson and Groves 2015). Other common examples of arboreal 
species feeding on foliage are common brushtail- and ringtail possums (Trichosurus vulpecula, 
Pseudocheirus peregrinus), as well as the koala (Phascolarctos cinereus, Flannery 1994). Most 
members of this group feed on a multitude of tree and plant products, such as fruits, flowers, 
buds, bark, leaves or invertebrates living within the same habitat (Smith and Winter 1997, 
Shipley et al. 2009). Only greater gliders and koalas forage exclusively on Eucalyptus and also 
satisfy all or most of their water requirements from their leaves (Marples 1973, Foley et al. 
1990, Kavanagh and Lambert 1990, Moore et al. 2004b). Such specialisation is the rarest form 
of foraging among mammalian herbivores (Shipley et al. 2009). Greater gliders inhabit a variety 
of forests, express similar dietary patterns in all populations, even though situated in different 
climatic regions with different vegetation such as temperate Victoria or tropical north-eastern 
Queensland (Henry 1985, Comport et al. 1996, Hume 1999). The resulting adaption to this 
foraging preference and relatively stable environment of mature forests as habitats is a slow 
population turnover rate and a low reproductive output in populations of greater gliders, which 
is also observed in koalas (Tyndale-Biscoe and Calaby 1975). More opportunistic arboreal 
folivores, such as the common ringtail possum, have high reproduction rates with fast 
turnovers. While these traits allows such opportunists to respond to unstable habitat conditions 
more rapidly by e.g. colonization of another habitat, true folivores such as greater gliders and 
koalas are less resilient species when it comes to environmental change (Tyndale-Biscoe and 
Calaby 1975, Hume 1999, Shipley et al. 2009, Briscoe et al. 2015).  
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Eucalyptus leaves as a food resource 

With almost 900 native species in Australia (Blakely 1965, Boland et al. 2006), Eucalyptus 
foliage is a widely available food resource in almost any climatic region of the continent. It is 
utilized by many animals in different ways, mainly by possums, as well as the koala (Flannery 
1994). The characteristics of Eucalyptus foliage derived from their evolution on old and 
weathered soils limits their suitability as forage to a few adapted specialists such as the greater 
glider. Eucalypts have highly sclerophylly leaves, which are high in fibre content in most species 
(Attiwill and Leeper 1987). Two main factors characterize limitations as a foraging resource: 
(1) very low nutrient concentrations of Eucalyptus foliage; and, (2) the occurrence of plant 
secondary metabolites (PSMs), also referred to as anti-nutrients (Cork and Foley 1991, Moore 
et al. 2004b, Moore and Foley 2005, DeGabriel et al. 2009b, DeGabriel et al. 2009a, 
Youngentob et al. 2011). PSMs such as lignin or condensed tannins either hinders the digestive 
process or are toxic to live tissues of the animal or gut bacteria digesting it in the form of 
hydrolysable tannins or essential oils (Foley 1987, Foley et al. 1987). In comparison to other 
typical green foraging resources, Eucalyptus leaves, especially when mature, express low 
protein and carbohydrate availability, but are high in lipids and phenols, influencing the 
nutritional value and digestibility (Cork and Sanson 1990, DeGabriel et al. 2014). Eucalypt 
leaves are therefore a complicated food resource (Attiwill and Adams 1996, Hume 1999). Even 
though in comparison to other typical animal foraging resources, cellulose content is not 
significantly higher, the leaf fibre has a higher lignin content which contributes to its low 
digestibility (Moore et al. 2004a, Degabriel et al. 2008). An increased presence of condensed 
tannins in the leaves, which adhere to proteins, rendering them inactive and further decrease 
the digestibility of many components such as cell-wall carbohydrates adds complexity to 
eucalypt leaf digestions (Kavanagh and Lambert 1990, Degabriel et al. 2008, Wallis et al. 
2012). This is especially problematic when they are consumed solely and without alternatives, 
such as flowers, buds or invertebrates, which are commonly used by other arboreal marsupials 
such as yellow-bellied- or sugar gliders (Petaurus australis, Petaurus breviceps, Cork 1984, 
Cork and Sanson 1990, Cork and Catling 1996, Cork and Foley 1997, Brown et al. 2006). The 
chemical make-up varies by Eucalyptus species and as a result has led to a foraging preference 
for certain species in greater gliders (Kavanagh and Lambert 1990, Youngentob et al. 2011).  

Foraging preferences of Petauroides volans 

Studies, to understand the food selection preferences of possums and gliders in Australia, 
dating back to as early as the 1950s, all acknowledge the poor nutrient and especially low 
nitrogen status of Eucalyptus foliage (Andrewartha and Birch 1954, White 1978, Mattson 
1980). It has been established that greater glider abundances are variable among forest 
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communities (Braithwaite 1983, Braithwaite et al. 1984, Kavanagh 1984, Lindenmayer et al. 
1993a, McIlwee 2001, Eyre 2006, Lindenmayer et al. 2011, White 2012) and their small body-
sizes and home-ranges should constrain them from using highly fibrous food and thus make 
greater gliders a highly selective species when it comes to foraging selection (Youngentob et 
al. 2011, Au et al. 2019a). This behaviour maximizes energy and nutrient intake, similar to 
other folivore species (Kay 1978, Parra 1978, Smith and Ganzhorn 1996). Research thus 
started to focus on the nutritional values of eucalypt leaves in relation to greater glider 
occurrence and it has been found that foraging species selection can be explained by total or 
available/digestible nitrogen as well as fibre contents: Those species that express higher 
nutrient availability are generally preferred by greater gliders and other marsupial folivores 
(Moore et al. 2004b). A study in southeastern New South Wales found that greater gliders 
preferred species high in foliar nitrogen and young leaves over mature ones if available, which 
show lower levels of lingo-cellulose and had higher digestibility (Kavanagh and Lambert 1990). 
Further research into foraging preferences found that it is not only nutrient availability, but 
the leaf chemical composition of certain species, that dictates the food selection (Cork and 
Foley 1991, Cork and Catling 1996, Youngentob et al. 2011, Jensen et al. 2015). Youngentob 
et al. (2011) described the differences in foliar chemistry of eucalypt subgenera and how they 
influenced greater glider feeding. Greater gliders prefer monocalypts over symphomyrtles. 
Monocalypt leaves have lower available nitrogen, due to high tannin concentrations binding 
nitrogenous compounds (Wallis et al. 2010), but do not contain formylated phloroglucinol 
compounds (FPCs), which can cause toxicosis and reduce the level of digestibility of plant 
nutrients (Cork and Foley 1991, Moore et al. 2004b, DeGabriel et al. 2009b). In line with this 
are the findings of Kavanagh and Lambert (1990): Three out of four commonly used feeding 
species in their study area were monocalypts that were high in foliar nitrogen (Eucalypts 
fastigata, E. obliqua and E. radiata). Youngentob et al. (2011) proposed that greater gliders 
would be able to feed more, if both monocalypts and symphomyrtles occur within their home-
ranges. Animals would be able to build up toxin levels and take up more nitrogen while feeding 
on symphomyrtles and then switch to monocalypts to detoxify their digestive system when 
needed, while still taking up (comparatively less) nitrogen from monocalypts (Youngentob et 
al. 2011). A switch back to symphomyrtles would then occur, before debilitating amounts of 
tannins are digested (Marsh et al. 2006). They furthermore proposed that for greater gliders, 
gliding could be an evolutionary adaption to energy and detoxification requirements and the 
scarcity of nutrients within their habitats: Gliding between trees reduces movement energy 
consumption drastically and allows the swift change between subgenera and to find favoured 
juvenile leaves within the forest (Johnson-Murray 1987, van der Ree et al. 2004b, Youngentob 
et al. 2011). The first assumption, which is proposed according to the detoxification limitation 
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hypothesis, was also observed by Cunningham et al. (2004) and later confirmed for greater 
gliders by Jensen et al. (2015). In their study on captive greater gliders from Tumut, New 
South Wales, they described concentrations of FPCs as the main factor determining how much 
individuals eat of either Eucalyptus viminalis  or E. melliodora (both subgenus Symphomyrtus), 
which differ greatly in amounts of both available nitrogen and FPCs. When only fed with E. 
viminalis, the individual concentration of available nitrogen was decisive for feeding (Jensen et 
al. 2015). The surveyed gliders would balance their diet between potential gain and costs 
(available nutrients and FPCs) when presented with alternate food resources (Jensen et al. 
2015). 

Tree hollow formation 

Most arboreal marsupial species nest in hollows and cavities in large mature trees (Lindenmayer 
et al. 1991a) which protect them and their offspring from environmental dangers and predation 
(Fig. 1.3, Smith and Lindenmayer 1988, Lindenmayer et al. 2017).  

 
Figure 1.3. Left: A large mature messmate (Eucalyptus obliqua) observed near Mount Jack at intermediate elevation in East 
Gippsland’s mixed species forests. These forests have not been disturbed for at least 70 years and at 63 meters in height and 
>2 meters in diameter, forest giants such as this tree, provide habitat for a wide range of forest-dependent fauna including large 
hollows for arboreal marsupials. Right: a typical tree hollow, suitable for arboreal marsupial occupation, with an entrance hole 
of ~30 cm in diameter. The hollow likely developed from the breaking of a branch fork after a storm and deepened through 
consecutive insect or fungal attack on the rotting timber. Mechanical disturbance and decay are major factors in hollow formation 
in Australian eucalypts. Picture Credits: Benjamin Wagner. 
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The formation of hollows in eucalypts depends on tree dimensions, form, age and mechanical 
disturbance (Lindenmayer et al. 1991b, Lindenmayer et al. 1993b). Trees with large diameters, 
shorter heights and/or irregular crown forms often express hollow occurrence in the temperate 
forests of southeastern Australia (Bennett et al. 1994, Gibbons et al. 2000, Fox et al. 2009). 
Due to the absence of excavating species such as woodpeckers, hollow formation requires long 
time-frames in Australia and therefore tree hollows mainly occur in mature trees that may 
have been exposed to different sources of damage or decay (e.g. fire or fungal attacks, Fox et 
al. 2008, Lindenmayer et al. 2017). Climate may play a role in these processes as well and can 
foster hollow formation in drier parts of the landscape through influences on species 
composition and growth form (Bennett et al. 1994). Strong positive relationships between 
stand age and the proportion of living trees with hollows in forests of the same landscape have 
been reported (see Gibbons et al. 2000) and unlogged or unburnt sites usually have more 
hollow bearing trees than forests that have been disturbed (McLean et al. 2015). Timber 
harvesting and forest fires negatively affect hollow occurrence and abundance by removing old 
hollow-bearing trees, which can lead to population declines in greater gliders (Lindenmayer et 
al. 1991b, McLean et al. 2015). 

For greater gliders, the need for favourable foraging- and mature trees with hollows for nesting 
is assumed to drive habitat selection at the stand scale (Kavanagh and Lambert 1990, 
Lindenmayer et al. 1990a, Jensen et al. 2015). And, as preferred Eucalyptus species high in 
foliar nitrogen and digestibility are associated with certain climatic and topographic conditions 
that facilitate higher site productivity, greater gliders are typically found in higher abundance 
at higher elevations (Henry 1984, van der Ree et al. 2004a, Koch et al. 2008, Youngentob et 
al. 2011). These climatic conditions also favour their limited thermoregulatory abilities and 
likely act at broader (landscape) scales (Rübsamen et al. 1984, Smith and Smith 2020, 
Youngentob et al. 2021). Additionally, disturbances, which can be exacerbated by climate 
change or certain management practices may affect these drivers of habitat suitability and 
limit occurrence or decrease habitat suitability (Fig. 1.4).  
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Figure 1.4. Conceptual framework of drivers in greater glider occurrence and habitat suitability. The three main habitat resources 
required to form populations (favourable climate, hollow occurrence and feeding resources) are affected by direct drivers such 
as site productivity and forest composition, which in turn can be affected by indirect drivers such as topography or climate 
change (indicated by connected boxes). Some drivers influence other drivers (indicated by arrows): For example, a changing 
climate increasing temperatures and reducing precipitation may increase the number and severity of disturbances from forest 
fires, or site productivity drives the tree species composition growing in a particular part of the forest landscape. 

 

Greater Glider population declines 

There is a conservation concern for the greater glider because of reported declines across its 
distribution. Surveys in long term study sites found populations declining at severe rates or 
being extinct locally (Lindenmayer et al. 2011, Lindenmayer and Sato 2018, Smith and Smith 
2018). It was found, that populations in managed forests of southeastern Australia were 
declining at estimated annual rates of 8.8%, while a population in the Booderee National Park, 
New South Wales, became extinct by the year 2007 (Lindenmayer 2009, Lindenmayer et al. 
2011). Greater glider populations in the Blue Mountains National Park, New South Wales 
have declined and shifted to mostly higher elevations since the 1980s, with declines in low 
elevation forests, where the species is now considered rare (Smith and Smith 2018). Surveys 
in forest remnants surrounded by Pinus radiata plantations in Tumut, New South Wales, 
revealed that glider densities were significantly lower in small remnants of eucalypt forests and 
patches surrounded by pines that had been harvested recently (Lindenmayer 2009, 
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Lindenmayer et al. 2011, Youngentob et al. 2013). Since most studied forests had been exposed 
to multiple disturbances such as harvesting operations, plantation establishment or planned- 
and wildfires, it is assumed that greater gliders, specialized on prevailing widespread 
environmental conditions, are at high risks of population decline when the formerly stable 
environmental conditions of their habitat change through disturbance (Taylor et al. 2007, 
Lindenmayer et al. 2011, Taylor et al. 2017). Additionally, a period of prolonged drought and 
above-average temperatures in the first years of the 21st century in southeastern Australia may 
have been influencing greater glider populations in those parts, adding climate as a potential 
agent in shaping occurrence (Moore et al. 2004b, Cai and Cowan 2008, Lindenmayer et al. 
2011). A result of these disturbance events is the reduction of nesting space (large mature and 
hollow-bearing eucalypt trees) and feeding resources (leaves from preferred foraging species), 
landscape and habitat fragmentation, as well as an opening of the forest for predators. These 
factors lead to a loss or reduction of habitat suitability of prior greater glider habitats 
(Cunningham et al. 2004, Kavanagh and Wheeler 2004, Lindenmayer et al. 2004, Pope et al. 
2004, Eyre 2006, Smith et al. 2007, Lindenmayer 2009, Woinarski et al. 2014, Berry et al. 
2015, Burbidge and Woinarski 2016, Taylor et al. 2017). Earlier studies in southeastern 
Australia report the greater glider being the most vulnerable arboreal marsupial to logging in 
southeastern New South Wales (Kavanagh and Webb 1998) and the north-east coast of the 
state (Kavanagh et al. 1995). Another study by Kavanagh and Bamkin (1995) in southern 
New South Wales found the occurrence of greater gliders strongly associated with unlogged 
forests. It was reported that a high level of tree retention is needed for greater gliders to 
survive in forests subject to timber harvesting (Kavanagh 2000) and that population density 
decreases with harvesting intensity (McLean et al. 2018). While these findings help explain 
population declines of greater gliders in managed environments such as the Central Highlands 
of Victoria or the fragmented landscape of Tumut, such factors cannot adequately explain the 
complete extinction of greater gliders in Booderee National Park (Lindenmayer et al. 2018) 
and population declines in the Blue Mountains National Park (Smith and Smith 2020). Here, 
forests are not managed for timber or subject to land-use change due to the protected status 
of forests within National Parks in Australia since 1975 (see National Parks and Wildlife 
Conservation Act 1974). Furthermore, severe fires leading to habitat fragmentation did not 
occur in Booderee within the timeframe of the population collapse (Lindenmayer et al. 2011, 
Lindenmayer and Sato 2018). Proposed explanations revolve around an extinction debt from 
past urbanization activities (Tilman et al. 1994) or increased predator pressure by owls as a 
result of control measures for invasive species such as the red fox (Vulpes vulpes, Lindenmayer 
et al. 2011, Lindenmayer et al. 2018). Both explanations are not very likely, as: (1) greater 
gliders in Booderee seem to have declined there in many small subpopulations separately across 
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the reserve and very swiftly, arguing against an extinction debt (Tilman et al. 1994); and, (2) 
the implications made from a released competition for prey within different owl species in the 
reserve as a result of reduced fox numbers, seems unanticipated, although owl predation can 
create severe pressure on greater glider populations (Kavanagh 1988). Population declines and 
the slow disappearance of greater gliders from lowland forests in the Blue Mountains National 
Park was also statistically explained by increases in ambient temperatures, decreases in rainfall 
and associated increases in fire frequency (Smith and Smith 2020). 

Management and conservation 

Much of the above described observations and research have had influence on conservation 
planning and decisions for greater gliders over time. These are mainly described and 
recommended in the 2012 Conservation Advice for Petauroides volans from the ‘Action Plan 
for Australian Mammals 2012’ as well as the Flora Fauna Guarantee Act (FFGA), issued by 
the Threatened Species Scientific Committee (Woinarski et al. 2014, DELWP 2019). The 
Action Plan, acting on a federal level, states: “Cumulative effects of clearing and logging 
activities, current burning regimes and the impacts of climate change are a major threat to 
large hollow-bearing trees on which the species relies” and sets a vulnerable conservation status, 
with the option of listing greater gliders as threatened under State and Territory legislation 
(Woinarski et al. 2014, Department of the Environment and Energy 2016). This has happened 
in 2018 as an update to the FFGA, under which the greater glider is now considered threatened 
in Victoria (DELWP 2019). Findings and conclusions in the Action Plan are based on scientific 
literature and unpublished government or third-party reports and personal communications. 
On the federal level,  ‘severe’ or ‘catastrophic’ consequences to population sizes are expected 
from habitat loss through timber harvesting, as well as prescribed burning, intense and frequent 
forest fires, timber production, climate change and predation by owls (Woinarski et al. 2014). 
It is suggested to “reduce the frequency and intensity of prescribed burns”, emplace proper 
patch- and habitat-tree retention strategies, adapt logging rotation periods and “protect and 
retain hollow-bearing trees, suitable habitat and habitat connectivity” (Woinarski et al. 2014, 
Department of the Environment and Energy 2016). In parts of Victoria, regulations are in 
place to establish a special protection zone (SPZ) of 100 ha if greater gliders are found in 
densities of greater than 2/ha, 15/hour or >10/km of spotlighting survey (Nelson et al. 2018). 
A higher rate of tree retention must occur where timber harvesting is permitted in areas of 
medium greater glider densities across all of Victoria (Woinarski et al. 2014, DELWP 2019). 
Recommendations are to retain at least 40% of eucalypt basal area, where animal densities of 
five or more per spotlighting kilometre are observed (DELWP 2019). Although not part of the 
current mandatory ‘Code of Practice for Timber Production 2014’, these recommendations 
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are currently followed voluntarily by the state’s forest management agency VicForests 
(DELWP and ARI staff, personal communication, April & May 2021 & DEPI 2014). The 
state’s overarching goal for the protection of native forest-dependent fauna was ending timber 
harvesting in old-growth forests in late 2019 and the gradual phase-out of native forest timber 
harvesting by the year 2030, which was agreed on by the state government in November 2019 
(DEPI 2014, DELWP 2019). In addition, ~100,000 ha of mature forest habitat across the 
entire state have been placed under immediate protection (Immediate Protection Areas – 
IPAs) at the same time (see DELWP 2019). In the federal conservation advice for the greater 
glider, high priorities are given to the active mitigation of threats through planned burns, 
timber production, clearfelling practices and fragmentation, while assessing relative 
abundances and the viability of populations across the entire species range is given a lower 
priority (Department of the Environment and Energy 2016). High valued research 
recommendations are the assessment of numbers, densities and types of hollow-bearing trees 
to retain, the assessment of fire management impacts on greater glider habitat and nesting 
space availability and in general, the effectiveness of threat mitigation methods (Woinarski et 
al. 2014). The Victorian Action Statement specifically mentions the need for focussed research 
programs to assess the impacts of climate change and heat stress on greater gliders and their 
habitat, the identification of climatic refugia and an investigation of foliar nutritional value 
and feeding behaviour (DELWP 2019). 

Recent research and research gaps and opportunities  

Although  factors such as nutrient and water availability, plant productivity, tree-species 
preferences and vulnerability to high ambient temperatures or climate change have become 
part of the discussion around decline and the conservation of greater gliders and other arboreal 
marsupials (Adams-Hosking et al. 2011, Nelson et al. 2018, Au et al. 2019b, DELWP 2019, 
Reside et al. 2019, Smith and Smith 2020, Youngentob et al. 2021), how these affect greater 
glider habitat suitability and population persistence is still poorly understood. Until now, what 
may be least understood and considered in greater glider population dynamics is the effect of 
climate change on their habitat. While it has been modelled that an increase in ambient 
temperatures under climate change scenarios could affect populations (Kearney et al. 2010), 
distinct climatic requirements due to its physiology remain unknown. Additionally, the 
distribution of Eucalyptus foliar nutrients over a landscape and within and between stands and 
species has not been investigated deeply. The ability to predict climatic refugia at the 
landscape- and feeding and nesting resources at a stand-scale is still missing for large parts of 
the greater gliders’ distribution. These could provide important improvements to management 
and reserve design, not only for the greater glider but many species associated with its old-
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growth forest habitat. Earlier modelling approaches considering foliage and soil nutrients show 
that it is mainly the availability of nutrients and quality of leaves that determine the occurrence 
of arboreal marsupials such as the greater glider (Pausas et al. 1995). Forest stand condition 
and composition, nutrients and topography were the best predictors for explaining greater 
glider population densities in models based on survey data (Stockwell et al. 1990, Cork and 
Catling 1996). This is in line with preferences of gliders for favouring cool climates and nutrient 
rich tree species, thus more productive sites within forests (Cork 1992). What is missing, is 
the ability to predict these resources at relevant scales. 

Spatial scale is an important factor in studies on the ecology of any species as it influences 
the relationship between environmental energy availability and species richness and abundance 
(Gaston and Blackburn 1996, Blackburn and Gaston 2002, Evans et al. 2008, Sreekar et al. 
2018). Long-term ground-based surveying and monitoring approaches might not be able to 
provide quick enough assessments of certain populations and abundances, whose current 
conservation status may be in question. Detecting changes swiftly and across scales is 
important in the face of the current rapidly changing climate and methods have to be able to 
avoid lag times common in wildlife monitoring programs (Doak 1995). As such, methods of 
remotely sensing habitat distribution and suitability would be well suited to address current 
management and conservation concerns regarding the greater glider and close research gaps 
(Turner et al. 2003, Jensen 2007, Jones and Vaughan 2010, Briscoe et al. 2016). Remote 
sensing can be used for estimating plant productivity and nutrition, as well as climatic variables 
using means such as visible light imagery or spectroradiometers (Ustin et al. 2004, Asner and 
Vitousek 2005, Marvin et al. 2016, Fedrigo et al. 2019, Lepczyk et al. 2021, Stewart et al. 
2021). Important correlations have been reported between the nutrient-, especially nitrogen-, 
status of plants and optical parameters including canopy and leaf spectral reflectance, leaf 
transmittance, chlorophyll and polyphenol fluorescence (Foley et al. 1998, Curran et al. 2001, 
Kokaly 2001). These can provide a swift and non-destructive method of assessing foliar 
nutrition and environmental energy availability as key determinants in wildlife population 
dynamics (Pettorelli et al. 2011, Munoz-Huerta et al. 2013). Progress in the field of Australian 
wildlife ecology has especially been made using different multi- and hyperspectral sensors to 
estimate total and available nitrogen in plants and correlating these towards animal abundance 
(Youngentob et al. 2012, DeGabriel et al. 2014, Wu et al. 2019) as well as providing a tool to 
estimate nutrient availability in high resolution in forest habitat over large landscapes (Dury 
and Turner 2001, Coops et al. 2003, Asner et al. 2009, Youngentob et al. 2012). Youngentob 
et al. (2012) and Wu et al. (2019) were successful in mapping total and available nitrogen to 
assess arboreal folivore habitat with aerial or satellite multispectral and hyperspectral imagery 
using different reflectance bands and vegetation indices. Other studies used direct leaf 
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reflectance from satellite imagery to determine eucalypt foliage nitrogen levels and crown 
conditions (Coops et al. 2003, Coops et al. 2004, Sims et al. 2013). Advances in animal ecology 
have also been made through linking primary productivity estimates from the vegetation 
indices, with species abundances and distribution (see e.g. Running 1990, Bro-Jørgensen et al. 
2008, Evans et al. 2008, Mueller et al. 2008, Willems et al. 2009). This has been utilized not 
only for larger herbivores, for example in explaining African buffalo (Syncerus caffer) habitat 
selection and forage quality in relation to body conditions (Ryan et al. 2006, Ryan et al. 2012), 
but also in small mammals such as primates, whose home ranges, habitat selection- and use 
are closely related to elevated plant productivity (Willems et al. 2009). Plant productivity has 
recently been statistically linked to greater glider abundance and habitat suitability: 
Youngentob et al. (2015) found positive relationships between remotely sensed measures of 
forest productivity based on the normalized difference vegetation index (NDVI) in eucalypt 
forests of New South Wales. Remote sensing and aerial imagery have therefore proven to be 
useful in estimating nutrient- and especially nitrogen-status, as well as plant productivity and 
promise approaches for remotely detecting greater glider habitat suitability at multiple scales 
(Coops et al. 2003, Huang et al. 2004, Munoz-Huerta et al. 2013, Wang and Wei 2016).  

 

Research questions and thesis chapters 

This thesis aims to add to the understanding of the role of key factors influencing greater 
glider habitat selection, abundance and population persistence within southeastern Australia 
and to develop management and conservation recommendations for improving reserve design 
and forest management practices. The following research questions are addressed: 

 

1. What are the main climatic, forest-structural and nutritional determinants and drivers 
of greater glider habitat suitability in southeast Australia? 
 

2. What is the role of forest nutrition and hollow occurrence on southern greater glider 
occurrence and abundance? 
 

3. Can high resolution remotely sensed imagery be used to predict and map forest nutrition 
in mature southeastern Australian Eucalyptus forests? 
 

4. What are the relationships between spatial patterns of habitat resources and greater 
glider abundance, density and population persistence? 
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The thesis is organized around four data chapters (Chapters 2-5) addressing these research 
questions. While this introduction chapters serves as a general literature review and 
introduction to the study complex, each data chapter will have its own literature review related 
to the respective research topic in its chapter introduction. The thesis chapters are structured 
as illustrated in Figure 1.5. Each chapter addresses a different aspect of greater glider habitat 
requirements, occurring at different spatial scales: 

 
Figure 1.5. Thesis structure and chapters illustrating which greater glider habitat requirement is related to which research 
question in this thesis and which chapter is addressing which research question. Chapter 5 is based on findings from chapter 2-
4 and addresses a research question that evolved from these chapters’ findings and combines the scales studied. 

The data chapters address the following topics: 

Chapter 2: Climate change drives habitat contraction of a nocturnal arboreal marsupial at its 
physiological limits 

This chapter investigates drivers of greater glider presence and absence at the landscape scale 
with a focus on climatic conditions and how these have changed over time. Using remote 
sensing data and machine learning modelling, a spatial greater glider distribution model for 
the three major areas of distribution in Victoria, Australia is developed, and habitat suitability 
evaluated. 

Chapter 3: Habitat for gliders: Determining hollow availability and foliar nitrogen across a 
mixed-species forest landscape 

For Chapter 3, I conducted flora and fauna surveys in the mature mixed-species Eucalyptus 
forests of East Gippsland, Victoria and carried out leaf and soil chemistry analyses and 
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collected aerial imagery. These data were used to evaluate differences in two important stand-
scale determinants of greater glider habitat suitability: hollow availability and foliar nitrogen. 
With linear and structural equation models, I identified important covariates to estimate both 
elements. 

Chapter 4: Mapping canopy nitrogen-scapes to assess foraging habitat for a vulnerable arboreal 
folivore in mixed-species Eucalyptus forests 

Chapter 4 builds and extends on data collected in the same forests as Chapter 3. I used high-
resolution multispectral imagery, collected by a lightweight and low-cost commercial 
unoccupied aerial vehicle (UAV) to predict and map total and digestible foliar nitrogen from 
leaf-scale chemistry analyses. The ability to spatially quantify feeding habitat using UAV-
acquired imagery allows for a swift and low-cost assessment of greater glider habitat. 

Chapter 5: The influence of spatial pattern in foraging habitat on the abundance and home 
range size of an arboreal marsupial in southeast Australia 

The final data chapter draws on findings from all previous chapters and acts as a synthesis to 
the thesis. Using properties and habitat configuration of the real landscapes and climatic 
conditions observed across East Gippsland, I created neutral landscapes of feeding habitat to 
test the effects of gradual decreases in habitat suitability. At the landscape scale (1000 ha), I 
studied impacts of decreasing climatic suitability on the accessibility of feeding habitat. At the 
stand scale (100 ha), I tested how different habitat configurations drive population density 
and how disturbances (e.g. fires or timber harvesting) may affect population persistence. 

Chapter 6: Conclusion 

A conclusion chapter summarises major findings of each chapter, compiles important 
implications for management and conservation of the greater glider and outlines future 
research opportunities.
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2. Climate change drives habitat contraction of a nocturnal arboreal 
marsupial at its physiological limits 
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Introduction 

The effects of climate change and anthropogenic disturbances, such as land-use change, are 
negatively impacting biodiversity and altering ecological systems around the world (Stenseth 
et al. 2002, Walther et al. 2002). The increasing impacts of humans on natural ecosystems 
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 climate change and the increase in occurrence of 
extreme events has had noticeable impacts on many global ecosystems and species (Hoegh-
Guldberg et al. 2007, Cai et al. 2014, Iizumi et al. 2014, Moran-Ordonez et al. 2018). In 
Australia, the climate 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 south-eastern 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).  

Climate 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. 2015c, b). Habitat 
suitability models that include climate variables can provide insights into how species may 
respond to future climate 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 important influences on species’ populations and distributions (Reside et al. 
2010, Bateman et al. 2012, Moran-Ordonez et al. 2018). As such, it is important to assess 
the climatic preferences and tolerances 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 climate variability, but 
also their interactions with other factors; however, these have not been widely studied. 
Understanding how these various factors can affect species demography and habitat suitability 
are central to conservation planning and sustainable land management. 

The greater glider (Petauroides volans), Australia’s largest gliding marsupial, was once 
considered common but has recently experienced range-wide declines and local extinctions 
(Lindenmayer et al. 2011, Youngentob et al. 2013). The IUCN has classified the species as 
vulnerable (Burbidge and Woinarski 2016) and the species is listed as threatened nationally 
under the Environment Protection and Biodiversity Conservation Act, and within Victoria 
under the Flora Fauna Guarantee Act (Woinarski et al. 2014). In response, ~100,000 ha of 
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old-growth forest in Victoria was protected in late 2019  (DELWP 2019). The conservation of 
these old-growth forests was due to its association with hollow-bearing trees that it uses for 
nesting (Lindenmayer et al. 1990a). A range of studies have identified multiple factors that 
influence the habitat suitability of greater gliders at different scales, such as forest structure 
(Smith et al. 2007), disturbance (McLean et al. 2018), nutrient availability (Youngentob et 
al. 2011), and climate (Kearney et al. 2010).  While the decline in greater glider populations 
has been variously attributed to timber harvesting, land-use change, bushfires and planned 
burning (Possingham et al. 1994, Kavanagh 2000, Pope et al. 2004, Lindenmayer et al. 2013, 
Youngentob 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 
climate change and extreme weather events impact the species. Changes to climate and 
weather patterns represent a potential systemic risk to greater gliders across their distribution 
as they have limited physiological flexibility - in particular, a narrow range of thermal tolerance 
(Rübsamen et al. 1984).  

Unlike other mammals that have a thermoneutral zone of several degrees, the greater glider 
has a fixed thermoneutral point at 20˚C, above which it becomes hyperthermic (Rübsamen et 
al. 1984). This makes it particularly sensitive to changes in ambient temperature and water 
availability (Cork and Catling 1996, McIlwee 2001). Consequently, greater gliders are 
commonly found in areas with mild, cool temperatures and high rainfall. In south-eastern 
Australia, this is typically in mountainous areas >300 m a.s.l., although greater gliders are 
most abundant above 700 m (Bennett et al. 1991). They are nocturnal animals that emerge 
at night-time to feed; during the day they shelter in tree hollows to remain cool and protected 
from predators. At temperatures >20˚C, greater gliders expend considerable energy and water 
to cool themselves (Rübsamen 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 primary source of nutrients and water (Marples 1973, Foley 
et al. 1990, Kavanagh and Lambert 1990). This physiological sensitivity suggests that a 
warming and drying climate poses a threat to the greater glider at the warmer and drier 
margins of its distribution (Kearney et al. 2010).  

In addition to the direct physiological effect of temperature on the greater glider, climate 
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 
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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% of dry matter in 
Eucalyptus leaves (Moore et al. 2004b). Greater gliders have evolved a dietary preference for 
certain eucalypt species; they are found in greater abundance where eucalypt species with 
higher nitrogen content and digestibility are found at higher densities (Braithwaite et al. 1984, 
Kavanagh and Lambert 1990, Cork and Catling 1996, DeGabriel et al. 2009c, 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. 
2004b), which could lead to further negative impacts on the greater glider.  

In this study we evaluated the influence of climate, disturbance, topography, edaphic and 
forest structure variables on greater glider occupancy patterns within the south-eastern part 
of its distribution. The primary aim was to identify the key variables associated with their 
habitat 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 disturbance. 

 

Material and Methods 

Study areas 

Our study focused on three areas within the known distribution of the greater glider in Victoria, 
south-eastern 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 
gradients of topography, climate and vegetation communities across which the greater glider 
is known to occur (Appendix 1: 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 (including E. sieberi, E. tricarpa, E. globoidea) and 
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Banksia spp. to dense, high-elevation (>1000 m a.s.l.) 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). Elevation ranges from sea level 
to ~1300 m a.s.l. Annual rainfall across the region ranges between 648 - 1178 mm (average 
for 1981–2014, Stewart et al. 2020a) and mean annual temperature between 6 - 15.8°C 
(average for 1981–2014, Stewart and Nitschke 2017a). Greater gliders have been recorded at 
varying levels of abundance 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. 2004a). Conservation-based prescriptions have 
been in place for over 20 years in East Gippsland to protect areas with high densities of greater 
gliders from timber harvesting (Dept. of Conservation and Natural Resources 1995, Dept. of 
Natural Resources and Environment 1997). 

The Victorian Central Highlands includes ~860,000 ha of forest to the east of Melbourne.  
Elevation ranges from 75 to 1600 m a.s.l. Annual rainfall ranges between 564 - 2089 mm 
(Stewart et al. 2020a) and mean annual temperatures from 5.8 - 15.2°C (Stewart and Nitschke 
2017a); however, local climate conditions are heavily influenced by topography in this complex 
landscape. The main canopy tree species in the Central Highlands forests are E. regnans, E. 
delegatensis, and E. obliqua (Dept. of Natural 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, Lindenmayer and Sato 2018). Until late 2019, there were 
no timber harvesting prescriptions for conserving 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 landscape of approximately 44,000 ha of forest 
northeast 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 
a.s.l.; mean annual rainfall ranges from 718 - 1245 mm (Stewart et al. 2020a) and mean 
annual temperatures from 10.4 – 15°C (Stewart and Nitschke 2017a). 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 
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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 2.1). All surveys were conducted at 
night using standard spotlighting survey methods to detect nocturnal fauna while walking 
along forest tracks or through the forest, recording all species 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 2.1). 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 (Watson et al. 
2008). If one or more individuals of greater glider were spotted, the site was considered a 
presence site. Sites where gliders were not detected were classified as absence sites; however,  
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 models by diluting or overestimating the influence 
of the predictor variable (Tyre et al. 2003).  
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Table 2.1. Overview of surveys used for this study. Survey effort = number of surveys per site. 

Region and 
year 

Contributor Sites Greater glider 
presences 

Elevational 
gradient 
(m. a.s.l.) 

Survey 
effort  

Minimum  
number of 
surveyors per 
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 & 
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 

 

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 sampled, as opposed to more 
visits to the same sites, to improve precision and reduce bias in habitat models. The approach 
used for the surveys considered 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: 
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 balanced 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 
Highlands surveys, where the target species was recorded at a lower proportion of sites. We 
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did this to match the presence:absence ratio of the other two landscapes, which was 53%. 
Random sampling of absences was selected to avoid biasing 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 modelling included 437 sites (233 presences and 204 absences). 

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 modelling dataset contained >150 variables across these categories, 
although climate variables were most common (Appendix 1: 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, see below). Our final analysis 
included 12 variables. 

Climate data 

All climate variables were generated using daily gridded datasets. Variables used in the 
modelling were extracted at ~250 m resolution by interpolating weather station observations 
(Stewart and Nitschke 2017b, 2018, Fedrigo et al. 2019, Stewart et al. 2020a, b, c) and 
combining pre-existing datasets (McVicar 2011). The generated data span the period from 
1981 to 2014 (33 years). These long, high-resolution time series of climate data were developed 
specifically for ecological modelling across the state of Victoria and were used to calculate 
derived variables describing aridity, weather events, and climate. Variables used for modelling 
included daily maximum, minimum and mean temperatures, diurnal temperature range, 
precipitation, potential evapotranspiration, vapor  pressure deficit, and saturation vapor 
pressure (svp, Alduchov and Eskridge 1996), Equation 1, es  = saturation vapor  pressure, T 
= temperature.)): 

(Equation 1) 𝑒𝑒𝑠𝑠(𝑇𝑇) = 6.1094 × 𝑒𝑒𝑒𝑒𝑝𝑝
17.625×𝑇𝑇
243.04+𝑇𝑇  

From these data, the number of nights with temperatures >20°C (hot nights) and days with 
≥25 mm of precipitation (wet days) were calculated. In addition, a daily Condensation Index 
(CI, Equation 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 condensation occurred. Climatic aridity for each site was calculated using the mean 
Annual Heat Moisture Index (AHMI, Equation 3, MAT = mean annual temperature, MAP = 
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mean annual precipitation. (Wang et al. 2006, Paudel et al. 2016)). A total of six climate 
variables were used in the final model.  

(Equation 2) 𝐶𝐶𝐶𝐶 = 𝑠𝑠𝑠𝑠𝑠𝑠 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 − 𝑣𝑣𝑣𝑣9𝑎𝑎𝑎𝑎 

(Equation 3) 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = (𝑀𝑀𝑀𝑀𝑀𝑀+10)

�𝑀𝑀𝑀𝑀𝑀𝑀
1000�

 

Topographic, edaphic and vegetative data 

We used static variables describing topography (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 operations, as well as 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 (glovis.usgs.gov). For all sites, these data were extracted as spatial 
vector or raster layers in QGIS 3 (QGIS Development Team 2020). The spatial resolution of 
these data varied between 30 x 30 m (e.g. NDVI from Lansdat 8) to 100 x 100 m (e.g. TWI). 

Data preparation 

All statistical analyses were conducted in R (R Core Development Team 2020) 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, Hesselbarth et al. 2019, Hijmans 2019, VanDerWal et al. 2019, Wing et al. 2019). 
Cumulative data for climatic events such as the total number of hot nights or condensation 
days across all 33 years observed were divided by the total number of years (n = 33 for most 
variables) in the dataset to estimate mean annual values. Additionally, separate 11-year 
datasets were developed, where the total number of cumulative events across the eleven years 
observed was divided by n = 11. This allowed for comparisons of climate at approximately 
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 influence 
greater glider occupancy (Appendix 1: 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 correlated pair that had more ecological 
relevance was kept. Variables that had multiple high intercorrelations with other variables of 
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ecological meaning were also removed. This was particularly the case with elevation, which 
was correlated with most climatic variables. Elevation also represents a static proxy of climate 
making its inclusion for understanding the role of climatic variability relatively uninformative. 
We grouped the variables into seven categories (extreme events, climate normals, 
structure/vegetation, topography, climatic indices, disturbance history, and soil) and used 
binomial GLMs to identify the strongest variables for predicting 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 modelling (Anderson and 
Burnham 2004, Burnham and Anderson 2004). This process reduced the initial number of 
variables to 12 for further analysis (Table 2.2).  

Table 2.2. Final modelling variables, their groups and significance when fitted using GLM. Significance codes (p-value):  0 ‘***’ 
0.001 ‘**’ 0.01 ‘*’. Variables such as hot nights are cumulative over the 33-year period, averaged per year. 

Group Variable Explanation p 

Extreme events 

Hot nights no. of nights with tmin ≥20°C ** 
Wet days no. of days with P ≥25mm *** 
Condensation 
events 

no. of days with CI<0 * 

Climate normals 

Potential 
evapotranspiration 

mean et0 of site *** 

Vapor pressure 
deficit 

mean vpd of site * 

Structure/Vegetation 
Forest type EVC *** 
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 Number of past fires at site *** 

Soil pH soil pH of organic layer * 

 

Statistical Modelling 

We used boosted regression trees (BRT) 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 nonlinearities and interactions to be considered 
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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 
thresholds 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 compared to 
kappa, is not dependent on prevalence affecting predictive accuracy (Allouche et al. 2006). 
Cohen’s kappa was instead used to determine the probability of occurrence threshold used to 
represent suitable habitat of the final habitat suitability model that maximized model fit (Elith 
et al. 2006, De'ath 2007, Elith et al. 2008). Additionally, the most important variable 
interactions were extracted. Interactions were based on the residual variance of a linear model 
fitted to determine 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 larger the interaction value, the stronger the observed interaction (see Elith 
et al. 2008). 

Modelling spatial and temporal changes in greater glider habitat 

We used the relationships between greater glider 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 timeframes. The first timeframe was the entire 33 years of climate data; this was used 
to visualize the species distribution model. The second timeframe was a series of 11-year 
windows, which represented climate within the periods 1981-1992, 1992-2003, and 2003-2014 
(climate years were calculated from July to June). These 11-year 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 dependence plots were used to identify 
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thresholds (i.e., variable values that lead to positive or negative impacts on habitat suitability) 
and extracted for each of the significant climate predictors (i.e., AHMI, wet days, hot nights, 
VPD, and condensation). Using averaged rasters, we identified areas of suitable climatic 
conditions. Rasters representing all climatic variables for each 11-year window were used to 
calculate the % change in each climate variable included in the model between the first (1981 
– 1992) and last (2003 – 2014) period. We then analysed the extent of currently suitable area 
by extracting area percentages and inter-period changes in habitat suitability using niche 
overlap and % area of habitat suitability in either period, defined by variable thresholds 
according to Schoener and Gorman (1968) and Warren et al. (2008). The number and size of 
patches of suitable and unsuitable habitat were extracted by reclassifying 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 climatic conditions 
for greater gliders based on climate variable-specific thresholds. Additionally, we used 
confirmed and verified historical records matching the earliest 11-year window from the 
Victorian Biodiversity Atlas (VBA, vba.dse.vic.gov.au/vba) to explore whether the modelled 
declines in climatically suitable conditions for greater gliders were consistent with observed 
spatial patterns of declines in greater glider observations. 

 

Results 

Model performance 

Cross-validation and independent validation data sets 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 validation, respectively, and TSS were 0.71 and 0.5 
(Table 2.3). In cross-validation, 90% of all presences 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 1: Fig. 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. 
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Table 2.3. Summary of model evaluation. Both validations were based on a BRT model of 3300 trees with a deviance of 0.68. 

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 

 

Variable importance 

Aridity, weather events, and climate were the most important predictors of habitat suitability 
(Fig 2.1). Non-climatic variables had less influence, although they still contributed to the 
model performance. Of the five most important variables, 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%). 

 

Figure 2.1. Variable importance in % and main interactions of final boosted regression tree (BRT) model for greater glider 
occupancy in eastern Victoria. See Table 2.2 for variable explanation. 

Non-climatic variables had less influence, although they still contributed to the model 
performance. Of the five most important variables, four were related to climate: AHMI (22% 
variable influence), number of wet days (12.1%), number of hot nights (11%), and vapor 



Chapter 2. Landscape-scale effects of climate 
 

34 
 

pressure deficit (8.7%). Other climatic variables had 5.9% (days with condensation) and 
5.7% (evapotranspiration) variable influence, respectively. The performance of non-climatic 
variables in ranked order was: slope (9.5%), NDVI (8.4%), TWI (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 presence or absence of 
greater gliders (Fig. 2.2). Interactions were detected between both climatic and non-climatic 
variables. The strongest interaction was observed between slope and AHMI (interaction size: 
14.13, Fig. 2.1 + Appendix 1: Fig. S4). 

 
Figure 2.2. Partial variable dependence for all 12 modelling variables and their variable importance. AHMI = annual heat moisture 
index, rain = number days with P ≥ 25mm, 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 evapotranspiration, TWI250 = Terrain Wetness Index at 250 m resolution, FT = 
forest type according to EVC, Fire250 = number of forest fires at 250 m resolution, ph250 = soil pH at 250 m resolution. 
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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. 2.3). 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 unlikely 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; Table 2.4, Fig. 2.3). 
Elevations above 700 m were predominately classified as highly suitable across all regions 
(Appendix 1: Fig. S5); elevations above 500 m make up more than 50% of the total suitable 
area in all study regions (Appendix 1: Fig. S6).  
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Figure 2.3. 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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Table 2.4. Habitat suitability statistics based on landscape predictions for the three study regions. 

Study region Area suitable 
(ha) 

Area 
suitable 

Mean 
suitability 

Standard 
deviation 

Standard 
error 

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 

 

Changes in climatic predictors and suitable habitat over time 

Analyses of the climate 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 available data (Appendix 1: Fig. S7). In all sites 
within the three study regions, annual maximum summer night-time temperatures have 
exceeded the thermoneutral point of 20oC since 1996. Additionally, we observed a trend of 
rising mean annual night-time temperatures since the late 1980s across sites and regions 
(Appendix 1: Fig. S8). Analyzing changes in the area with suitable climatic conditions for 
greater gliders between 1981-92 and 2003-14 based on climate variable-specific thresholds, we 
found that the total area with suitable climatic conditions was highly responsive to decadal 
changes in climate across all three study regions and for all climate 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 suitable 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. However, in most cases these changes were marginal (Table 2.5 + 
Appendix 1: Fig. S9). Using single-variable suitable area extent and historic greater glider 
records from 1981-92, 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. 2.4). Studying the % change in AHMI between the first and last 
11-year period, we found that all study regions have generally become hotter and drier over 
time. These areas had higher average AHMI values in 2003-14 compared to 1981-92. 
Nevertheless, some areas in East Gippsland above 500 m elevation, experienced lower AHMI 
values between 2003-14, suggesting a decline in aridity during this time period (Fig 2.5).  
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Figure 2.4. Example of suitable habitat decrease for variable 'hot nights' (number of nights reaching >20°C) according to variable 
threshold for 1981 - 1992 with historic records from the VBA and 2003 – 2014 (‘Today’) with presence records from this study 
in East Gippsland. Dark green represents suitable area, grey unsuitable, black dots are greater glider observations. 
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Figure 2.5. Percent change in AHMI between 1981-1992 and 2003-2014 in East Gippsland study region. Negative changes (blue 
colors) in AHMI indicate development of cooler and wetter conditions, pointing towards the formation of climatic refugia for 
the greater glide 

Table 2.5. Area and overlap analysis results for each climate variable in the three study regions (EG = East Gippsland, CH = 
Central Highlands, SR = Strathbogie Ranges). Values marked in italics indicate (marginal) increases in suitable habitat, all 
others are declines, based on variable thresholds. See Table 2.2 for variable explanation.   

Variable Threshold Region % area 
suitable 1980s 

% area suitable 
today 

% 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 
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Discussion 

Climate 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 climate datasets we identified that 
the distribution of greater gliders in Victoria in south-eastern Australia is primarily influenced 
by climatic variables that relate to their unique physiology – areas with cool night-time 
temperatures and higher water availability were most suitable for greater gliders and areas 
with high night-time temperatures and arid conditions were least suitable. Importantly, we 
found that these climatic conditions have changed to such a degree over the last 30 years that 
it has precipitated a landscape-scale contraction of wetter and cooler conditions to higher 
elevations. Our results have important implications for understanding 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 
temperatures and low water availability (Rübsamen et al. 1984). Higher temperatures lead to 
heat dissipation through more rapid  evaporation of saliva licked onto the animals’ fur for 
cooling, as well as increased respiratory frequency and inefficient and excessive use of water 
for both processes. 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 aridity, more frequent hot nights, and decreasing numbers of wet days and 
days with condensation events all negatively impacted the area of potentially suitable habitat 
for greater gliders across a wide range of forests and forest conditions 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 considerably 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 suggested that climate is an 
important determinant 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 and/or 
low precipitation, which in turn influence site-level moisture availability (Paudel et al. 2016). 
Higher AHMI values had a negative influence on occupancy (Fig. 2.2). This suggests that 
long-term shifts in regional hydroclimate have the potential to significantly alter the 
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distribution of the greater glider across the region. The observed change in aridity over the 
last 33 years is consistent with observed declines of the species within the region. Interestingly, 
our analyses found that some high elevation areas, particularly within East Gippsland, may 
have become less arid in recent years (Fig. 2.5). These areas were also modelled to be the 
most suitable for the greater glider. It is worth noting 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. 2.2). 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 2017a). 
Additionally, the strong interaction between AHMI and slope (Appendix 1: Fig. 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 2017a), higher 
terrain wetness indices, 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).  

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. 2.2). 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 eucalypt forests with leaf nitrogen content values below 10 mg/g are typically 
unfavorable for folivores. 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 occurrence (Fig. 2.2). 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 & Lambert 
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(1990). NDVI has previously been identified as a useful predictor of greater glider abundance 
(Youngentob et al. 2015). These variables 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 
forests (Makarieva et al. 2006). These metrics may therefore represent a proxy for favorable 
microclimatic conditions within the landscape. 

The lack of significant association with variables 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 1: Fig. S11). 
Disturbance through fire and timber harvesting is generally considered the main threat to the 
species (Lindenmayer and Sato 2018, McLean et al. 2018). Timber harvesting in particular, 
changes the structure of the forest, reducing nesting and foraging 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. 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 factors 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 foraging at night, rather 
than in their nesting habitat. 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 marsupial surveys, nor are sites that have been recently 
burned. One reason for this is the dense vegetation 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 consistently more important than 
disturbance history in shaping the distribution of the species at the landscape-scale in southeast 
Australia.   
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Only recently have the potential effects of heat stress and drought been considered as threat 
to greater gliders (see DELWP 2019). Modelled future climate scenarios for southeastern 
Australia suggest that the climate will become warmer and drier with more extreme events in 
the coming decades (CSIRO and Bureau of Meteorology 2015). This may have important 
consequences for forests as habitat (Keenan and Nitschke 2016, Seidl et al. 2017). For the 
greater glider, predicted future climate 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 experienced the impacts of climate change 
and that these changes will be amplified as the climate becomes increasingly warmer and drier 
across southeastern Australia. Identifying and protecting bioclimatic refugia—that is, areas 
where suitable 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 Central Highlands and 
Strathbogie Ranges, mid- to high-elevation areas in East Gippsland have shown an opposite 
trend and may already be acting as climatic refugia for greater gliders (Fig. 2.5). These areas, 
where high densities of animals have been observed, are critical for the conservation of this 
species: In East Gippsland, more than 80% of suitable habitat lies above 500 m elevation and 
more than a third above 1000 meters (Appendix 1: 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 climate 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 1: 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 not only foster greater glider populations, but 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 1: Fig. S12-S14). Recent conservation measures have added large areas to 
this protected network (DELWP 2019) and have led to the protection of additional crucial 
and climatically suitable habitat. As such, greater glider habitat in the Strathbogie Ranges 
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forests is now widely protected (Appendix 1: Fig. S14). Nevertheless, 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 1: Fig. 
S12-14 + Table S3).  

The sensitivity of greater glider physiology to changes in climate and the potential impacts of 
recent climate change on its distribution highlight significant challenges to the future 
conservation of some fauna. Conservation of these species is being challenged by both habitat 
loss and the direct impacts of climate change on their physiology. The latter process may drive 
a contraction in population size or range extent, independent of habitat availability. The 
number of examples of mammal species being challenged by climate 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 hibernation physiology, 
which may reduce overwintering 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 interactions between marmot physiology, snow depth and social 
structures. Recent climate 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 conservation of habitat alone may not be enough to 
overcome the impacts of climate change for these species. Understanding where both climatic 
and habitat refugia co-occur is critical for conserving these species under warmer future 
climatic conditions. For the greater glider and other species that are being pushed up to and 
beyond their physiological limits, recognizing the systemic impact of recent climate change is 
critical to understanding and interpreting current population trends and designing conservation 
strategies that can facilitate their long-term protection. Although further work is needed to 
incorporate climate 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 climate change is already apparent across the warmer and drier portions of its 
distribution in south-eastern 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 
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the past decade. Under a future of warming and drying climatic conditions, these observed 
declines are likely to continue as populations of greater gliders increasingly contract to 
bioclimatic refugia. Currently, the most suitable, stable, and least patchy habitat is found at 
higher elevations. However, these areas are not completely protected from future disturbances 
and climate change. Targeted protection of current and future bioclimatic refugia will be 
important to ensure that viable populations of greater gliders can persist in south-eastern 
Australia.
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3. Habitats for gliders: Determining hollow availability and foliar 
nitrogen across a mixed-species forest landscape 

PC: Benjamin Wagner 
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Introduction 

Human impacts on the habitat of species that rely on mature native forest ecosystems are 
directly increasing the pressure on their populations. Deforestation, timber harvesting, fire 
management, fragmentation due to land-use change or urbanisation reducing habitat area or 
quality, drive population declines, local extirpations, and, in some cases, extinctions (Diamond 
1984, Lindenmayer et al. 2011, Youngentob et al. 2013, McLean et al. 2015). Climate change 
exacerbates these threats to habitat by increasing the frequency and severity of natural 
disturbances such as wildfires and droughts (Parry et al. 2007, Orlowsky and Seneviratne 
2012). In the light of recent mega-fires, such as the 2019/20 ‘Black Summer’ bushfires in 
eastern Australia that impact large parts of the distributions of many forest-dwelling fauna 
(Ward et al. 2020), there is an accelerating need for sound and effective methods for assessing 
and estimating habitat properties and suitability to quantify the amount of remaining high-
quality habitat and adapt forest management to increase conservation efforts (Woinarski et 
al. 2014, Davey 2018b, DELWP 2019, Geary et al. 2021). 
 
In Australia, the species most vulnerable to these increasing threats are those that occupy 
specific niches and have limited capacity of escaping or migrating from canopy- or stand-
replacing disturbances as a result of small home-range sizes or specialized diets (Powell 2000, 
Smith et al. 2007, Shipley et al. 2009, Bowman et al. 2014, Davey 2018a). Arboreal marsupials 
are among those impacted most strongly by severe wildfires (Chia et al. 2016, McLean et al. 
2018, Ward et al. 2020). However, amongst the arboreal marsupials, it is the folivores such as 
the greater glider (Petauroides volans) that are particularly vulnerable to stand- or crown-
replacing disturbances (Kavanagh 2000, McLean et al. 2018). In complex forested landscapes, 
habitat suitability for forest-dependent species may rely on multiple features of the forest 
(Lindenmayer et al. 1990a, Lindenmayer et al. 1991c, Nitschke et al. 2020). These may be 
structural features, such as the occurrence of hollow-bearing trees (Smith and Lindenmayer 
1988), or nutritional features, such as the presence of suitable prey or feeding species for 
foraging (Robbins 2012). Greater gliders prefer climatic conditions supporting their narrow 
thermoregulatory capacities and require large trees of their preferred Eucalyptus species, which 
have high foliar and digestible nitrogen (digN), while also being low in leaf toxins (Rübsamen 
et al. 1984, Kavanagh and Lambert 1990, DeGabriel et al. 2009a, Youngentob et al. 2011, 
Wagner et al. 2020). Furthermore, they require up to 14 nesting trees within their small 1-6 
ha home ranges (Gibbons and Lindenmayer 2002, Smith et al. 2007). They are predominantly 
found at higher elevations with cooler and wetter climates (Smith and Smith 2020, Wagner 
et al. 2020). Favourable climatic conditions facilitate higher site productivity which leads to 
taller, mature forests dominated by Eucalyptus species with high foliar nitrogen and abundant 
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hollow-bearing trees (Smith et al. 2007, Koch et al. 2008, Kearney et al. 2010, Youngentob 
et al. 2011, Smith and Smith 2020, Wagner et al. 2020, Wagner et al. in review-a - Chapter 
4). The formation of hollows in eucalypts is dependent on tree dimensions, form, age and 
mechanical disturbance (Lindenmayer et al. 1991b, Lindenmayer et al. 1993b). Trees with 
large diameters, shorter heights and/or irregular crown forms are important predictors for 
estimating hollow occurrence and abundance in the temperate forests of Australia (Bennett et 
al. 1994, Gibbons et al. 2000, Fox et al. 2009). The indirect nature of hollow formation due 
to the absence of excavating species (e.g., woodpeckers) means that hollow formation requires 
long time-frames and therefore mainly occurs in large and/or mature trees that have been 
exposed to different sources of damage or decay (e.g., fire or fungal attacks, Fox et al. 2008, 
Lindenmayer et al. 2017). Furthermore, climate plays a role in these processes and can foster 
hollow formation in drier parts of the landscape through influences on species composition and 
growth form (Bennett et al. 1994). Wetter climates drive the establishment of productive soils 
and large mature trees at high elevation (Lindenmayer et al. 1991b, Bennett et al. 1994). 
These high elevation forests support tree species with higher levels of foliar nitrogen due to 
higher soil fertility and temperatures and precipitation levels that foster forest productivity and 
tree growth (Attiwill and Leeper 1987, Attiwill and Adams 1996). Nevertheless, maturity (i.e. 
leaf age) may affect foraging suitability negatively. Mature leaves may contain more nitrogen 
but are also more fibrous, meaning that major parts the nutritional value can be indigestible, 
which is why arboreal folivores favour young foliage (Kavanagh and Lambert 1990, Hume 
1999, Moore et al. 2004b). The factors driving these differences in hollow availability and 
foliar nutrition vary across landscapes as they are driven by templates of climate, soils, and 
topography (Turner and Gardner 2015).  

 
One of the main areas of greater glider distribution in temperate Australia is the mixed-species 
Eucalyptus forests of southeastern Australia. The area was severely affected by the 2019/20 
bushfires, burning vast areas of the greater glider’s suitable habitat range (Ward et al. 2020). 
While climate has been identified as a landscape-scale driver of habitat suitability in the region 
(see Wagner et al. 2020), tree hollows and foliar nitrogen are locally more variable and may 
be more meaningful in determining the likelihood of occupancy at the stand scale in mature 
forests and after disturbance (Gibbons et al. 2000, Eyre 2006). In this study we aimed to test 
whether foliar nitrogen and hollow availability limits occupancy in the region and how these 
measures of stand-level greater glider habitat suitability can best be determined from methods 
of assessing forest structure and site productivity, often collected during forest inventory 
assessments. As greater gliders rely on a joint abundance of hollow-bearing trees and suitable 
feeding trees (Smith and Lindenmayer 1988, Kavanagh and Lambert 1990) and cannot occur 
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when either resource is sparse or absent (McLean et al. 2018), they should prefer a 
homogenous forest structure providing both old trees with hollows and a mix of preferred 
species and digestible, highly nutritious leaves (Youngentob et al. 2011). For this study we 
hypothesized that both low numbers of hollows or hollow-bearing trees and low levels of foliar 
nitrogen limit greater glider occupancy in the study region. We expect landscape-scale 
variability in these resources to greatly affect the presence or absence of greater gliders. Their 
occupancy should a complex spatial outcome of fire refugia (with large mature trees) and sites 
of high foraging suitability (containing favourable feeding species, Kavanagh 2000, 
Youngentob et al. 2011, McLean et al. 2018). Based on a review of the literature we expected 
that the occurrence and abundance of hollows would be related to tree dimensions, growth 
form, and age as well as forest structure and type (Gibbons et al. 2000, Fox et al. 2008, Koch 
et al. 2008). As foliar nitrogen is a function of available soil nutrients, climate, and site 
topography (Attiwill and Leeper 1987, Attiwill and Adams 1996), we explored the role and 
significance of these factors across a mature mixed-species forest landscape. Knowing what 
determines habitat suitability at across scales is crucial for assessing and conserving the 
remaining undisturbed habitat in a managed forest landscape impacted by a recent mega-fire 
(Ward et al. 2020, Geary et al. 2021). 
 
Methods 

Using flora and fauna surveys, leaf and soil chemistry analyses, spatial data, and linear and 
structural equation models, we tested a range of independent covariates to estimate landscape-
scale variability in two important determinants of greater glider habitat suitability: hollow 
availability and foliar nitrogen.  

Study area 

The study was conducted in the approximately 1.2 million hectares (ha) mixed eucalypt forest 
landscape (Dept. of Agriculture and Water Resources 2018) of East Gippsland, Victoria, 
Australia. These forests range from open lowland forest along the coast (5-50 m a.s.l) to 
closed tall forest at high elevation (~1000–1300 m a.s.l.). The most common Eucalyptus 
species in these forests are E. siebieri in the lowlands, E. globoidea in mid-elevation sites, and 
E. viminalis at high elevations. E. obliqua is the most common species across the entire 
elevation gradient (Opie et al. 1990, Dept. of Conservation and Natural Resources 1995, Sebire 
and Fagg 2009). Average annual rainfall and temperature in the study region ranges from 648 
to 1178 mm (average for 1981–2014, Stewart et al. 2020a) and 6–15.8°C (average for 1981–
2014, Stewart and Nitschke 2017a), respectively. Across the study area greater gliders are 
most abundant at elevations >700 m in cool and wet forests, where their specific 
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thermoregulatory requirements are met (Henry 1984, Bennett et al. 1991, van der Ree et al. 
2004a, Wagner et al. 2020). 

Plot design 

Our survey plot network was designed to include a range of Eucalyptus species that are utilized 
by greater gliders as a foraging resource, as well as species that the gliders are known to avoid 
(Kavanagh and Lambert 1990, Comport et al. 1996, Cunningham et al. 2004). Study sites 
were established across the topographic gradient of the greater gliders’ known range in the 
region. To ensure only mature forests were captured in the study design, we stratified the 
landscape to eliminate forests that had been disturbed by fire or logging in the previous 40 
years, using publicly available spatial layers on forest fire and timber harvesting history from 
the Victorian State government (https://www.data.vic.gov.au/). We established 30 plots in 
three elevation bands – lowlands (0–420 m), mid-hills (420–840 m), and high elevation (840–
1260 m a.s.l). Within each elevation band, we established 10 plots of varying elevation, aspect, 
and slope.  In each band, four plots were in flat or gully locations, four in mid-slope positions 
(north- and south-facing) and two on the ridge, close to the maximum elevation of the 
respective band (Appendix 2 Fig. S1). This design captured the wide range of elevation, 
topographical position, forest types and tree species diversity present in the East Gippsland 
distribution range of the greater glider (Fig. 3.1).  

 
Figure 3.1. Study area map of East Gippsland, Victoria, showing elevation gradient and plot positions 

 

 

https://www.data.vic.gov.au/
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Assessing forest structure 

Each plot centre location was recorded using a handheld Garmin® GPS and waypoint 
averaging for the duration of the ground survey. In each survey plot, we recorded site attributes 
(elevation, slope, aspect, crown cover and basal area of dominant tree species), then 
established a variable radius plot using a Kramer’s dendrometer with a basal area factor (BAF) 
of four. This ensured the sampling would capture large, mature, and dominant trees that form 
the canopy, and which are the preferred nesting and foraging habitat for greater gliders. For 
each tree in the variable radius plot sample, we recorded the species, diameter at breast height 
(DBH), height, crown width, foliage cover, vigour (health status in categories), age class, 
structural layer the tree belonged to, and the occurrence, number, and type of major hollows 
(for details on these variables see Appendix 2 Table S1). The presence of ground-level flora 
was recorded in a 100 m2 subplot around the plot centre. 

Leaf and soil sample collection 

To determine the nutritional value of the Eucalyptus foliage within each plot, leaf samples 
were collected from five trees per plot, representative of the mixture of Eucalyptus species 
recorded there. One tree was sampled in each quadrant of the plot (i.e., northwest, northeast, 
southeast, southwest), while an additional dominant tree was selected subjectively to ensure 
a reasonable representation of the dominant species (Appendix 2 Fig. S2). Foliage samples 
were collected with a throw-line launcher, as described by Youngentob et al. (2016). We 
collected ~100 g of fresh leaf samples from a total of 150 trees across all of our plots. Soil 
samples were collected to a depth of 10 cm from 30 locations within each survey plot, using 
a tube corer. Leaf and soil samples were sealed in individual air-tight bags, frozen (leaves) or 
cooled (soils) and transported to the laboratory for further processing.  

Wildlife surveys 

To determine occupancy of greater gliders, spotlighting surveys on 1-km transects proximate 
to the plot centre were carried out at all sites. For these surveys, an average pace of 10 minutes 
per 100 m was used by a minimum of two observers walking 10 minutes apart, scanning tree 
canopies for eyeshine reflectance using strong torchlights. This pace and setup maximized the 
probability of detection (Wintle et al. 2005, Kissling and Garton 2006, Nelson et al. 2018). 
Any detected animal’s location was recorded using a handheld GPS. Further observation data 
of the tree species on which the animal was observed, height of the tree, animal behaviour, 
fur colour phase, time of observation, and distance and bearing to the animal were also 
recorded. Any spotlighting transects with one or more detected greater gliders were considered 
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occupied for the purpose of this study. All observations were submitted to the Victorian 
Biodiversity Atlas (VBA, vba.dse.vic.gov.au/vba). 

Data processing and variable selection 

Chemical analyses 

Collected fresh leaves were frozen after collection and dried in the laboratory using a VirTis® 
BenchTop Pro© freeze-dryer. We used a pressure of 50 microbars and condenser temperature 
of -70°C for 24-72 hours (Julkunen-Tiitto and Sorsa 2001). Dried leaf samples were ground to 
pass a 1-mm screen using a Foss® Cyclotec 1093© mill and frozen at -20°C until further 
analysis. Total nitrogen (N) was determined according to the Dumas procedure using a Leco® 
TruMac© CN analyser. Digestible nitrogen (digN) was quantified by in vitro digestion with 
cellulose and pepsin according to Degabriel et al. (2008). We reported N, digN and digestible 
dry matter (DDM) as % dry mass (% DM). Soil samples were dried at room temperature, 
sieved to pass a 2-mm screen, composited by plot, and analysed for soil nutrients. The 
following soil chemical properties were considered: soil pH (CaCl2), nitrate nitrogen (NO3 in 
mg/g), phosphorous (P in mg/g), potassium (K in mg/g), total nitrogen (soil N in percent) 
and total carbon (C in percent). Soil N and C were derived using dry combustion, while other 
elements were determined colorimetrically or via spectroscopy at an external laboratory.  

Additional spatial variables 

In addition to structural variables, fauna survey records, and leaf and soil chemical values, we 
included variables related to climate and topography as modelling candidates from spatial 
layers. These had previously been identified  as important for determining greater glider habitat 
suitability at the landscape scale (see Wagner et al. 2020). They include the Annual Heat 
Moisture Index (AHMI), number of days with condensation (1981 – 2014), the Terrain 
Wetness Index (TWI), and average site Normalized Difference Vegetation Index (NDVI) along 
with further topographic variables such as slope and aspect (Table 3.1).  

 

 

 

 

 

https://unimelbcloud-my.sharepoint.com/personal/craign_unimelb_edu_au/Documents/craign/Students/Ben%20Wagner/2021/vba.dse.vic.gov.au/vba
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Table 3.1. Model groups and variables related to tree hollows and foliar nutrition with 

Hollow occurrence and abundance 
Group Variable Details 

Structural 

Height Tree height in meters 
DBH Tree diameters at 1.3m above ground in cm 
Volume Tree volume from DBH + height (see Eq.1) 
Crown area Crown area in m2 from crown widths 
Health category Categorical variable describing tree health (Appendix 2 Table S1) 
Age class Categorical variable describing tree age (Appendix 2 Table S1) 
Structural layer Categorical variable defining the structural layer a tree belonged 

to (see Appendix 2 Table S1) 

Site-level 

Slope Slope of site in degrees 
Aspect Aspect of site in degrees 
Soil type Soil type according to Australian soil classification 
AHMI Annual heat moisture index (AHMI = (MAT+10)/(MAP/1000) 
TWI Terrain wetness index 
NDVI Normalized difference vegetation index 
Condensation 
days 

Number of days with condensation according to Stewart et al. 
(2020b), Wagner et al. (2020) 

No. of forest fires Number of fires a site received since 1980 

Nutrients 

Soil pH Soil pH (CaCl2) 
Soil total 
nitrogen 

Total soil nitrogen in % 

Soil total carbon Total soil carbon in % 
Soil nitrate 
nitrogen 

Soil nitrate nitrogen (NO3) in mg/kg 

Soil phosphorous Soil phosphorous (P) levels in mg/kg 
Soil potassium Soil potassium (K) levels in mg/kg 
Average foliar 
nitrogen 

Averaged foliar nitrogen (% DM) of site 

Foliar total nitrogen, digestible nitrogen and DMD 

Soil 
properties 

Soil pH Soil pH (CaCl2) 
Soil total 
nitrogen 

Total soil nitrogen in % 

Soil total carbon Total soil carbon in % 
Soil phosphorous Soil phosphorous levels in mg/kg 
soil potassium Soil potassium levels in mg/kg 
Slope Slope of site in degrees 
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Site-level Aspect Aspect of site in degrees 
Soil type Soil type according to Australian soil classification 
Soil sub-type Soil sub-type according to Australian soil classification 
AHMI Annual heat moisture index (AHMI = (MAT+10)/(MAP/1000) 
TWI Terrain wetness index 
NDVI Normalized difference vegetation index 
Condensation 
days 

Number of days with condensation according to Stewart et al. 
(2020b), Wagner et al. (2020) 

No. of forest fires Number of fires a site received since 1980 
Foliage cover Projected foliage cover at site 

Structural 

Height Tree height in meters 
DBH Tree diameters at 1.3m above ground in cm 
Volume Tree volume from DBH + height (see Eq.1) 
Crown area Crown area in m2 from crown widths 
Health category Categorical variable describing tree health (Appendix 2 Table S1) 
Age class Categorical variable describing tree age (Appendix 2 Table S1) 
Structural layer Categorical variable defining the structural layer a tree belonged 

to (see Appendix 2 Table S1) 
Number of trees 
per ha 

Extrapolated number of trees per hectare 

Number of 
hollows 

Number of hollows observed on tree 

 

Modelling hollow availability and tree nitrogen 

Structural data and differences between occupied and unoccupied or elevational bands were 
evaluated using F and p statistics from one-way analysis of variance (ANOVA) and Tukey 
Honest Significant Differences (HSD) tests. We used a multi-step modelling procedure to 
determine meaningful predictors for both hollow occurrence (presence or absence of hollows) 
and abundance (number of hollows), as well as N, digN, and DDM. First, we split all available 
modelling variables into logical groups (Table 3.1). For hollows, we used structural, site level, 
and nutrient data for analyses; for foliar nutrition, we used structural, site, and soil data groups 
(Table 3.1). Within these groups we tested for intercorrelation between variables. We reduced 
the number of initial predictor variables in each group by removing pairs with Pearson’s 
correlation coefficient r ≥ |0.8|. All variable candidates were then standardized to a mean of 
zero and standard deviation of one. We built a generalized linear model (GLM) with all 
uncorrelated variables per group as predictors with hollow or foliar nutrition metrics as the 
response variable. Using every possible variable combination in separate models (i.e., model 
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dredging), we identified the best variable combinations based on model performance as 
represented by the Akaike Information Criterion (AIC) and delta values ≤ 2. The predictor 
variables in the best models were then used in a combined model of hollow availability or foliar 
nutrition that drew the best variables from each group. All models were evaluated using AIC, 
model R2, and variable significance (p). We were also interested in variable relationships within 
the models. To further analyse and interpret different interaction effects between and on model 
variables, we developed structural equation models (SEMs) to conduct path analyses (Bollen 
and Stine 1992, Rosseel 2012). Path analyses on the final combined models revealed important 
model interactions and indirect effects. All statistical analyses were conducted in R (R Core 
Development Team 2020) using the packages MuMIn, lavaan and caret (Rosseel 2012, Barton 
2019, Wing et al. 2019). SEM performance was evaluated using each path’s R2 value. 

 

Results 

Our 30 study sites ranged in elevation from 32–1185 m a.s.l., covering slopes from 1–55% and 
aspects from 26–355°. We measured a total of 463 individual Eucalyptus trees from 17 species. 
Common and dominant canopy species included Eucalyptus consideniana, E. globoidea, and 
E. sieberi at low elevation, E. obliqua, E. cypellocarpa, and E. fastigata in the mid-elevation 
sites, and E. corajingolensis and E. viminalis at high elevation. We recorded 239 individual 
animal observations during night-time spotlighting surveys across all sites. Of these, 160 
observations were arboreal marsupials, including 44 greater gliders, which we found at nine 
sites. Greater gliders occurred with the highest frequency and density in high elevation sites, 
where they were found at 6 out of 10 sites. 

Tree hollows and forest structure 

Tree hollows were abundant across our survey plots. The number of observed hollows ranged 
from 8 to 78 per plot, with similar ranges in occupied (8 – 73, mean = 34.6 (± 19.4), n = 9) 
and unoccupied sites (9 – 53, mean = 25.6 (± 14), n = 21). Although the average number 
of hollows measured per plot in the lowlands was the lowest (17.5 ± 5.62), a higher mean 
number of both hollow-bearing trees (70.9 ± 39.2) and hollows (294 ± 105) was found when 
extrapolating plot-level data to one hectare (Fig. 3.2). There were no differences between 
group means of hollows and hollow bearing-trees in elevation bands (F= 2.258, p = 0.124) or 
occupied and unoccupied sites (F = 1.273, p = 0.269), as determined by one-way ANOVA.  
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Figure 3.2. Observed hollow distribution for sites distinguished by greater glider detection (A-C) and elevational band (D-F). At 
the plot level, hollow occurrence differed significantly between elevation bands (A, F= 4.725, p = 0.0174). There were no 
statistical differences between occupied and unoccupied sites (F = 1.273, p = 0.269) or elevation bands (F= 2.258, p = 0.124) 
when extrapolating survey data to an area of 1 ha. 

 

The largest tree diameters (DBH) within our variable radius plots were observed in high- and 
mid-elevation transects (mean DBH of 122 ± 60.8 cm, and 109 ± 60.2 cm, respectively, Fig. 
3.3A). Unoccupied sites had a higher frequency of trees with DBH <100 cm, whereas occupied 
sites had higher average DBH (110 ± 56.5 cm for occupied sites, 90.5 ± 60.3 cm for 
unoccupied sites, Fig. 3.3B). Differences in mean DBH were significant between occupied and 
unoccupied sites (F = 10.69, p = 0.00116) and between lowland and mid to high elevation 
bands (F = 71.52, p ≈ 0). DBH distribution did not differ between mid- and high elevation 
bands when analysing the ANOVA (Tukey HSD test p = 0.07).  We observed similar patterns 
for tree height distribution and crown area. For example, lowland sites lacked trees >40 m in 
height and >200 m2 crown area and the frequency of trees <30 m in height and <100 m2 
crown area was greater in sites where greater gliders were absent (Appendix 2 Fig. S3A-D). 
Tree heights were different between elevation bands (F = 96.02, p < 0.001), as were crown 
areas (F = 58.88, p < 0.001). 
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Figure 3.3. Observed diameter distribution for sites distinguished by greater glider detection (A) and elevational band (B) 

Foliar and soil chemistry 

The 150 sample trees from 17 Eucalyptus species varied in total leaf nitrogen (N) from 0.63-
1.92% dry mass (% DM). Digestible nitrogen (digN) ranged from 0.45 to 1.73% DM and 
digestible dry matter (DDM) from 49.05-83.58 % DM (Appendix 2 Fig. S4A-C). Both average 
plot level N and digN increased with elevation, while DDM decreased. Nitrogen content was 
highest at high elevation and in sites with greater gliders present. We found that a mean plot 
N value of 1.1% DM was a reasonable threshold for greater glider occupancy across our sites. 
Greater gliders were not observed in plots with mean N values below this threshold. There was 
no difference between occupied and unoccupied sites in digN distribution (F = 0.417, p = 
0.52), although it was slightly lower at low elevation sites. DDM was highest in the lowlands 
and higher in unoccupied sites (Appendix 2 Fig. S5A-F). DDM differed significantly between 
elevation bands (F = 6.42, p = 0.00229) and occupied or unoccupied sites (F = 9.778, p = 
0.00224). N, digN, and DDM were on average slightly higher in the sub-genus Symphomyrtus 
(n = 7 species, Appendix 2 Fig. S6A-C) when all samples were pooled together, but did not 
differ (p = 0.224, 0.115 and 0.516 for N, digN and DDM respectively). Soil nitrogen (N) 
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ranged from 0.08-0.76 % and soil carbon (C) from 2.8-14.3%. Soil phosphorus (P) 
concentrations were between 1 and 20 mg/g and potassium (K) between 46-452 mg/g. The 
concentrations of these soil chemical elements increased with elevation.  

Modelling hollow availability 

Non-correlated and grouped candidate variables are listed in Table 3.1. In the forest structure 
variable group, DBH, tree height, age class, health (vigour) category and tree structural layer 
best explained hollow occurrence. When simplifying the model by calculating tree volume from 
DBH and tree height (H) (Eq. 1, assuming trees having a conical shape), model performance 
improved, and significant variables of the best model reduced to volume, age class, and tree 
structural layer (Table 3.2).  

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 (𝑚𝑚3)  =  
𝐷𝐷𝐷𝐷𝐷𝐷
200

2∗3.142
 (𝑚𝑚2)  ∗  𝐻𝐻 (𝑚𝑚)

3
  (Equation 1) 

 

Table 3.2. Model results for occurrence of hollows from the best model from the structural group 

Variable  Estimate  95% CI1  p-value    

(Intercept)  -1.9  -2.7, -1.2  <0.001    

Age class  0.86  0.59, 1.2  <0.001    

Structural layer  -0.38  -0.85, 0.06  0.10    

Tree volume  0.07  0.04, 0.10  <0.001  
1CI = Confidence Interval 
 
The tree’s age class (regrowth, mature, over-mature, late-mature or dead stag) was equally 
important as volume for hollow occurrence (both p < 0.001). In the site variable group, only 
AHMI had a significant (p < 0.01) effect on hollow occurrence, when using all uncorrelated 
site variables, as well as climate variables only. Finally, hollow occurrence was best explained 
by mean plot foliar and soil N in the nutrition group. Similar results were found when modelling 
hollow abundance (number of hollows per tree) by variable group, although some variables 
differed, especially in the site group, which also included soil-type, aspect, condensation days, 
and site NDVI in the final model (Appendix 2 Table S2). A final model that combined the 
best variables from each group indicated that hollow occurrence is best explained by tree 
volume, age class, structural layer, TWI, and foliar N (Fig. 3.4). The final model for hollow 



Chapter 3. Determining stand-scale habitat factors 

59 
 

abundance contained the same variables, but foliar N and TWI were replaced by AHMI, aspect, 
and condensation days (Table 3.3).  

 
Figure 3.4. Partial variable dependencies of the final (combined) hollow occurrence model. 
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Table 3.3. Model results for combined final models of hollow occurrence and abundance 

 Hollow occurrence Hollow abundance  

Variable  Estimate 95% CI1  p-value  Estimate  
95% 
CI1  

p-value  

(Intercept)  -2.9  -5.3, -0.57  0.017  1.8  1.6, 2.0  <0.001    

Age class  0.86  0.60, 1.1  <0.001  0.60  
0.41, 
0.79  

<0.001  
  

Structural 
layer  

-0.39  -0.85, 0.06  0.092  -0.16  
-0.35, 
0.03  

0.10  
  

Mean foliar 
N  

-1.4  -2.5, -0.39  0.007   - -   - 
  

TWI  0.40  0.12, 0.69  0.006   - -  -    

Tree volume  0.08  0.05, 0.12  <0.001  1.3  1.1, 1.5  <0.001    

AHMI  -   - -  0.37  
0.16, 
0.57  

<0.001  
  

Aspect  -  -   - 0.22  
0.03, 
0.41  

0.021  
  

Condensatio
n days  

-  -  -  0.36  
0.16, 
0.56  

<0.001  

1CI = Confidence Interval 
 
Modelling foliar nitrogen 

For foliar nitrogen, the best models were dominated by measures of soil productivity. We 
observed strong linear relationships between total foliar nitrogen (N) and the plant nutrients 
NO3, P, and K, as well as soil total nitrogen (soil N, Fig. 3.5, Table 3.4). Soil nitrogen and K 
were also highly correlated with digN and DDM. Nutrient models performed better for N than 
digN or DDM. Since soil total carbon (C) and soil N were highly correlated, we tested two 
GLMs in which either soil N or soil C was included in the soil variable group of predictors. For 
the group of predictors that included soil C, foliar N was best explained by soil NO3 (p < 
0.01), P (p < 0.05) and K (p < 0.001); whereas for the model containing soil N, soil N and 
K (both p < 0.001) were the strongest predictors (Table 3.4). Using site variables only, AHMI, 
TWI, aspect, condensation days, site NDVI, and soil subtype best explained foliar N. For the 
structural group the best predictors of foliar N were tree volume, tree age class, and trees and 
hollows per hectare (Appendix 2 Table S3). The best model using a combination of the most 
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significant variables from all groups included K, AHMI, TWI, NDVI, and tree age class (Fig. 
3.5, Table 3.5). The best combined model for digN included soil N, age class, foliage cover 
and tree structural layer, while DDM was best explained by soil K, soil-type, slope and aspect, 
condensation days, and tree age class. Results for grouped models of both digN and DDM can 
be found in Appendix 2 Table S4. 

 
Figure 3.5. Partial variable dependencies of the final (combined) total nitrogen model. 

Table 3.4. Model results for separate foliar nitrogen models, containing either soil total carbon (C) or soil nitrogen (N) 

 Model containing C  Model containing N  

Variable  Estimate  95% CI1  p-value  Estimate  95% CI1  p-value  

(Intercept)  0.80  0.69, 0.92  <0.001  0.88  0.81, 1.0  <0.001    

Soil NO3  0.02  0.01, 0.03  0.005  -   -  -   

Soil P  0.01  0.00, 0.01  0.036   - -  -    

Soil K  0.00  0.00, 0.00  <0.001  0.00  0.00, 0.00  <0.001    

Soil N   -  - -  0.60  0.36, 0.84  <0.001  
1CI = Confidence Interval 
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Table 3.5. Model results for combined final model of foliar nitrogen 

Variable  
Estimat

e  
95% CI1  p-value  

  

(Intercept)  1.3  1.3, 1.3  <0.001    

Age class -0.03  -0.06, 0.00  0.037    

AHMI  -0.06  -0.09, -0.02  0.001    

NDVI  0.05  0.02, 0.09  0.002    

K  0.17  0.13, 0.20  <0.001    

TWI  0.06  0.03, 0.09  <0.001  
1CI = Confidence Interval 
 
Modelling variable relationships 

Results from structural equation models (SEMs) are illustrated as path analyses in Figures 6 
(for hollow occurrence) and 7 (for foliar nitrogen). Apart from playing a role in hollow 
occurrence, tree age class was also significant in describing foliar nitrogen, with mature ages 
being associated with less nitrogen, an effect observed in both SEMs. Age class, AHMI, and 
TWI were independent of other significant predictor variables of hollow occurrence or foliar 
N. Both number of fires and low values of NDVI had a significant negative effect on age class, 
while AHMI was influenced by elevation and TWI by topography (slope and aspect). In the 
hollow occurrence SEM, the structural layer in which a tree occurred was associated with the 
estimated stem volume of the tree, where canopy trees had the greatest volume. In the nitrogen 
SEM, NDVI, used as a measure of forest productivity, was also influenced by AHMI, whereas 
soil K, a measure of soil fertility, was influenced by TWI and AHMI, with cooler and wetter 
climates and topographic positions being associated with higher soil K and foliar N. 
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Figure 3.6. Structural equation model for response variable number of hollows (Hollows) illustrating variable relationships in the 
final hollow model with additional modelling variables used to show external influences. Numbers are estimates and (*) indicate 
significance (p = 0 (***), p < 0.001 (**), p < 0.01 (*)). R-squared for separate path models were 0.4 for hollows, 0.82 for 
volume, 0.1 for layer, 0.25 for age class and 0.53 for nitrogen. 
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Figure 3.7. Structural equation model for response variable foliar nitrogen (N) illustrating variable relationships in the final 
nitrogen model with additional modelling variables used to show external influences. Numbers are estimates and (*) indicate 
significance (p = 0 (***), p < 0.001 (**), p < 0.01 (*)). R-squared for separate path models were: 0.61 for N, 0.24 for NDVI, 
0.1 for age class, 0.27 for potassium, 0.24 for TWI and 0.74 for AHMI. 

 

Discussion 

In the study landscape of East Gippsland, hollow occurrence and abundance, foliage and soil 
chemistry and greater glider occurrence was driven by climate, topography and site 
productivity. The associated forest types and tree species found there showed significant 
differences in soil and foliar nitrogen, whereas hollows were abundant. Tree size, soil 
productivity and nutritional value of Eucalyptus leaves increased with elevation (Appendix 2 
Fig. S7). The largest trees and most productive sites were found at elevations >840 m a.s.l. 
Here we also detected greater gliders in larger numbers, in sites with cooler climates (see 
Wagner et al. 2020), and where foliar total nitrogen (N) was highest among all sites.  
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Hollow availability and foliar nitrogen 

Hollow occurrence and abundance were homogenous across sites and elevation bands. 
Although we recorded more hollows in mid- and high elevation sites, the average number of 
hollows and hollow bearing trees (HBTs) per hectare were higher in the lowlands (Fig. 3.2). 
This is often the case in drier parts of the landscape, where growth form and tree species 
composition is driven by the amount of rainfall and lower site productivity, leading to earlier 
hollow formation (Bennett et al. 1994, Fox et al. 2008). We recorded more hollows in sites 
where we also observed greater gliders, but when scaling up to the hectare, the mean number 
of hollows and HBTs/ha was higher in sites with no detections (Fig. 3.2). Our study focused 
on mature forests that had not been disturbed in at least the last 40 years. At most sites, we 
could only find signs of historical selective logging, which ceased in the 1950s and 60s 
(VicForests Orbost staff, personal communication, May 2018). Strong positive relationships 
between stand age and the proportion of living trees with hollows in forests of the same 
landscape have been reported (see Gibbons et al. 2000) and unlogged or unburnt sites regularly 
contain more HBTs than forests that were disturbed (McLean et al. 2015). Logging and fire 
history can negatively affect hollow occurrence and abundance (Lindenmayer et al. 1991b, 
McLean et al. 2015). We therefore assume that hollows are not a limiting factor for greater 
glider occupancy in mature forests of East Gippsland, Victoria. This is also supported by the 
number of other hollow-dependent fauna observed during spotlighting surveys. We frequently 
detected other arboreal mammals that also require hollows for nesting such as sugar gliders 
(Petaurus breviceps), ringtail possums (Pseudocheirus peregrinus), and yellow-bellied gliders 
(Petaurus australis) in all three elevation bands. For example, sugar gliders were most frequent 
in the lowlands (60% occupancy), where only one site had greater gliders present (10% 
occupancy, Appendix 2 Table S5). However, because hollow occurrence was high across all 
sites, we could not determine how much variation in greater glider abundance or 
presence:absence was actually explained by tree hollows. 

Throughout the landscape and range of Eucalyptus species sampled, foliar N increased with 
elevation and the associated tree species found there (Appendix 2 Figs S4+S6C). Observations 
of greater gliders were only made where average N concentrations were ≥1% N DM (Appendix 
2 Fig. S5). This nitrogen threshold has frequently been reported for greater gliders in 
landscapes with similar species mixture (Foley and Hume 1987, Kavanagh and Lambert 1990, 
Cork 1992, Youngentob et al. 2011). Additionally, the mixture of eucalypt subgenera within a 
site may play a role in observed occupancy patterns. Species of the Monocalyptus subgenus 
typically had lower levels of digestible nitrogen (digN), which may limit tree use by greater 
gliders (Wallis et al. 2010, Youngentob et al. 2011). Although all transects had more species 
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of Monocalyptus than Symphyomyrtus, the ratio in the lowlands was 7:4 in favour of 
Monocalyptus, while at high elevation it was a closer to 4:3. Foliar N concentrations in 
eucalypts are mostly driven by site productivity, which increases with elevation in these 
landscapes, and climate (Braithwaite et al. 1984, Attiwill and Adams 1996, Cork and Catling 
1996). Higher levels of foliar N allow for higher levels of digN, which has been identified as a 
more meaningful measure of forage quality for folivores (DeGabriel et al. 2009b, Wallis et al. 
2010, DeGabriel et al. 2014).  

Climatic conditions at higher elevation are also favourable for greater gliders, which are 
vulnerable to high temperatures and low water availability (Kearney et al. 2010, Smith and 
Smith 2020, Wagner et al. 2020). The combination of high total and digestible nitrogen 
availability and favourable climate explains why the species was predominantly detected here. 
Digestible dry matter (DDM) is driven by phenol and lignin levels of the foliage and was 
therefore more closely related to digN (Appendix 2  Fig. S4, Choo et al. 1981, Youngentob et 
al. 2011), but was slightly lower at high elevations and occupied sites. This observed reduction 
of mean DDM with elevation and occupied sites may also be explained by the ratio of 
subgenera found at highly productive, high-elevation sites. Larger trees of the subgenus 
Symphyomyrtus, such as Eucalyptus viminalis, are known to have lower DDM (Youngentob 
et al. 2011) due to higher levels of indigestible fibre as leaves mature (Moore et al. 2004b). 

Modelling hollow occurrence and abundance and foliar nitrogen 

Both stand-level factors associated with greater glider habitat suitability – hollow-bearing trees 
and foliar N – could be modelled using a combination of structural variables from field surveys, 
soil nutrient data from chemical assessments, and topographic and climatic factors. This is 
encouraging as tree hollow availability as well as foliar nutrition can therefore be estimated 
from standard survey- and freely available topographic and climatic spatial data.  

Hollow models 

Among variable groups, tree structural metrics were most important in explaining both hollow 
occurrence (presence or absence of hollows) and abundance (number of hollows). We found 
tree volume, as calculated from tree height and diameter to be the most meaningful predictor 
of both hollow metrics. Other variables such as the structural layer a tree belongs to and tree 
age class additionally improved model performance. The proportion of canopy and subcanopy 
trees with hollows was ~60%, whereas the proportion dropped to <40% for mid-storey trees 
(Fig 3.4). The trees in lower strata containing hollows were often dead stags and thus likely 
former canopy trees. Large trees that form the canopy have the largest tree dimensions in 
terms of diameter and volume. As trees develop in the canopy, branch loss in the lower crown 
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due to self-pruning and side-shading from suppressed trees leads to the formation of hollows 
(Smith and Lindenmayer 1988, Fox et al. 2009, Lindenmayer et al. 2012a). Tree height was 
negatively correlated with hollow availability with shorter trees being more likely to have 
hollows. Shorter mature trees are often associated with a poorer form (e.g., a broken top that 
may lead to chimney hollow formation, Fox et al. 2008). A tree’s volume or diameter and 
reduction in height as it matures can also be a proxy of its age (Ashton 1976), and it is 
assumed that most eucalypts start forming hollows only after reaching mature ages >100-150 
years (Bennett et al. 1994, Gibbons et al. 2000, Koch and Baker 2011, Lindenmayer et al. 
2017). Our structural equation models (SEMs) support the important association between 
hollow occurrence and tree size and age (Fig. 3.6, Lindenmayer and Wood 2010). Multiple 
studies have observed form and age (also associated with tree vigour) as an important indicator 
of hollow availability (see Lindenmayer et al. 1993b, Bennett et al. 1994, Owers et al. 2015). 
Tree diameter has frequently been identified as a good predictor of hollow abundance in 
Eucalyptus forests due to the often near-linear relationship between tree size and the formation 
of hollows (Lindenmayer et al. 1993b, Bennett et al. 1994).  

The final hollow models contained either the annual heat moisture index (AHMI) or terrain 
wetness index (TWI), along with site aspect and number days where condensation occurred 
(Table 3.3). These variables were independent from the other covariates in our SEMs (Figs 
3.6+3.7) as AHMI and TWI are driven by topography and can be described as a function of 
slope and aspect or altitude (Beven and Kirkby 1979, Paudel et al. 2016). The AHMI combines 
mean annual temperature and precipitation into an index expressing atmospheric aridity, while 
the TWI accounts for fine-scale effects of landform on soil moisture. Hollow number increased 
with AHMI values and aspects describing cooler and wetter sites, where more condensation 
took place. This may describe the positive effects these cooler and wetter conditions have on 
enhancing tree growth (Ashton 1976). TWI values associated with cooler and wetter conditions 
in gullies and riparian areas or lower levels of foliar nitrogen also positively affected hollow 
occurrence. Tree growth is largely influenced by site productivity, hydrology, and climate. 
AHMI and TWI are effectively proxies for these types of variables, where cooler and wetter 
conditions estimate higher site productivity. Foliar nutrient levels can reflect forest productivity 
as well, with highly productive sites having higher levels of foliar nitrogen and a higher amount 
of available and preferred young foliage (Moore et al. 2004b). More productive sites will have 
faster-growing and larger trees, which should form hollows at a younger age (Wormington and 
Lamb 1999). This should also reduce the susceptibility of individual trees to mortality in fires, 
which may promote the accumulation of more large trees, even in fire-prone areas (Chia et al. 
2015, Trouvé et al. 2021). Low levels of foliar nitrogen are associated with mature trees in 
less productive sites in drier parts of the landscape (e.g., at low elevation sites, Attiwill and 
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Adams 1996).  Here we also observed on average more hollows and hollow-bearing trees per 
hectare because the drier and lower productivity conditions at those sites seem to accelerate 
the development and support the accumulation of hollows in trees (Bennett et al. 1991, 
Bennett et al. 1994). These nitrogen and tree maturity relationships are also illustrated by the 
strong negative relationship between nitrogen and tree volume in the hollow occurrence SEM 
(Fig. 3.6). In addition, we found that the high elevation forests had more small diameter trees, 
which are less likely to have hollows, in the lower strata of the forest.  

Nitrogen models 

Constituents of soil chemistry such as soil nitrogen or potassium were most important in 
determining leaf N, digN and DDM. The final model of foliar nitrogen combined variables 
from all groups, describing the most important factors from soil properties, climate and forest 
structure in determining foliar nitrogen (Fig. 3.7). Our models also highlighted that nutrients 
such as soil K have the most significant effect on foliar nitrogen (Fig. 3.5). Our analyses also 
revealed relationships between climate, topography and soils, all of which influenced leaf N 
directly or indirectly, underlining the importance of site productivity and soil fertility in 
increasing foliar nitrogen in this landscape. Plant-available soil nutrients are associated with 
site productivity and foster the development of tall mature forests, which generally have higher 
foliar nitrogen and can therefore support arboreal species abundance (Turner and Kelly 1981, 
Braithwaite et al. 1984, Adams 1996). Our site-level group, final combined model and SEM 
found that site productivity is driven by climate and topography (Adams 1996, Attiwill and 
Adams 1996). Variables associated with cooler and wetter climates (AHMI, TWI, days with 
condensation), exposure to sunlight (aspect), and site productivity (high NDVI values, Tucker 
et al. 1981, and soils associated with higher levels of plant nutrients) were positively associated 
with foliar nitrogen (Appendix 2 Table S3). These conditions are predominantly found at 
higher elevation and favour conditions for Eucalyptus species associated with high foliar 
nitrogen (Kavanagh and Lambert 1990). We also found that tree age class (indicative of 
increasing tree age) had a negative influence on foliar nitrogen (Appendix 2 Table S3), as seen 
in both SEMs. As leaves mature, their fibre content increases, reducing digestibility (Moore et 
al. 2004b) and making them a less favourable foraging resource for folivores. Younger trees 
and foliage often have higher levels of nitrogen (Moore et al. 2004b). As such, maturing and 
ageing trees may increase habitat suitability through the formation of hollows but reduce 
habitat quality by decreasing the forage quality. Our SEM analyses also revealed that the 
number of fires and low NDVI values (a proxy for past disturbances such as timber harvesting 
that reduce crown cover, Yengoh et al. 2015) could estimate stand age (Figs 3.6+3.7). Tree 
and stand age are mainly determined by disturbances to the forest ecosystem (Attiwill 1994). 
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Our findings emphasize the important role disturbances can play in the loss of hollow-bearing 
trees (van der Ree and Loyn 2002) and recruitment of new growth, influencing nesting 
opportunities and providing young leaves that are more digestible and higher in foliar N in 
forest ecosystems (Chia et al., 2016). This highlights the need for a heterogenous forest 
structure to provide both favoured foraging and sufficient nesting opportunities for arboreal 
folivores.  

 

Conclusion 

We assessed mature, mixed-species Eucalyptus forests in East Gippsland, Victoria, to better 
understand the factors controlling the two key stand-scale habitat features of the greater glider 
- hollow-bearing tree occurrence and forage quality. Detection of greater gliders was highest 
in high elevation areas with cooler and wetter climates and high foliar nitrogen, whereas 
hollows were available across all elevations and forest types. We demonstrate that forest 
inventory data describing stand structure (e.g., tree diameter, height and age) combined with 
topographic, climatic, and site productivity data (e.g., AHMI, TWI and soil properties) can be 
used to estimate these habitat features at the stand level. This provides a useful tool for 
making forest management and conservation decisions for greater gliders and associated 
arboreal folivores in the region. As hollows were abundant throughout sites and not limiting 
site-level occupancy of the greater glider, foliar nitrogen appears to be the most important 
factor limiting stand-level habitat suitability within these landscapes. The successful 
conservation of greater gliders in the region now requires comprehensive methods to map high-
quality habitat, which is primarily defined by the presence of trees with nitrogen-rich foliage. 
Remote sensing spectroscopy to foliar nitrogen in the canopy of Eucalyptus forests is a 
promising avenue for expanding our approach for identifying high-quality habitat from the plot 
level to the stand level and potentially whole landscapes.
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4. Mapping canopy nitrogen-scapes to assess foraging habitat for a 
vulnerable arboreal folivore in mixed-species Eucalyptus forests 

PC: Benjamin Wagner 
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Introduction 

The ability to determine and monitor habitat suitability for vulnerable wildlife populations is 
important for efficient conservation planning (Turner et al. 2003, Turner and Gardner 2015). 
Individual species may have multiple habitat requirements which typically differ across spatial 
scales (Shifley et al. 2006, Nitschke et al. 2020). As such, species-specific adaptations to a 
certain climate regime (e.g. fur length) may be determined at a relatively broad scale with 
low-resolution data (Turner and Gardner 2015), while certain habitat requirements (e.g., 
density of tree hollows for nesting) may require high-resolution data at much finer scales 
(Turner et al. 2003). This is often the case for arboreal fauna that rely on the occurrence of 
nesting and feeding resources, which may be influenced by many other environmental factors, 
including site productivity, disturbance history, forest structure, and tree morphology and 
physiology (Foley et al. 1999, Gibbons and Lindenmayer 2002, Dearing et al. 2005, 
Youngentob et al. 2011, Lindenmayer et al. 2017).  

Herbivore foraging decisions are closely related to plant nutritional quality and their 
distributions and home-range sizes are often determined by the quality of forage, which is 
driven by foliar chemistry (Foley et al. 1999, Wallis et al. 2012, Au et al. 2019b, Martin et al. 
2020). For arboreal folivores with specialized diets, such as the koala (Phascolarctos cinereus), 
the concentration and digestibility of protein and amino acids are primary determinants of 
nutritional adequacy (Cork and Catling 1996, Moore et al. 2004b, Moore et al. 2010). Protein 
digestibility can be strongly constrained by the actions of tannins, which form insoluble 
complexes with proteins (Hagerman and Butler 1978). Protein accounts for most of the 
nitrogen (N) found in plant tissue, and concentrations of N, and hence protein, can be limiting 
for herbivores due to its low concentration and poor digestibility in plant tissue (Kavanagh 
and Lambert 1990, Degabriel et al. 2008, Wallis et al. 2012).  

The southern greater glider (Petauroides volans, McGregor et al. 2020) is both a threatened 
species and a folivore whose diet is limited to Eucalyptus leaves. Listed as Vulnerable by the 
IUCN (Burbidge and Woinarski 2016), it is threatened by anthropogenic disturbances such as 
climate change and timber harvesting, causing habitat contraction, fragmentation or loss 
(Lindenmayer et al. 2011, Youngentob et al. 2013, McLean et al. 2018, Wagner et al. 2020). 
The greater glider’s protein and most of its water intake is obtained exclusively from the 
foliage of Eucalyptus trees (Foley et al. 1990). Such specialisation is the rarest form of foraging 
among mammalian herbivores (Shipley et al. 2009). Home range sizes are 1-4 ha for greater 
gliders inhabiting mature forests but can increase depending on resource availability (Kavanagh 
and Wheeler 2004, Pope et al. 2004, Smith et al. 2007). Different factors affect habitat 
selection and occupancy by greater gliders differ across scales: At a broader extent, a narrow 
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thermal tolerance confines its distribution to the cooler and wetter areas of the landscape 
(McIlwee 2001, Kearney et al. 2010, Wagner et al. 2020). At the spatial scale a greater glider’s 
home range, its specialised diet and the need for mature trees with hollows for nesting, together 
drive habitat selection (Kavanagh and Lambert 1990, Lindenmayer et al. 1990a, Jensen et al. 
2015). As such, southern greater gliders are typically found in higher abundance at higher 
elevations and in mature forests that are composed of favoured Eucalyptus species (Henry 
1984, van der Ree et al. 2004a, Youngentob et al. 2011).  

In Australia, forests dominated by tree species with average foliar N measures <1% of leaf dry 
mass (% N DM) are significantly less favourable as habitat for arboreal folivores (Cork 1992). 
Greater gliders prefer tree species with foliar N levels >1% N DM (Kavanagh and Lambert 
1990, Youngentob et al. 2011). However, foraging exclusively on Eucalyptus foliage is 
constrained by high levels of plant secondary metabolites (PSMs) that may cause toxicosis or 
reduce foliage digestibility. This plays an important role in the regulation of feeding and in 
forage selection by arboreal folivores (Cork and Foley 1991, Moore et al. 2004b, Moore and 
Foley 2005, Youngentob et al. 2011). PSMs such as tannins bind to proteins, reducing N 
digestibility (Marsh et al. 2003), while formylated phloroglucinol compounds (FPCs), are 
powerful antifeedant defences against herbivory, that cause herbivores to reject or reduce their 
intake of defended tree foliage (Lawler et al. 1998b, Moore and Foley 2005). The amount of 
N in leaves that can be digested (digestible nitrogen, digN) can be a more meaningful measure 
of forage quality for folivore browsers, especially because N and digN are not always correlated 
(Degabriel et al. 2008, DeGabriel et al. 2014). Nevertheless, total N may provide a more 
general measure of site productivity and nutritional suitability for the herbivore community in 
forests (Cork and Catling 1996, Wallis et al. 2012). Both measures are important to assess 
feeding habitat: Eucalyptus leaves can be high in N and tannins, making the high levels of N 
unavailable or can be high in digN but also FPCs and therefore more resistant to herbivory 
(Lawler et al. 1998a, Marsh et al. 2003, Moore et al. 2004b, Wallis et al. 2012).  

Determining foliar nutritional quality of potential habitat trees at the relevant scale presents 
a challenge. Techniques that require measuring individual leaves such as chemical analysis and 
digestions are impractical due to the enormous number of trees that would need to be sampled 
and the cost and time involved in processing the resultant leaf samples in the laboratory 
(Youngentob et al. 2012). However, foliar spectroscopy, which uses the light absorption 
features of leaves can quantify leaf chemistry at the scale of individual leaves, tree crowns, 
forest stands, or whole landscapes, depending on the equipment (Ebbers et al. 2002, Kerr and 
Ostrovsky 2003, Kokaly et al. 2009). Because the spectral signature of foliage is correlated 
with foliar chemical properties (Curran 1989), foliar spectroscopy has proven to be effective 
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for measurements of leaf chemistry that avoids the challenges imposed by scale. Variations in 
reflectance can be determined using multi- or hyperspectral sensors that are either laboratory 
based, hand-held, airborne or carried by satellites (Kokaly et al. 2009). Like chemical analyses, 
laboratory-based or hand-held sensors are impractical at the scale required for habitat 
assessments. Most satellite-based sensors collect data at coarser spatial grains than individual 
trees or animal home ranges and therefore lack the high resolution required to detect variability 
within leaf or canopy reflectance (Young et al. 2017). For example, current Landsat captures 
imagery at 30 x 30 m and Sentinel at 20 x 20 m spatial resolution. Consequently they cannot 
provide information on spectral variability at the scale of individual trees, at which arboreal 
folivore feeding decisions are made (Futuyma and Moreno 1988, Attiwill and Adams 1996, 
Hume 1999, Baldeck et al. 2015, Asner et al. 2017). High-resolution alternatives from air- or 
spaceborne hyper- and multispectral imagery can be costly, but have been successfully applied 
to determine N and digN from spectral reflectance, and therefore mapping potential of feeding 
habitat for southeastern Australian folivores (Youngentob et al. 2012), as well as koalas in 
western Queensland (Wu et al. 2019) by determining N and digN from spectral reflectance. 
Another promising tool for acquiring very high-resolution imagery at a fine scale are 
unoccupied aerial vehicles (UAVs), or drones. UAVs are a low-cost alternative to aerial or 
satellite imagery. They have been applied in the agricultural sector to estimate crop nutrients  
and the forestry sector to measure structural metrics of trees (Felderhof and Gillieson 2014, 
Adão et al. 2017, Mohan et al. 2017, Nevalainen et al. 2017). UAVs, fitted with sensors, are 
simple to operate, cost-effective, and highly mobile, making them useful for mapping areas at 
scales of tens to hundreds of hectares at sub-metric (<1m) resolutions. These platforms can 
carry multi- or hyperspectral cameras, LiDAR or thermal imagers, which increases their utility 
for ecological research (Anderson and Gaston 2013). For example, UAVs have been used to 
detect koalas (Beranek et al. 2020) and map herbivore feeding habitat (Olsoy et al. 2020) 
using thermal and multispectral imagery, respectively. While hyperspectral sensors fit for UAVs 
can be costly and may require larger and heavier platforms, newer-generation multispectral 
sensors are a fraction of the cost and can be readily integrated into small commercial UAVs 
that can be operated without specialist knowledge or certification (see CASA 2019). These 
sensors contain NIR and edge bands to capture reflectance >750 nm wavelength that are 
needed to distinguish absorption features related to foliar N (Curran 1989). These bands, along 
with the three visible-light bands (red, green, blue) are also useful for developing a range of 
vegetation indices associated with plant productivity and nutrition (Xue and Su 2017). High 
correlations have been reported between N levels of plants, plant productivity, and indices 
derived from spectral reflectance (Coops et al. 2003, Huang et al. 2004, Munoz-Huerta et al. 
2013, Wang and Wei 2016). These can provide additional metrics alongside direct reflectance 



Chapter 4. Remote sensing of foliar nitrogen 
 

74 
 

for assessing environmental energy availability as a key determinant in wildlife population 
dynamics and habitat selection (Pettorelli et al. 2011, Munoz-Huerta et al. 2013). Plant 
productivity determined remotely by spectral indices has been linked to greater glider 
abundance and habitat suitability as well. Youngentob et al. (2015) found that animal 
detection and abundance increased with higher readings of the normalized difference 
vegetation index (NDVI), putting additional emphasis on the utility of vegetation indices and 
remote-sensing spectroscopy to identify high-quality feeding habitat for Eucalyptus folivores. 

With a continuing population decline and evidence of habitat contraction into the cooler and 
wetter areas of their distribution due to recent climate change (Kearney et al. 2010, Smith 
and Smith 2020, Wagner et al. 2020), conservation planning for the greater glider is calling 
for a better understanding of the factors that determine habitat suitability (DELWP 2019). 
Research has focussed on the impact of fires and timber harvesting on changes in greater 
glider occurrence (Lindenmayer et al. 2013, Taylor and Lindenmayer 2019); however, declines 
are also occurring in areas not impacted by these disturbances (Lindenmayer et al. 2011). 
Understanding the impacts of climate extremes and foliar nutritional value on habitat 
suitability is key to developing comprehensive conservation strategies for greater gliders and 
other arboreal folivores. Incorporating methods that can detect potential feeding habitat at 
finer scales such as a glider’s home-range would enhance current management and 
conservation planning at an operational scale. The ability to map feeding habitat and identify 
highly nutritious trees will be beneficial for the management and conservation of arboreal 
folivores that have strict requirements for feeding and nesting resources (Kavanagh and 
Lambert 1990, Lindenmayer et al. 2004, Eyre 2006). In this study we tested whether high-
resolution multispectral imagery, collected by a lightweight and low-cost commercial UAV, 
can be used to model and predict N and digN at the tree canopy level and identify feeding 
habitat for southern greater gliders at a home range scale (4 ha). We explore the potential for 
mapping feeding habitat and test for relationships between spatial feeding metrics such as 
potential feeding area and detectability. 

 

Methods 

Study area 

The East Gippsland region in eastern Victoria, Australia, has a high diversity of Eucalyptus 
species and contains considerable areas of greater glider habitat. East Gippsland has ~1.2 
million ha of mixed species eucalypt forests (Dept. of Agriculture and Water Resources 2018), 
ranging from open lowland forests dominated by Eucalyptus sieberi, E. tricarpa, and E. 
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globoidea to dense, high-elevation forests (~1000–1300 m a.s.l.) with E. delegatensis, E. 
viminalis, E. cypellocarpa, E. croajingolensis and other high-elevation species (Opie et al. 1990, 
Sebire and Fagg 2009). Eucalyptus obliqua is the most abundant tree species and occurs across 
the entire elevation gradient (Dept. of Conservation and Natural Resources 1995). Annual 
rainfall and temperature for the region are 648–1178 mm (1980-2020, Stewart et al. 2020a) 
and 6–15.8°C (1980-2020, Stewart and Nitschke 2017a), respectively. Greater gliders have 
been recorded across the elevational range and in a variety of forest types, making this area 
especially suitable to study inter- and intra-specific differences in leaf nutritional quality and 
their influences on greater glider habitat suitability. Greater gliders are most common above 
700 m in closed cool and wet forests where their thermoregulatory requirements are 
consistently met (Henry 1984, Bennett et al. 1991, van der Ree et al. 2004a, Wagner et al. 
2020). 

Survey design 

We selected study sites based on the region’s elevational and topographic range (i.e., aspect 
and slope). Survey plots were located within three elevation bands (lowlands: 0–420 m, mid-
hills: 420–840 m and high elevation: 840–1260 m a.s.l). In each of these three elevation bands, 
we established ten plots (total N = 30 plots, Appendix 3 Fig. S1, Tables 4.1 + Appendix 3 
Table S1). Within each elevation band we captured variability in topography by establishing 
four plots in flat or gully floor locations, four in mid-slope positions (north- or south-facing), 
and two plots on ridges (Appendix 3 Fig. S2). We only selected study sites that had not been 
logged or burnt 30–40 years prior to sampling. We collected multispectral imagery using an 
unoccupied aerial vehicle (UAV) and leaf samples from individual trees in two years, early 
summer 2018 and 2019, to ensure that trees had full crowns. This reduced negative effects on 
model classification from mixed pixels of canopy and ground vegetation reflectance in the 
imagery (Hsieh et al. 2001). The plot network was designed to cover the range of eucalypts 
known to act as forage resources for the greater glider, as well as several species not known 
to be utilised (Kavanagh and Lambert 1990, Comport et al. 1996, Cunningham et al. 2004).  

Forest structure 

The position of each plot centre was recorded to an accuracy of ~5 m with a handheld GPS 
(Garmin, Olathe, USA) using waypoint averaging for a minimum of 90 minutes per plot. In 
each plot, we recorded elevation, slope, aspect, crown cover and basal area of dominant tree 
species. Basal area was measured using a Kramer’s dendrometer and a basal area factor (BAF) 
of four. This variable radius approach ensured the sampling would capture the large, mature, 
and dominant trees that form the canopy, and which are the preferred nesting and feeding 
trees for greater gliders in occupied sites (Kavanagh and Lambert 1990). The largest plot size 
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resulting from this method was 4 ha, which is congruent with the home range size of greater 
gliders in mature forests (Lindenmayer et al. 2004, Pope et al. 2004). For trees within BAF = 
4, we recorded the species, diameter at breast height (1.3m, DBH), height, crown widths 
(both measured using a Vertex IV, Haglof, Långsele, Sweden), estimated tree health, and 
counted number of hollows using binoculars. All other vegetation (i.e., ground-level vegetation) 
was recorded for presence only in a 100 m2 subplot around the plot centre. 

Sample collection 

Leaf samples were collected from five dominant trees per plot. One tree was sampled in each 
quadrant of the plot (i.e., northeast, southeast, southwest, northwest) with an additional 
dominant tree selected randomly (Appendix 3 Fig. S3). These five sample trees represented 
the mixture of Eucalyptus species in the plot. Leaf samples were collected using a throw-line 
launcher and rope, creating a sling around a branch to break it (see Youngentob et al. 2016 
for details). A total of 150 trees were sampled, with ~100 g fresh leaf sample material collected 
from each tree. Individual samples were put in an airtight zip lock bag and frozen after 
collection. The location of each sampled tree was recorded using GPS waypoint-averaging, as 
well as bearing and distance from the plot centre to later identify sample-trees in the aerial 
UAV imagery. Leaf samples were measured for average Normalized Difference Vegetation 
Index (NDVI) using a handheld GreenSeeker crop sensor (Trimble, Sunnyvale, USA) on a 
black tarp after collection. These index values were used as a mask before pixel extraction 
from multispectral imagery to distinguish leaves from other parts of the crowns (e.g., 
branches).  

Capturing canopy reflectance 

We collected aerial multispectral imagery for an area of ~20 ha around each plot centre using 
an autopiloted Phantom 4 Pro V2 multirotor UAV (DJI, Shenzhen, China), modified to carry 
a Rededge-M multispectral sensor (MicaSense, Seattle, USA, Appendix 3 Fig. S4). The sensor 
captures data on five separate spectral bands (red, green, blue, red-edge and near-infrared -
NIR) at centre wavelengths 475, 560, 668, 717 and 840 nm, respectively. This range is 
associated with leaf absorption features for chlorophyll a and b, tannin, lignin and protein 
(Curran 1989, Peñuelas et al. 1994, Curran et al. 2001, Huang et al. 2004, Ferwerda et al. 
2006). Flight paths were pre-programmed using Ground Station Pro (DJI, Shenzhen, China) 
and planned in accordance with Australian Civil Aviation Safety Authority regulations at a 
maximum flight altitude of 120 m above ground and within visible line of sight (CASA 2019). 
Due to the homogenous canopy structure in many plots, an image front- and side-overlap ratio 
of 90% was chosen and flights were executed between two hours before and after solar 
equilibrium of the survey day to avoid shadows and ensure consistent ambient light conditions 
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in all images (Dandois et al. 2015). To accurately map ground elevation, the UAV was 
launched from canopy openings or forest roads, which ensured sufficient reference ground 
imagery was captured for later processing. The aerial imagery had a ground resolution of ~2.5 
cm. 

Wildlife surveys 

Spotlighting surveys on 1-km transects along a forest track adjacent to, or through the plot 
centre, were undertaken at all plots. An average pace of 10 minutes per 100 m was used by 
two observers walking 10 minutes apart to to maximize the probability of detection (Kissling 
and Garton 2006, Nelson et al. 2018). The locations of all arboreal fauna detected were 
estimated from distance and bearing to the observer position. In addition, we collected data 
on tree species on which an animal was observed, height in tree, behaviour (e.g., idle or 
feeding), colour morph and time of observation.  

Sample and data processing 

In vitro chemical analyses 

Collected fresh leaves were frozen after collection and later dried using a VirTis BenchTop Pro 
freeze dryer (SP Industries, Stone Ridge, USA) for 24-72 hours. Dried samples were ground 
to pass a 1-mm screen using a Cyclotec 1093 sample mill (Foss, Hilleroed, Denmark) and kept 
frozen at -20°C until further analysis. Total nitrogen (N) was determined using combustion 
based on the Dumas procedure in a TruMac CN analyser (Leco, Castle Hill, Australia). 
Digestible nitrogen (digN) was quantified through in vitro digestion using cellulose and pepsin 
according to Degabriel et al. (2008). Briefly, duplicate 0.5 g samples were weighed into F57 
fibre filter bags (Ankom, Macedon, USA) and sealed, before sequential digestion in buffer, 
pepsin, and cellulase over 5 days. Residues were weighed and residual N content determined 
as for N. Both N and digN were reported as % dry matter (% DM). 

Multispectral imagery processing 

UAV multispectral imagery was processed in Metashape (Agisoft, St. Petersburg, Russia) using 
Structure from Motion (SfM), a technique of photogrammetric range imaging to estimate 3D 
structure from 2D overlapping image sequences (Ullman 1979). First, all images were 
calibrated from raw pixel values to absolute spectral radiances for the day of image acquisition 
using images of a reflectance panel exposed to direct sunlight, recorded before and after each 
flight. The processing in Metashape produced 3D point clouds and georeferenced, multispectral 
stitched images of all photos (orthomosaics) for each plot and its surroundings (Fig. 4.1A). 
Orthomosaics were exported as multi-layer raster stacks with one band for each centre 
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wavelength, while point clouds were used to compute a canopy height model (CHM) of each 
plot. All spatial processing was carried out in R (R Core Development Team 2020) using the 
packages raster, sf and lidR  and their dependencies (Pebesma 2018, Hijmans 2019, Roussel 
and Auty 2019).  

Canopy height models and tree detection 

To create CHMs for each plot, 3D point clouds were normalized to a 0 m ground elevation. 
During processing, a digital terrain model (DTM) and a digital surface model (DSM) were 
calculated, expressing both the ground elevation and point elevation above ground. The CHM 
is the difference between DSM and DTM (𝐶𝐶𝐶𝐶𝐶𝐶 =  𝐷𝐷𝐷𝐷𝐷𝐷 –  𝐷𝐷𝐷𝐷𝐷𝐷) and extracted as a 2D 
raster, expressing each raster cells height above ground in meters (Fig. 4.1B). These were 
derived using lidR’s grid_canopy function with a resolution of 0.5 m and a sub-circle algorithm 
using a 0.5 m disk on each point return to close empty cells (pits) in the final output 
(Khosravipour et al. 2014). A tree detection algorithm was applied to each CHM, informed 
with a fitted function of tree height and mean crown width, derived from field measurements 
(see Popescu and Wynne 2004), to approximate the position of each dominant tree in the 
area covered by UAV multispectral imagery around the plot centre. Approximate crown 
outlines for each detected tree were then extracted using a tree segmentation algorithm based 
on marker-controlled watershed object detection, using the approximate tree positions 
extracted earlier as markers (Gaetano et al. 2014). These approximate crown outlines were 
used to aid in delineating sample trees from the orthomosaics for crown pixel reflectance 
extraction (Fig. 4.1C). Using the GPS positions of plot centres and sample trees, we cross-
referenced both CHM and orthomosaics to confirm ground accuracy of <1 m.  

Index calculation 

To test the performance of UAV multispectral imagery in predicting measures of foliar 
nitrogen, we used direct reflectance (radiance band values), spectral indices, and simple ratios 
derived from the five initial bands. Indices matching available bands and wavelengths were 
chosen from studies testing different spectral bands and indices as predictors of plant chemistry 
(see Chen 1996, Pastor-Guzman et al. 2015, Xue and Su 2017, Wu et al. 2019). We derived 
a total of 14 indices using band calculation on raster stacks of each plot’s orthomosaic 
(Appendix 3 Table S2). Together with the five initial spectral bands, a total of 19 variables 
were considered. 
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Canopy nitrogen data analysis 

Extracting reflectance and index values for sample trees 

The accuracy of tree positions and crowns from CHM delineation was assessed visually using 
true- and false-colour composites of plot orthomosaics. In cases where sample trees were not 
correctly delineated (~10% of all trees), the position and crown shape were corrected manually 
using image interpretation and distance and bearing from the plot centre, aided by the 
structural measurements collected in the field (e.g. height or crown width). From confirmed 
crown outlines, a vector polygon layer was created, covering the crown of each sample tree as 
extraction masks. Using raster’s extract function, we extracted all crown pixel values from the 
19 band raster stacks of canopy reflectance and indices using the tree crown polygons (n = 
150). To create a canopy dataset, we removed pixels not associated with foliage (e.g., branches 
or bare ground) by applying a NDVI mask using the minimum NDVI field value measured with 
the crop sensor (Appendix 3 Table S1). We then subsampled 1000 random pixels (pixel size 
= 2.5 cm2) from each tree and calculated the mean value of each variable from the extracted 
pixels. This resulted in a dataset containing each tree’s mean crown reflectance (n =150) of 
five multispectral bands and the mean value for each of the 14 indices.  

Modelling total and digestible nitrogen 

We used Random Forest (RF) to model canopy N and digN from spectral reflectance and 
indices. We chose this machine-learning method as it has been used for predicting leaf N from 
multispectral imagery in different vegetation types, accounts for interactions and non-
linearities, and produces more reproducible outcomes compared to other machine-learning 
approaches (see Breiman 2001, Abdel-Rahman et al. 2013, Li et al. 2014, Ramoelo et al. 
2015). RF modelling and model evaluation were carried out in R using the packages 
randomForest and caret (Liaw and Wiener 2002, Wing et al. 2019). We reduced the number 
of initial predictor variables to eight by removing highly correlated pairs (Pearson’s correlation 
coefficient r ≥ |0.8|). The dataset was separated into training and validation data using a 70:30 
split based on the distribution of N and digN values. To find the best combination of variables, 
we tested multiple models on combinations of non-correlated spectral bands and indices and 
compared mean squared residuals and percent variance explained. The optimal number of 
decision trees was chosen by minimum error rate. To increase model performance, only 
variables that contributed ≥5% increase in mean square error (IncMSE) if removed, were 
considered. Models were built on training data only and performance was tested using cross- 
and independent-validation. We evaluated the predictive performance of the models by 
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calculating the R2, root mean squared error (RMSE), mean absolute error (MAE) and 
correlation (p) between observed and predicted N and digN values. As model predictive 
performance varied depending on the random data split, we created 100 independent models 
based on 100 random splits and evaluated the standard deviation (SD), standard error (SE), 
and coefficient of variation (CV), as well as mean and median of R2, RMSE and MAE amongst 
all models. The best models were chosen based on highest R2 and lowest RMSE to report 
maximum predictive performance of canopy N from canopy leaf reflectance and vegetation 
indices. An outlier test assured that respective performances were not deviating markedly from 
other observations. 

Home-range scale data analysis 

We built models to predict spatial patterns of nutritional suitability and feeding habitat at the 
home range scale (4 ha) using a supervised classification RF model based on a pre-defined N 
threshold. For this, we used the same predictor variables we identified to be important in 
predicting canopy N. 

Data extraction and compilation 

For spatial predictions of nutritional suitability, we used the sampled 1000 pixels per tree (N 
= 150.000 pixels, pixel size = 2.5 cm2) in a supervised classification model. Pixel values were 
classified into suitable (≥1% N DM, i.e., presence if feeding habitat) and unsuitable for folivore 
feeding (<1% DM, i.e., absence of feeding habitat), according to Cork (1992), based on the 
respective tree’s estimated canopy N. We subsampled pixels based on the ratio of suitable to 
unsuitable points in the dataset (4:1, 25,000 pixels each) to ensure a balanced sample and 
reduce the chance of biases that may result in model overfitting (McPherson et al. 2004, Liu 
et al. 2005). The final plot-level dataset contained 50,000 value combinations of all bands and 
indices as predictor input for a binomial response variable describing nutritional suitability 
based on the nitrogen threshold (0 = absence of feeding habitat, 1 = presence of feeding 
habitat).  

Modelling potential feeding habitat 

The supervised classification dataset was also split into training and validation data (70:30%) 
and a binomial RF built on training data only. Model performance was assessed using accuracy, 
area under the curve (AUC), sensitivity, specificity and the true skill statistic (TSS, see 
Allouche et al. 2006) of the independent validation (15,000 pixels). Cohen’s kappa was used 
to determine the threshold distinguishing presence and absence of feeding habitat. The value 
represents maximum model fit and was used to accurately classify spatial predictions into two 
classes (Elith et al. 2006, Elith et al. 2008). 
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Mapping potential feeding habitat  

To analyse the spatial distribution and configuration of nutritional suitability adequacy based 
on N, we first cropped raster stacks for each plot to an equal area to enable inter-site 
comparisons. A square 4-ha area around each plot centre was chosen. This aligned with the 
maximum recorded plot area in the field based on the variable radius sampling using a BAF 
= 4 prism and documented greater glider homer range sizes in mature forests (Pope et al. 
2004). We used the binomial RF model to predict the probability of finding feeding habitat in 
each pixel of the cropped raster stacks (Fig. 4.1C). As foliage sample collections were restricted 
to the upper canopy in order to ensure compatibility with the multispectral UAV imagery, we 
excluded all pixels below the minimum sub-canopy height measured in the field (Appendix 3 
Table S1). We used each plot’s CHM and field canopy height measures to crop the prediction 
rasters to the tree canopy layer and excluded all pixels that represented understory vegetation 
or ground and other non-canopy features. We calculated the mean and SD of predicted 
nutritional suitability (likelihood of a pixel being associated with ≥1% N DM) for each plot. 
To assess proportion of potential feeding habitat, we classified each raster into nutritionally 
suitable (≥1% N DM) or unsuitable (<1% N DM) areas, using Cohen’s kappa (maximum 
sensitivity and specificity). We assigned a separate class (non-habitat) from previously removed 
pixels of non-canopy area to ensure inter-site comparability (Fig. 4.1D). We calculated the 
area and proportion of total area of each class and derived clumpiness, a measures of 
connectivity and spatial aggregation using the package landscapemetrics (Hesselbarth et al. 
2019). These metrics were used to compare plot-specific configurations of feeding habitat with 
structural measurements, canopy N and digN measurements and to test for relationships with 
greater glider detection and abundance using linear models. 
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Figure 4.1. Examples of UAV imagery data products and spatial model prediction workflow. A) True-colour (RGB) orthomosaic 
of a plot centre (High elevation – Plot 6) and surrounding forest area (4 ha). B) Final canopy height model of the same plot 
with sample tree crown outlines in red. These crowns were detected using the point-cloud and CHM and corrected manually 
using aerial interpretation. C) Raw spatial predictions from the supervised classification RF model to the sample area of 4 ha 
indicating likelihood of finding >1% N DM in a pixel from 0-1, where 1 is 100% likelihood (suitability). D) Finalized spatial 
predictions after removing pixels not associated with the forest canopy using the CHM (B) and minimum subcanopy height 
measured as a mask, as well as classifying spatial predictions from % suitability to presence and absences of feeding habitat 
(≥1% N DM) based on Kappa (maximum true-positive and true-negative rate).
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Results 

Structural assessment and canopy nitrogen 

Our 30 plots ranged in elevation from 32–1185 m a.s.l. and covered slopes from 1–55%, as 
well as aspects from 26–355°. Dominant canopy species were Eucalyptus consideniana, E. 
globoidea, and E. sieberi in the lowlands, E. obliqua, E. cypellocarpa, and E. fastigata in the 
mid-hills, and E. croajingolensis and E. viminalis in the high-elevation plots (Tables 4.1 + 
Appendix 3 Table S1). A total of 17 canopy Eucalyptus species were sampled. They varied in 
leaf total nitrogen (N) from 0.63–1.92% DM (Fig. 4.2). Mean plot-level nitrogen (meanN), 
based on averaging the five sample tree measurements in each plot, ranged from 0.87% DM 
in the lowlands to 1.74% DM at high elevation (Table 4.1). Due to sample loss, we could only 
analyse 116 samples from 15 Eucalyptus species (out of the original 150 samples from 17 
species) for digestible nitrogen (digN). Digestions and/or chemical analyses created one true 
outlier, which was removed from further analyses. DigN ranged from 0.45–1.73 %DM 
(Appendix 3 Fig. S5).  

Animal observations 

We recorded 44 individual greater gliders while surveying nocturnal arboreal fauna across our 
plots. Greater gliders were found in 10% of lowland, 20% of mid-hill and 60% of high-elevation 
plots at varying densities. In the lowlands only two greater gliders were observed in a single 
plot. In contrast, we found up to 14 individuals during a single survey along a high-elevation 
plot (Table 4.1). Greater gliders were observed in seven Eucalyptus species, which were all 
measured to have leaf N ≥1% DM within our samples (Fig. 4.2).
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Figure 4.2. Nitrogen concentration of the 17 sampled Eucalyptus species. Species in which greater gliders were observed are circled. 
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Table 4.1. Description of each study plot 

Position Plot Elevation 
(m.a.s.l) 

Dominant 
canopy species 

Measured 
meanN 
(% DM) 

Measured 
meandigN  
(% DM) 

No. of 
greater 
gliders 
observed 

predicted 
meanN 
(% DM) 

Mean 
nutritional 
suitability 

Fraction 
of total 
plot area 
suitable 
(%) 

Spatial 
aggregation 
(clumpiness 
metric) 

Lowlands 

1 120 E. sieberi 1.01 0.95 0 1.16 0.61 30.28 0.78 
2 181 E. condensiana 1.37 0.81 0 1.32 0.63 46.01 0.67 
3 397 E. sieberi 1.00 - 0 1.06 0.50 33.97 0.56 
4 222 E. polyanthemos 1.00 - 0 1.19 0.47 7.25 0.64 
5 126 E. globoidea 0.94 0.88 0 1.00 0.42 14.21 0.68 
6 61 E. globoidea 1.01 0.87 0 1.17 0.55 23.73 0.73 
7 159 E. consideniana 1.12 0.84 0 1.15 0.56 29.13 0.73 
8 203 E. consideniana 0.88 0.81 0 0.99 0.36 13.43 0.46 
9 282 E. consideniana 0.89 0.84 0 1.11 0.38 14.86 0.48 
10 32 E. globoidea 1.20 0.90 2 1.23 0.61 29.65 0.74 

Mid-hills 

1 439 E. obliqua 1.14 0.93 0 1.26 0.66 61.40 0.65 
2 661 E. fastigata 1.14 0.97 1 1.24 0.88 88.09 0.85 
3 777 E. cypellocarpa  1.39 0.92 1 1.30 0.64 25.11 0.78 
4 679 E. sieberi 1.29 0.91 0 1.32 0.63 59.72 0.64 
5 501 E. muellerinia 1.20 1.10 0 1.27 0.70 73.71 0.52 
6 448 E. pseudoglobulus 1.23 1.15 0 1.22 0.73 60.43 0.78 
7 692 E. cypellocarpa  1.49 0.98 0 1.41 0.75 70.78 0.74 
8 710 E. sieberi 1.16 1.16 0 1.31 0.86 87.74 0.75 
9 720 E. fastigata 1.71 1.13 0 1.56 0.76 79.57 0.60 
10 446 E. obliqua 1.44 - 0 1.39 0.82 84.22 0.80 
1 926 E. croagingolensis  1.60 - 2 1.44 0.67 61.61 0.56 
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High 
elevation 

2 1001 E. croajingolensis  1.48 - 0 1.44 0.68 63.51 0.64 
3 1185 E. delegatensis 1.58 - 0 1.45 0.57 51.49 0.66 
4 1050 E. nitens 1.47 - 0 1.42 0.74 39.20 0.87 
5 907 E. viminalis 1.15 - 2 1.25 0.88 64.77 0.94 
6 937 E. croagingolensis  1.59 0.88 14 1.41 0.76 64.42 0.76 
7 1072 E. cypellocarpa  1.75 1.12 3 1.52 0.71 65.53 0.68 
8 920 E. obliqua  1.33 1.01 0 1.34 0.78 73.74 0.72 
9 1117 E. obliqua  1.35 0.95 3 1.24 0.50 37.64 0.58 
10 924 E. viminalis  1.67 1.20 5 1.54 0.64 57.33 0.60 
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Evaluating performance of canopy and spatial models 

Out of 19 initial candidate variables, eight were selected as model predictors for both N and 
digN; the others were discarded due to high intercorrelations. All non-correlated bands and 
indices were found to improve model performance and contribute ≥5% increase in mean square 
error (incMSE) to the model. Five predictors were indices (𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺,𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉,
𝑁𝑁𝑁𝑁𝑁𝑁𝐵𝐵−𝑁𝑁𝑁𝑁𝑁𝑁 ,𝑁𝑁𝑁𝑁𝑁𝑁𝑅𝑅𝑅𝑅−𝑁𝑁𝑁𝑁𝑁𝑁 ,𝑅𝑅𝑅𝑅, Table 4.2), while three were direct reflectance averages (green-, 
NIR-, and red-edge bands). Averaged crown 𝐺𝐺𝐷𝐷𝐷𝐷𝐷𝐷 was the most important predictor with 
19.3% incMSE. Overall, indices contributed more to model performance (~53%) than direct 
reflectance averages (~35%). The most important direct reflectance variable was the green 
band with 13.5% incMSE (Fig. 4.3). 

Table 4.2. The five meaningful spectral indices in predicting total canopy nitrogen their formulae and literature reference. 

Index Full name Formula Reference 
𝑮𝑮𝑮𝑮𝑮𝑮𝑮𝑮 Generalized 

Difference 
Vegetation Index 

𝑁𝑁𝑁𝑁𝑁𝑁 − 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 Wu (2014) 

𝑵𝑵𝑵𝑵𝑵𝑵 𝑩𝑩
/𝑵𝑵𝑵𝑵𝑵𝑵 

Normalized 
Difference Index -
Blue/Near Infrared 

(𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 − 𝑁𝑁𝑁𝑁𝑁𝑁)
(𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 + 𝑁𝑁𝑁𝑁𝑁𝑁)

 
Wu et al. (2019) 

𝑵𝑵𝑵𝑵𝑵𝑵 𝑹𝑹𝑹𝑹
/𝑵𝑵𝑵𝑵𝑵𝑵 

Normalized 
Difference Index 
Red Edge/Near 
Infrared 

(𝑅𝑅𝑅𝑅𝑅𝑅 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 − 𝑁𝑁𝑁𝑁𝑁𝑁)
(𝑅𝑅𝑅𝑅𝑅𝑅 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 + 𝑁𝑁𝑁𝑁𝑁𝑁)

 
Wu et al. (2019) 

𝑹𝑹𝑹𝑹 Redness Index (𝑅𝑅𝑅𝑅𝑅𝑅 − 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺)
(𝑅𝑅𝑅𝑅𝑅𝑅 + 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺)

 
Escadafal and Huete 
(1991) 

𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽 Visual Atmospheric 
Resistance Index 

(𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 − 𝑅𝑅𝑅𝑅𝑅𝑅)
(𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑅𝑅𝑅𝑅𝑅𝑅 − 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵)

 
Gitelson et al. (2002) 
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Figure 4.3. Variable importance plot of the final canopy nitrogen model. Variable importance is given as the percentage increase 
in model mean standard error (% inc MSE) that would occur of the respective variable was removed. 

Best canopy nitrogen model predictions 

Canopy-level predictive performance for both N and digN % DM across 100 independent 
models is reported in Appendix 3 Figure S6, Tables 4.3 and Appendix 3 Table S3. Model 
performance for N was good with mean cross-validation R2 of 0.69 (±0.04). The highest R2-
model explained 79% of variability between predicted and observed N % DM in cross-validation 
and 49% in independent validation (Fig. 4.4). The lowest RMSE was found at 0.15 for cross-
validation and 0.20 for independent validation (Appendix 3 Fig. S6). 

Table 4.3. Average and median value of model evaluation metrics from 100 independent models of total nitrogen 

Evaluation Test Mean Median Standard 
deviation 

Standard 
error 

MAE 
Cross-validation 0.128 0.128 0.003 0.00029 
Independent validation 0.210 0.210 0.016 0.00163 

RMSE 
Cross-validation 0.169 0.169 0.006 0.00061 
Independent validation 0.256 0.255 0.018 0.00181 

R2 
Cross-validation 0.687 0.688 0.038 0.00381 
Independent validation 0.203 0.194 0.088 0.00882 
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Figure 4.4. Regression of predicted and observed canopy nitrogen of the best models based on either R2 (top) or RMSE (bottom) for cross- (left) and independent validation 
(right). The red line illustrates a supposed 1:1 relationship (0 intercept).
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For digN, cross-validation also resulted in 79% of the variability explained, but only 12% in 
independent validation, indicating that models for N yielded more robust relationships between 
canopy nitrogen levels and multispectral reflectance and indices than digN. As all uncorrelated 
variables available were used for predicting both N and digN, there was little scope to improve 
independent model performance for digN without adding additional spectra or developing new 
spectral indices. Therefore, total nitrogen (N) was used for developing the spatial models with 
supervised classification. Because the overall independent validation performance was better 
in the highest-R2 model (R2 = 0.49) at a similar RMSE (0.21), we chose this model for a 
regression of meanN (mean N of five sampling trees per plot) and the respective average of 
predictions. This model explained 90% of the variability between predicted and observed 
meanN %DM (Fig. 4.5). 

 
Figure 4.5. Regression of predicted and observed nitrogen, averaged on the plot level. The red line illustrates a supposed 1:1 
relationship (0 intercept).
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Spatial model performance 

Both accuracy and area under the curve (AUC) of supervised classification models were 0.78 
and 0.88, respectively, with sensitivity (true positive rate, TPR) and specificity (true negative 
rate, TNR) both at 0.79, resulting in a true-skill statistic (TSS) of 0.59. This performance 
indicated substantial agreement between observed and predicted N classes (Table 4.4). The 
model correctly predicted 78.6% (6133) of pixels associated with ≥1% N DM and 80.2% 
(6257) of pixels with <1% N DM (Appendix 3 Fig. S7). These metrics demonstrated that the 
spatial model was robust and could be used to map feeding habitat across all plots. Cohen’s 
kappa (maximum TPR+TNR rate) was 0.49 and used as the threshold to classify spatial 
predictions into areas of <1% (not feeding habitat) and ≥1% N DM (feeding habitat).  

 

Table 4.4. Model evaluation metrics for the supervised classification model to spatially classify feeding (≥1% N DM) and non-
feeding habitat (<1% N DM). 

Evaluation Value 
Accuracy 0.79 

Kappa 0.59 

Sensitivity (TPR) 0.79 

Specificity (TNR) 0.80 

True Skill Statistic 
(TSS) 

0.59 

Area under the curve 
(AUC) 

0.88 

Correlation 0.67 

max TPR+TNR at 0.49 

Number of pixels held-
out for validation 

15600 

Correctly predicted 
absences 

6257 

Correctly predicted 
presences 

6133 

False presences 1543 

False absences 1667 
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Detection thresholds and spatial distribution and aggregation of feeding habitat 

An analysis of spatial predictions of N classes and feeding habitat area (Fig. 4.1C+D) at the 
home range scale identified mean nutritional suitability – the average likelihood (0-100%) of 
occurrence of ≥1% N DM in any given pixel - between 36% and 87%. The lowest suitability 
was observed in a lowland plot dominated by E. consideniana and the highest in a high-
elevation plot dominated by E. viminalis and E. croajingolensis. The proportion of feeding 
habitat (areas classified as ≥1% N DM) as a fraction of the total 4-ha home-range scale 
considered here, varied from 7% to 88%, with largest available feeding habitat area in mid-hill 
plots, followed by high-elevation plots (Table 4.1). Across our plot network, greater gliders 
were not detected where meanN was <1.1% DM, mean nutritional suitability was below 50%, 
and the proportion of feeding habitat was below 25%. We found greater gliders in one-third 
of plots with meanN between 1.1-1.4 % DM and in two-thirds with meanN >1.4 % DM. Half 
of all plots in the highest nutritional suitability category had glider detections and plots with 
>25% of the area classified as feeding habitat, detections were made at one-third of all plots 
(Appendix 3 Fig. S8). 

Large proportions of the plot area in the lowlands were classified as non-habitat (e.g., sub-
canopy crowns or canopy gaps). In addition, non-feeding habitat (areas classified <1.1% N 
DM) was most aggregated at the lowland plots. Both feeding (areas classified ≥1.1% N DM) 
and non-feeding habitat were on average equally aggregated and covered equal areas in the 
lowlands, indicating an equal spatial distribution of similarly sized clumps of feeding- and non-
feeding habitat in between large areas of non-habitat. A high aggregation and larger area of 
feeding habitat coupled with a lower aggregation of non-feeding habitat in the mid-hills and 
at high elevation indicated larger clumps of interconnected feeding habitat, interspersed with 
small areas of non-feeding habitat (Fig. 4.6D+E). When extrapolating structural and chemical 
measurements of the five leaf sample trees from the plot level to a hectare, we observed on 
average more suitable (canopy N ≥1.1% DM) and unsuitable trees (canopy N <1.1% DM) in 
the lowlands, but also lower crown area and tree basal area, indicative of more smaller trees 
with smaller leaf volume at lower densities. At high elevation there were almost no unsuitable 
trees per hectare and crown areas and tree basal areas were highest (Fig. 4.6A-C).
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Figure 4.6. Structural (A-C) and spatial (D+E) differences between feeding and non-feeding trees (extrapolated from 5 sample trees to 1 ha) or habitat (on a home range - 4ha 
- scale) and elevational bands. Aggregation of non-habitat was not considered in figure 4.6E because it was mostly 100% aggregated through all three elevation bands.
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When testing whether N influenced greater glider detection using binomial GLMs, we found a 
significant relationship between the occurrence of greater gliders and meanN % DM (p < 0.05, 
Table 4.5). Foliar Nitrogen concentration was positively associated with likelihood of greater 
glider detection (Appendix 3 Fig. S9), emphasizing the importance of the availability of foliar 
nutrition on folivore species occurrence.  

Table 4.5. Model summary for a generalized linear model (GLM) describing the relationship between the detection of greater 
gliders and mean observed canopy nitrogen by plot. 

Response Greater glider detection (GLM) 

Variable  Estimate  95% CI1  p 

(Intercept)  -5.6  -11, -1.0  0.030  

Mean observed N  3.6  0.19, 7.7  0.05  

1CI = Confidence Interval 

 

Discussion 

As remote-sensing technologies advance, there are many opportunities to use them in spatial 
ecology and conservation. Here we show that canopy total nitrogen (N), estimated using a 
commercial multispectral sensor mounted on an unoccupied aerial vehicle (UAV), can provide 
accurate high-resolution data on forest canopy nitrogen and that this is useful for identifying 
nutritionally suitable feeding habitat for a marsupial arboreal folivore of significant 
conservation concern. Our approach provides a mechanism for developing spatial models of 
potential feeding habitat to guide forest management and species conservation planning in 
forested landscapes. 

Leading predictors of canopy nitrogen 

While canopy N has long been recognized as an important component of the diet of arboreal 
marsupials and is often determined using laboratory-based or handheld spectroscopy (Cork 
and Catling 1996, Moore and Foley 2005, Marsh et al. 2014), direct estimates from remote-
sensing platforms have only recently been developed. For example, Youngentob et al. (2012) 
integrated measures of Eucalyptus foliar N and digestible nitrogen (digN) from imaging 
spectroscopy using aerial hyperspectral imagery, while Wu et al. (2019) showed that digN can 
be predicted by spaceborne multispectral imagery. Both studies made use of spectral bands 
and/or vegetation indices derived from these bands, encouraging the application of 
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multispectral imagery in determining eucalypt foliar N as a measure of forage quality. Our 
eight uncorrelated predictor variables (Fig. 4.3) utilized all available bands and wavelengths 
covered by our multispectral sensor (475–840 nm). All bands and indices used in our modelling 
process reflect known nitrogen or associated biochemical absorption features. Three predictors 
were averaged band reflectances, while five were derived spectral indices. The most important 
predictor was the Generalized Difference Vegetation Index (𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺, ~19% increase in mean-
squared error, incMSE, Fig. 4.3, Table 4.2), which combines the near-infrared (NIR) and green 
band (Table 4.2). The index covers absorption features that have been detected at 570 nm 
(green) for chlorophyll and nitrogen (Peñuelas et al. 1994) and 800–900 nm (NIR) for tannins 
and chlorophyll (Ferwerda et al. 2006). 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 is also strongly associated with leaf area index 
(LAI) and shows greater sensitivity to lower vegetation cover than other frequently applied 
vegetation indices (Wu 2014). Its high importance in this study suggests that 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 is 
capturing crucial absorption features for estimating N, while also being able to distinguish the 
different vegetation types and associated Eucalyptus species we encountered from dry lowland 
to highly productive high-elevation sites. 

The second most important predictor was the averaged green band reflectance (13.5% 
incMSE). Green reflectance is known to relate to N absorption features directly, rather than 
associated biochemicals (Peñuelas et al. 1994). This band is highly sensitive to foliar N levels 
(Thomas and Oerther 1972, Xue et al. 2004) and performs better than NIR- or red bands 
(e.g., used in the normalized difference vegetation index, 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁) at distinguishing vegetation 
from other features (Gitelson et al. 1996). It may therefore combine the ability to directly 
determine nitrogen through high N sensitivity, while reducing errors arising from background 
reflectance.  

The averaged NIR and red-edge bands were equally important (~11% incMSE each). NIR is 
associated with nitrogen between 800–~1000 nm (Curran 1989, Coops et al. 2003), while red-
edge wavelengths at 700–800 nm correlate with chlorophyll and mesophyll absorption, as well 
as tannins (Filella and Peñuelas 1994, Curran et al. 2001, Ferwerda et al. 2006). Other 
important indices, such as the two normalized difference indices (𝑁𝑁𝑁𝑁𝑁𝑁) used here (Table 4.2), 
were also found to be meaningful predictors of foliar N in other studies (see e.g. Wu et al. 
2019). Both the Redness Index (𝑅𝑅𝑅𝑅) and the Visual Atmospheric Resistance Index (𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉) 
combine the green band’s features with other bands associated with chlorophyll (red and blue 
band) and lignin (blue band) absorption (Curran 1989, Curran et al. 2001, Ferwerda et al. 
2006).  
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Observed detection thresholds and imperfect detection  

We observed higher detection rates for greater gliders with increasing amounts and quality of 
feeding resources (Appendix 3 Fig. S8). From canopy N measurements and spatial predictions, 
we derived three variables describing the quality of feeding habitat: mean plot nitrogen 
(meanN), nutritional suitability (likelihood of finding pixels associated with ≥1% N dry mass, 
DM), and the area of feeding habitat within a plot (as a proportion of the total area, 4 ha). 
Greater gliders were detected in plots that had ≥1.1% meanN (DM), ≥50% average nutritional 
suitability, and more than a quarter of the plot area as feeding habitat. The larger crown sizes 
observed at high elevation (Fig. 4.6B) also indicate a higher foliage volume, while the high 
aggregation of feeding habitat (Fig. 4.6E) suggests that this foliage is higher in nutritional 
quality. Our findings are in agreement with earlier studies demonstrating that greater gliders 
prefer sites with higher levels of foliar N (see e.g. Kavanagh and Lambert 1990). Braithwaite 
(1983) suggested and Cork (1992) later identified a nutritional threshold of 1% N DM for 
arboreal folivore habitat suitability. We found a similar, but slightly higher, nitrogen threshold 
(1.1% N DM) in our plots. Many studies have found that greater glider occurrence or 
abundance is higher where Eucalyptus species associated with high leaf N contents are present 
(Braithwaite et al. 1984, Cork and Catling 1996, Jensen et al. 2015). We found positive 
relationships between increasing meanN and detection across our sites (Table 4.5, Appendix 
3 Fig. S9), providing further support for the importance of foliar nutrition on habitat selection 
of the greater glider in the study region.  

Some plots exceeded all three of the identified thresholds but did not have greater glider 
detections (n = 14, Table 4.1). While these may be true absence sites, they may also reflect 
imperfect detection (i.e., gliders were present, but not detected) (MacKenzie et al. 2005). 
Detection rates for greater gliders at occupied sites are ~66% when surveyed twice or 
employing two observers per survey (Wintle et al. 2005, Nelson et al. 2018). The observed 
spatial and structural patterns of potential feeding habitat at different forest types and 
elevations may explain our detection rates. Although at low elevation the number of both 
feeding and non-feeding trees was higher when extrapolating from plot measurements to the 
hectare, both tree basal area and average crown sizes were much lower than at high elevation 
(Fig. 4.6B+C). At the same time, an equal aggregation of feeding- and non-feeding habitat 
within much larger areas of non-habitat indicates that foraging resources reaching levels ≥1% 
N DM were more dispersed and scarcer in the lowlands. Combined with lower tree density and 
less available feeding resources (i.e., lower crown area, smaller area of feeding habitat), it can 
be assumed that greater gliders need to move between trees more frequently and travel further 
distances to reach feeding habitat in suitable areas in the lowlands. The ability to glide allows 
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accessing favourable food resources at further distances while expending little energy 
(DeGabriel et al. 2009a). In fact, the scarcity of nutrients and occurrence of chemical anti-
herbivory defences in Eucalyptus foliage has been proposed as a factor favouring the 
evolutionary development of gliding in greater gliders as the most energy-efficient type of 
movement between trees for continued feeding and detoxification (Youngentob et al. 2011). 
Nevertheless, fewer and more dispersed foraging resources may lead to lower population 
densities in folivores (Chapman et al. 2002, Chapman et al. 2004, Wallis et al. 2012). For 
greater gliders a combination of smaller areas of more dispersed feeding habitat and lower 
population densities may require an increase in exploratory movements to reach nitrogen rich 
foliage to forage on and find mating partners and may therefore lead to larger home ranges 
sizes (Pope et al. 2004, Smith et al. 2007) and therefore lower likelihood of detection when 
using a standardized survey method for a range of forest structures and configurations of 
feeding habitat. Even when assuming stable home range sizes (e.g. 2.6 ha, see Pope et al. 
2004), a survey at a plot with only 30% feeding habitat (≈1.3ha) may only cover 50% of a 
greater gliders home range occupying the area (Fig. 4.7A). Only when the plot has about 
~60% feeding habitat would an entire average home range be covered (Fig. 4.7B, Table 4.1). 
At high elevation, structural and spatial patterns such as larger crown sizes almost entirely 
consisting of feeding habitat (high spatial aggregation and larger areas), lower areas of non-
habitat and higher basal areas would require less movement and may allow higher population 
densities and therefore smaller home ranges. Consistent with this, we detected up to 14 
individuals per survey at high elevation plots, where animals were even observed in the same 
tree and often in close proximity (Fig. 4.7B). It is therefore likely they had either overlapping 
or smaller home ranges, supported by a higher abundance of feeding resources. Based on our 
findings, survey standards may need to be adapted for differences in spatial arrangement of 
feeding habitat, home range sizes and population density at different forest types. Our metrics 
may therefore be a useful guide where non-detections may require additional surveying efforts 
to ensure detection and confirm occupancy. Furthermore, the ability to map potential feeding 
habitat may help in planning survey transects and increase the likelihood of detection in 
habitats where foliage quality is limited. Depending on management prescriptions, this tool 
may then also be applied to protect or retain trees that are important to sustain nutritional 
suitability and connectivity within the greater glider’s home range. 



Chapter 4. Remote sensing of foliar nitrogen 
 

98 
 

 
Figure 4.7. A lowland plot (Plot 10) where two greater glider detections where made outside the plot area (A) and a high elevation plot (Plot 6) with five observations within 
the plot and 14 total observations (B) along a 1km spotlighting transect. Both plots have a similar area of non-feeding habitat (dark blue, ~10% of the plot area) but opposite 
amounts of feeding habitat and non-habitat. The lowland plot (A) is predicted to have ~60% non-habitat (e.g. subcanopy crowns or forest gaps, yellow areas) and ~30% feeding 
habitat (areas classified as having ≥1N % DM, green areas), whereas the highland plot (B) has ~30% non-habitat and 60% feeding habitat. Assuming the spatial configuration 
of feeding habitat is constant beyond the plot boundaries, a glider would require twice as much area in the lowlands to access the same amount of feeding habitat. Assuming 
average home ranges for gliders are constant (e.g. 2.6 ha), a survey through the lowland plot (A) would only cover ~50% of the assumed home range of a potential greater 
glider occupying the site, while covering an entire home range in the highland plot (B), which has implications on the likelihood of detection. 
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Plant secondary chemistry may influence greater glider distribution and therefore detection as 
well. Tannins binding proteins to plant tissue can cause large differences in N and digN in 
some species, while herbivory defences from formylated phloroglucinol compounds (FPCs) may 
limit the quality of foliage high in digN (Lawler et al. 1998b, Lawler et al. 1998a, Marsh et al. 
2003). The ability to similarly predict and spatially map digN (see Youngentob et al. 2012, 
Wu et al. 2019) and a method that can remotely sense FPC concentrations may therefore 
assist in distinguishing and classifying feeding habitat in more detail. The latter may be possible 
using hyperspectral leaf reflectance (Ebbers et al. 2002, Couture et al. 2016). Given FPCs only 
occur in one of the two Eucalyptus subgenera found in the study area (Symphomyrtus), there 
may also be potential to use multi- or hyperspectral canopy reflectance patterns for 
classification at the sub-generic level (Goodwin et al. 2005, Baldeck et al. 2015). This may 
further aid in characterizing the nutritional suitability at the home range scale. We accounted 
for many possible factors that may explain non-detection or lower population densities, such 
as fires, drought or timber harvesting and therefore lack of hollows for nesting during site 
selection. Nevertheless, another explanation may be owl predation (see e.g. Kavanagh 1988) 
or historical factors such as disease outbreaks. 

Analytical and operational limitations 

Both N and digN were significantly associated with the eight spectral predictor variables. 
Models predicted nitrogen at the canopy level, as well as feeding habitat at the home range 
scale (4 ha). However, our digN model was found to be explanatory only and lacked predictive 
power. Predictions exhibited poor performance in independent model validation (best R2 = 
0.12, average R2 = 0.03, Appendix 3 Table S3). The reason for this might be that digN is 
influenced by many constituents, such as N, lignin, tannins and cellulose concentrations that 
modify digestibility (Degabriel et al. 2008) and might therefore not have distinct direct 
relationship to spectral reflectances covered by our sensor or indices. Wu et al. (2019) found 
that digN was best predicted with blue multispectral bands at lower wavelengths (400–450 
nm), while Youngentob et al. (2012) reported the highest predictive performance when 
integrating at least four hyperspectral bands with wavelengths between ~1300–2174 nm. It 
may therefore be the case that our multispectral sensor, which is limited to wavelengths 
between 475–840 nm was unable to register these spectral components of the foliage. 
Nevertheless, we found that vegetation indices can be used to reduce the limitations small 
multispectral sensors using centre wavelengths may have. Therefore, there can be other indices 
not considered here, that may improve predictive performance of digN models, which should 
be further explored. Indices contributed more to overall model performance than averaged 
spectral reflectance and Youngentob et al. (2015) also found that spectral indices were useful 
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for predicting greater glider abundance. While hyperspectral sensors may have advantages in 
terms of spectral range, multispectral imagery is more accessible, has better cross-platform 
integration, and is easier to process. 

When interpolating our canopy models to predict leaf nitrogen spatially at the home range 
scale, we encountered issues arising from non-linear averaging (i.e., Jensen’s inequality, see 
Denny (2017)). Canopy models were based on reflectance averages of crown foliage, which 
had a lower variance than the variance in the predictors at the home range scale. The high 
variance of the home range scale predictors increased the effect of Jensen’s inequality and 
therefore reduced the robustness of average-condition models for predicting across a wider 
range of conditions (Roussel and Auty 2019). We used supervised classification on a binomial 
response variable describing the presence or absence of feeding habitat to overcome this issue. 
Interpolation issues did not arise in similar studies. Youngentob et al. (2012) reported that the 
use of maximum spectra produced better models than averages, while Wu et al. (2019) used 
a pixel averaging approach much like ours. We did not find maximum spectra to improve 
models in our analyses. Our image ground resolution was much higher (~2.5 cm) than either 
of the other studies (1.24 – 7.5 m), due to our UAV imagery being collected from only ~120 
m altitude. The orders-of-magnitude increase in spatial resolution produced, greatly improved 
tree delineation and the quality of our canopy height models (CHMs), which were crucial in 
classifying spatial predictions and identifying non-habitat. Nevertheless, it may have 
exacerbated the effects of Jensen’s inequality through the larger number of pixels, which led 
to greater variance in the raw spectral reflectance than canopy averages of 1000s of pixels.  

Using small and highly mobile UAVs with spectral sensors to map foliar nutrition quality over 
large areas has the potential to better integrate forest management and conservation planning. 
A pragmatic issue that will arise is the type of UAV and the scale of sampling. While our 
multirotor UAV can readily sample areas of up to 20 ha per flight and therefore cover multiple 
greater glider home ranges, fixed-wing (FW) UAVs may be better suited to capture imagery 
over larger areas (Anderson and Gaston 2013). This will allow for determination of canopy N 
and feeding habitat at the scale of several square kilometres (100s of hectares) in a few flights, 
potentially covering a population-range scale. However, these platforms require clearings for 
take-off and landing, which may not be readily available in heavily dissected or mountainous 
terrain where, in our case, greater gliders typically occur. In more recent years, FW UAVs have 
been successfully equipped with vertical take-off and landing (VTOL) abilities (Goodbody et 
al. 2017), which may be useful when capturing imagery of larger areas of tall forests in complex 
terrain.  
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Conclusion 

We used UAV multispectral imagery, individual tree-sampling of foliar nutrition and forest 
structure and transect-based surveys for southern greater gliders to successfully characterise 
and map the nutritional quality in a landscape of a threatened arboreal folivore, the southern 
greater glider, in southeastern Australia. Our findings and models have important management 
implications for the detection and retention of high-quality feeding habitat at both the canopy 
level of individual trees and spatially at the home range scale, as well as for survey design. 
Although successfully modelling and mapping total nitrogen, digestible nitrogen models could 
not be extrapolated spatially using the spectral bands and vegetation indices available. The 
ability to map digestible nitrogen would enhance the classification of folivore habitat in more 
detail, considering the negative effects of plant secondary metabolites. Future research should 
focus on identifying additional spectral bands or indices to predict digestible nitrogen spatially. 
It is now important to integrate these methods into platforms that can capture larger areas, 
which will allow a swift and low-cost assessment of greater glider feeding habitat to aid in 
their management and conservation at the landscape scale.
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5. The influence of spatial pattern in foraging habitat on the abundance 
and home range size of an arboreal marsupial in southeast Australia 
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Introduction 

A species’ habitat niche is comprised of favourable conditions and required resources, which 
allow the establishment of populations and their persistence in a landscape (Warren et al. 
2008). Different combinations of these elements lead to some habitat being higher or lower 
quality, which is measured as habitat suitability (Hirzel and Le Lay 2008). Although it is 
possible to determine and monitor habitat requirements at the patch scale (e.g., through forest 
surveys), it remains difficult to extrapolate from field observations to scales relevant to entire 
populations (With and King 2001), because the factors determining habitat suitability may 
occur at different scales and vary in spatial arrangement (Huston 1999). For example, a 
species’ tolerance of certain climatic conditions will be influenced by landscape-scale climate 
and weather patterns and variability (Briscoe et al. 2015, Wagner et al. 2020), whereas 
foraging or nesting resources are the result of stand-scale forest dynamics (Moore et al. 2010, 
McLean et al. 2015). Although species may be able to persist in a range of landscape 
configurations and resulting variations in habitat suitability, population density will vary as it 
is driven by resource availability (Wallis et al. 2012). Resources and conditions shaping habitat 
suitability may be spatially dispersed or aggregated and drive abundance and density of habitat 
(Nitschke et al. 2020) and therefore density of individuals in a given area (Fahrig 2001). 
Furthermore, disturbances to these resources may change the amount, distribution, and 
configuration of suitable habitat within forest stands and across landscapes (Devictor et al. 
2008). A loss of habitat may reduce the ability of individuals or populations to persist (Fahrig 
2001). The extent and intensity of a disturbance can lead to a spatially aggregated or dispersed 
habitat structure. Catastrophic, stand-replacing fires can cause an aggregated spatial effect 
(Walker et al. 2019), whereas certain forest management methods such as selective timber 
harvesting may lead to resources and habitat becoming more dispersed (Kavanagh and Webb 
1998, McLean et al. 2018). To facilitate informed decisions in species management and 
conservation, it is important to quantify how both abundance and patterns of resource 
availability influence the persistence or loss of fauna populations (Lande 1987). Such 
knowledge is critical for understanding how populations may respond to disturbances of 
different spatial extents, patterns, and severity.  

Species with distinct habitat requirements are well suited for testing the effects of habitat 
configuration and abundance on their occurrence (Mazerolle and Villard 1999). Examples exist 
from wetland bird and turtle species in Canada, where habitat amount was more important 
than spatial configuration (Quesnelle et al. 2013), and the northern spotted owl (Strix 
occidentalis caurina) in the Pacific Northwest, for which a mosaic of old-growth forests and 
other vegetation types improved population fitness and persistence (Franklin et al. 2000, Jones 
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et al. 2018). In southeastern Australia, the southern greater glider (Petauroides volans) is well 
known for its distinct habitat requirements, which are strongly influenced by three factors that 
operate over multiple spatial scales. At the landscape scale, climate shapes the distribution of 
the species due to a narrow thermotolerance, which restricts populations to cooler and wetter 
parts of the landscape (Rübsamen et al. 1984, Kearney et al. 2010, Wagner et al. 2020). Areas 
at high elevation, for example, are mostly climatically suitable. At low elevations, arid 
conditions make most of the area unsuitable, restricting the greater glider to landscape features 
such as gullies, that act as microclimatic refugia (Wagner et al. 2020). At the stand scale, a 
specialised diet consisting entirely of nutrient-rich Eucalyptus leaves and the need for multiple 
large tree hollows for denning, shapes the establishment and spatial configuration of individual 
home ranges (Kavanagh and Lambert 1990, Lindenmayer et al. 1990b, Smith et al. 2007). 
Suitable tree species with leaves rich in foliar nitrogen are typically dispersed at low elevation 
but highly aggregated at mid- and high elevation sites (Wagner et al. in review-a - Chapter 
4). In tall, mature forests, hollow-bearing trees used for nesting can be abundant and typically 
do not limit habitat suitability where forest areas have not been disturbed by fires or timber 
harvesting (Wagner et al. in prep - Chapter 3). However, areas subjected to timber harvesting 
or forest fires may experience drastic reductions in nesting resources and therefore habitat 
suitability (McLean et al. 2015, Lindenmayer and Sato 2018, McLean et al. 2018). Across the 
greater glider’s range in Victoria, factors such as feeding, and nesting resources occur in 
different abundances and spatial arrangements. This shapes habitat suitability and acts as a 
filter on occurrence and abundance of greater gliders. Individual greater gliders have been 
reported to increase their home range sizes where resource availability is limited (Kavanagh 
and Wheeler 2004, Smith et al. 2007). This suggests that occupancy and population density 
may be closely related to the spatial arrangement of favourable climatic conditions and habitat 
resources (Wallis et al. 2012), as well as the amount of habitat in an area (Youngentob et al. 
2013). 

Populations of greater gliders are in decline (Lindenmayer et al. 2011, Lindenmayer and Sato 
2018, Smith and Smith 2020). Their conservation is of great concern; however, their capacity 
to persist in different parts of the landscape is still unclear (DELWP 2019). At the landscape 
scale, a changing climate has led to a contraction in the species’ distribution to higher 
elevations (Smith and Smith 2020, Wagner et al. 2020). Stand-altering or -replacing 
disturbances as a result of forest fires and timber harvesting, have been found to influence 
persistence at finer scales (Possingham et al. 1994, Kavanagh 2000, Pope et al. 2004, 
Lindenmayer et al. 2013, Youngentob et al. 2013, McLean et al. 2018). With continued 
climatic change, it is important to understand the effects of decreasing climate suitability on 
populations but also the interacting impacts of disturbances, which are increasing in severity 
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(Ward et al. 2020). The severity and extent of disturbance influences the amount and 
arrangement of habitat, which can influence population persistence and abundance in disturbed 
areas (Kavanagh 2000, McLean et al. 2018). Understanding how changes in the amount and 
spatial arrangement of habitat influences populations of greater gliders at coarse and fine 
scales is critical for successful conservation planning.  

Given the broad-scale influence of climate on greater gliders (Wagner et al. 2020), we 
previously hypothesized that a reduction in climatic suitability will reduce animal abundance 
and density, independent of the finer-scale spatial configuration and amount of  feeding 
habitat. Climate should limit greater glider occurrence to areas with both suitable climate and 
available feeding and nesting resources. This has been observed in the mature forests of East 
Gippsland, Victoria, where areas that contain high-quality feeding habitat today, but are no 
longer climatically suitable, have seen a decline in greater gliders since the 1980s (Wagner et 
al. 2020, Wagner et al. in review-a - Chapter 4). Here we extend this to incorporate the spatial 
pattern of foraging resources. We hypothesize that both the spatial configuration of feeding 
habitat and disturbances will affect resource availability and therefore population density. 
Earlier studies have shown that greater gliders can persist in forests that retained ≥40% of 
their initial basal area after disturbance (Kavanagh 2000) and are better suited than other 
arboreal mammals to survive in aggregated strips of managed forest landscapes due to their 
diet (Lindenmayer et al. 1993a). While greater gliders can persist in areas of selective timber 
harvesting, population density decreases with logging intensity (McLean et al. 2018). 
Nevertheless, the exact role of spatial aggregation of either the feeding habitat itself or the 
disturbance affecting it, on greater glider abundance and density, is still poorly understood. 
Throughout its range and a variety of forest types, greater glider home range sizes can vary 
between one to 18 hectares, which may be a response to resource availability (Henry 1984, 
Kehl and Borsboom 1984, Comport et al. 1996, Kavanagh and Wheeler 2004, Pope et al. 
2004, Smith et al. 2007). We expect that dispersed habitat or disturbances that create more 
dispersed feeding resources will lead to more drastic increases in home range sizes and reduce 
available or accessible feeding habitat in individual home ranges more rapidly, therefore 
reducing population density more drastically.  

Our aim is to assess the relationship between spatial aggregation of habitat resources, different 
types of disturbances and greater glider population density and persistence. We further aim to 
identify greater glider population responses and thresholds of habitat suitability to aid in 
estimating the likelihood of population persistence under climate change and after disturbances 
from forest fires (Lindenmayer et al. 2013, Berry et al. 2015, Chia et al. 2016) and timber 
harvesting (Kavanagh 2000, McLean et al. 2018). 
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Methods 

We developed a generalized modelling framework to test relationships between spatial patterns 
and species abundance, density, and persistence using neutral landscape models (With and 
King 2001). Neutral landscapes simulate landscape patterns based on theoretical spatial 
distributions or properties of real landscapes (Gardner et al. 1987, With 1997, Gardner and 
Urban 2006). To test our hypotheses, we used field observations as well as observations from 
published literature, to make assumptions about what makes home ranges for greater gliders 
functional and under which conditions functionality would be lost and reductions in animal 
abundance or density might be expected to occur. The key criteria we identified are: 

1. A maximum home range size of six hectares. This is based on observations of 
maximum home range sizes for female greater gliders, which share home ranges 
less frequently and express only limited rates of home range extension with 
resource scarcity (Henry 1984, Kehl and Borsboom 1984, Comport et al. 1996, 
Kavanagh and Wheeler 2004, Pope et al. 2004, Smith et al. 2007). 

2. Home ranges need to include at least 2.6 ha of foraging habitat. This is based 
on the average observed home range size in mature undisturbed forests 
dominated by preferred, nitrogen-rich Eucalyptus species (Henry 1984, Kehl and 
Borsboom 1984, Comport et al. 1996, Kavanagh and Wheeler 2004, Pope et al. 
2004, Smith et al. 2007). 

3. At least 25% of the total home range area needs to be feeding habitat (where 
foliage has ≥1% nitrogen per gram dry mass, Cork 1992). In a previous study, 
greater gliders were not detected in sites that were predicted to have <25% 
feeding habitat (Wagner et al. in review-a - Chapter 4). 

4. As our models are based on observations made from undisturbed mature mixed-
species forests with abundant nesting resources, we assume tree hollows are not 
limiting site occupancy (Wagner et al. in prep - Chapter 3).  

All spatial and statistical analyses for this study have been carried out in R 4.0.3 (R Core 
Development Team 2020). Neutral landscapes were generated from random clustering 
according to Saura and Martínez-Millán (2000) using the package NLMR (Sciaini et al. 2018). 

Step 1. Simulating landscape-scale effects of climate change on feeding landscapes 

To test the effect of a gradual decrease in climatic suitability on a landscape containing high-
quality feeding habitat, we generated neutral landscapes, based on the relative proportions 
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and spatial aggregation of predicted feeding habitat (canopy nitrogen is ≥1% N DM), non-
feeding habitat (<1% N DM), and non-habitat (neither feeding or nesting trees or features 
such as canopy gaps) from 4-ha plots located in high-elevation, mixed-species Eucalyptus 
forests in East Gippsland, Victoria (n = 10, Appendix 4 Table S1, see Wagner et al., in review-
a – Chapter 4). Per-class fraction was derived by dividing the area of the three classes by the 
total area and spatial aggregation was determined using the package landscapemetrics 
(Hesselbarth et al. 2019). As climatic suitability occurs at coarser resolution than feeding 
habitat and over large (landscape) scales (Wagner et al. 2020), we extrapolated predicted 
properties and aggregated the spatial resolution to simulate 1000 ha landscapes at 1 ha cell 
size from our fine-scale (4 ha at ~2.5 cm2 resolution) spatial predictions of feeding habitat 
(Fig. 5.1A+B).  

Next we generated nine neutral landscape climate masks, simulating climatic suitability extent 
between 10-90% of the total area over 1000 ha (Fig. 5.1C). As climatic suitability occurs 
clumped over large areas rather than dispersed (Wagner et al. 2020), we generated these 
masks at maximum class aggregation, using an 8-neighborhood rule (p = 0.58, Saura and 
Martínez-Millán 2000). Each climate mask was applied to the simulated feeding habitat 
landscapes using the package raster (Hijmans 2019). Masking any of the three existing classes 
with the climate layers added a new class to the feeding landscapes, describing areas that have 
become climatically unsuitable and therefore non-habitat (Fig. 5.1D). Along with the 10 initial 
neutral landscapes (i.e., 100% climatic suitability), these maps (n = 100, 10 initial neutral 
landscapes as control + (9 masks x 10 initial landscapes)) were analysed for changes in suitable 
and unsuitable habitat area caused by a simulated decrease in climatic suitability. We 
calculated area and aggregation metrics such as number of patches or edge density for 
(remaining) feeding habitat. Using the selected assumed minimum home-range size for greater 
gliders in mature forests as minimum area of feeding habitat required (2.6 ha, Smith et al. 
2007), we calculated the potential number of animals per hectare based on remaining 
accessible feeding habitat (i.e., feeding habitat in climatically suitable areas) for each resultant 
neutral landscape. 

 



Chapter 5. Spatial patterns and population persistence 

108 
 

 
Figure 5.1. Analysis steps to simulate landscape-scale effects of climate change on feeding landscapes. A) a 4-ha spatial prediction 
of feeding (green), non-feeding (blue) and no habitat (yellow) to an actual high-elevation mixed-species stand (Wagner et al. in 
review-a - Chapter 4) and its 1000 ha neutral landscape equivalent (B). A climate mask (C) simulating ranges of climatic 
suitability (in this case 50% area becomes climatically unsuitable - orange) is applied to these neutral landscapes (B), resulting 
in a landscape with an additional class of climatically unsuitable habitat (D), rendering the other classes inaccessible. 

Step 2. Simulating stand-scale clumped and dispersed feeding habitat 

To test what influence spatial aggregation of feeding habitat has on home-range structure and 
density at a finer (stand) scale, we generated binary neutral landscapes that contained either 
feeding habitat or no feeding habitat (Fig. 5.2). Home range structure refers to the individual 
home range sizes and ratio of feeding habitat area to the total area within a home range (i.e., 
feed-area-ratio). Home range density (number of home ranges) was used as a proxy for animal 
abundance (i.e., number of animals per 100ha). Depending on elevation, topography, and 
resulting forest structure and composition, feeding habitat can be either clumped or dispersed 
(Wagner et al., in review-a – Chapter 4).  
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Figure 5.2. 50% feeding habitat generated with maximum (A) and minimum (B) aggegation, resulting in 100-ha neutral 
landscapes representing clumped (A) and dispersed (B) feeding resources. 

To account for this variation we generated nine (10-90% area of feeding habitat) 100-ha 
random cluster landscapes at a 10 m2 resolution both at maximum (p = 0.58), and minimum 
(p = 0.1, Saura and Martínez-Millán 2000) aggregation (n = 18). For each landscape, we 
calculated the potential maximum number of home ranges or animals based on the total area 
of available feeding habitat, divided by the hypothesized minimum area of feeding habitat 
required of a home range (2.6 ha). To determine the optimal spatial arrangement and size of 
home ranges that met this requirement within all generated neutral landscapes, we used k-
means clustering (Hartigan and Wong 1979) on cells of feeding habitat only (Fig. 5.3A). K 
equalled the potential maximum number of home ranges in any generated feeding landscape 
(Eq. 1). Cells were assigned their cluster number and a convex hull was calculated for each 
cluster, outlining the home range boundaries (Fig. 5.3B).  

𝑘𝑘 =  𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑜𝑜𝑜𝑜 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑖𝑖𝑖𝑖 ℎ𝑎𝑎
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ℎ𝑜𝑜𝑜𝑜𝑜𝑜−𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (2.6 ℎ𝑎𝑎)

 (Equation 1) 

For each feeding landscape we tallied the total number of home ranges and calculated the size 
and feed-area-ratio of all potential home ranges. Next we removed any home ranges from 
further analysis that were unlikely to be functional based on size (>6 ha, see Smith et al. 
2007) and/or feed-area-ratio (<25% of total home range area, see Wagner et al. in review-a 
- Chapter 4). The resulting dataset was then used to compare differences in habitat potential 
between types of aggregation based on data distribution and to determine critical thresholds 
for the formation of suitable conditions across simulated sites. 
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Figure 5.3. A: Spatial representation of cells with feeding habitat that have been clustered (colored points) using k-means 
clustering, based on the potential maximum number of home ranges in the respective stand. B: Convex hulls were created for 
each cluster to visualize the potential home ranges and calculate their properties such as size in ha (blue numbers) and amount 
of feeding habitat within each home range (green areas). 

Step 3. Simulating stand-scale effects of disturbance 

To test the influence of spatial aggregation and intensity of disturbances on home range-, and 
population potential based on the feeding properties of real landscapes, we generated 100 ha 
neutral landscapes (10 m2 cell size) based on aggregation and class fraction of all study sites 
in East Gippsland, Victoria (n = 30, classes = feeding, non-feeding, and not habitat), 
according to methods outlined in Step 1 (Fig. 5.4A). Next, we generated aggregated and 
dispersed (maximum and minimum aggregation) disturbance masks for 10 – 90% area affected 
(n = 18) in a similar process to generating climate suitability masks before (Fig. 5.4B+D). 
These were used to change any covered area in the generated neutral landscapes to non-
habitat (n = 570, i.e., 30 initial undisturbed landscapes as control and 540 (30 landscapes x 
18 disturbance masks) landscapes resulting from disturbance at different aggregations and 
intensities, Fig. 5.4C+E). As in Step 2, we used k-means clustering and created convex hulls 
of potential home ranges for each of these feeding landscapes. We filtered for functional home 
ranges and analysed differences between, and effects of clumped and dispersed disturbances 
at different intensities (fraction of area disturbed) on home range potential and population 
structure. 
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Figure 5.4. A: 100 ha neutral landscape based on properties from spatial predictions of feeding habitat (Fig. 5.1A, Wagner et 
al. in review-a - Chapter 4) were subjected to randomly generated clumped (B) and dispersed (D) disturbances affecting 10-
90% of the total area (yellow). Disturbed areas were masked to become non-habitat (C+E, yellow) and remaining home ranges 
were analysed for size, amount of feeding habitat and feed-area-ratio. Any home range that did not match assumptions of 
functionality was removed from further analysis. In this case a disturbance, removing 60% of the initial basal area led, to either 
persistence of five functional home ranges (C) or a local extiction, where all remaining potential home ranges were too large to 
be functional (E). 

 

Results 

Effects of decreasing climatic suitability on feeding habitat 

Simulated 1000-ha feeding landscapes ranged in total feeding habitat area from 427 to 715 
ha, which equated to an average potential population density of 0.2 (± 0.04) animals per 
hectare. By gradually reducing the climatic suitability within these landscapes from 100 to 
10%, we observed a near-linear decrease in potential population density and decrease in 
deviation from the mean density (Fig. 5.5). As climatic suitability decreased, landscapes 
converged in area and arrangement of remaining suitable habitat. When only 10% of the total 
area was climatically suitable, accessible feeding habitat ranged from 33 to 81 ha (out of 1000 
ha), equivalent to an average density of 0.02 (± 0.005) animals per ha. On average, a 10% 
reduction in climatically suitable area led to a 10% reduction in potential population density, 
independent of the initial spatial arrangement of feeding habitat across these landscapes. The 
reduction in accessible feeding habitat was also associated with a decrease in edge density and 
increasing patch aggregation, indicating not only that accessible feeding habitat had decreased 
but that it also became spatially more clumped (Appendix 4 Fig. S1).  
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Figure 5.5. Observed declines in animal density (y-axis) with reductions of climatically suitable area across all 1000-ha neutral 
feeding landscapes. 

Effects of spatial aggregation of feeding habitat on stand scale population potential 

A linear decrease in population density was observed when simulating different rates of feeding 
habitat at the 100-ha (stand) scale. For both clumped and dispersed feeding habitat, a 10% 
decrease led to a ~10% reduction in the number of potential home ranges across the 18 
simulated landscapes. We observed ~35 home ranges at 90% and ~4 at 10% feeding habitat 
for both aggregation types (Appendix 4 Fig. S2A). Differences between clumped and dispersed 
feeding habitat were found in home range (cluster) area and feed-area-ratio within the 
modelled home ranges (n = 343). Average home range area was significantly larger (p < 0.01) 
and feed-area-ratio per home range significantly lower (p < 0.001) for dispersed than clumped 
feeding habitat (Appendix 4 Fig. S2B+C). With decreasing feeding habitat, the coefficient of 
variation increased from 10% to 60% for home range area and from 12 to >95% for feed-area 
ratio, while remaining stable below 10% in dispersed habitat for both variables (Appendix 4 
Fig. S3). 

When filtering for functional home ranges (home range area ≤ 6 ha, feed-area-ratio ≥ 25%, n 
= 292), spatial distribution became more important. Landscapes with dispersed feeding habitat 
had lower home range potential than landscapes with clumped feeding habitat when total 
feeding habitat was below 50%. The potential for the landscape to contain functional home 
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ranges (i.e., where the number of home ranges dropped to 0) was lost at 30% dispersed feeding 
habitat. Landscapes with clumped feeding resources lost all home range potential when feeding 
habitat comprised only 10% of the landscape; however, only one home range remained at 20% 
feeding habitat (Fig. 5.6A). A similar coefficient of variation (Appendix 4 Fig. S4) in both 
home range area and feed-area-ratio was observed for landscapes with clumped feeding habitat 
after functional home range formation occurred at 30% total feeding habitat (Fig. 5.6B+C).  

 
Figure 5.6. Reduction in number of home ranges (A), increases in home range area (B) and changes in feed-area ratio (C) for 
functional home ranges with decreases in feeding habitat area in 100 ha neutral landscape simuations of clumped (orange) or 
dispered (purple) feeding resources. 

Here, even at a low total feeding habitat area, relatively small home ranges (minimum of 3.5 
ha) with large amounts of feeding resources (maximum of 98% feed-area-ratio) could exist at 
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realistic numbers of individuals per 100 ha (n = 7 home ranges across 100 ha, Appendix 4 Fig. 
S5). In landscapes with dispersed feeding habitat, functional home range formation first 
occurred at 40% total feeding habitat. When feeding habitat was dispersed, similar home range 
areas and feed-area-ratios attained at 30% clumped feeding habitat were not reached unless 
≥70% of area (70 out of 100 ha) was feeding habitat (Fig. 5.7). 

 
Figure 5.7. The relationship between home range area and feed area ratio of simulated home ranges for clumped (orange) or 
dispersed (purple) feeding resources at different rates of total feeding habitat (90%-10%, facets). 

Effects of intensity and spatial aggregation of disturbance on feeding habitat and population 
persistence 

For a hypothesized minimum required feeding habitat area of 2.6 ha per home range, our 
analyses resulted in a total of 5885 modelled home ranges across simulated sites and 
disturbance types (clumped or dispersed disturbances at different intensities). We observed a 
similar linear trend of decreasing number of home ranges with remaining undisturbed area and 
only slight differences between clumped or dispersed disturbance (Appendix 4 Fig. S6A). 
Differences were observed in home range area and feed-area-ratio resulting from different 
disturbance types, where dispersed disturbances lead to larger home ranges containing less 
feeding habitat at lower intensity. For the feed-area-ratio, the coefficient of variation, and 
therefore range of potential feeding habitat within a home range, was larger when the 
disturbance was aggregated. However, with increasing extent of disturbance, many modelled 
home ranges became either too large or too scarce in feeding habitat (or both) to be functional 
according to the assumptions on functionality that we specified. Modelled home ranges 
approached hypothesized loss of functionality earlier at low elevation sites and when landscapes 
were affected by dispersed disturbances (Appendix 4 Fig. S6B+C).  
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When considering only functional home ranges (n = 3414), the potential of a 100-ha feeding 
landscape to support a population size of >1 home range was lost sooner for landscapes 
affected by dispersed disturbances (<40% at mid- and <50% area undisturbed at high 
elevation). Landscapes generated using low-elevation site properties lost their potential to 
support home ranges at <80% remaining undisturbed area (Fig. 5.8). A large variation in both 
home range area and feed-area-ratio for landscapes affected by clumped disturbance allowed 
for home ranges to form at higher disturbance intensity (80% disturbed at mid-elevation and 
70% at high elevation). Even when affected by severe clumped disturbances, some landscapes 
retained the potential for small home ranges, largely covered by feeding habitat. For example, 
at 30% remaining undisturbed area, the smallest home range was 1.3 ha and the largest feed-
area-ratio was 94% (Appendix 4 Fig. S7).  

 
Figure 5.8. Observed declines in number of functional home ranges in neutral landcscapes based on the spatial configuration and 
properties of survey sites in East Gippsland (faceted by elevation band, see Wagner et al. in review-a - Chapter 4) with increasing 
disturbance intensity (remaining undisturbed area, x-axis). 

Size, feed-area-ratio, and number of home ranges were dependent on the initial spatial 
aggregation of the feeding landscape and the intensity and aggregation of the disturbance 
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mask. Landscapes affected by dispersed disturbances exhibited less variation in home range 
size and feed-area ratio. Increasingly severe dispersed disturbances caused home range numbers 
to drop more rapidly, and individual remaining home ranges to become larger and contain less 
feeding habitat. Therefore, an exhaustion of habitat potential was reached at lower fractions 
of disturbed area. We observed a linear relationship between feed-area-ratio and home range 
area as an effect of dispersed disturbance. The relationship was nonlinear for high intensity 
clumped disturbances. Across all simulated landscapes, ranges of feed-area-ratio and home 
range size were comparable only up to 80% undisturbed area, after which effects on home 
ranges from both types of disturbance started diverging (Fig. 5.9). With increasing intensity 
of disturbance, the range and standard deviation (SD) for both home range area and feed-
area-ratio remained stable in landscapes affected by clumped disturbance and decreased with 
dispersed disturbance (Table 5.1).  

 
Figure 5.9. The relationship between home range area and feed area ratio of simulated home ranges for undisturbed areas 
(green) and under clumped (orange) or dispersed (purple) disturbances. Facets illustrate the conditions under different 
disturbance itensities (100-10% area undisturbed), 
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Table 5.1. Observed changes in home range area and feed-area-ratio of simulated home ranges under different rates and spatial 
aggregations of disturbance 

Spatial 
aggregation  

Home range area 
range (ha) 

SD home 
range area  

Feed-area-ratio 
range (%) 

SD feed-
area-ratio  

  

100%            

Control  4.04  0.75  69.26  14.75    

90%            

Clumped  3.86  0.74  69.69  14.24    

Dispersed  3.66  0.75  66.31  13.22    

80%            

Clumped 3.69  0.78  73.33  15.25    

Dispersed 3.76  0.74  65.57  11.58    

70%            

Clumped 4.12  0.84  73.62  14.98    

Dispersed 3.58  0.76  45.49  9.67    

60%            

Clumped 4.08  0.88  67.21  15.39    

Dispersed 2.54  0.62  36.72  7.84    

50%            

Clumped 4.28  0.97  69.24  16.89    

Dispersed 2.35  0.54  26.99  5.95    

40%            

Clumped 3.06  0.71  64.35  13.91    

Dispersed 1.34  0.47  18.96  6.16    

30%            
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Clumped 4.62  1.40  68.81  15.86    

20%            

Clumped 1.24  0.46  14.06  5.24    

10%            

Clumped 0  -  0  -  

 

Discussion 

While regional and global drivers of habitat loss, such as climate- and land-use change, are 
altering ecosystems and threatening species at an increasing rate (Rosenzweig et al. 2008, 
Butchart et al. 2010, Lindenmayer et al. 2012b), the importance of drivers at finer spatial 
scales is often overlooked (Villard and Metzger 2014). While large scale drivers may cause 
complete losses of habitat suitability (Kearney et al. 2010, Adams-Hosking et al. 2011, Wagner 
et al. 2020), the spatial configuration of habitat may mitigate some of the effects of habitat 
loss from disturbances that occur at finer scales (Villard and Metzger 2014). Using a 
generalized simulation framework to develop neutral landscapes, we observed both coarse- and 
fine-scale effects on the suitability of southern greater glider habitat. 

Climate 

In our simulations we found that unfavourable climatic conditions overwhelmed the impacts 
of feeding resource availability. These findings further reinforce recent conclusions that coarse 
determinants of habitat suitability have a stronger effect on greater glider population 
persistence at a landscape scale (Kearney et al. 2010, Wagner et al. 2020). The average linear 
decrease in potential greater glider population density from decreasing climatic suitability was 
unrelated to the initial amount and spatial arrangement of the high-quality feeding landscapes 
we used to test these effects. The observed population decline related to climate and 
independent of habitat availability has been observed on biodiversity worldwide (Mantyka‐
Pringle et al. 2012) and was reported for greater gliders (Smith and Smith 2020, Wagner et 
al. 2020), butterflies (Parmesan et al. 1999), mountain pygmy possums (Burramys parvus, 
Hoffmann et al. 2019), koalas (Phascolarctos cinereus, Adams-Hosking et al. 2011), and moose 
(Alces alces, McCann et al. 2013). Continuous unsuitable climatic conditions in the form of 
high ambient temperatures and low water availability will negatively affect the greater glider’s 
ability to forage, reproduce, and persist in these landscapes (Rübsamen et al. 1984, Foley et 
al. 1990, Kavanagh and Lambert 1990, Youngentob et al. 2021).  
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Our findings also align with recent observations of local extirpations of greater glider 
populations from otherwise suitable landscapes at mid-elevation forests in East Gippsland, 
Victoria (Wagner et al. 2020) and in areas in New South Wales such as Booderee National 
Park (Lindenmayer et al. 2011) and low-elevation forests of the Blue Mountains (Smith and 
Smith 2020). Our results highlight that greater gliders are vulnerable to climate-driven loss, 
even in areas with ample feeding and nesting resources. As such, climate change should be 
considered a key threatening process when assessing, managing, and conserving the species. 
Any area that is conserved or retained for greater glider populations but is unsuitable due to 
unfavourable climatic conditions will not contribute to population persistence. As the climatic 
conditions in the real landscapes that our simulations were based on are climatically suitable 
(and may be for the foreseeable future), their protection remains crucial for southern greater 
glider conservation (Wagner et al. 2020).  

Spatial aggregation of feeding habitat 

While climate change is the dominant driver of habitat suitability within these landscapes, in 
areas where the climatic conditions are suitable other factors may limit habitat suitability. The 
aggregation and amount of foliar feeding resources can vary throughout mature forest 
landscapes  (Appendix 4 Table S1, Moore et al. 2010, Wagner et al. in review-a - Chapter 4). 
Based on our simulations, these conditions may lead to different abundances and densities in 
greater glider populations at the stand scale. The spatial aggregation of feeding habitat drove 
the configuration of potential functional home ranges in our simulations (i.e., amount of home 
ranges and size and feeding resources per home range). Simulated stands with dispersed 
feeding resources exhibited more stable and predictable patterns of home range density. But 
these conditions also led to an earlier loss of home range potential. When forage resources 
were scarcer, home range areas needed to increase to cover the required 2.6 ha of feeding 
habitat, while feed-area-ratios within simulated home ranges decreased. This resulted in a loss 
of functionality and reduction in number of home ranges at higher rates of total feeding area 
per stand. In forest stands populated by greater gliders that had trees selectively removed, 
population densities decreased dependant on the amount of harvesting (McLean et al. 2018). 
Based on our findings, this decrease in population density may therefore be explained by the 
reduction and increased dispersal of feeding resources that lead to larger individual home 
ranges. Greater gliders are known to extend home-range sizes when habitat resources are 
scarce or fragmented (Smith et al. 2007, Youngentob et al. 2013). Clumped feeding habitat 
allowed for more stable populations at lower rates of total feeding area, but this was dependent 
on spatial arrangement of the feeding habitat (Fig. 5.7). Even at low rates of total available 
feeding habitat, a population of greater gliders could theoretically reach higher densities when 
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feeding resources were clumped. Similar effects on home range sizes and population density 
have been observed in capybaras (Hydrochoerus hydrochaeris, Corriale et al. 2013), river otters 
(Lutra canadensis, Blundell et al. 2000) and Tengmalm’s owls (Aegolius funereus, Santangeli 
et al. 2012).  

If the initial amount and aggregation of feeding habitat drives greater glider population 
structure at the stand scale in mature forests, conservation and management should take these 
factors into account when carrying out fauna surveys, establishing reserves, or altering forest 
structure. Based on our simulations, only when a forest habitat is composed of ≥70% feeding 
habitat are potential population and home range structures comparable between forests with 
clumped and dispersed resources (Fig. 5.7). These conditions are rare in real landscapes (see 
Appendix 4 Table S1). Below this amount, anticipated conservation targets may only be met 
by increasing reserve areas or higher rates of habitat retention during timber harvesting. 
Similarly, the response of these different habitat configurations to disturbance will vary. 

Disturbance 

The primary disturbances impacting forest-dependent fauna in southeast Australia at the 
population scale are forest fires and timber harvesting operations (Lindenmayer et al. 2013, 
Nitschke et al. 2020). Both have been identified as major threats to forest-dependent species 
such as southern greater gliders, as they alter the structure of the forest by removing foraging 
and nesting resources (Franklin et al. 2000, Lindenmayer and Sato 2018, McLean et al. 2018). 
Greater glider populations have the ability to persist in forests that have experienced basal 
area losses of up to 60% (Kavanagh 2000), an effect that we observed in our simulations of 
different disturbance intensities (Fig. 5.8). The ability of populations to persist, however, was 
strongly dependent on the initial spatial configuration of the stand and the spatial aggregation 
of the disturbance itself. When disturbances were spatially clumped, greater glider habitat 
features persisted at higher densities, even when only small areas remained undisturbed (Fig. 
5.9). Indeed, the level of spatial aggregation was the difference between a local population 
persisting or going locally extinct when subjected to disturbances of identical intensity (e.g., 
removing 60% of initial basal area, Fig. 5.4). Some habitat configurations were therefore able 
to mitigate negative effects of habitat loss (Villard and Metzger 2014). Disturbances leading 
to dispersal of resources, for example resulting from certain silvicultural techniques such as 
single-tree retention (Ashton and Kelty 2018), may lead to more severe stand-scale losses of 
feeding resources and reduce the ability of greater gliders to form or retain functional home 
ranges. In fact, different forms of tree retention following timber harvesting may lead to 
distinctly different configurations of habitat and could have the potential to influence 
population persistence (Lindenmayer 1994, DELWP 2019).  



Chapter 5. Spatial patterns and population persistence 

121 
 

The ability to determine where critical feeding resources are and what their spatial 
configuration is, may allow retaining them fully under certain retention strategies. High-
resolution data from multispectral remote sensing that allows assessing and mapping feeding 
resources at operational scales may therefore be an important tool in arboreal folivore 
conservation (Youngentob et al. 2012, Youngentob et al. 2015, Wu et al. 2019, Wagner et al. 
in review-a - Chapter 4). Our findings suggest that current (voluntary) prescriptions that retain 
a minimum of 40% basal area (DELWP and ARI staff, personal communication, April & May 
2021 & DELWP 2019) or single-tree retention (DEPI 2014, Ashton and Kelty 2018) may not 
suffice for permanent greater glider persistence at a stand scale, if forage trees are poorly 
spatially distributed (Figs. 5.8 + 5.9). Similarly, determining habitat resources remotely after 
high intensity disturbances such as wildfires (Catling et al. 2001, Haslem et al. 2011, Ward et 
al. 2020) may allow mapping of functional fire refugia (Berry et al. 2015), which may still act 
as greater glider habitat, or estimate remaining suitable habitat. With this knowledge, 
managers can protect and support surviving populations by guiding silviculture or designing 
reserves at finer scales. 

Limitations and future research 

In this study we used neutral landscape simulations as models of landscape structure to test 
theoretical effects of changing foraging resources on populations of southern greater gliders. 
We were able to quantify potential population responses to changes in climate or the quantity 
and configuration of forage habitat and identify critical thresholds for persistence. These are 
two of the major contributions neutral landscape models may provide in ecological research 
(With and King 1997). Our simulated landscapes were based on, and extrapolated from, real 
and modelled landscape features. In the absence of data, hypothesized effects were tested 
using generalized assumptions on greater glider population structure such as maximum home 
range sizes (Pope et al. 2004, Smith et al. 2007) and minimum amount of feeding habitat per 
home range (Wagner et al. in review-a - Chapter 4). Our results regarding species persistence 
and animal density matched field observations (Kavanagh 2000, McLean et al. 2015), which 
suggests our assumptions were robust and logical; however, it is important to test this 
theoretical knowledge gained with field experiments that control for the assumptions made 
when using simulated neutral landscapes (With 1997, With and King 1997). This will provide 
a means to validate the critical persistence thresholds that our neutral models identified. Radio- 
or GPS-tracking studies could help identify differences in minimum and maximum home range 
sizes (Harris et al. 1990, Girard et al. 2002) in different parts of the landscape with different 
configurations of habitat after recent disturbance events such as the Black Summer wildfires 
(Ward et al. 2020). Coupling this data with spatial predictions of feeding (Youngentob et al. 
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2012, Wu et al. 2019, Wagner et al. in review-a - Chapter 4) and nesting resources (Owers et 
al. 2015) will provide a better understanding of the species’ perception of its habitat (Moore 
et al. 2010) and its ability to persist in different parts of the landscape before and after 
disturbances. 

 

Conclusion 

Using a generalized spatial simulation framework based on neutral landscape models, we 
demonstrated that the spatial configuration of feeding resources and disturbances affect 
population density and persistence of southern greater gliders in mature Eucalyptus forests. 
Unfavourable climatic conditions acting at larger spatial scales, unrelated to the spatial 
arrangement of feeding habitat, may create constraints to accessing feeding and nesting 
resources. At the stand scale greater glider density depended on the spatial arrangement of 
feeding resources, with clumped feeding habitat allowing earlier population formation and 
larger populations. Similar population structures in dispersed or clumped habitat were observed 
only when 70% or more of an observed area was feeding habitat. Disturbances to feeding 
resources could either retain a population or lead to extinction, depending on spatial 
aggregation and intensity. Compared to clumped disturbance events, increasingly severe 
dispersed disturbances caused potential home ranges to disappear more rapidly, and remaining 
home ranges to become larger and contain less feeding habitat. Our results have important 
implications for the conservation and retention of critical feeding habitat of southern greater 
gliders and provide insights into important factors to ensure that greater gliders persist in 
these landscapes.
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Thesis conclusion and future research 

The central aim of this thesis was to better understand the habitat and ecology of the greater 
glider (Petauroides volans), an iconic and widely distributed, long-considered common 
Australian arboreal marsupial, that is now of conservation concern (Lindenmayer et al. 2011, 
Lindenmayer and Sato 2018). I explored major factors of greater glider habitat selection and 
suitability across multiple spatial scales to better understand what is contributing to their 
observed decline. From my findings, I derived implications for management and conservation 
to support the protection of the species and its mature forest habitat. Habitat preferences of 
the greater glider are derived from its unique physiology (Rübsamen et al. 1984), diet 
(Kavanagh and Lambert 1990) and arboreal life-cycle (Gibbons and Lindenmayer 2002).  
Studies on these requirements have led to important conclusions about the negative impacts 
of disturbances on the species and about causes of population declines (Lindenmayer and Sato 
2018). Greater gliders however, have also disappeared or suffered declines in population density 
where disturbances have not played a major role (Lindenmayer et al. 2011, Smith and Smith 
2018), raising questions about other, more indirect factors, that could be affecting habitat 
selection and suitability. To better understand what causes these declines, the research I 
carried out was designed to explore the impacts of climate, foliar nitrogen and habitat 
configuration on the occurrence and habitat suitability of greater gliders in largely undisturbed 
mature forests in their southeastern distribution in the state of Victoria, Australia. The 
questions I aimed to answer revolved around how climate may shape habitat suitability at the 
landscape scale due to the greater gliders’ narrow thermotolerance (Chapter 2); how both 
nesting and feeding resources are distributed in mature mixed-species Eucalyptus forests and 
relate to greater glider occurrence (Chapter 3); and if foliar nitrogen – an important measure 
of food quality for folivores – can be estimated at operational scales, using novel remote 
sensing methods (Chapter 4). Subsequently, and based on the findings from my research 
aiming to answer these questions, I explored how the amount and spatial configuration of 
habitat resources and favourable conditions may affect greater glider abundance and 
distribution (Chapter 5, Fig. 6.1). This conclusion chapter summarises the major findings of 
my thesis and discusses implications for management and conservation of both the greater 
glider and its mature forest habitat. I outline future research opportunities that will be worth 
pursuing, based on the findings in this thesis, to gain an even deeper understanding of how 
greater gliders use and perceive their habitat and what may cause population declines and 
persistence. 
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Figure 6.1. Revisiting the thesis and chapter structure. 

 

Main thesis results and conclusions – a summary 

Chapter 2: Using presence:absence data from recent greater glider surveys, detailed daily 
climatic data spanning 33 years (see Stewart and Nitschke 2017a), alongside topographic and 
disturbance variables, I tested if climate shapes occurrence and habitat suitability of the species 
in Victoria. Using machine learning models, I identified that, across the landscape, climatic 
conditions associated with low temperatures and high precipitation and condensation were 
shaping the occurrence of greater gliders, while disturbance variables played a minor role. Out 
of all variables selected for the final model of habitat suitability, 2/3 were climatic. Variables 
describing aridity or nights hotter than the thermoneutral point of the greater glider (20°C), 
were most important and driving model performance. Furthermore, I found that climatic 
conditions have changed over time, rendering many sites that were historically occupied by 
greater gliders, climatically unsuitable today. I identified important climatic refugia and areas 
that are currently suited to sustain greater glider populations in a warming and drying climate 
(see Wagner et al. 2020). The ability of these refugia to support greater gliders under future 
climate change requires further study. 

Chapter 3: Collecting forest structural, leaf and soil chemistry, fauna survey and GIS data 
from mature mixed-species forests in East Gippsland, Victoria, I quantified the availability and 
distribution of hollow occurrence and foliar nitrogen across a topographic and elevation 
gradient. Greater gliders were predominantly found in highly productive, high elevation sites, 
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where tree species with high foliar nitrogen levels dominated the canopy. Hollow occurrence 
and abundance were high across study sites and did not differ significantly between elevations 
and forest types. Both these stand-scale determinants of greater glider habitat selection could 
be estimated from survey, chemistry and GIS data using generalized linear models and 
covariate relationships were explored with structural equation models. Hollows were best 
estimated from tree and forest structure and age, with large mature trees with poorer form 
most likely to contain hollows. Foliar nitrogen was driven by site productivity and climate, but 
tree and stand age had negative effects on nitrogen levels and digestibility. I concluded that 
hollows are not limiting, and foliar nitrogen is a major driver of habitat suitability in the mature 
forests of the study landscape at the stand scale. My results also highlight the need for a 
heterogenous forest structure to provide both foraging and nesting opportunities for greater 
gliders. 

Chapter 4: For this chapter, I sought to determine if favourable habitat conditions could be 
assessed through remote sensing to reduce time-intensive laboratory determinations of foliar 
nitrogen. I used multispectral canopy reflectance, collected by an unoccupied aerial vehicle 
(UAV), leaf sampling and in-vitro digestions and machine learning models to estimate canopy 
nitrogen and spatially map favourable feeding habitat for the greater glider. I found correlations 
between canopy spectral reflectance, derived vegetation indices and canopy nitrogen. Using 
supervised classification, these models were also capable of spatially predicting feeding habitat 
that had ≥1% nitrogen per gram dry mass (see Cork 1992). These spatial predictions were 
further refined by using another data product from UAV imagery – canopy height models – to 
remove any subcanopy and gap non-habitat areas from the predictions and then assess the 
spatial configuration of feeding resources within the study sites at a scale relevant to the 
greater gliders’ home range (4 ha).  

Chapter 5: Finally, I explored how spatial configuration and aggregation of favourable habitat 
resources and conditions affect greater glider abundance and density. I developed a generalized 
spatial framework using neutral landscape models based on the properties of real landscapes, 
and both literature and field observations to hypothesize functional greater glider home ranges. 
At the landscape scale, I found that any decrease in climatic suitability also decreased potential 
population density, independent of the initial spatial configuration of the feeding landscape. 
At the stand scale however, the spatial configuration of feeding habitat was driving population 
density. Dispersed resources required increased home range sizes for individual greater gliders 
to obtain sufficient feeding resources and resulted in smaller local populations. Clumped 
resources were predicted to support larger populations of greater gliders, even when only small 
fractions of the simulated stand contained feeding habitat. Disturbances to these resources 
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could either retain a population or lead to extinction, depending on spatial aggregation and 
intensity. Increasingly severe dispersed disturbances caused potential home ranges to disappear 
more rapidly and remaining home ranges to become larger and contain less feeding habitat. 
The ability of greater gliders to establish populations and persist under disturbance was 
therefore highly dependent on the spatial aggregation of important habitat resources and the 
type and severity of disturbance. Changes in climate, however, will act at a different scale and 
may override favourable habitat conditions at the stand-level. 

 

Important implications for management and conservation 

A central aim of this thesis was to better understand causes for greater glider population 
declines, where threats from disturbances such as fire and timber harvesting may not be a 
factor. My findings have some important implications to improve or adapt future management 
of the greater gliders’ arboreal habitat and some new factors to consider in their conservation. 
As these findings refer to different spatial scales – landscape scales of 1000 ha or more and 
stand scales spanning between 4 to 100 ha (Turner and Gardner 2015) – I will discuss the 
most important conservation and management implications based on scale. 

Managing and conserving greater glider habitat across the landscape 

Chapter 2 provides insight into the great importance of a climate regime favouring the greater 
gliders’ narrow thermotolerance (Rübsamen et al. 1984) and links the species’ unique 
physiology to climatic factors occurring across entire landscapes (Kearney et al. 2010, Wagner 
et al. 2020). I observed the high importance of a favourable climate across the greater gliders’ 
main areas of distribution in Victoria and was able to link population declines and habitat 
contractions to changes in climate over time (Wagner et al. 2020 - Chapter 2). Climate was 
an important driver of habitat suitably across all studied regions and climate change contracted 
habitat across all three landscapes. My findings may help explain population declines in other 
regions where timber harvesting, fire or both were not a factor, such as Booderee National 
Park and the Blue Mountains in New South Wales (Lindenmayer et al. 2011, Smith and Smith 
2018). Nevertheless, climate is not yet considered in management and conservation of greater 
glider habitat, although its importance in Victoria has been recognized in late 2019 (see 
DELWP 2019). While vast areas, especially in the Central Highlands of Victoria and East 
Gippsland, have become climatically unsuitable since the 1980s, I was able to identify climatic 
refugia and even some areas that developed more favourable conditions over time (Wagner et 
al. 2020 - Chapter 2). Based on my results, the Immediate Protection Areas (IPAs) established 
in late 2019 and aimed at conserving mature forests and forest-dependant fauna such as the 
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greater glider (see DELWP 2019), only covered small fractions of climatically suitable habitat. 
According to my models, there were around 300,000 ha of highly suitable habitat outside any 
current reserve or protected area, that may have greatly contributed to the greater gliders’ 
conservation (Wagner et al. 2020 - Chapter 2). Large parts of this suitable habitat range burnt 
severely during the devastating 2019/20 ‘Black Summer’ bushfires in the east of Victoria 
(Ward et al. 2020). Some areas of high greater glider abundance and stable climatic conditions 
such as the mature forests around Bendoc on the Errinundra Plateau (Fig. 6.2, Wagner et al. 
in prep, Wagner et al. in review-a - Chapters 3+4), which are managed for timber, were spared 
and could therefore be a logical target for protecting functional refugia for threatened species 
conservation under a future of climate change and increasingly frequent fires (Hoffmann et al. 
2019, Geary et al. 2021). Based on results from Chapter 5 an important advice for future 
management decisions is also related to the relationship between climate occurring over large 
scales and other habitat resources at finer scales. In areas where greater gliders are disappearing 
even with an abundance of suitable feeding- and nesting habitat, climate change should be 
considered a threatening process when assessing, managing and conserving habitat. Any 
fraction of otherwise suitable area that is conserved, but inaccessible due to unfavourable 
climate, may not actually lead to population persistence (Wagner et al. in review-b - Chapter 
5) – a process that may have contributed to the protection of climatically unsuitable areas 
when establishing IPAs in Victoria in 2019. My models also suggest climatically suitable habitat 
in areas not usually considered greater glider habitat. Some of these regions, such as high 
elevation snow gum (Eucalyptus pauciflora) forests in alpine regions, may not have preferred 
fine-scale habitat resources in the form of tree hollows or high quality foliage (Cunningham et 
al. 2004). Other areas however, may exhibit both suitable climate and mature forests composed 
of favourable tree species but have not been surveyed recently. They may thus be home to 
greater glider colonies outside the scope of current conservation discussions. Habitat suitability 
maps from Chapter 2 may therefore be a valuable tool to designing and implementing future 
survey programs.  
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Figure 6.2. Aerial view of a survey plot in Bendoc State Forest (SF), adjacent to Mustards Road on the Errinundra Plateau, 
East Gippsland. This site is composed of mature Eucalyptus obliqua and E. croajingolensis, high in foliar nitrogen and abundant 
with tree hollows. During our fauna surveys for Chapters 3 and 4, we encountered a high abundance of greater gliders at this 
site. Five individuals were spotted within the 4-ha plot area (blue points), some of which were observed on or near our five 
sample trees (red outlines). Along the 1 km survey transect following the forest track, a total of 14 greater gliders were recorded. 
As this area was subject to future timber harvesting, our findings were reported to DELWP and greater glider numbers confirmed 
by government contractors carrying out pre-harvest surveys. The area is now a 100 ha greater glider reserve. At other sites in 
the area, we encountered similar abundances of greater gliders, but not reaching the threshold of 10 per transect kilometre that 
would warrant reporting survey results. Some forests in Bendoc SF have since been harvested at variable rates of tree retention. 
Locations of fauna observations from our surveys are available on the Victorian Biodiversity Atlas (https://vba.dse.vic.gov.au/). 

Implications for fine-scale detection and management of habitat resources 

At finer scales, hollow occurrence and trees with high foliar nitrogen drive habitat suitability 
for greater gliders (Gibbons and Lindenmayer 2002, Youngentob et al. 2011). The ability to 
determine these resources is crucial to for example assess and conserve remaining undisturbed 
habitat in managed forest landscapes impacted by wildfires (Ward et al. 2020, Geary et al. 
2021). Studying factors driving hollow occurrence and foliar nitrogen levels in Chapter 3, I 
identified maturing and ageing trees may increase habitat suitability through the formation of 
hollows, while also becoming less favourable to forage on, due to decreases in digestibility or 
nitrogen levels. Although mature forest ages are important for the formation of hollows and 
therefore form the basis of stand-scale habitat suitability for many arboreal species (Gibbons 
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and Lindenmayer 2002, Fox et al. 2009), my findings and those of others indicate that 
uniformly old forests may not express the most favourable feeding conditions for folivores 
(Moore and Foley 2005, Moore et al. 2005, DeGabriel et al. 2009b, DeGabriel et al. 2009a, 
Youngentob et al. 2011, Wagner et al. in prep - Chapter 3). Consequently, we observed few 
or no greater gliders when surveying in some tall but even-aged forests near the Arte River 
Flora Reserve, East Gippsland, composed of species that can contain high levels of foliar 
nitrogen (such as Eucalyptus obliqua). Therefore, a heterogenous forest structure that provides 
both foraging and nesting opportunities should improve habitat suitability, which could be an 
important consideration in silviculture and reserve design.  

Although generalized linear models could determine both hollow occurrence and foliar nitrogen 
from forest inventory and GIS data in Chapter 3, remote sensing approaches to replace time- 
and labour-intensive surveys may improve and speed up habitat assessments to aid decision 
making. In Chapter 4, I developed a comprehensive method to remotely determine where 
critical feeding resources are, and how they are spatially configured. Methods of assessing and 
mapping feeding resources at operational scales can be an important tool in the conservation 
of arboreal species. It may be used for mapping functional fire refugia that act as crucial 
remaining habitat after severe fires (Berry et al. 2015), or improve tree retention strategies 
(Youngentob et al. 2012, Youngentob et al. 2015, Wu et al. 2019, Wagner et al. in review-a 
- Chapter 4). With information from my models and mapping, managers could protect habitat 
and support populations of greater gliders by guiding silviculture or designing reserves at finer 
scales. It may also shed light on the performance of current survey standards (see Nelson et 
al. 2018). As the configuration and abundance of feeding resources can vary greatly and affect 
population densities, spotlighting survey methods may need to be adapted for different forest 
types to ensure comparable detection rates across landscapes (Wintle et al. 2005, Wagner et 
al. in review-a - Chapter 4).  

Using the resulting feeding habitat maps from Chapter 4 and extrapolating them using neutral 
landscape models, I was able to evaluate some current management strategies aimed at 
retaining greater glider populations in managed forests in Chapter 5. Some, especially clumped, 
habitat configurations were able to mitigate negative effects of habitat loss (see Villard and 
Metzger 2014). Dispersed disturbances that may result from certain silvicultural techniques, 
such as single-tree retention (Oliver and Larson 1996), can lead to more severe stand scale 
losses of feeding resources and therefore likely negatively affect greater glider population 
persistence (Wagner et al. in review-b - Chapter 5). Methods and voluntary prescriptions of 
retaining a minimum of 40% tree basal area in greater glider habitat managed for timber 
(DELWP and ARI staff, personal communication, April & May 2021 & DEPI 2014, DELWP 
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2019), may not suffice to retain functional greater glider populations at a stand scale, if forage 
resources are distributed in certain spatial configurations (Fig. 6.3). An assessment of the 
amount and spatial arrangement of feeding resources prior to management actions within a 
potentially occupied site could therefore support choosing the best retention strategy based on 
habitat distribution and abundance. 

 
Figure 6.3. Left: A/Prof. Craig Nitschke inspecting a harvested forest coupe near Bendoc on the Errinundra Plateau, that was 
subject to seed-tree retention and subsequent burning. Right: Aerial view of a high rate of aggregated retention in managed 
Eucalyptus regnans forests in the Central Highlands of Victoria near the Acheron Way. Based on findings from Chapter 5, these 
distinctly different retention strategies can lead to unique spatial patterns of feeding habitat and may therefore either cause a 
local extirpation, by dispersing potential habitat or persistence of a greater glider population, by retaining sufficient aggregated 
resources. Picture Credits: Benjamin Wagner. 

 

Opportunities for future research 

From the findings and implications of my thesis outlined above, some interesting new research 
questions could be derived: 

• Can current climatic refugia provide suitable habitat under different climate change 
projections, and will new refugia develop? 
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• What is the response of important flora, associated with, and important for, arboreal 
folivore habitat to climate change? 
 

• Can we develop or improve methods of remotely sensing hollow occurrence and 
abundance to comprehensively integrate both stand-scale determinants of habitat 
suitability? 
 

• Can models using UAV multispectral imagery to estimate foliar nutrition be improved 
to map digestible nitrogen or leaf toxins? 
 

• Can simulated patterns of greater glider habitat selection and population structure in 
response to habitat arrangement and disturbance be observed in nature? 

More questions come to mind, some of which are detailed in the research chapters of my 
thesis. As these questions and opportunities for subsequent research pertain to different factors 
of greater glider habitat suitability, it is best to discuss them separately. 

Climate and physiology 

An important research endeavour building on my findings around the importance of climate 
in shaping greater glider habitat, will be exploring how current climatic refugia develop under 
climate change projections in southeastern Australia. Using highly detailed climate data, I 
identified drastic changes and contractions between the 1980s and early 2010s in the 
favourable temperature-, precipitation- and condensation conditions greater gliders require 
(Wagner et al. 2020 - Chapter 2). It would therefore be important to estimate, whether these 
changes continue in the future and determine where the most stable habitat under different 
climate change projections can be found. While changes and range shifts have been predicted 
in literature under a 3°C warming scenario (Kearney et al. 2010), they were less pronounced 
in the southeast. This may be attributed to the coarse 9” resolution used to predict habitat 
across all of eastern Australia (Kearney et al. 2010). Fine-resolution data, such as developed 
by Stewart and Nitschke (2017a) and applied in Chapter 2, may be beneficial in studying a 
variety of climate change scenarios on greater glider habitat in their southeastern distribution. 
Recent genetic evidence supporting three greater glider species (McGregor et al. 2020) should 
also encourage research into adaptions to environmental conditions of these (new) species. As 
greater gliders occur in distinctly different climatic regions of Australia (Jackson 2012), their 
physiology should have evolved to different night-time temperatures and the southeastern 
greater gliders’ 20°C thermoneutral point (Rübsamen et al. 1984) may not be a universal 
measure of habitat suitability. A better understanding of the effects of climate on greater 



Chapter 6. Conclusion 
 

132 
 

glider populations across their geographic range, as has been identified for other folivores (see 
e.g. Briscoe et al. 2015), will enable managers to identify and conserve climatic reserves 
throughout their geographic range.   

While it has been shown that an increase in ambient temperatures will affect populations and 
distributions (Kearney et al. 2010, Smith and Smith 2020, Wagner et al. 2020), other effects 
of climatic change on forest habitat, such as increased ambient CO2 levels, have not yet been 
investigated in relation to greater glider habitat suitability. Research on southeastern 
Australian eucalypt species shows species-specific responses to differences in temperature, soil 
moisture and humidity, as expressed by reduced growth, flowering phenology and range-shifts 
and thus negative effects on plant productivity (Rawal et al. 2014, Rawal et al. 2015a, Au et 
al. 2019a). This may link the spatial scales addressed in this thesis and climate change with 
negative effects on feeding resources. Observations on effects of elevated CO2 levels on 
Eucalyptus foliage indicate a change in foliar C:N ratios in favour of carbon, indicating lower 
levels of nitrogen may be available to folivore species when feeding under such conditions 
(Lawler et al. 1997, Cotrufo et al. 1998, Kanowski 2001). Increased ambient carbon dioxide 
levels were found to lower leaf nitrogen and increase phenolics and condensed tannins, making 
the leaves not only poorer in nutrients, but also less digestible (Lawler et al. 1997). Similar 
results were reported for Australian mid-successional and pioneer species, which showed only 
30% of ambient nitrogen levels in an increased CO2 experimental environment (Kanowski 
2001). Findings on important foraging species for folivores such as the greater glider are still 
rare, but experiments studying effects of elevated CO2 levels on mature plants, such as 
EucFACE (see e.g. Hasegawa et al. 2016, Andresen et al. 2020), may enhance our knowledge 
on further potential threats of climate change to arboreal folivores and their habitat.  

Hollow-bearing trees 

Although I identified that hollow occurrence did not limit greater glider occupancy in the 
mature forests studied for this thesis, hollow bearing trees are amongst the most important 
factors of arboreal fauna habitat selection (Gibbons and Lindenmayer 2002). It would therefore 
be beneficial to develop methods to determine the occurrence and abundance of hollows 
remotely. When, for example, assessing feeding habitat using UAVs, one could integrate both 
measures driving occurrence and abundance at the stand level into a comprehensive habitat 
detection methodology. The strong importance of tree and forest structural metrics driving 
hollow occurrence identified in Chapter 3 and literature (see Lindenmayer et al. 1991b, Fox et 
al. 2008, Wagner et al. in prep - Chapter 3) should provide an opportunity to develop models 
to predict hollow occurrence based on forest structure from remote sensing (Popescu and 
Wynne 2004, Getzin et al. 2012). Tree heights, crown area and even diameters can be derived 
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from remote sensing data such as laser scanners (LiDAR) or photogrammetry and have been 
successfully applied in estimating hollow occurrence in Australia and elsewhere (see Koch et 
al. 2006, Koch and Baker 2011, Khosravipour et al. 2014, Ellis et al. 2015, Owers et al. 2015, 
Stone et al. 2016, Fedrigo et al. 2019). Tree height and diameter were most important in 
estimating hollow abundance and occurrence in the mixed-species forests I studied, but 
diameter is not as easily estimated from photogrammetry-derived UAV imagery as compared 
to LiDAR data (Khosravipour et al. 2014, Scher et al. 2019). Nevertheless, relationships 
between diameter, tree height and crown area may help estimating a tree’s diameter from 
such data (Ashton 1976, Oliver and Larson 1996). In a trial with data from Chapter 3, the 
tree diameter from my 150 sample trees was positively related to both tree height and crown 
area. Subsequently, I extracted the maximum height and crown area from photogrammetry-
derived canopy height models of my sites and used generalized linear models to predict each 
tree’s diameter from remotely sensed data only (Fig. 6.4). Using the predicted diameters and 
extracted tree heights from UAV canopy height models, I tested whether I can estimate hollow 
occurrence from this data only and found similar patterns as observed in the models based on 
survey data presented in Chapter 3 (Fig. 6.5). 

 
Figure 6.4. Preliminary results towards a method of remotely sensing tree diameter and hollow occurrence from photogrammetry. 
Left: The relationship between tree diameter and crown area or height in the mature Eucalyptus forests sampled in East 
Gippsland. Right: Linear regression between tree diameter measured in the field (x-axis) and as predicted from UAV-derived tree 
height and crown area (y-axis). 
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Figure 6.5. Partial dependence plots from a generalized linear model using predicted tree diameter (dbh_pred) and maximum 
tree height extracted from a UAV-derived canopy height model (hmax) to estimate tree hollow presence or absence. I observed 
similar responses from remotely sensed data as observed in Chapter 3. Both variables were significant in estimating hollow 
occurrence (both p<0.01). 

This preliminary analysis did not fit the scope of Chapters 3 or 4 and was not included in the 
thesis. Nevertheless, it sheds light on the possibilities to further develop and improve methods 
of remotely sensing factors of habitat suitability for greater gliders and other arboreal species. 

Foliar nitrogen 

An attempt to map digestible nitrogen (digN) similar to total nitrogen (N) in Chapter 4, did 
not produce satisfying results. This may be due to missing lower multi- (see Wu et al. 2019) 
or hyperspectral reflectance bands (see Youngentob et al. 2012) in the sensor I used. 
Furthermore, I was not able to consider the effects of plant secondary chemistry on greater 
glider occurrence and abundance due to timely and budgetary restrictions. Tannins binding 
proteins to plant tissue cause large differences in N and digN and anti-herbivory defences may 
limit the quality of foliage high in digN (Lawler et al. 1998b, Lawler et al. 1998a, Marsh et al. 
2003). The ability to similarly predict and spatially map digN (see Youngentob et al. 2012, 
Wu et al. 2019), and a method that can remotely sense FPC concentrations, could distinguish 
and enhance classifying feeding habitat in the study region in more detail. The latter may be 
possible using hyperspectral leaf reflectance (see Ebbers et al. 2002, Couture et al. 2016). 
Given FPCs only occur in one of the two Eucalyptus subgenera found in the study area 
(Symphomyrtus), there may also be potential using multi- or hyperspectral canopy reflectance 
patterns for classifications at the sub-generic level (Goodwin et al. 2005, Baldeck et al. 2015). 
This ability may further aid in characterizing feeding habitat abundance and configuration at 
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the home range and stand scale. I found that vegetation indices can be used to reduce the 
limitations small multispectral sensors with a limited wavelength range can have. Therefore, 
there may be other indices, not considered in my analysis (Xue and Su 2017), that may enable 
modelling and mapping digestible nitrogen and other chemicals. 

Recent megafires severely burnt vast areas of both climatically and nutritionally suitable 
habitat in southeastern Australia (Ward et al. 2020, Geary et al. 2021). Greater gliders that 
survive fires in insulated hollows may face starvation due to limited migration capability or not 
being able to reach unburnt foraging habitat (Pope et al. 2004, Smith et al. 2007, McLean et 
al. 2018). As many of the greater gliders’ favoured tree species are epicormic resprouters 
(Ashton 1976, Kavanagh and Lambert 1990, Cunningham et al. 2004) that may survive a fire 
event, interesting questions arise for population persistence in patchily burnt habitat. Koalas 
(Phascolarctos cinereus), in a study of their behaviour in burned and patchy habitat, 
recolonised and used previously burnt trees within a month after the fires, foraging on their 
young foliage (Matthews et al. 2016). Not much is known about whether greater gliders use 
epicormic leaves as a foraging resource, and their nutritional quality and chemical properties. 
Mature leaves can contain more nitrogen but are also more fibrous, and therefore major parts 
of their nutritional value can be indigestible, which is why many arboreal folivores favour young 
foliage (Kavanagh and Lambert 1990, Hume 1999, Moore et al. 2004b). This may have 
important implications for the recolonization of burnt habitat within a patchy burnt and 
unburnt habitat matrix: If greater gliders feed on epicormic leaves, burnt but regenerating 
forests may be more suitable habitat than previously thought and managed with caution. Since 
fires can remove large numbers of hollow-bearing trees and therefore nesting resources 
(McLean et al. 2015, Lindenmayer et al. 2019, Lindenmayer et al. 2020), investigations into 
the usefulness of nest boxes to improve habitat quality in such potential habitats (Lindenmayer 
et al. 2009, Goldingay et al. 2020) would further improve our understanding of what drives 
greater glider population decline or persistence after fires.  

Greater glider habitat selection and population structure 

Simulated landscapes in Chapter 5 were based on, and extrapolated from, real landscape 
features, quantified in Chapters 2 and 4. In the absence of data, greater glider population and 
home range structure in the study landscape were hypothesized from literature and my own 
observations and model findings (see e.g. Pope et al. 2004, Smith et al. 2007, Wagner et al. 
in review-a - Chapter 4). Species persistence thresholds and effects on animal density matched 
observations from other parts of the greater gliders’ distribution (Kavanagh 2000, McLean et 
al. 2015), however, it is important to test the theoretical knowledge gained from simulation 
studies with field experiments that control for the assumptions made in generalized null models 
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(With 1997, With and King 1997). This would allow confirming or adapting critical persistence 
thresholds identified. Greater glider home ranges sizes can vary greatly in different parts of 
their distribution and in response to habitat fragmentation (see e.g. Pope et al. 2004, Smith 
et al. 2007). Therefore, a crucial starting point for such studies would be determining the rate 
of home range expansion when feeding and nesting resources become increasingly dispersed, 
and an assessment of average required rates of feeding habitat per home range in different 
forests types across the landscape. Radio- or GPS-tracking studies could help identify 
differences in minimum and maximum home range sizes in the mixed-species forests studied 
(Harris et al. 1990, Girard et al. 2002) and after recent disturbance events such as the Black 
Summer wildfires (Ward et al. 2020). Coupling this crucial data with spatial predictions of 
feeding (Youngentob et al. 2012, Wu et al. 2019, Wagner et al. in review-a - Chapter 4) and 
assessments of nesting resources (Owers et al. 2015, Wagner et al. in prep - Chapter 3), will 
provide a better understanding of the species’ perception of its habitat and use of the resources 
available (see e.g. Moore et al. 2010). A field study examining the findings of Chapter 5 would 
therefore benefit our understanding of the ability of greater gliders to persist in different parts 
of the landscape before and after disturbance.  

 

Closing remarks 

Although for this thesis I set out to better understand habitat requirements to inform our 
understanding of the recent declines in greater glider populations, their mature arboreal habitat 
in southeastern Australia is home to a wide range of fauna and flora species. Due to its strict 
habitat requirements and distinct niche, species such as greater gliders present unique 
opportunities to study the complex and variable effects leading to fauna habitat formation, 
suitability and configuration across spatial scales (Mazerolle and Villard 1999). Because of the 
knowledge and understanding gained from studying such species, we can adapt and improve 
management and conservation. Therefore, the greater glider has become a flagship species for 
the conservation of old-growth forest ecosystems, with benefits to a range of associated species 
sharing its habitat (Fig. 6.6). Results presented here may therefore benefit the conservation 
of many of species relying on similar habitat and sharing their forest home with the greater 
glider. 
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Figure 6.6. Some species frequently observed during spotlighting surveys for greater gliders: Common ringtail possums 
(Pseudocheirus peregrinus, A – Picture Credits: Christoph Parsch), mountain brushtail possums (Trichosurus cunninghami, B), 
powerful owls (Ninox strenua, C - observed here with greater glider prey, Picture Credits: Mike Ryan), sugar gliders (Petaurus 
breviceps, D) and the critically endangered Leadbeater’s possum (Gymnobelideus leadbeateri, E) are only a few of the many 
species sharing their arboreal habitat in mature and old-growth forests with the greater glider. Unless otherwise indicated, Picture 
Credits: Benjamin Wagner. 

My research was inspired and based on important findings about the greater gliders’ 
physiology, resource requirements and forest habitat, produced by determined and outstanding 
ecologists and researchers (e.g. Rübsamen et al. 1984, Foley and Hume 1987, Kavanagh and 
Lambert 1990, Cork 1992, Hume 1999, Moore et al. 2004b, Smith et al. 2007, DeGabriel et 
al. 2009a, Kearney et al. 2010, Youngentob et al. 2011, Briscoe et al. 2015, McLean et al. 
2015, Lindenmayer and Sato 2018, McGregor et al. 2020, Smith and Smith 2020 and many 
more). I hope that my findings presented here, may aid in furthering our understanding of this 
unique species and help protecting it into an uncertain future. I further aspire that this work 
may motivate and drive others to explore and study forest fauna and flora to contribute to 
the conservation of Australia’s unique arboreal wildlife and their precious forest habitat.

A B C 

D E 



Literature 
 

138 
 

Literature cited 

Abdel-Rahman, E. M., Ahmed, F. B., & Ismail, R. 2013. Random forest regression and spectral band selection 
for estimating sugarcane leaf nitrogen concentration using EO-1 Hyperion hyperspectral data. 
International Journal of Remote Sensing, 34(2):712-728. doi:10.1080/01431161.2012.713142 

Adams, M. 1996. Distribution of eucalypts in Australian landscapes: landforms, soils, fire and nutrition. 
Nutrition of eucalypts:61-76.  

Adams-Hosking, C., Grantham, H. S., Rhodes, J. R., McAlpine, C., & Moss, P. T. 2011. Modelling climate-
change-induced shifts in the distribution of the koala. Wildlife Research, 38(2):122-130.  

Adão, T., Hruška, J., Pádua, L., Bessa, J., Peres, E., Morais, R., & Sousa, J. J. 2017. Hyperspectral imaging: 
A review on UAV-based sensors, data processing and applications for agriculture and forestry. Remote 
Sensing, 9(11):1110.  

Alduchov, O. A., & Eskridge, R. E. 1996. Improved magnus form approximation of saturation vapor pressure. 
Journal of Applied Meteorology, 35(4):601-609. doi:10.1175/1520-
0450(1996)035<0601:IMFAOS>2.0.CO;2 

Allouche, O., Tsoar, A., & Kadmon, R. 2006. Assessing the accuracy of species distribution models: prevalence, 
kappa and the true skill statistic (TSS). Journal of Applied Ecology, 43(6):1223-1232. 
doi:10.1111/j.1365-2664.2006.01214.x 

Anderson, D., & Burnham, K. (2004). Model Selection and Multimodel Inference (2 ed.). New York: Springer-
Verlag  

Anderson, K., & Gaston, K. J. 2013. Lightweight unmanned aerial vehicles will revolutionize spatial ecology. 
Frontiers in Ecology and the Environment, 11(3):138-146. doi:10.1890/120150 

Andresen, L. C., Carrillo, Y., Macdonald, C. A., Castañeda-Gómez, L., Bode, S., & Rütting, T. 2020. Nitrogen 
dynamics after two years of elevated CO2 in phosphorus limited Eucalyptus woodland. 
Biogeochemistry, 150(3):297-312.  

Andrewartha, H., & Birch, L. 1954. The distribution and abundance of animals. Chicago, Univ. Chicago Pr.  

Ashton, D. 1976. The development of even-aged stands of Eucalyptus regnans F. Muell. in central Victoria. 
Australian Journal of Botany, 24(3):397-414.  

Ashton, M. S., & Kelty, M. J. (2018). The practice of silviculture: applied forest ecology (10 ed.). Hoboken, 
NJ, USA: John Wiley & Sons. 

Asner, G. P., & Vitousek, P. M. 2005. Remote analysis of biological invasion and biogeochemical change. 
Proceedings of the National Academy of Sciences of the United States of America, 102(12):4383-4386. 
doi:10.1073/pnas.0500823102 

Asner, G. P., Martin, R. E., Ford, A. J., Metcalfe, D. J., & Liddell, M. J. 2009. Leaf chemical and spectral 
diversity in Australian tropical forests. Ecological Applications, 19(1):236-253. doi:Doi 10.1890/08-
0023.1 



Literature 
 

139 
 

Asner, G. P., Martin, R. E., Knapp, D. E., Tupayachi, R., Anderson, C. B., Sinca, F., Vaughn, N. R., & 
Llactayo, W. 2017. Airborne laser-guided imaging spectroscopy to map forest trait diversity and guide 
conservation. Science, 355(6323):385-389. doi:10.1126/science.aaj1987 

Attiwill, P. M., & Leeper, G. W. (1987). Forest soils and nutrient cycles. Carlton, Victoria, Australia: 
Melbourne University Press ; Beaverton. 

Attiwill, P. M. 1994. Ecological disturbance and the conservative management of eucalypt forests in Australia. 
Forest Ecology and Management, 63(2-3):301-346.  

Attiwill, P. M., & Adams, M. A. (1996). Nutrition of eucalypts: CSIRO Publishing. 

Au, J., Clark, R. G., Allen, C., Marsh, K. J., Foley, W. J., & Youngentob, K. N. 2019a. A nutritional 
mechanism underpinning folivore occurrence in disturbed forests. Forest Ecology and Management, 
453. doi:10.1016/j.foreco.2019.117585 

Au, J., Clark, R. G., Allen, C., Marsh, K. J., Foley, W. J., & Youngentob, K. N. 2019b. A nutritional 
mechanism underpinning folivore occurrence in disturbed forests. Forest Ecology and Management, 
453:117585.  

Baldeck, C. A., Asner, G. P., Martin, R. E., Anderson, C. B., Knapp, D. E., Kellner, J. R., & Wright, S. J. 
2015. Operational Tree Species Mapping in a Diverse Tropical Forest with Airborne Imaging 
Spectroscopy. Plos One, 10(7):e0118403. doi:10.1371/journal.pone.0118403 

Barnes, E., Clarke, T., Richards, S., Colaizzi, P., Haberland, J., Kostrzewski, M., Waller, P., Choi, C., Riley, 
E., & Thompson, T. (2000). Coincident detection of crop water stress, nitrogen status and canopy 
density using ground based multispectral data. Paper presented at the Proceedings of the Fifth 
International Conference on Precision Agriculture, Bloomington, MN, USA. 

Barton, K. (2019). MuMIn: Multi-Model Inference. Retrieved from https://CRAN.R-
project.org/package=MuMIn 

Bateman, B. L., VanDerWal, J., & Johnson, C. N. 2012. Nice weather for bettongs: using weather events, not 
climate means, in species distribution models. Ecography, 35(4):306-314. doi:10.1111/j.1600-
0587.2011.06871.x 

Bennett, A., Lumsden, L., Alexander, J., Duncan, P., Johnson, P., Robertson, P., & Silveira, C. 1991. Habitat 
use by arboreal mammals along an environment gradient in north-eastern Victoria. Wildlife Research, 
18(2):125-146. doi:10.1071/WR9910125 

Bennett, A., Lumsden, L., & Nicholls, A. 1994. Tree hollows as a resource for wildlife in remnant woodlands: 
spatial and temporal patterns across the northern plains of Victoria, Australia. Pacific Conservation 
Biology, 1(3):222-235.  

Bennett, A., Nimmo, D. G., & Radford, J. Q. 2014. Riparian vegetation has disproportionate benefits for 
landscape- scale conservation of woodland birds in highly modified environments. Journal of Applied 
Ecology, 51(2):514-523. doi:10.1111/1365-2664.12200 

Beranek, C. T., Roff, A., Denholm, B., Howell, L. G., & Witt, R. R. 2020. Trialling a real-time drone detection 
and validation protocol for the koala (Phascolarctos cinereus). Australian Mammalogy:-. 
doi:https://doi.org/10.1071/AM20043 

https://cran.r-project.org/package=MuMIn
https://cran.r-project.org/package=MuMIn
https://doi.org/10.1071/AM20043


Literature 
 

140 
 

Berry, L. E., Driscoll, D. A., Banks, S. C., & Lindenmayer, D. B. 2015. The use of topographic fire refuges by 
the greater glider (Petauroides volans) and the mountain brushtail possum (Trichosurus cunninghami) 
following a landscape-scale fire. Australian Mammalogy, 37(1):39-45. doi:10.1071/Am14027 

Beven, K. J., & Kirkby, M. J. 1979. A physically based, variable contributing area model of basin 
hydrology/Un modèle à base physique de zone d'appel variable de l'hydrologie du bassin versant. 
Hydrological Sciences Journal, 24(1):43-69. doi:10.1080/02626667909491834 

Blackburn, T. M., & Gaston, K. J. 2002. Scale in macroecology. Global Ecology and Biogeography, 11(3):185-
189.  

Blakely, W. (1965). A key to the Eucalypts. Canberra: Forestry and Timber Bureau: Canberra. 

Blundell, G. M., Bowyer, R. T., Ben-David, M., Dean, T. A., & Jewett, S. C. 2000. Effects of food resources 
on spacing behavior of river otters: does forage abundance control home-range size. Biotelemetry, 
15:325-333.  

Boland, D. J., Brooker, M. I. H., Chippendale, G., Hall, N., Hyland, B., Johnston, R., Kleinig, D., McDonald, 
M., & Turner, J. (2006). Forest trees of Australia: CSIRO Publishing. 

Bollen, K. A., & Stine, R. A. 1992. Bootstrapping goodness-of-fit measures in structural equation models. 
Sociological methods & research, 21(2):205-229.  

Bowman, D., Murphy, B. P., Neyland, D. L., Williamson, G. J., & Prior, L. D. 2014. Abrupt fire regime 
change may cause landscape‐wide loss of mature obligate seeder forests. Global Change Biology, 
20(3):1008-1015.  

Braithwaite, L. W. 1983. Studies on the arboreal marsupial fauna of eucalypt forests being harvested for 
woodpulp at Eden, NSWI The species and distribution of animals. Wildlife Research, 10(2):219-229.  

Braithwaite, L. W., Turner, J., & Kelly, J. 1984. Studies on the Arboreal Marsupial Fauna of Eucalypt Forests 
Being Harvested for Wood Pulp at Eden, Nsw Iii. Relationships Between Faunal Densities, Eucalypt 
Occurrence and Foliage Nutrients, and Soil Parent Materials. Wildlife Research, 11(1):41-48. 
doi:10.1071/WR9840041 

Braithwaite, L. W. 1996. Conservation of arboreal herbivores: The Australian scene. Australian Journal of 
Ecology, 21(1):21-30. doi:DOI 10.1111/j.1442-9993.1996.tb00582.x 

Breiman, L. 2001. Random forests. Machine learning, 45(1):5-32.  

Briscoe, N. J., Krockenberger, A., Handasyde, K. A., & Kearney, M. R. 2015. Bergmann meets Scholander: 
geographical variation in body size and insulation in the koala is related to climate. Journal of 
Biogeography, 42(4):791-802. doi:10.1111/jbi.12445 

Briscoe, N. J., Kearney, M. R., Taylor, C. A., & Wintle, B. A. 2016. Unpacking the mechanisms captured by a 
correlative species distribution model to improve predictions of climate refugia. Global Change Biology, 
22(7):2425-2439. doi:10.1111/gcb.13280 

Bro-Jørgensen, J., Brown, M. E., & Pettorelli, N. 2008. Using the satellite-derived normalized difference 
vegetation index (NDVI) to explain ranging patterns in a lek-breeding antelope: the importance of 
scale. Oecologia, 158(1):177-182.  



Literature 
 

141 
 

Brown, M., Cooksley, H., Carthew, S. M., & Cooper, S. J. B. 2006. Conservation units and phylogeographic 
structure of an arboreal marsupial, the yellow-bellied glider (Petaurus australis). Australian Journal of 
Zoology, 54(5):305-317. doi:https://doi.org/10.1071/ZO06034 

Burbidge, A. A., & Woinarski, J. (2016). Petauroides volans. The IUCN Red List of Threatened Species 2016. 
Retrieved from http://dx.doi.org/10.2305/IUCN.UK.2016-1.RLTS.T40579A21963210.en 

Burnham, K. P., & Anderson, D. R. 2004. Multimodel inference - understanding AIC and BIC in model 
selection. Sociological methods & research, 33(2):261-304. doi:10.1177/0049124104268644 

Butchart, S. H., Walpole, M., Collen, B., Van Strien, A., Scharlemann, J. P., Almond, R. E., Baillie, J. E., 
Bomhard, B., Brown, C., & Bruno, J. 2010. Global biodiversity: indicators of recent declines. Science, 
328(5982):1164-1168.  

Cai, W., & Cowan, T. 2008. Dynamics of late autumn rainfall reduction over southeastern Australia. 
Geophysical Research Letters, 35(9).  

Cai, W. J., Borlace, S., Lengaigne, M., van Rensch, P., Collins, M., Vecchi, G., Timmermann, A., Santoso, A., 
McPhaden, M. J., Wu, L. X., England, M. H., Wang, G. J., Guilyardi, E., & Jin, F. F. 2014. 
Increasing frequency of extreme El Nino events due to greenhouse warming. Nature Climate Change, 
4(2):111-116. doi:10.1038/Nclimate2100 

CASA. (2019). Flying in public spaces. Rules and Regulations. Retrieved from 
https://www.casa.gov.au/drones/rules/public-spaces 

Catling, P., Coops, N., & Burt, R. 2001. The distribution and abundance of ground-dwelling mammals in 
relation to time since wildfire and vegetation structure in south-eastern Australia. Wildlife Research, 
28(6):555-565.  

Chapin, F. S., Zavaleta, E. S., Eviner, V. T., Naylor, R. L., Vitousek, P. M., Reynolds, H. L., Hooper, D. U., 
Lavorel, S., Sala, O. E., & Hobbie, S. E. 2000. Consequences of changing biodiversity. Nature, 
405(6783):234.  

Chapman, C. A., Chapman, L. J., Bjorndal, K. A., & Onderdonk, D. A. 2002. Application of protein-to-fiber 
ratios to predict colobine abundance on different spatial scales. International Journal of Primatology, 
23(2):283-310.  

Chapman, C. A., Chapman, L. J., Naughton‐Treves, L., Lawes, M. J., & Mcdowell, L. R. 2004. Predicting 
folivorous primate abundance: validation of a nutritional model. American Journal of Primatology, 
62(2):55-69.  

Chen, J. M. 1996. Evaluation of vegetation indices and a modified simple ratio for boreal applications. 
Canadian Journal of Remote Sensing, 22(3):229-242.  

Chia, E. K., Bassett, M., Nimmo, D. G., Leonard, S. W., Ritchie, E. G., Clarke, M. F., & Bennett, A. F. 2015. 
Fire severity and fire‐induced landscape heterogeneity affect arboreal mammals in fire‐prone forests. 
Ecosphere, 6(10):1-14.  

Chia, E. K., Bassett, M., Leonard, S. W. J., Holland, G. J., Ritchie, E. G., Clarke, M. F., & Bennett, A. F. 
2016. Effects of the fire regime on mammal occurrence after wildfire: Site effects vs landscape context 
in fire-prone forests. Forest Ecology and Management, 363:130-139. doi:10.1016/j.foreco.2015.12.008 

https://doi.org/10.1071/ZO06034
http://dx.doi.org/10.2305/IUCN.UK.2016-1.RLTS.T40579A21963210.en
https://www.casa.gov.au/drones/rules/public-spaces


Literature 
 

142 
 

Choo, G. M., Waterman, P. G., McKey, D. B., & Gartlan, J. S. 1981. A simple enzyme assay for dry matter 
digestibility and its value in studying food selection by generalist herbivores. Oecologia, 49(2):170-178.  

Comport, S. S., Ward, S. J., & Foley, W. J. 1996. Home ranges, time budgets and food-tree use in a high-
density tropical population of greater gliders, Petauroides volans minor (Pseudocheiridae: Marsupialia). 
Wildlife Research, 23(4):401-419. doi:Doi 10.1071/Wr9960401 

Coops, N. C., Smith, M. L., Martin, M. E., & Ollinger, S. V. 2003. Prediction of eucalypt foliage nitrogen 
content from satellite-derived hyperspectral data. Ieee Transactions on Geoscience and Remote 
Sensing, 41(6):1338-1346. doi:10.1109/tgrs.2003.813135 

Coops, N. C., Stone, C., Culvenor, D. S., & Chisholm, L. 2004. Assessment of crown condition in eucalypt 
vegetation by remotely sensed optical indices. Journal of Environmental Quality, 33(3):956-964.  

Cork, S. J. (1984). Utilization of Eucalyptus foliage by arboreal marsupials. Paper presented at the Proc. Nutr. 
Soc. Aust. 

Cork, S. J., & Sanson, G. D. (1990). Digestion and nutrition in the koala: a review. In A. K. Lee, K. A. 
Handasyde, & G. D. Sanson (Eds.), Biology of the Koala (pp. 129-144). Sydney: Surrey Beatty. 

Cork, S. J., & Foley, W. J. (1991). Digestive and metabolic strategies of arboreal mammalian folivores in 
relation to chemical defenses in temperate and tropical forests. In R. T. Palo & C. T. Robbins (Eds.), 
Plant defenses against mammalian herbivory (pp. 199-166). Boca Raton: CRC Press. 

Cork, S. J. (1992). Polyphenols and the distribution of arboreal, folivorous marsupials in Eucalyptus forests of 
Australia. In Plant Polyphenols (pp. 653-663). Australia: Springer. 

Cork, S. J., & Catling, P. C. 1996. Modelling distributions of arboreal and ground-dwelling mammals in 
relation to climate, nutrients, plant chemical defences and vegetation structure in the eucalypt forests 
of southeastern Australia. Forest Ecology and Management, 85(1-3):163-175. doi:10.1016/S0378-
1127(96)03757-7 

Cork, S. J., & Foley, W. J. (1997). Digestive and metabolic adaptations of arboreal marsupials for dealing with 
plant antinutrients and toxins. In Marsupial biology: Recent research, new perspectives (pp. 204-226). 
Sydney: University of New South Wales Press. 

Corriale, M. J., Muschetto, E., & Herrera, E. A. 2013. Influence of group sizes and food resources in home-
range sizes of capybaras from Argentina. Journal of Mammalogy, 94(1):19-28.  

Cotrufo, M. F., Ineson, P., & Scott, A. 1998. Elevated CO2 reduces the nitrogen concentration of plant tissues. 
Global Change Biology, 4(1):43-54. doi:10.1046/j.1365-2486.1998.00101.x 

Couture, J. J., Singh, A., Rubert‐Nason, K. F., Serbin, S. P., Lindroth, R. L., & Townsend, P. A. 2016. 
Spectroscopic determination of ecologically relevant plant secondary metabolites. Methods in Ecology 
and Evolution, 7(11):1402-1412.  

Cramer, W., Bondeau, A., Woodward, F. I., Prentice, I. C., Betts, R. A., Brovkin, V., Cox, P. M., Fisher, V., 
Foley, J. A., & Friend, A. D. 2001. Global response of terrestrial ecosystem structure and function to 
CO2 and climate change: results from six dynamic global vegetation models. Global Change Biology, 
7(4):357-373.  



Literature 
 

143 
 

CSIRO, & Bureau of Meteorology. (2015). Climate change in Australia information for Australia's natural 
resource management regions: Technical report: CSIRO and Bureau of Meteorology Australia. 

Cunningham, R. B., Pope, M. L., & Lindenmayer, D. B. 2004. Patch use by the greater glider (Petauroides 
volans) in a fragmented forest ecosystem. III. Night-time use of trees. Wildlife Research, 31(6):579-
585. doi:10.1071/Wr02112 

Curran, P. J. 1989. Remote sensing of foliar chemistry. Remote Sensing of Environment, 30(3):271-278.  

Curran, P. J., Dungan, J. L., & Peterson, D. L. 2001. Estimating the foliar biochemical concentration of leaves 
with reflectance spectrometry: testing the Kokaly and Clark methodologies. Remote Sensing of 
Environment, 76(3):349-359.  

Dandois, J. P., Olano, M., & Ellis, E. C. 2015. Optimal Altitude, Overlap, and Weather Conditions for 
Computer Vision UAV Estimates of Forest Structure. Remote Sensing, 7(10):13895-13920. 
doi:10.3390/rs71013895 

Davey, S. M. 2018a. Reporting Australia’s forest biodiversity II: threatened forest-dwelling and forest-
dependent species. Australian Forestry, 81(4):214-230. doi:10.1080/00049158.2018.1510627 

Davey, S. M. 2018b. Reporting Australia’s forest biodiversity I: forest-dwelling and forest-dependent native 
species. Australian Forestry, 81(3):196-209. doi:10.1080/00049158.2018.1509683 

De Tores, P. J., Hayward, M. W., Dillon, M. J., & Brazell, R. I. 2007. Review of the distribution, causes for 
the decline and recommendations for management of the quokka, Setonix brachyurus (Macropodidae: 
Marsupialia), an endemic macropodid marsupial from south-west Western Australia. Conservation 
Science Western Australia, 6(1):13.  

De'ath, G. 2007. Boosted trees for ecological modeling and prediction. Ecology, 88(1):243-251. 
doi:10.1890/0012-9658(2007)88[243:btfema]2.0.co;2 

Dearing, M. D., Foley, W. J., & McLean, S. 2005. The influence of plant secondary metabolites on the 
nutritional ecology of herbivorous terrestrial vertebrates. Annual review of ecology, evolution, and 
systematics, 36.  

Degabriel, J. L., Wallis, I. R., Moore, B. D., & Foley, W. J. 2008. A simple, integrative assay to quantify 
nutritional quality of browses for herbivores. Oecologia, 156(1):107-116. doi:10.1007/s00442-008-0960-
y 

DeGabriel, J. L., Moore, B. D., Marsh, K. J., & Foley, W. J. 2009a. The effect of plant secondary metabolites 
on the interplay between the internal and external environments of marsupial folivores. Chemoecology, 
20(2):97-108.  

DeGabriel, J. L., Moore, B. D., Foley, W. J., & Johnson, C. N. 2009b. The effects of plant defensive chemistry 
on nutrient availability predict reproductive success in a mammal. Ecology, 90(3):711-719.  

DeGabriel, J. L., Moore, B. D., Foley, W. J., & Johnson, C. N. 2009c. The effects of plant defensive chemistry 
on nutrient availability predict reproductive success in a mammal. Ecology, 90(3):711-719. 
doi:10.1890/08-0940.1 



Literature 
 

144 
 

DeGabriel, J. L., Moore, B. D., Felton, A. M., Ganzhorn, J. U., Stolter, C., Wallis, I. R., Johnson, C. N., & 
Foley, W. J. 2014. Translating nutritional ecology from the laboratory to the field: milestones in 
linking plant chemistry to population regulation in mammalian browsers. Oikos, 123(3):298-308.  

DELWP. (2019). Greater Glider (Petauroides volans subsp. volans) Action statement No. 267 Flora Fauna 
Guarantee Act 1988 - Version 1.0: The State Department of Environment, Land, Water and Planning. 

Denny, M. 2017. The fallacy of the average: on the ubiquity, utility and continuing novelty of Jensen's 
inequality. Journal of Experimental Biology, 220(Pt 2):139-146. doi:10.1242/jeb.140368 

Department of the Environment and Energy. (2016). Conservation advice: Petauroides volans Greater Glider. 
Canberra: Department of Energy and Environment. 

DEPI. (2014). Management Standards and Procedures for timber harvesting operations in Victoria’s State 
forests 2014: The State of Victoria Department of Environment and Primary Industries. 

Dept. of Agriculture and Water Resources. (2018). Australia’s State of the Forests Report 2018 (ABARES 
Ed.). Canberra. 

Dept. of Conservation and Natural Resources. (1995). Forest management plan for the East Gippsland Forest 
Management Area: Department of Conservation and Natural Resources. 

Dept. of Natural Resources and Environment. (1997). East Gippsland forest management plan amendment: 
Department of Natural Resources and Environment. 

Dept. of Natural Resources and Environment. (1998). Forest management plan for the Central Highlands: 
Department of Natural Resources and Environment. 

Devictor, V., Julliard, R., & Jiguet, F. 2008. Distribution of specialist and generalist species along spatial 
gradients of habitat disturbance and fragmentation. Oikos, 117(4):507-514.  

Diamond, J. (1984). "Normal" extinctions of isolated populations. In M. H. Nitecki (Ed.), Extinctions (pp. 
191–246). Chicago: University of Chicago Press. 

Doak, D. F. 1995. Source‐sink models and the problem of habitat degradation: general models and applications 
to the Yellowstone grizzly. Conservation Biology, 9(6):1370-1379.  

Dury, S. J., & Turner, B. J. 2001. Nutrient estimation of eucalypt foliage derived from hyperspectral data. 
Igarss 2001: Scanning the Present and Resolving the Future, Vols 1-7, Proceedings:774-776.  

Ebbers, M., Wallis, I., Dury, S., Floyd, R., & Foley, W. 2002. Spectrometric prediction of secondary 
metabolites and nitrogen in fresh Eucalyptus foliage: towards remote sensing of the nutritional quality 
of foliage for leaf-eating marsupials. Australian Journal of Botany, 50(6):761-768.  

Eghbert, E. A., Johan, O., Menkes, C. E., Niño, F., Birol, F., Ouillon, S., & Andréfouët, S. 2017. Coral 
mortality induced by the 2015-2016 El-Niño in Indonesia: the effect of rapid sea level fall. 
Biogeosciences, 14(4):817.  

Elith, J., Graham, C. H., Anderson, R. P., Dudik, M., Ferrier, S., Guisan, A., Hijmans, R. J., Huettmann, F., 
Leathwick, J. R., Lehmann, A., Li, J., Lohmann, L. G., Loiselle, B. A., Manion, G., Moritz, C., 
Nakamura, M., Nakazawa, Y., Overton, J. M., Peterson, A. T., Phillips, S. J., Richardson, K., 



Literature 
 

145 
 

Scachetti-Pereira, R., Schapire, R. E., Soberon, J., Williams, S., Wisz, M. S., & Zimmermann, N. E. 
2006. Novel methods improve prediction of species' distributions from occurrence data. Ecography, 
29(2):129-151. doi:10.1111/j.2006.0906-7590.04596.x 

Elith, J., Leathwick, J. R., & Hastie, T. 2008. A working guide to boosted regression trees. Journal of Animal 
Ecology, 77(4):802-813. doi:10.1111/j.1365-2656.2008.01390.x 

Ellis, M. V., Taylor, J. E., & Rayner, L. 2015. Remotely‐sensed foliage cover and ground‐measured stand 
attributes are complimentary when estimating tree hollow abundances across relictual woodlands in 
agricultural landscapes. Ecological Management & Restoration, 16(2):114-123.  

Escadafal, R., & Huete, A. 1991. Etude des propriétés spectrales des sols arides appliquée à l'amélioration des 
indices de végétation obtenus par télédétection. Comptes rendus de l'Académie des sciences. Série 2, 
Mécanique, Physique, Chimie, Sciences de l'univers, Sciences de la Terre, 312(11):1385-1391.  

Evans, K. L., Newson, S. E., Storch, D., Greenwood, J. J. D., & Gaston, K. J. 2008. Spatial scale, abundance 
and the species-energy relationship in British birds. Journal of Animal Ecology, 77(2):395-405. 
doi:10.1111/j.1365-2656.2007.01332.x 

Eyre, T. 2004. Distribution and conservation status of the possums and gliders of southern Queensland. in The 
Biology of Australian Possums and Gliders’. Eds RL Goldingay and SM Jackson. pp:1-25.  

Eyre, T. 2006. Regional habitat selection of large gliding possums at forest stand and landscape scales in 
southern Queensland, Australia: I. Greater glider (Petauroides volans). Forest Ecology and 
Management, 235(1):270-282.  

Fahrig, L. 2001. How much habitat is enough? Biological Conservation, 100(1):65-74.  

Fedrigo, M., Stewart, S. B., Roxburgh, S. H., Kasel, S., Bennett, L. T., Vickers, H., & Nitschke, C. R. 2019. 
Predictive Ecosystem Mapping of South-Eastern Australian Temperate Forests Using Lidar-Derived 
Structural Profiles and Species Distribution Models. Remote Sensing, 11(1):93. 
doi:10.3390/rs11010093 

Felderhof, L., & Gillieson, D. 2014. Near-infrared imagery from unmanned aerial systems and satellites can be 
used to specify fertilizer application rates in tree crops. Canadian Journal of Remote Sensing, 
37(4):376-386. doi:10.5589/m11-046 

Ferwerda, J. G., Skidmore, A. K., & Stein, A. 2006. A bootstrap procedure to select hyperspectral wavebands 
related to tannin content. International Journal of Remote Sensing, 27(7):1413-1424.  

Field, C. B. (2014). Climate change 2014–Impacts, adaptation and vulnerability: Regional aspects: Cambridge 
University Press. 

Filella, I., & Peñuelas, J. 1994. The red edge position and shape as indicators of plant chlorophyll content, 
biomass and hydric status. International Journal of Remote Sensing, 15(7):1459-1470.  

Fischer, J., Lindenmayer, D. B., Nix, H. A., Stein, J. L., & Stein, J. A. 2001. Climate and animal distribution: 
a climatic analysis of the Australian marsupial Trichosurus caninus. Journal of Biogeography, 
28(3):293-304. doi:10.1046/j.1365-2699.2001.00554.x 



Literature 
 

146 
 

Flannery, T. (1994). Possums of the world: a monograph of the Phalangeroidea (Vol. 1995). Chatswood, New 
South Wales, Australia 

. 

Fleay, D. 1933. The greater flying phalanger. Victorian Naturalist, 50:135-142.  

Foley, W. J. 1987. Digestion and Energy-Metabolism in a Small Arboreal Marsupial, the Greater Glider 
(Petauroides-Volans), Fed High-Terpene Eucalyptus Foliage. Journal of Comparative Physiology B-
Biochemical Systemic and Environmental Physiology, 157(3):355-362. doi:Doi 10.1007/Bf00693362 

Foley, W. J., Lassak, E., & Brophy, J. 1987. Digestion and absorption of Eucalyptus essential oils in greater 
glider (Petauroides volans) and brushtail possum (Trichosurus vulpecula). Journal of Chemical 
Ecology, 13(11):2115-2130.  

Foley, W. J., & Hume, I. 1987. Nitrogen Requirements and Urea Metabolism in Two Arboreal Marsupials, the 
Greater Glider (Petauroides volans) and the Brushtail Possum (Trichosurus vulpecula), Fed Eucalyptus 
Foliage. Physiological Zoology, 60(2):241-250.  

Foley, W. J., Kehl, J. C., Nagy, K. A., Kaplan, I. R., & Borsboom, A. C. 1990. Energy and Water Metabolism 
in Free-Living Greater Gliders, Petauroides-Volans. Australian Journal of Zoology, 38(1):1-9. 
doi:10.1071/Zo9900001 

Foley, W. J., McIlwee, A., Lawler, I., Aragones, L., Woolnough, A. P., & Berding, N. 1998. Ecological 
applications of near infrared reflectance spectroscopy–a tool for rapid, cost-effective prediction of the 
composition of plant and animal tissues and aspects of animal performance. Oecologia, 116(3):293-
305.  

Foley, W. J., Iason, G., & McArthur, C. (1999). Role of plant secondary metobolites in the nutritional ecology 
of mammalian herbivores: how far have we come in 25 years? Paper presented at the 5th Internaional 
Symposium on the Nutrition of Herbivores. 

Fox, J. C., Hamilton, F., & Ades, P. K. 2008. Models of tree-level hollow incidence in Victorian State forests. 
Forest Ecology and Management, 255(7):2846-2857.  

Fox, J. C., Hamilton, F., & Occhipinti, S. 2009. Tree hollow incidence in Victorian state forests. Australian 
Forestry, 72(1):39-48.  

Fox, J. C., & Weisberg, S. 2018. Visualizing Fit and Lack of Fit in Complex Regression Models with Predictor 
Effect Plots and Partial Residuals. Journal of Statistical Software, 87(9):1-27. 
doi:10.18637/jss.v087.i09 

Franklin, A. B., Anderson, D. R., Gutiérrez, R., & Burnham, K. P. 2000. Climate, habitat quality, and fitness 
in northern spotted owl populations in northwestern California. Ecological Monographs, 70(4):539-590.  

Futuyma, D. J., & Moreno, G. 1988. The evolution of ecological specialization. Annual review of ecology and 
systematics, 19(1):207-233.  

Gaetano, R., Masi, G., Poggi, G., Verdoliva, L., & Scarpa, G. 2014. Marker-controlled watershed-based 
segmentation of multiresolution remote sensing images. Ieee Transactions on Geoscience and Remote 
Sensing, 53(6):2987-3004.  



Literature 
 

147 
 

Gao, B.-c. 1996. NDWI—A normalized difference water index for remote sensing of vegetation liquid water 
from space. Remote Sensing of Environment, 58(3):257-266. doi:doi.org/10.1016/S0034-
4257(96)00067-3 

Gardner, R. H., Milne, B. T., Turner, M. G., & O'Neill, R. V. 1987. Neutral models for the analysis of broad-
scale landscape pattern. Landscape Ecology, 1(1):19-28.  

Gardner, R. H., & Urban, D. L. 2006. Neutral models for testing landscape hypotheses. Landscape Ecology, 
22(1):15-29. doi:10.1007/s10980-006-9011-4 

Gaston, K. J. (1994). What is rarity? In Rarity (pp. 1-21): Springer. 

Gaston, K. J., & Blackburn, T. M. 1996. Global scale macroecology: interactions between population size, 
geographic range size and body size in the Anseriformes. Journal of Animal Ecology:701-714.  

Gaston, K. J., & Fuller, R. A. 2008. Commonness, population depletion and conservation biology. Trends in 
Ecology & Evolution, 23(1):14-19. doi:10.1016/j.tree.2007.11.001 

Gaston, K. J. 2008. Biodiversity and extinction: the importance of being common. Progress in Physical 
Geography, 32(1):73-79. doi:10.1177/0309133308089499 

Gaston, K. J. 2010. Valuing Common Species. Science, 327(5962):154-155. doi:10.1126/science.1182818 

Geary, W. L., Buchan, A., Allen, T., Attard, D., Bruce, M. J., Collins, L., Ecker, T. E., Fairman, T. A., 
Hollings, T., Loeffler, E., Muscatello, A., Parkes, D., Thomson, J., White, M., & Kelly, E. 2021. 
Responding to the biodiversity impacts of a megafire: A case study from south‐eastern Australia’s 
Black Summer. Diversity and Distributions. doi:10.1111/ddi.13292 

Getzin, S., Wiegand, K., & Schöning, I. 2012. Assessing biodiversity in forests using very high-resolution images 
and unmanned aerial vehicles. Methods in Ecology and Evolution, 3(2):397-404. doi:10.1111/j.2041-
210X.2011.00158.x 

Gibbons, P., Lindenmayer, D. B., Barry, S., & Tanton, M. 2000. Hollow formation in eucalypts from temperate 
forests in southeastern Australia. Pacific Conservation Biology, 6(3):218.  

Gibbons, P., & Lindenmayer, D. B. (2002). Tree hollows and wildlife conservation in Australia. Collingwood: 
CSIRO Publishing. 

Girard, I., Ouellet, J.-P., Courtois, R., Dussault, C., & Breton, L. 2002. Effects of sampling effort based on 
GPS telemetry on home-range size estimations. The Journal of Wildlife Management:1290-1300.  

Gitelson, A. A., Kaufman, Y. J., & Merzlyak, M. N. 1996. Use of a green channel in remote sensing of global 
vegetation from EOS-MODIS. Remote Sensing of Environment, 58(3):289-298.  

Gitelson, A. A., Kaufman, Y. J., Stark, R., & Rundquist, D. 2002. Novel algorithms for remote estimation of 
vegetation fraction. Remote Sensing of Environment, 80(1):76-87.  

Goldingay, R. L., Rohweder, D., & Taylor, B. D. 2020. Nest box contentions: Are nest boxes used by the 
species they target? Ecological Management & Restoration, 21(2):115-122.  



Literature 
 

148 
 

Goodbody, T. R., Coops, N. C., Marshall, P. L., Tompalski, P., & Crawford, P. 2017. Unmanned aerial 
systems for precision forest inventory purposes: A review and case study. The Forestry Chronicle, 
93(1):71-81.  

Goodwin, N., Turner, R., & Merton, R. 2005. Classifying Eucalyptus forests with high spatial and spectral 
resolution imagery: an investigation of individual species and vegetation communities. Australian 
Journal of Botany, 53(4):337. doi:10.1071/bt04085 

Gordon, G., Brown, A., & Pulsford, T. 1988. A koala (Phascolarctos cinereus Goldfuss) population crash 
during drought and heatwave conditions in south‐western Queensland. Austral Ecology, 13(4):451-461.  

Greenwell, B., Boehmke, B., & Cunningham, J. (2019). gbm: Generalized Boosted Regression Models. 
Retrieved from https://CRAN.R-project.org/package=gbm 

Groom, M. J., Meffe, G. K., & Carroll, C. R. (2006). Principles of conservation biology: Sinauer Associates 
Sunderland. 

Groves, C. (2003). Drafting a conservation blueprint: a practitioner's guide to planning for biodiversity: Island 
Press. 

Hagerman, A. E., & Butler, L. G. 1978. Protein precipitation method for the quantitative determination of 
tannins. Journal of Agricultural and Food chemistry, 26(4):809-812.  

Handreck, K. A., Black, N. D., & Black, N. (2002). Growing media for ornamental plants and turf: UNSW 
press. 

Harris, J. M., & Maloney, K. S. 2010. Petauroides volans (Diprotodontia: Pseudocheiridae). Mammalian 
Species, 42(1):207-219.  

Harris, S., Cresswell, W., Forde, P., Trewhella, W., Woollard, T., & Wray, S. 1990. Home‐range analysis using 
radio‐tracking data–a review of problems and techniques particularly as applied to the study of 
mammals. Mammal Review, 20(2‐3):97-123.  

Hartigan, J. A., & Wong, M. A. 1979. A K‐means clustering algorithm. Journal of the Royal Statistical 
Society: Series C (Applied Statistics), 28(1):100-108.  

Hasegawa, S., Macdonald, C. A., & Power, S. A. 2016. Elevated carbon dioxide increases soil nitrogen and 
phosphorus availability in a phosphorus‐limited Eucalyptus woodland. Global Change Biology, 
22(4):1628-1643.  

Haslem, A., Kelly, L. T., Nimmo, D. G., Watson, S. J., Kenny, S. A., Taylor, R. S., Avitabile, S. C., Callister, 
K. E., Spence‐Bailey, L. M., & Clarke, M. F. 2011. Habitat or fuel? Implications of long‐term, post‐fire 
dynamics for the development of key resources for fauna and fire. Journal of Applied Ecology, 
48(1):247-256.  

Henry, S. (1984). Social organisation of the greater glider (Petauroides volans) in Victoria. In A. P. Smith & I. 
D. Hume (Eds.), Possums and gliders (pp. 221-228). Chipping Norton: Surrey Beatty and Sons. 

Henry, S. (1985). The diet and sociology of gliding possums in Victoria. Ph. D. Thesis, Monash University, 
Melbourne,  

https://cran.r-project.org/package=gbm


Literature 
 

149 
 

Hesselbarth, M. H. K., Sciaini, M., With, K. A., Wiegand, K., & Nowosad, J. 2019. landscapemetrics: an open-
source R tool to calculate landscape metrics. Ecography, 42(10):1648-1657. doi:10.1111/ecog.04617 

Hijmans, R. J., Phillips, S., Leathwick, J., & Elith, J. (2017). dismo: Species Distribution Modeling. Retrieved 
from https://CRAN.R-project.org/package=dismo 

Hijmans, R. J. (2019). raster: Geographic Data Analysis and Modeling. Retrieved from https://CRAN.R-
project.org/package=raster 

Hindell, M. A. (1984). The feeding ecology of the koala, Phascolarctos cinereus, in a mixed Eucalyptus forest. 
Ph. D. Thesis, Monash University, Melbourne,  

Hirzel, A. H., & Le Lay, G. 2008. Habitat suitability modelling and niche theory. Journal of Applied Ecology, 
45(5):1372-1381.  

Hoefer, C. (2016). Causal Determinism (E. N. Zalta Ed.): Metaphysics Research Lab, Stanford University. 

Hoegh-Guldberg, O., Mumby, P. J., Hooten, A. J., Steneck, R. S., Greenfield, P., Gomez, E., Harvell, C. D., 
Sale, P. F., Edwards, A. J., Caldeira, K., Knowlton, N., Eakin, C. M., Iglesias-Prieto, R., Muthiga, N., 
Bradbury, R. H., Dubi, A., & Hatziolos, M. E. 2007. Coral reefs under rapid climate change and ocean 
acidification. Science, 318(5857):1737-1742. doi:10.1126/science.1152509 

Hoffmann, A. A., Rymer, P. D., Byrne, M., Ruthrof, K. X., Whinam, J., McGeoch, M., Bergstrom, D. M., 
Guerin, G. R., Sparrow, B., & Joseph, L. 2019. Impacts of recent climate change on terrestrial flora 
and fauna: Some emerging Australian examples. Austral Ecology, 44(1):3-27.  

Howe, H. F., & Smallwood, J. 1982. Ecology of seed dispersal. Annual review of ecology and systematics, 
13(1):201-228.  

Hsieh, P. F., Lee, L. C., & Chen, N. Y. 2001. Effect of spatial resolution on classification errors of pure and 
mixed pixels in remote sensing. Ieee Transactions on Geoscience and Remote Sensing, 39(12):2657-
2663. doi:Doi 10.1109/36.975000 

Huang, Z., Turner, B. J., Dury, S. J., Wallis, I. R., & Foley, W. J. 2004. Estimating foliage nitrogen 
concentration from HYMAP data using continuum removal analysis. Remote Sensing of Environment, 
93(1-2):18-29. doi:10.1016/j.rse.2004.06.008 

Hughes, L., Cawsey, E. M., & Westoby, M. 1996. Climatic range sizes of Eucalyptus species in relation to 
future climate change. Global Ecology and Biogeography Letters, 5(1):23-29. doi:10.2307/2997467 

Hughes, T. P., Graham, N. A., Jackson, J. B., Mumby, P. J., & Steneck, R. S. 2010. Rising to the challenge 
of sustaining coral reef resilience. Trends in Ecology & Evolution, 25(11):633-642.  

Hume, I. (1999). Marsupial nutrition: Cambridge, UK. 

Hunter, M. L. 2005. A mesofilter conservation strategy to complement fine and coarse filters. Conservation 
Biology, 19(4):1025-1029.  

Huston, M. A. 1999. Local processes and regional patterns: appropriate scales for understanding variation in 
the diversity of plants and animals. Oikos:393-401.  

https://cran.r-project.org/package=dismo
https://cran.r-project.org/package=raster
https://cran.r-project.org/package=raster


Literature 
 

150 
 

Iizumi, T., Luo, J. J., Challinor, A. J., Sakurai, G., Yokozawa, M., Sakuma, H., Brown, M. E., & Yamagata, 
T. 2014. Impacts of El Nino Southern Oscillation on the global yields of major crops. Nature 
communications, 5:3712. doi:10.1038/ncomms4712 

Incoll, R. D., Loyn, R. H., Ward, S. J., Cunningham, R. B., & Donnelly, C. F. 2001. The occurrence of gliding 
possums in old-growth forest patches of mountain ash (Eucalyptus regnans) in the Central Highlands 
of Victoria. Biological Conservation, 98(1):77-88. doi:10.1016/S0006-3207(00)00144-0 

Jackson, S. M., & Thorington, R. W. J. 2012. Gliding mammals: taxonomy of living and extinct species. 
Smithsonian Contributions to Zoology.  

Jackson, S. M. (2012). Gliding mammals of the world: CSIRO Publishing. 

Jackson, S. M., & Groves, C. (2015). Taxonomy of Australian mammals: CSIRO Publishing. 

Jensen, J. R. (2007). Remote sensing of the environment: An earth resource perspective (2 ed.). Upper Saddle 
River, NJ: Prentice Hall. 

Jensen, L. M., Wallis, I. R., & Foley, W. J. 2015. The Relative Concentrations of Nutrients and Toxins Dictate 
Feeding by a Vertebrate Browser, the Greater Glider Petauroides volans. Plos One, 10(5):e0121584. 
doi:10.1371/journal.pone.0121584 

Jiang, N., Zhu, W., Zheng, Z., Chen, G., & Fan, D. 2013. A comparative analysis between GIMSS NDVIg and 
NDVI3g for monitoring vegetation activity change in the northern hemisphere during 1982–2008. 
Remote Sensing, 5(8):4031-4044.  

Johnson-Murray, J. L. 1987. The Comparative Myology of the Gliding Membranes of Acrobates, Petauroides 
and Petaurus Contrasted With the Cutaneous Myology of Hemibelideus and Pseudocheirus 
(Marsupialia, Phalangeridae) and With Selected Gliding Rodentia (Sciuridae and Anamoluridae). 
Australian Journal of Zoology, 35(2):101-113.  

Jones, G. M., Keane, J. J., Gutiérrez, R., & Peery, M. Z. 2018. Declining old‐forest species as a legacy of large 
trees lost. Diversity and Distributions, 24(3):341-351.  

Jones, H. G., & Vaughan, R. A. (2010). Remote sensing of vegetation: principles, techniques, and applications: 
Oxford university press. 

Jordan, C. F. 1969. Derivation of leaf‐area index from quality of light on the forest floor. Ecology, 50(4):663-
666.  

Julkunen-Tiitto, R., & Sorsa, S. 2001. Testing the effects of drying methods on willow flavonoids, tannins, and 
salicylates. Journal of Chemical Ecology, 27(4):779-789.  

Kanowski, J. 2001. Effects of elevated CO2 on the foliar chemistry of seedlings of two rainforest trees from 
north-east Australia: Implications for folivorous marsupials. Austral Ecology, 26(2):165-172. 
doi:10.1046/j.1442-9993.2001.01103.x 

Kavanagh, R. 1984. Seasonal changes in habitat use by gliders and possums in southeastern New South Wales. 
Possums and gliders:527-543.  



Literature 
 

151 
 

Kavanagh, R. 1988. The Impact of Predation by the Powerful Owl, Ninox-Strenua, on a Population of the 
Greater Glider, Petauroides-Volans. Australian Journal of Ecology, 13(4):445-450. doi:DOI 
10.1111/j.1442-9993.1988.tb00992.x 

Kavanagh, R., & Lambert, M. 1990. Food Selection by the Greater Glider, Petauroides volans: is Foliar 
Nitrogen a Determinant of Habitat Quality? Australian Wildlife Research, 17(3):285-299. 
doi:10.1071/WR9900285 

Kavanagh, R. 1992. The Impact of Predation by the Powerful Owl Ninox-Strenua on a Population of the 
Greater Glider Petauroides-Volans - Reply. Australian Journal of Ecology, 17(4):469-472. doi:DOI 
10.1111/j.1442-9993.1992.tb00830.x 

Kavanagh, R., & Bamkin, K. L. 1995. Distribution of Nocturnal Forest Birds and Mammals in Relation to the 
Logging Mosaic in South-Eastern New-South-Wales, Australia. Biological Conservation, 71(1):41-53. 
doi:Doi 10.1016/0006-3207(94)00019-M 

Kavanagh, R., Debus, S., Tweedie, T., & Webster, R. 1995. Distribution of nocturnal forest birds and 
mammals in north-eastern New South Wales: relationships with environmental variables and 
management history. Wildlife Research, 22(3):359-377.  

Kavanagh, R., & Webb, G. A. 1998. Effects of variable-intensity logging on mammals, reptiles and amphibians 
at Waratah Creek, southeastern New South Wales. Pacific Conservation Biology, 4(4):326-347.  

Kavanagh, R. 2000. Effects of variable-intensity logging and the influence of habitat variables on the 
distribution of the greater glider Petauroides volans in montane forest, southeastern New South Wales. 
Pacific Conservation Biology, 6(1):18-30. doi:10.1071/PC000018 

Kavanagh, R., & Wheeler, R. (2004). Home-range of the greater glider Petauroides volans in tall montane 
forest of southeastern New South Wales, and changes following logging. 

Kay, R. F. 1978. The dental structure of mammalian folivores with special reference to Primates and 
Phalangeroidea (Marsupialia). The ecology of arboreal folivores:173-191.  

Kearney, M. R., Wintle, B. A., & Porter, W. P. 2010. Correlative and mechanistic models of species 
distribution provide congruent forecasts under climate change. Conservation Letters, 3(3):203-213. 
doi:10.1111/j.1755-263X.2010.00097.x 

Keenan, R. J., & Nitschke, C. R. 2016. Forest management options for adaptation to climate change: a case 
study of tall, wet eucalypt forests in Victoria's Central Highlands region. Australian Forestry, 79(2):96-
107. doi:10.1080/00049158.2015.1130095 

Kehl, J., & Borsboom, A. 1984. Home range, den tree use and activity patterns in the greater glider, 
Petauroides volans. Possums and gliders:229-236.  

Kerr, J. T., & Ostrovsky, M. 2003. From space to species: ecological applications for remote sensing. Trends in 
Ecology & Evolution, 18(6):299-305.  

Khosravipour, A., Skidmore, A. K., Isenburg, M., Wang, T. J., & Hussin, Y. A. 2014. Generating Pit-free 
Canopy Height Models from Airborne Lidar. Photogrammetric Engineering and Remote Sensing, 
80(9):863-872. doi:Doi 10.14358/Pers.80.9.863 



Literature 
 

152 
 

Kingma, B. R., Frijns, A. J., Schellen, L., & van Marken Lichtenbelt, W. D. 2014. Beyond the classic 
thermoneutral zone: including thermal comfort. Temperature, 1(2):142-149.  

Kissling, M. L., & Garton, E. O. 2006. Estimating detection probability and density from point-count surveys: 
A combination of distance and double-observer sampling. The Auk, 123(3):735-752. doi:Doi 
10.1642/0004-8038(2006)123[735:Edpadf]2.0.Co;2 

Koch, A. J., Munks, S. A., Driscoll, D., & Kirkpatrick, J. 2008. Does hollow occurrence vary with forest type? 
A case study in wet and dry Eucalyptus obliqua forest. Forest Ecology and Management, 
255(12):3938-3951.  

Koch, A. J., & Baker, S. C. 2011. Using aerial photographs to remotely assess tree hollow availability. 
Biodiversity and Conservation, 20(5):1089-1101.  

Koch, B., Heyder, U., & Weinacker, H. 2006. Detection of individual tree crowns in airborne lidar data. 
Photogrammetric Engineering and Remote Sensing, 72(4):357-363.  

Kohm, K. A. (1990). Balancing on the Brink of Extinction: Endangered Species Act And Lessons For The 
Future: Island Press. 

Kokaly, R. F. 2001. Investigating a physical basis for spectroscopic estimates of leaf nitrogen concentration. 
Remote Sensing of Environment, 75(2):153-161.  

Kokaly, R. F., Asner, G. P., Ollinger, S. V., Martin, M. E., & Wessman, C. A. 2009. Characterizing canopy 
biochemistry from imaging spectroscopy and its application to ecosystem studies. Remote Sensing of 
Environment, 113:S78-S91.  

Kuussaari, M., Bommarco, R., Heikkinen, R. K., Helm, A., Krauss, J., Lindborg, R., Öckinger, E., Pärtel, M., 
Pino, J., & Rodà, F. 2009. Extinction debt: a challenge for biodiversity conservation. Trends in 
Ecology & Evolution, 24(10):564-571.  

Lande, R. 1987. Extinction thresholds in demographic models of territorial populations. The American 
Naturalist, 130(4):624-635.  

Lawler, I., Foley, W. J., Woodrow, I. E., & Cork, S. 1997. The effects of elevated CO 2 atmospheres on the 
nutritional quality of Eucalyptus foliage and its interaction with soil nutrient and light availability. 
Oecologia, 109(1):59-68. doi:10.1007/s004420050058 

Lawler, I., Foley, W. J., Eschler, B. M., Pass, D. M., & Handasyde, K. 1998a. Intraspecific variation in 
Eucalyptus secondary metabolites determines food intake by folivorous marsupials. Oecologia, 116(1-
2):160-169. doi:DOI 10.1007/s004420050575 

Lawler, I., Foley, W., Pass, G., & Eschler, B. 1998b. Administration of a 5HT3 receptor antagonist increases 
the intake of diets containing Eucalyptus secondary metabolites by marsupials. Journal of Comparative 
Physiology B, 168(8):611-618.  

Lepczyk, C. A., Wedding, L. M., Asner, G. P., Pittman, S. J., Goulden, T., Linderman, M. A., Gang, J., & 
Wright, R. 2021. Advancing Landscape and Seascape Ecology from a 2D to a 3D Science. Bioscience. 
doi:10.1093/biosci/biab001 



Literature 
 

153 
 

Li, X., Liu, X., Liu, M., & Wu, L. 2014. Random forest algorithm and regional applications of spectral inversion 
model for estimating canopy nitrogen concentration in rice. International Journal of Remote Sensing, 
18(4):934-945.  

Liaw, A., & Wiener, M. 2002. Classification and Regression by randomForest. R News, 2(3):18-22. Retrieved 
from https://CRAN.R-project.org/doc/Rnews/ 

Lindenmayer, D. B., Cunningham, R. B., Tanton, M. T., Smith, A. P., & Nix, H. A. 1990a. Habitat 
Requirements of the Mountain Brushtail Possum and the Greater Glider in the Montane Ash-Type 
Eucalypt Forests of the Central Highlands of Victoria. Australian Wildlife Research, 17(5):467-478.  

Lindenmayer, D. B., Cunningham, R., Tanton, M., Smith, A., & Nix, H. 1990b. The conservation of arboreal 
marsupials in the montane ash forests of the Central Highlands of Victoria, southeast Australia: I. 
Factors influencing the occupancy of trees with hollows. Biological Conservation, 54(2):111-131.  

Lindenmayer, D. B., Cunningham, R., Tanton, M., Smith, A., & Nix, H. 1991a. Characteristics of hollow-
bearing trees occupied by arboreal marsupials in the montane ash forests of the Central Highlands of 
Victoria, south-east Australia. Forest Ecology and Management, 40(3-4):289-308.  

Lindenmayer, D. B., Cunningham, R., Nix, H., Tanton, M., & Smith, A. 1991b. Predicting the abundance of 
hollow‐bearing trees in montane forests of southeastern Australia. Australian Journal of Ecology, 
16(1):91-98.  

Lindenmayer, D. B., Cunningham, R., Tanton, M., Nix, H., & Smith, A. 1991c. The conservation of arboreal 
marsupials in the montane ash forests of the Central Highlands of Victoria, south-east Australia: III. 
The habitat requirements of Leadbeater's Possum Gymnobelideus leadbeateri and models of the 
diversity and abundance of arboreal marsupials. Biological Conservation, 56(3):295-315.  

Lindenmayer, D. B., Cunningham, R., & Donnelly, C. 1993a. The conservation of arboreal marsupials in the 
montane ash forests of the Central Highlands of Victoria, south-east Australia, IV. The presence and 
abundance of arboreal marsupials in retained linear habitats (wildlife corridors) within logged forest. 
Biological Conservation, 66(3):207-221.  

Lindenmayer, D. B., Cunningham, R., Donnelly, C., Tanton, M., & Nix, H. 1993b. The abundance and 
development of cavities in Eucalyptus trees: a case study in the montane forests of Victoria, 
southeastern Australia. Forest Ecology and Management, 60(1-2):77-104.  

Lindenmayer, D. B. 1994. Timber harvesting in the Montane Ash Forests of the Central Highlands of Victoria: 
Impacts at different spatial scales on arboreal marsupials and the implications for ecologically 
sustainable forest use. Ecology and Sustainability of Southern Temperate Ecosystems:31-50.  

Lindenmayer, D. B., Possingham, H. P., Lacy, R., McCarthy, M., & Pope, M. 2003. How accurate are 
population models? Lessons from landscape‐scale tests in a fragmented system. Ecology Letters, 
6(1):41-47.  

Lindenmayer, D. B., Pope, M. L., & Cunningham, R. B. 2004. Patch use by the greater glider (Petauroides 
volans) in a fragmented forest ecosystem. II. Characteristics of den trees and preliminary data on den-
use patterns. Wildlife Research, 31(6):569-577. doi:10.1071/Wr02111 

Lindenmayer, D. B. (2009). Large-scale landscape experiments: lessons from Tumut: Cambridge University 
Press. 

https://cran.r-project.org/doc/Rnews/


Literature 
 

154 
 

Lindenmayer, D. B., Welsh, A., Donnelly, C., Crane, M., Michael, D., Macgregor, C., McBurney, L., 
Montague-Drake, R., & Gibbons, P. 2009. Are nest boxes a viable alternative source of cavities for 
hollow-dependent animals? Long-term monitoring of nest box occupancy, pest use and attrition. 
Biological Conservation, 142(1):33-42.  

Lindenmayer, D. B., & Wood, J. T. 2010. Long-term patterns in the decay, collapse, and abundance of trees 
with hollows in the mountain ash (Eucalyptus regnans) forests of Victoria, southeastern Australia. 
Canadian Journal of Forest Research, 40(1):48-54.  

Lindenmayer, D. B., Wood, J. T., McBurney, L., MacGregor, C., Youngentob, K., & Banks, S. C. 2011. How 
to make a common species rare: A case against conservation complacency. Biological Conservation, 
144(5):1663-1672. doi:10.1016/j.biocon.2011.02.022 

Lindenmayer, D. B., Blanchard, W., McBurney, L., Blair, D., Banks, S., Likens, G. E., Franklin, J. F., 
Laurance, W. F., Stein, J. A., & Gibbons, P. 2012a. Interacting factors driving a major loss of large 
trees with cavities in a forest ecosystem. Plos One, 7(10):e41864. doi:10.1371/journal.pone.0041864 

Lindenmayer, D. B., Cunningham, S., & Young, A. (2012b). Land use intensification: effects on agriculture, 
biodiversity and ecological processes: CSIRO Publishing. 

Lindenmayer, D. B., Blanchard, W., McBurney, L., Blair, D., Banks, S. C., Driscoll, D., Smith, A. L., & Gill, 
A. M. 2013. Fire severity and landscape context effects on arboreal marsupials. Biological 
Conservation, 167:137-148. doi:10.1016/j.biocon.2013.07.028 

Lindenmayer, D. B., Blanchard, W., Blair, D., McBurney, L., & Banks, S. C. 2017. Relationships between tree 
size and occupancy by cavity-dependent arboreal marsupials. Forest Ecology and Management, 
391:221-229. doi:10.1016/j.foreco.2017.02.014 

Lindenmayer, D. B., & Sato, C. 2018. Hidden collapse is driven by fire and logging in a socioecological 
Proceedings of the National Academy of Sciencesecosystem. Proceedings of the National Academy of 
Sciences, 115(20):5181-5186. doi:10.1073/pnas.1721738115 

Lindenmayer, D. B., Wood, J., MacGregor, C., Foster, C., Scheele, B., Tulloch, A., Barton, P., Banks, S., 
Robinson, N., Dexter, N., O'Loughlin, L. S., & Legge, S. 2018. Conservation conundrums and the 
challenges of managing unexplained declines of multiple species. Biological Conservation, 221:279-292. 
doi:https://doi.org/10.1016/j.biocon.2018.03.007 

Lindenmayer, D. B., Blair, D., McBurney, L., Banks, S., & Bowd, E. 2019. Ten years on – a decade of 
intensive biodiversity research after the 2009 Black Saturday wildfires in Victoria’s Mountain Ash 
forest. Australian Zoologist. doi:10.7882/az.2020.041 

Lindenmayer, D. B., Kooyman, R. M., Taylor, C., Ward, M., & Watson, J. E. 2020. Recent Australian wildfires 
made worse by logging and associated forest management. Nature Ecology & Evolution:1-3.  

Liu, C. R., Berry, P. M., Dawson, T. P., & Pearson, R. G. 2005. Selecting thresholds of occurrence in the 
prediction of species distributions. Ecography, 28(3):385-393. doi:10.1111/j.0906-7590.2005.03957.x 

Lumsden, L., Nelson, J., Todd, C., Scroggie, M., McNabb, E., Raadik, T., Smith, S., Acevedo, S., Cheers, G., 
& Jemison, M. 2013. A new strategic approach to biodiversity management–research component. 
Arthur Rylah Institute for Environmental Research unpublished client report for the Department of 
Environment and Primary Industries, Melbourne.  

https://doi.org/10.1016/j.biocon.2018.03.007


Literature 
 

155 
 

MacKenzie, D. I., Nichols, J. D., Sutton, N., Kawanishi, K., & Bailey, L. L. 2005. Improving inferences in 
population studies of rare species that are detected imperfectly. Ecology, 86(5):1101-1113.  

Makarieva, A. M., Gorshkov, V. G., & Li, B.-L. 2006. Conservation of water cycle on land via restoration of 
natural closed-canopy forests: implications for regional landscape planning. Ecological Research, 
21(6):897-906.  

Maloney, K. S., & Harris, J. M. 2006. Annotated records of the Greater Glider, Petauroides volans, from the 
Victorian Naturalist 1884-2005. The Victorian Naturalist, 123(6):376-382.  

Mantyka‐Pringle, C. S., Martin, T. G., & Rhodes, J. R. 2012. Interactions between climate and habitat loss 
effects on biodiversity: a systematic review and meta‐analysis. Global Change Biology, 18(4):1239-
1252.  

Marlow, B. J. (1965). Marsupials of Australia: Jacaranda Press. 

Marples, T. 1973. Studies on the Marsupial Glider, Schoinobates Volans (Kerr). 4. Feeding Biology. Australian 
Journal of Zoology, 21(2):213-216. doi:10.1071/ZO9730213 

Marsh, K. J., Wallis, I. R., & Foley, W. J. 2003. The effect of inactivating tannins on the intake of Eucalyptus 
foliage by a specialist Eucalyptus folivore (Pseudocheirus peregrinus) and a generalist herbivore 
(Trichosurus vulpecula). Australian Journal of Zoology, 51(1):31-42.  

Marsh, K. J., Wallis, I. R., Andrew, R. L., & Foley, W. J. 2006. The detoxification limitation hypothesis: where 
did it come from and where is it going? Journal of Chemical Ecology, 32(6):1247-1266.  

Marsh, K. J., Moore, B. D., Wallis, I. R., & Foley, W. J. 2014. Feeding rates of a mammalian browser confirm 
the predictions of a ‘foodscape’model of its habitat. Oecologia, 174(3):873-882.  

Marshall, R. (2007). Conservation Plan for the Strathbogie Landscape: Biodiversity Action Planning in the Mid 
Goulburn: Department of Sustainability and Environment. 

Martin, S., Youngentob, K. N., Clark, R. G., Foley, W. J., & Marsh, K. J. 2020. The distribution and 
abundance of an unusual resource for koalas (Phascolarctos cinereus) in a sodium-poor environment. 
Plos One, 15(6):e0234515.  

Marvin, D. C., Koh, L. P., Lynam, A. J., Wich, S., Davies, A. B., Krishnamurthy, R., Stokes, E., Starkey, R., 
& Asner, G. P. 2016. Integrating technologies for scalable ecology and conservation. Global Ecology 
and Conservation, 7:262-275. doi:10.1016/j.gecco.2016.07.002 

Mathewson, P. D., Moyer-Horner, L., Beever, E. A., Briscoe, N. J., Kearney, M., Yahn, J. M., & Porter, W. P. 
2017. Mechanistic variables can enhance predictive models of endotherm distributions: the American 
pika under current, past, and future climates. Global Change Biology, 23(3):1048-1064. 
doi:10.1111/gcb.13454 

Matthews, A., Lunney, D., Gresser, S., & Maitz, W. 2016. Movement patterns of koalas in remnant forest after 
fire. Australian Mammalogy, 38(1). doi:10.1071/am14010 

Mattson, W. J. J. 1980. Herbivory in relation to plant nitrogen content. Annual review of ecology and 
systematics, 11(1):119-161.  



Literature 
 

156 
 

Mazerolle, M. J., & Villard, M.-A. 1999. Patch characteristics and landscape context as predictors of species 
presence and abundance: A review. écoscience, 6(1):117-124.  

McCann, N., Moen, R., & Harris, T. 2013. Warm-season heat stress in moose (Alces alces). Canadian Journal 
of Zoology, 91(12):893-898.  

McCarthy, J. J. (2001). Climate change 2001: impacts, adaptation, and vulnerability: contribution of Working 
Group II to the third assessment report of the Intergovernmental Panel on Climate Change: Cambridge 
University Press. 

McCarthy, M. A., & Lindenmayer, D. B. 1999. Incorporating metapopulation dynamics of greater gliders into 
reserve design in disturbed landscapes. Ecology, 80(2):651-667. doi:Doi 10.1890/0012-
9658(1999)080[0651:Imdogg]2.0.Co;2 

McGregor, D. C., Padovan, A., Georges, A., Krockenberger, A., Yoon, H.-J., & Youngentob, K. N. 2020. 
Genetic evidence supports three previously described species of greater glider, Petauroides volans, P. 
minor, and P. armillatus. Scientific Reports, 10(1):19284. doi:10.1038/s41598-020-76364-z 

McIlwee, A. M. (2001). The distribution and abundance of arboreal folivores in response to variation in soil 
fertility, climate and the nutritional quality of eucalypt foliage. (PhD thesis). James Cook University, 
Townsville.  

McKay, G. M. (1983). Greater glider. In R. Strahan (Ed.), Complete book of Australian mammals (pp. 134-
135). Sydney, Australia: Angus and Robertson. 

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

McLean, C. M., Kavanagh, R. P., Penman, T., & Bradstock, R. 2018. The threatened status of the hollow 
dependent arboreal marsupial, the Greater Glider (Petauroides volans), can be explained by impacts 
from wildfire and selective logging. Forest Ecology and Management, 415:19-25. 
doi:10.1016/j.foreco.2018.01.048 

McPherson, J. M., Jetz, W., & Rogers, D. J. 2004. The effects of species' range sizes on the accuracy of 
distribution models: ecological phenomenon or statistical artefact? Journal of Applied Ecology, 
41(5):811-823. doi:10.1111/j.0021-8901.2004.00943.x 

McVicar, T. (2011). Near-Surface Wind Speed. v7. Data Collection.  (Publication no. 
10.4225/08/56A85491DDED2). from CSIRO: Canberra, Australia. 

Mohan, M., Silva, C., Klauberg, C., Jat, P., Catts, G., Cardil, A., Hudak, A., & Dia, M. 2017. Individual Tree 
Detection from Unmanned Aerial Vehicle (UAV) Derived Canopy Height Model in an Open Canopy 
Mixed Conifer Forest. Forests, 8(9). doi:10.3390/f8090340 

Mok, H. F., Arndt, S. K., & Nitschke, C. R. 2012. Modelling the potential impact of climate variability and 
change on species regeneration potential in the temperate forests of South-Eastern Australia. Global 
Change Biology, 18(3):1053-1072. doi:10.1111/j.1365-2486.2011.02591.x 



Literature 
 

157 
 

Moore, B. D., Wallis, I. R., Palá-Paúl, J., Brophy, J. J., Willis, R. H., & Foley, W. J. 2004a. Antiherbivore 
chemistry of Eucalyptus--cues and deterrents for marsupial folivores. Journal of Chemical Ecology, 
30(9):1743-1769.  

Moore, B. D., Wallis, I. R., Marsh, K. J., & Foley, W. J. 2004b. The role of nutrition in the conservation of 
the marsupial folivores of eucalypt forests. Conservation of Australia’s forest fauna, 2:549-575. 
doi:10.7882/FS.2004.031 

Moore, B. D., & Foley, W. J. 2005. Tree use by koalas in a chemically complex landscape. Nature, 
435(7041):488-490.  

Moore, B. D., Foley, W. J., Wallis, I. R., Cowling, A., & Handasyde, K. A. 2005. Eucalyptus foliar chemistry 
explains selective feeding by koalas. Biology Letters, 1(1):64-67.  

Moore, B. D., Lawler, I. R., Wallis, I. R., Beale, C. M., & Foley, W. J. 2010. Palatability mapping: a koala's 
eye view of spatial variation in habitat quality. Ecology, 91(11):3165-3176. 
doi:https://doi.org/10.1890/09-1714.1 

Moran-Ordonez, A., Briscoe, N. J., & Wintle, B. A. 2018. Modelling species responses to extreme weather 
provides new insights into constraints on range and likely climate change impacts for Australian 
mammals. Ecography, 41(2):308-320. doi:10.1111/ecog.02850 

Motohka, T., Nasahara, K. N., Oguma, H., & Tsuchida, S. 2010. Applicability of green-red vegetation index 
for remote sensing of vegetation phenology. Remote Sensing, 2(10):2369-2387.  

Mueller, T., Olson, K. A., Fuller, T. K., Schaller, G. B., Murray, M. G., & Leimgruber, P. 2008. In search of 
forage: predicting dynamic habitats of Mongolian gazelles using satellite-based estimates of vegetation 
productivity. Journal of Applied Ecology, 45(2):649-658. doi:10.1111/j.1365-2664.2007.01371.x 

Munoz-Huerta, R. F., Guevara-Gonzalez, R. G., Contreras-Medina, L. M., Torres-Pacheco, I., Prado-Olivarez, 
J., & Ocampo-Velazquez, R. V. 2013. A review of methods for sensing the nitrogen status in plants: 
advantages, disadvantages and recent advances. Sensors (Basel), 13(8):10823-10843. 
doi:10.3390/s130810823 

Murphy, B. F., & Timbal, B. 2008. A review of recent climate variability and climate change in southeastern 
Australia. International Journal of Climatology, 28(7):859-879. doi:10.1002/joc.1627 

National Center for Environmental Information. (2021). State of the Climate: Global Climate Report for April 
2021. Retrieved from https://www.ncdc.noaa.gov/sotc/global/201711 

National Parks and Wildlife Conservation Act, 12 of 1975 C.F.R. (1974). 

Nedkov, R. 2017. Normalized Differential Greenness Index for vegetation dynamics assessment. Comptes rendus 
de l’Academie bulgare des Sciences, 70(8):1143-1146.  

Nelson, J. L., Scroggie, M. P., Durkin, L. K., Cripps, J. K., Ramsey, D. S., & Lumsden, L. (2018). Estimating 
the Density of the Greater Glider in the Strathbogie Ranges, North East Victoria: With an Assessment 
of Coupes Scheduled for Timber Harvesting in 2018: Arthur Rylah Institute for Environmental 
Research, The State Department of Environment, Land, Water and Planning. 

https://doi.org/10.1890/09-1714.1
https://www.ncdc.noaa.gov/sotc/global/201711


Literature 
 

158 
 

Nevalainen, O., Honkavaara, E., Tuominen, S., Viljanen, N., Hakala, T., Yu, X., Hyyppä, J., Saari, H., 
Pölönen, I., Imai, N., & Tommaselli, A. 2017. Individual Tree Detection and Classification with UAV-
Based Photogrammetric Point Clouds and Hyperspectral Imaging. Remote Sensing, 9(3). 
doi:10.3390/rs9030185 

Nitschke, C. R., Trouvé, R., Lumsden, L. F., Bennett, L. T., Fedrigo, M., Robinson, A. P., & Baker, P. J. 
2020. Spatial and temporal dynamics of habitat availability and stability for a critically endangered 
arboreal marsupial: implications for conservation planning in a fire-prone landscape. Landscape 
Ecology. doi:10.1007/s10980-020-01036-2 

Noss, R. F. 1987. From plant communities to landscapes in conservation inventories: a look at The Nature 
Conservancy (USA). Biological Conservation, 41(1):11-37.  

Oliver, C. D., & Larson, B. C. (1996). Forest stand dynamics: updated edition: John Wiley and Sons. 

Olsoy, P. J., Forbey, J. S., Shipley, L. A., Rachlow, J. L., Robb, B. C., Nobler, J. D., & Thornton, D. H. 2020. 
Mapping foodscapes and sagebrush morphotypes with unmanned aerial systems for multiple herbivores. 
Landscape Ecology:1-16.  

Opie, A., Gillespie, G., Henry, S., Hurley, V., Lobert, B., & Westaway, J. (1990). Flora and Fauna Survey of 
the Coast Range Forest Block,(Southern Part), East Gippsland, Victoria. Department of Conservation, 
Forests & Lands. Retrieved from Melbourne https://trove.nla.gov.au/version/44880648 

Orlowsky, B., & Seneviratne, S. I. 2012. Global changes in extreme events: regional and seasonal dimension. 
Climatic Change, 110(3-4):669-696. doi:10.1007/s10584-011-0122-9 

Owers, C. J., Kavanagh, R. P., & Bruce, E. 2015. Remote sensing can locate and assess the changing 
abundance of hollow-bearing trees for wildlife in Australian native forests. Wildlife Research, 
41(8):703-716.  

Parmesan, C., Ryrholm, N., Stefanescu, C., Hill, J. K., Thomas, C. D., Descimon, H., Huntley, B., Kaila, L., 
Kullberg, J., & Tammaru, T. 1999. Poleward shifts in geographical ranges of butterfly species 
associated with regional warming. Nature, 399(6736):579.  

Parmesan, C., & Yohe, G. 2003. A globally coherent fingerprint of climate change impacts across natural 
systems. Nature, 421(6918):37-42. Retrieved from https://www-nature-
com.ezp.lib.unimelb.edu.au/articles/nature01286.pdf 

Parra, R. (1978). Comparison of foregut and hindgut fermentation in herbivores. In G. Montgomery (Ed.), The 
ecology of arboreal folivores: Smithsonian Institution Press. 

Parry, M., Parry, M. L., Canziani, O., Palutikof, J., Van der Linden, P., & Hanson, C. (2007). Climate change 
2007-impacts, adaptation and vulnerability: Working group II contribution to the fourth assessment 
report of the IPCC (Vol. 4): Cambridge University Press. 

Pastor-Guzman, J., Atkinson, P., Dash, J., & Rioja-Nieto, R. 2015. Spatotemporal Variation in Mangrove 
Chlorophyll Concentration Using Landsat 8. Remote Sensing, 7(11):14530-14558. 
doi:10.3390/rs71114530 

https://trove.nla.gov.au/version/44880648
https://www-nature-com.ezp.lib.unimelb.edu.au/articles/nature01286.pdf
https://www-nature-com.ezp.lib.unimelb.edu.au/articles/nature01286.pdf


Literature 
 

159 
 

Paudel, S. K., Waeber, P. O., Simard, S. W., Innes, J. L., & Nitschke, C. R. 2016. Multiple factors influence 
plant richness and diversity in the cold and dry boreal forest of southwest Yukon, Canada. Plant 
Ecology, 217(5):505-519. doi:10.1007/s11258-016-0595-8 

Pausas, J. G., Braithwaite, L. W., & Austin, M. P. 1995. Modelling habitat quality for arboreal marsupials in 
the south coastal forests of New South Wales, Australia. Forest Ecology and Management, 78(1):39-
49.  

Pearson, R. L., & Miller, L. D. 1972. Remote mapping of standing crop biomass for estimation of the 
productivity of the shortgrass prairie. Remote Sensing of Environment, VIII:1355.  

Pebesma, E. 2018. Simple features for R: standardized support for spatial vector data. The R Journal, 
10(1):439-446.  

Peñuelas, J., Gamon, J., Fredeen, A., Merino, J., & Field, C. 1994. Reflectance indices associated with 
physiological changes in nitrogen and water-limited sunflower leaves. Remote Sensing of Environment, 
48:135-146.  

Pettorelli, N., Ryan, S., Mueller, T., Bunnefeld, N., Jedrzejewska, B., Lima, M., & Kausrud, K. 2011. The 
Normalized Difference Vegetation Index (NDVI): unforeseen successes in animal ecology. Climate 
Research, 46(1):15-27. doi:10.3354/cr00936 

Pope, M. L., Lindenmayer, D. B., & Cunningham, R. B. 2004. Patch use by the greater glider (Petauroides 
volans) in a fragmented forest ecosystem. I. Home range size and movements. Wildlife Research, 
31(6):559-568. doi:10.1071/Wr02110 

Popescu, S. C., & Wynne, R. H. 2004. Seeing the trees in the forest: Using lidar and multispectral data fusion 
with local filtering and variable window size for estimating tree height. Photogrammetric Engineering 
and Remote Sensing, 70(5):589-604. doi:Doi 10.14358/Pers.70.5.589 

Possingham, H. P., Lindenmayer, D. B., Norton, T. W., & Davies, I. 1994. Metapopulation Viability Analysis 
of the Greater Glider Petauroides-Volans in a Wood Production Area. Biological Conservation, 
70(3):227-236. doi:10.1016/0006-3207(94)90167-8 

Powell, R. A. (2000). Animal home ranges and territories and home range estimators. In L. Boitani & T. K. 
Fuller (Eds.), Research techniques in animal ecology: controversies and consequences (Vol. 1, pp. 100). 
New York: Columbia University Press. 

QGIS Development Team. (2020). QGIS Geographic Information System: Open Source Geospatial Foundation. 
Retrieved from http://qgis.org 

Quesnelle, P. E., Fahrig, L., & Lindsay, K. E. 2013. Effects of habitat loss, habitat configuration and matrix 
composition on declining wetland species. Biological Conservation, 160:200-208. 
doi:https://doi.org/10.1016/j.biocon.2013.01.020 

R Core Development Team. (2020). R: A language and environment for statistical computing. Vienna, Austria: 
R Foundation for Statistical Computing. Retrieved from http://www.r-project.org 

Rabinowitz, D., Cairns, S., & Dillon, T. 1986. Seven forms of rarity and their frequency in the flora of the 
British Isles.  

http://qgis.org/
https://doi.org/10.1016/j.biocon.2013.01.020
http://www.r-project.org/


Literature 
 

160 
 

Ramoelo, A., Cho, M. A., Mathieu, R., Madonsela, S., Van De Kerchove, R., Kaszta, Z., & Wolff, E. 2015. 
Monitoring grass nutrients and biomass as indicators of rangeland quality and quantity using random 
forest modelling and WorldView-2 data. International Journal of Applied Earth Observation and 
Geoinformation, 43:43-54.  

Rawal, D. S., Kasel, S., Keatley, M. R., Aponte, C., & Nitschke, C. R. 2014. Environmental effects on growth 
phenology of co-occurring Eucalyptus species. International Journal of Biometeorology, 58(4):427-442. 
doi:10.1007/s00484-013-0756-6 

Rawal, D. S., Kasel, S., Keatley, M. R., & Nitschke, C. R. 2015a. Climatic and photoperiodic effects on 
flowering phenology of select eucalypts from south-eastern Australia. Agricultural and Forest 
Meteorology, 214:231-242. doi:10.1016/j.agrformet.2015.08.253 

Rawal, D. S., Kasel, S., Keatley, M. R., & Nitschke, C. R. 2015b. Environmental effects on germination 
phenology of co-occurring eucalypts: implications for regeneration under climate change. International 
Journal of Biometeorology, 59(9):1237-1252. doi:10.1007/s00484-014-0935-0 

Rawal, D. S., Kasel, S., Keatley, M. R., & Nitschke, C. R. 2015c. Herbarium records identify sensitivity of 
flowering phenology of eucalypts to climate: Implications for species response to climate change. 
Austral Ecology, 40(2):117-125. doi:10.1111/aec.12183 

Reside, A. E., Vanderwal, J. J., Kutt, A. S., & Perkins, G. C. 2010. Weather, not climate, defines distributions 
of vagile bird species. Plos One, 5(10):e13569. doi:10.1371/journal.pone.0013569 

Reside, A. E., Briscoe, N. J., Dickman, C. R., Greenville, A. C., Hradsky, B. A., Kark, S., Kearney, M. R., 
Kutt, A. S., Nimmo, D. G., Pavey, C. R., Read, J. L., Ritchie, E. G., Roshier, D., Skroblin, A., Stone, 
Z., West, M., & Fisher, D. O. 2019. Persistence through tough times: fixed and shifting refuges in 
threatened species conservation. Biodiversity and Conservation, 28(6):1303-1330. doi:10.1007/s10531-
019-01734-7 

Rézouki, C., Tafani, M., Cohas, A., Loison, A., Gaillard, J. M., Allainé, D., & Bonenfant, C. 2016. Socially 
mediated effects of climate change decrease survival of hibernating Alpine marmots. Journal of Animal 
Ecology, 85(3):761-773.  

Robbins, C. (2012). Wildlife feeding and nutrition: Elsevier. 

Robinson, K. W., & Morrison, P. R. 1957. The Reaction to Hot Atmospheres of Various Species of Australian 
Marsupial and Placental Animals. Journal of Cellular and Comparative Physiology, 49(3):455-478. 
doi:DOI 10.1002/jcp.1030490306 

Rosenzweig, C., Karoly, D., Vicarelli, M., Neofotis, P., Wu, Q., Casassa, G., Menzel, A., Root, T. L., Estrella, 
N., & Seguin, B. 2008. Attributing physical and biological impacts to anthropogenic climate change. 
Nature, 453(7193):353-357.  

Rosseel, Y. 2012. lavaan: An R Package for Structural Equation Modeling. 2012, 48(2):36. 
doi:10.18637/jss.v048.i02 

Rouse Jr, J., Haas, R., Schell, J., & Deering, D. 1974. Monitoring vegetation systems in the Great Plains with 
ERTS.  



Literature 
 

161 
 

Roussel, J.-R., & Auty, D. (2019). lidR: Airborne LiDAR Data Manipulation and Visualization for Forestry 
Applications. Retrieved from https://CRAN.R-project.org/package=lidR 

Rübsamen, K., Hume, I., Foley, W., & Rübsamen, U. 1984. Implications of the Large Surface-Area to Body-
Mass Ratio on the Heat-Balance of the Greater Glider (Petauroides-Volans-Marsupialia). Journal of 
Comparative Physiology, 154(1):105-111. doi:10.1007/Bf00683223 

Running, S. W. (1990). Estimating terrestrial primary productivity by combining remote sensing and ecosystem 
simulation. In Remote sensing of biosphere functioning (pp. 65-86): Springer. 

Ryan, S. J., Knechtel, C. U., & Getz, W. M. 2006. Range and habitat selection of African buffalo in South 
Africa. Journal of Wildlife Management, 70(3):764-776. doi:Doi 10.2193/0022-
541x(2006)70[764:Rahsoa]2.0.Co;2 

Ryan, S. J., Cross, P. C., Winnie, J., Hay, C., Bowers, J., & Getz, W. M. 2012. The utility of normalized 
difference vegetation index for predicting African buffalo forage quality. The Journal of Wildlife 
Management, 76(7):1499-1508. doi:10.1002/jwmg.407 

Santangeli, A., Hakkarainen, H., Laaksonen, T., & Korpimäki, E. 2012. Home range size is determined by 
habitat composition but feeding rate by food availability in male Tengmalm’s owls. Animal Behaviour, 
83(4):1115-1123.  

Saura, S., & Martínez-Millán, J. 2000. Landscape patterns simulation with a modified random clusters method. 
Landscape Ecology, 15(7):661-678.  

Scher, C. L., Griffoul, E., & Cannon, C. H. 2019. Drone-based photogrammetry for the construction of high-
resolution models of individual trees. Trees, 33(5):1385-1397.  

Schoener, T. W., & Gorman, G. C. 1968. Some niche differences in three Lesser Antillean lizards of the genus 
Anolis. Ecology, 49(5):819-830. doi:10.2307/1936533 

Sciaini, M., Fritsch, M., Scherer, C., Simpkins, C. E., & Golding, N. 2018. NLMR and landscapetools: An 
integrated environment for simulating and modifying neutral landscape models in R. Methods in 
Ecology and Evolution, 9(11):2240-2248. doi:10.1111/2041-210x.13076 

Sebire, I., & Fagg, P. C. (2009). High elevation mixed species in Victoria's state forests. Australia: Dept. of 
Sustainability and Environment. 

Seidl, R., Thom, D., Kautz, M., Martin-Benito, D., Peltoniemi, M., Vacchiano, G., Wild, J., Ascoli, D., Petr, 
M., Honkaniemi, J., Lexer, M. J., Trotsiuk, V., Mairota, P., Svoboda, M., Fabrika, M., Nagel, T. A., 
& Reyer, C. P. O. 2017. Forest disturbances under climate change. Nature Climate Change, 7(6):395-
402. doi:10.1038/Nclimate3303 

Shifley, S. R., Thompson III, F. R., Dijak, W. D., Larson, M. A., & Millspaugh, J. J. 2006. Simulated effects of 
forest management alternatives on landscape structure and habitat suitability in the Midwestern 
United States. Forest Ecology and Management, 229(1-3):361-377.  

Shipley, L. A., Forbey, J. S., & Moore, B. D. 2009. Revisiting the dietary niche: When is a mammalian 
herbivore a specialist? Integrative and Comparative Biology, 49(3):274-290. doi:10.1093/icb/icp051 

https://cran.r-project.org/package=lidR


Literature 
 

162 
 

Sims, N. C., Culvenor, D., Newnham, G., Coops, N. C., & Hopmans, P. 2013. Towards the Operational Use of 
Satellite Hyperspectral Image Data for Mapping Nutrient Status and Fertilizer Requirements in 
Australian Plantation Forests. IEEE Journal of Selected Topics in Applied Earth Observations and 
Remote Sensing, 6(2):320-328. doi:10.1109/jstars.2013.2251610 

Sing, T., Sander, O., Beerenwinkel, N., & Lengauer, T. 2005. ROCR: visualizing classifier performance in R. 
Bioinformatics, 21(20):3940-3941. doi:10.1093/bioinformatics/bti623 

Smith, A., & Lindenmayer, D. 1988. Tree hollow requirements of Leadbeater's possum and other possums and 
gliders in timber production ash forests of the Victorian central highlands. Wildlife Research, 
15(4):347-362.  

Smith, A., & Winter, J. (1997). Key and Field Guide to the Australian Possums, Gliders, and Koala: Surrey 
Beatty & Sons. 

Smith, A. P., & Ganzhorn, J. U. 1996. Convergence in community structure and dietary adaptation in 
Australian possums and gliders and Malagasy lemurs. Australian Journal of Ecology, 21(1):31-46. 
doi:DOI 10.1111/j.1442-9993.1996.tb00583.x 

Smith, G. C., Mathieson, M., & Hogan, L. 2007. Home range and habitat use of a low-density population of 
greater gliders, Petauroides volans (Pseudocheiridae : Marsupialia), in a hollow-limiting environment. 
Wildlife Research, 34(6):472-483. doi:10.1071/Wr06063 

Smith, P., & Smith, J. 2018. Decline of the greater glider (Petauroides volans) in the lower Blue Mountains, 
New South Wales. Australian Journal of Zoology, 66(2):103-114. doi:10.1071/Zo18021 

Smith, P., & Smith, J. 2020. Future of the Greater Glider (Petauroides volans) in the Blue Mountains, New 
South Wales. Proceedings of the Linnean Society of New South Wales, 142(1).  

Sreekar, R., Katabuchi, M., Nakamura, A., Corlett, R. T., Slik, J. W. F., Fletcher, C., He, F., Weiblen, G. D., 
Shen, G., Xu, H., Sun, I. F., Cao, K., Ma, K., Chang, L. W., Cao, M., Jiang, M., Gunatilleke, I., Ong, 
P., Yap, S., Gunatilleke, C. V. S., Novotny, V., Brockelman, W. Y., Xiang, W., Mi, X., Li, X., Wang, 
X., Qiao, X., Li, Y., Tan, S., Condit, R., Harrison, R. D., & Koh, L. P. 2018. Spatial scale changes the 
relationship between beta diversity, species richness and latitude. R Soc Open Sci, 5(9):181168. 
doi:10.1098/rsos.181168 

Stenseth, N. C., Mysterud, A., Ottersen, G., Hurrell, J. W., Chan, K. S., & Lima, M. 2002. Ecological effects 
of climate fluctuations. Science, 297(5585):1292-1296. doi:10.1126/science.1071281 

Stewart, S. B., & Nitschke, C. R. 2017a. Improving temperature interpolation using MODIS LST and local 
topography: a comparison of methods in south east Australia. International Journal of Climatology, 
37(7):3098-3110. doi:10.1002/joc.4902 

Stewart, S. B., & Nitschke, C. (2017b). Climate Victoria: Maximum Temperature (3DS; 9 second, approx. 250 
m). v2. CSIRO [Data Collection]. Retrieved from: https://doi.org/10.25919/5e5d9c82c3b16 

Stewart, S. B., & Nitschke, C. (2018). Climate Victoria: Minimum Temperature (3DS-TM; 9 second, approx. 
250 m). v2. CSIRO [Data Collection]. Retrieved from: https://doi.org/10.25919/5e5dc18621a12 

https://doi.org/10.25919/5e5d9c82c3b16
https://doi.org/10.25919/5e5dc18621a12


Literature 
 

163 
 

Stewart, S. B., Fedrigo, M., Roxburgh, S. H., Kasel, S., & Nitschke, C. (2020a). Climate Victoria: 
Precipitation (9 second, approx. 250 m). v1. CSIRO [Data Collection]. Retrieved from: 
https://doi.org/10.25919/5e3be5193e301 

Stewart, S. B., Fedrigo, M., Roxburgh, S. H., Kasel, S., & Nitschke, C. (2020b). Climate Victoria: 9am Vapour 
Pressure (9 second, approx. 250 m). v3. CSIRO [Data Collection]. Retrieved from: 
https://doi.org/10.25919/5e5701b5df4d8 

Stewart, S. B., Fedrigo, M., Roxburgh, S. H., Kasel, S., & Nitschke, C. (2020c). Climate Victoria: Reference 
Evapotranspiration (FAO-56; 9 second, approx. 250 m). v1. CSIRO [Data Collection]. Retrieved from: 
https://doi.org/10.25919/5e3e4b6b309f2 

Stewart, S. B., Elith, J., Fedrigo, M., Kasel, S., Roxburgh, S. H., Bennett, L. T., Chick, M., Fairman, T., 
Leonard, S., Kohout, M., Cripps, J. K., Durkin, L., & Nitschke, C. R. 2021. Climate extreme variables 
generated using monthly time‐series data improve predicted distributions of plant species. Ecography. 
doi:10.1111/ecog.05253 

Stockwell, D., Davey, S., Davis, J., & Noble, I. 1990. Using induction of decision trees to predict greater glider 
density. AI Applications in Natural Resource Management, 4(4):33-43.  

Stone, C., Webster, M., Osborn, J., & Iqbal, I. 2016. Alternatives to LiDAR-derived canopy height models for 
softwood plantations: a review and example using photogrammetry. Australian Forestry, 79(4):271-
282.  

Taylor, A. C., Tyndale-Biscoe, H., & Lindenmayer, D. B. 2007. Unexpected persistence on habitat islands: 
genetic signatures reveal dispersal of a eucalypt-dependent marsupial through a hostile pine matrix. 
Molecular Ecology, 16(13):2655-2666. doi:10.1111/j.1365-294X.2007.03331.x 

Taylor, C., Cadenhead, N., Lindenmayer, D. B., & Wintle, B. A. 2017. Improving the Design of a Conservation 
Reserve for a Critically Endangered Species. Plos One, 12(1):e0169629. 
doi:10.1371/journal.pone.0169629 

Taylor, C., & Lindenmayer, D. B. 2019. The adequacy of Victoria's protected areas for conserving its forest‐
dependent fauna. Austral Ecology.  

Thomas, C. D., Cameron, A., Green, R. E., Bakkenes, M., Beaumont, L. J., Collingham, Y. C., Erasmus, B. F., 
De Siqueira, M. F., Grainger, A., & Hannah, L. 2004. Extinction risk from climate change. Nature, 
427(6970):145-148.  

Thomas, J., & Oerther, G. 1972. Estimating nitrogen content of sweet pepper leaves by reflectance 
measurements 1. Agronomy journal, 64(1):11-13.  

Tilman, D., May, R. M., Lehman, C. L., & Nowak, M. A. 1994. Habitat destruction and the extinction debt. 
Nature, 371(6492):65-66.  

Trouvé, R., Oborne, L., & Baker, P. J. 2021. The effect of species, size, and fire intensity on tree mortality 
within a catastrophic bushfire complex. Ecological Applications:e2383.  

Tucker, C. J. 1979. Red and Photographic Infrared Linear Combinations for Monitoring Vegetation. Remote 
Sensing of Environment, 8(2):127-150. doi:10.1016/0034-4257(79)90013-0 

https://doi.org/10.25919/5e3be5193e301
https://doi.org/10.25919/5e5701b5df4d8
https://doi.org/10.25919/5e3e4b6b309f2


Literature 
 

164 
 

Tucker, C. J., Holben, B. N., Elgin, J. H., & Mcmurtrey, J. E. 1981. Remote-Sensing of Total Dry-Matter 
Accumulation in Winter-Wheat. Remote Sensing of Environment, 11(3):171-189. doi:Doi 
10.1016/0034-4257(81)90018-3 

Turner, J., & Kelly, J. 1981. Relationships between Soil Nutrients and Vegetation in a North Coast Forest, 
New-South-Wales. Australian Forest Research, 11(3-4):201-208.  

Turner, M. G., & Gardner, R. H. (2015). Landscape ecology in theory and practice : pattern and process (2nd 
ed. ed.): Springer. 

Turner, W., Spector, S., Gardiner, N., Fladeland, M., Sterling, E., & Steininger, M. 2003. Remote sensing for 
biodiversity science and conservation. Trends in Ecology & Evolution, 18(6):306-314. 
doi:10.1016/S0169-5347(03)00070-3 

Tyndale-Biscoe, C., & Calaby, J. 1975. Eucalypt forests as refuge for wildlife. Australian Forestry, 38(2):117-
133.  

Tyre, A. J., Tenhumberg, B., Field, S. A., Niejalke, D., Parris, K., & Possingham, H. P. 2003. Improving 
precision and reducing bias in biological surveys: estimating false‐negative error rates. Ecological 
Applications, 13(6):1790-1801.  

Ullman, S. 1979. The interpretation of structure from motion. Proc R Soc Lond B Biol Sci, 203(1153):405-426. 
doi:10.1098/rspb.1979.0006 

Ustin, S. L., Roberts, D. A., Gamon, J. A., Asner, G. P., & Green, R. O. 2004. Using imaging spectroscopy to 
study ecosystem processes and properties. Bioscience, 54(6):523-534.  

van der Ree, R., & Loyn, R. H. 2002. The influence of time since fire and distance from fire boundary on the 
distribution and abundance of arboreal marsupials in Eucalyptus regnans-dominated forest in the 
Central Highlands of Victoria. Wildlife Research, 29(2):151-158. doi:Unsp 1035-3712/02/020151 

10.1071/Wr98055 

van der Ree, R., Ward, S., & Handasyde, K. (2004a). Distribution and conservation status of possums and 
gliders in Victoria. In The Biology of Australian Possums and Gliders (pp. 91-110). Sydney: Surrey 
Beatty and Sons. 

van der Ree, R., Bennett, A. F., & Gilmore, D. 2004b. Gap-crossing by gliding marsupials: thresholds for use of 
isolated woodland patches in an agricultural landscape. Biological Conservation, 115(2):241-249.  

VanDerWal, J., Falconi, L., Januchowski, S., Shoo, L., & Storlie, C. (2019). SDMTools: Species Distribution 
Modelling Tools: Tools for processing data associated with species distribution modelling exercises. 
Retrieved from https://CRAN.R-project.org/package=SDMTools 

Villard, M. A., & Metzger, J. P. 2014. Beyond the fragmentation debate: a conceptual model to predict when 
habitat configuration really matters. Journal of Applied Ecology, 51(2):309-318.  

Wagner, B., Baker, P. J., Stewart, S. B., Lumsden, L. F., Nelson, J. L., Cripps, J. K., Durkin, L. K., Scroggie, 
M. P., & Nitschke, C. R. 2020. Climate change drives habitat contraction of a nocturnal arboreal 
marsupial at its physiological limits. Ecosphere, 11(10):e03262. doi:10.1002/ecs2.3262 

https://cran.r-project.org/package=SDMTools


Literature 
 

165 
 

Wagner, B., Baker, P. J., & Nitschke, C. R. in prep. Habitats for gliders: Determining hollow availability and 
foliar nitrogen across a mixed-species forest landscape.  

Wagner, B., Baker, P. J., Moore, B. D., & Nitschke, C. R. in review-a. Mapping canopy nitrogen-scapes to 
assess foraging habitat for a vulnerable arboreal folivore in mixed-species Eucalyptus forests.  

Wagner, B., Baker, P. J., & Nitschke, C. R. in review-b. The influence of spatial patterns in foraging habitat 
on the abundance and home range size of an arboreal marsupial in southeast Australia.  

Walker, R. B., D Coop, J., M Downing, W., A Krawchuk, M., L Malone, S., & W Meigs, G. 2019. How much 
forest persists through fire? High-resolution mapping of tree cover to characterize the abundance and 
spatial pattern of fire refugia across mosaics of burn severity. Forests, 10(9):782.  

Wallis, I. R., Nicolle, D., & Foley, W. J. 2010. Available and not total nitrogen in leaves explains key chemical 
differences between the eucalypt subgenera. Forest Ecology and Management, 260(5):814-821.  

Wallis, I. R., Edwards, M. J., Windley, H., Krockenberger, A. K., Felton, A., Quenzer, M., Ganzhorn, J. U., & 
Foley, W. J. 2012. Food for folivores: nutritional explanations linking diets to population density. 
Oecologia, 169(2):281-291. Retrieved from https://link-springer-
com.ezp.lib.unimelb.edu.au/content/pdf/10.1007%2Fs00442-011-2212-9.pdf 

Walther, G. R., Post, E., Convey, P., Menzel, A., Parmesan, C., Beebee, T. J., Fromentin, J. M., Hoegh-
Guldberg, O., & Bairlein, F. 2002. Ecological responses to recent climate change. Nature, 
416(6879):389-395. doi:10.1038/416389a 

Walther, G. R. 2010. Community and ecosystem responses to recent climate change. Philosophical 
Transactions of the Royal Society of London B: Biological Sciences, 365(1549):2019-2024. Retrieved 
from https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2880129/pdf/rstb20100021.pdf 

Wang, L. W., & Wei, Y. X. 2016. Revised normalized difference nitrogen index (NDNI) for estimating canopy 
nitrogen concentration in wetlands. Optik, 127(19):7676-7688. doi:10.1016/j.ijleo.2016.05.115 

Wang, T., Hamann, A., Yanchuk, A., O'Neill, G. A., & Aitken, S. N. 2006. Use of response functions in 
selecting lodgepole pine populations for future climates. Global Change Biology, 12(12):2404-2416. 
doi:10.1111/j.1365-2486.2006.01271.x 

Ward, M., Tulloch, A. I. T., Radford, J. Q., Williams, B. A., Reside, A. E., Macdonald, S. L., Mayfield, H. J., 
Maron, M., Possingham, H. P., Vine, S. J., O'Connor, J. L., Massingham, E. J., Greenville, A. C., 
Woinarski, J. C. Z., Garnett, S. T., Lintermans, M., Scheele, B. C., Carwardine, J., Nimmo, D. G., 
Lindenmayer, D. B., Kooyman, R. M., Simmonds, J. S., Sonter, L. J., & Watson, J. E. M. 2020. 
Impact of 2019-2020 mega-fires on Australian fauna habitat. Nat Ecol Evol, 4(10):1321-1326. 
doi:10.1038/s41559-020-1251-1 

Warren, D. L., Glor, R. E., & Turelli, M. 2008. Environmental niche equivalency versus conservatism: 
quantitative approaches to niche evolution. Evolution, 62(11):2868-2883. doi:10.1111/j.1558-
5646.2008.00482.x 

Watson, C., Weckerly, F., Hatfield, J., Farquhar, C., & Williamson, P. 2008. Presence–nonpresence surveys of 
golden‐cheeked warblers: detection, occupancy and survey effort. Animal Conservation, 11(6):484-492.  

https://link-springer-com.ezp.lib.unimelb.edu.au/content/pdf/10.1007%2Fs00442-011-2212-9.pdf
https://link-springer-com.ezp.lib.unimelb.edu.au/content/pdf/10.1007%2Fs00442-011-2212-9.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2880129/pdf/rstb20100021.pdf


Literature 
 

166 
 

Welbergen, J. A., Klose, S. M., Markus, N., & Eby, P. 2007. Climate change and the effects of temperature 
extremes on Australian flying-foxes. Proceedings of the Royal Society B: Biological Sciences, 
275(1633):419-425. doi:10.1098/rspb.2007.1385 

White, T. 1978. The importance of a relative shortage of food in animal ecology. Oecologia, 33(1):71-86.  

White, T. (2012). The inadequate environment: nitrogen and the abundance of animals: Springer Science & 
Business Media. 

Willems, E. P., Barton, R. A., & Hill, R. A. 2009. Remotely sensed productivity, regional home range selection, 
and local range use by an omnivorous primate. Behavioral Ecology, 20(5):985-992. 
doi:10.1093/beheco/arp087 

Wing, J., Kuhn, M., Weston, S., Williams, A., Keefer, C., Engelhardt, A., Cooper, T., Mayer, Z., Kenkel, B., R 
Core Development Team, Benesty, M., Lescarbeau, R., Ziem, A., Scrucca, L., Tang, Y., Candan, C., 
& Hunt, T. (2019). caret: Classification and Regression Training. Retrieved from https://CRAN.R-
project.org/package=caret 

Wintle, B. A., Kavanagh, R. P., McCARTHY, M. A., & Burgman, M. A. 2005. Estimating and dealing with 
detectability in occupancy surveys for forest owls and arboreal marsupials. The Journal of Wildlife 
Management, 69(3):905-917.  

With, K. A. 1997. The Application of Neutral Landscape Models in Conservation Biology: Aplicación de 
Modelos de Paisaje Neutros en la Biología de la Conservación. Conservation Biology, 11(5):1069-1080.  

With, K. A., & King, A. W. 1997. The use and misuse of neutral landscape models in ecology. Oikos:219-229.  

With, K. A., & King, A. W. 2001. Analysis of landscape sources and sinks: the effect of spatial pattern on 
avian demography. Biological Conservation, 100(1):75-88.  

Woinarski, J. C., Burbidge, A. A., & Harrison, P. L. (2014). The Action Plan for Australian Mammals 2012. 
Retrieved from Collingwood, Australia:  

Wormington, K., & Lamb, D. 1999. Tree hollow development in wet and dry sclerophyll eucalypt forest in 
south-east Queensland, Australia. Australian Forestry, 62(4):336-345.  

Wu, H., Levin, N., Seabrook, L., Moore, B. D., & McAlpine, C. 2019. Mapping Foliar Nutrition Using 
WorldView-3 and WorldView-2 to Assess Koala Habitat Suitability. Remote Sensing, 11(3). 
doi:10.3390/rs11030215 

Wu, W. 2014. The generalized difference vegetation index (GDVI) for dryland characterization. Remote 
Sensing, 6(2):1211-1233.  

Xue, J., & Su, B. 2017. Significant Remote Sensing Vegetation Indices: A Review of Developments and 
Applications. Journal of Sensors, 2017:1-17. doi:10.1155/2017/1353691 

Xue, L., Cao, W., Luo, W., Dai, T., & Zhu, Y. 2004. Monitoring leaf nitrogen status in rice with canopy 
spectral reflectance. Agronomy journal, 96(1):135-142.  

https://cran.r-project.org/package=caret
https://cran.r-project.org/package=caret


Literature 
 

167 
 

Yengoh, G. T., Dent, D., Olsson, L., Tengberg, A. E., & Tucker III, C. J. (2015). Use of the Normalized 
Difference Vegetation Index (NDVI) to Assess Land Degradation at Multiple Scales: Current Status, 
Future Trends, and Practical Considerations: Springer. 

Young, N. E., Anderson, R. S., Chignell, S. M., Vorster, A. G., Lawrence, R., & Evangelista, P. H. 2017. A 
survival guide to Landsat preprocessing. Ecology, 98(4):920-932.  

Youngentob, K., Wallis, I. R., Lindenmayer, D. B., Wood, J. T., Pope, M. L., & Foley, W. J. 2011. Foliage 
Chemistry Influences Tree Choice and Landscape Use of a Gliding Marsupial Folivore. Journal of 
Chemical Ecology, 37(1):71-84. doi:10.1007/s10886-010-9889-9 

Youngentob, K., Renzullo, L. J., Held, A. A., Jia, X., Lindenmayer, D. B., & Foley, W. J. 2012. Using imaging 
spectroscopy to estimate integrated measures of foliage nutritional quality. Methods in Ecology and 
Evolution, 3(2):416-426.  

Youngentob, K., Wood, J. T., & Lindenmayer, D. B. 2013. The response of arboreal marsupials to landscape 
context over time: a large-scale fragmentation study revisited. Journal of Biogeography, 40(11):2082-
2093. doi:10.1111/jbi.12158 

Youngentob, K., Yoon, H. J., Stein, J., Lindenmayer, D. B., & Held, A. A. 2015. Where the wild things are: 
using remotely sensed forest productivity to assess arboreal marsupial species richness and abundance. 
Diversity and Distributions, 21(8):977-990. doi:10.1111/ddi.12332 

Youngentob, K., Zdenek, C., & van Gorsel, E. 2016. A simple and effective method to collect leaves and seeds 
from tall trees. Methods in Ecology and Evolution, 7(9):1119-1123. doi:10.1111/2041-210x.12554 

Youngentob, K., Lindenmayer, D. B., Marsh, K. J., Krockenberger, A. K., & Foley, W. J. 2021. Food intake: 
an overlooked driver of climate change casualties? Trends in Ecology & Evolution. 
doi:https://doi.org/10.1016/j.tree.2021.04.003 

Zimmermann, N. E., Yoccoz, N. G., Edwards, T. C., Jr., Meier, E. S., Thuiller, W., Guisan, A., Schmatz, D. 
R., & Pearman, P. B. 2009. Climatic extremes improve predictions of spatial patterns of tree species. 
Proc Natl Acad Sci U S A, 106 Suppl 2(Supplement 2):19723-19728. doi:10.1073/pnas.0901643106 

https://doi.org/10.1016/j.tree.2021.04.003


Appendix 1 (Chapter 2) 

168 
 

Appendix 1 

Chapter 2 - Supplementary figures and tables 

 
Figure S1. Map of study regions in eastern Victoria with focus landscapes (lines), total presence and absence observations (points) and elevation (colour gradient)
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Table S1. Initial modelling variables before variable selection, their unit and description. Only variables related to the total 33-
year timeframe were used in the modelling process. 

Variable Unit Description 
site text Site Name 
GG integer Greater Glider presence (1) or absence (0) 
Zone integer Site Zone (0 = Central Highlands, 1 = East Gippsland Highlands, 2 

= Strathbogie Ranges) 
FT code EVC Forest Type 
Ele numeric Elevation of the Site 
hn integer Number of Nights above 20*C from 1981 - 2014 
NDVI numeric Landsat 8 NDVI value at survey date 
slope degree Slope of Site 
aspect degree Aspect of Site 
parentmat text Parent Material of Site 
soiltype text ASC soil type code (see 

http://www.clw.csiro.au/aclep/asc_re_on_line_V2/append2.htm) 
soilsubtype text ASC soil sub type code (see 

http://www.clw.csiro.au/aclep/asc_re_on_line_V2/append2.htm) 
pH numeric Soil pH of Site 
ESPP1 code Primary (most abundant) eucalypt species recorded in SFRI code 
ESPP2 code 2nd most abundant eucalypt species recorded in SFRI code 
SPP1COVER percent The percent of the ground area covered by the crowns of SPP1 

(SFRI) 
SPP2COVER percent The percent of the ground area covered by the crowns of SPP2 

(SFRI) 
EUCPREDOM text The relative abundance of SPP1, compared with SPP2, SPP3 and 

SPP4 (SFRI) 
EUCGROUP text Species grouping based on species associations and wood 

characteristics (SFRI) 
STANDHT m The midpoint of height class assigned to the dominant crown 

component recorded in SFRI code 
EUCCOVPC percent The midpoint of the eucalypt crown cover class recorded in SFRI 

code 
TREAT_YEAR year The year of TREATCAUSE. The 2nd calendar year of the financial 

year is recorded (SFRI) 
TREATCAUSE code Most recent event (harvest or fire) that caused a moderate 

modification to the stand structure (SFRI) 
CONDN code Summarizes past disturbance events and the effect on the stand 

structure (SFRI) 
ORIGIN year The financial year that the stand originated. These include recorded 

(in logging history or fire severity mapping) or modelled value 
(SFRI) 

fires  numeric Number of fires (bushfires and planned burns) in site from 1980 - 
2017 
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log numeric Number of timber harvesting operations carried out in site from 
1980 - 2015 

age numeric age of the stand according to SFRI (2017-
tminsitesCHyy$TREAT_YEAR) 

northness angle northness of site 
eastness angle eastness of site 
81to14MAP mm Mean annual precipitation from 1981 - 2014 
81to14MAXP mm Maximum annual precipitation from 1981 - 2014 
81to14MINP mm Minimum annual precipitation from 1981 - 2014 
80sMAP mm Mean annual precipitation from 1981 - 1990 
80sMAXP mm Maximum annual precipitation from 1981 - 1990 
80sMINP mm Minimum annual precipitation from 1981 - 1990 
90sMAP mm Mean annual precipitation from 1990 - 2000 
90sMAXP mm Maximum annual precipitation from 1990 - 2000 
90sMINP mm Minimum annual precipitation from 1990 - 2000 
00sMAP mm Mean annual precipitation from 2000 - 2010 
00sMAXP mm Maximum annual precipitation from 2000 - 2010 
00sMINP mm Minimum annual precipitation from 2000 - 2010 
10sMAP mm Mean annual precipitation from 2010 - 2014 
10sMAXP mm Maximum annual precipitation from 2010 - 2014 
00sMINP mm Minimum annual precipitation from 2010 - 2014 
81to14MAT ˚C Mean annual temperature from 1981 - 2014 
81to14MAXT ˚C Mean maximum temperature from 1981 - 2014 
81to14MINT ˚C Mean minimum temperature from 1981 - 2014 
80sMAT ˚C Mean annual temperature from 1981 - 1990 
80sMAXT ˚C Mean maximum temperature from 1981 - 1990 
80sMINT ˚C Mean minimum temperature from 1981 - 1990 
90sMAT ˚C Mean annual temperature from 1990 - 2000 
90sMAXT ˚C Mean maximum temperature from 1990 - 2000 
90sMINT ˚C Mean minimum temperature from 1990 - 2000 
00sMAT ˚C Mean annual temperature from 2000 - 2010 
00sMAXT ˚C Mean maximum temperature from 2000 - 2010 
00sMINT ˚C Mean minimum temperature from 2000 - 2010 
10sMAT ˚C Mean annual temperature from 2010 - 2014 
10sMAXT ˚C Mean maximum temperature from 2010 - 2014 
10sMINT ˚C Mean minimum temperature from 2010 - 2014 
81to14mdv ˚C Mean diurnal variation from 1981 - 2014 
80smdv ˚C Mean diurnal variation from 1981 - 1990 
90smdv ˚C Mean diurnal variation from 1990 - 2000 
00smdv ˚C Mean diurnal variation from 2000 - 2010 
10smdv ˚C Mean diurnal variation from 2010 - 2014 
90to14et0mean mm Mean annual evapotranspiration from 1990 - 2014 
90to14et0max mm Mean maximum evapotranspiration from 1990 - 2014 
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90to14et0min mm Mean minimum evapotranspiration from 1990 - 2014 
90set0mean mm Mean annual evapotranspiration from 1990 - 2000 
90set0max mm Mean maximum evapotranspiration from 1990 - 2000 
90set0min mm Mean minimum evapotranspiration from 1990 - 2000 
00set0mean mm Mean annual evapotranspiration from 2000 - 2010 
00set0max mm Mean maximum evapotranspiration from 2000 - 2010 
00set0min mm Mean minimum evapotranspiration from 2000 - 2010 
10set0mean mm Mean annual evapotranspiration from 2010 - 2014 
10set0max mm Mean maximum evapotranspiration from 2010 - 2014 
10set0min mm Mean minimum evapotranspiration from 2010 - 2014 
81to14EGmvpd hPa Mean annual vapor pressure deficit from 1981 - 2014 
81to14EGmaxvpd hPa Mean maximum vapor pressure deficit from 1981 - 2014 
81to14EGminvpd hPa Mean minimum vapor pressure deficit from 1981 - 2014 
80smvpd hPa Mean annual vapor pressure deficit from 1981 - 1990 
80sEGmaxvpd hPa Mean maximum vapor pressure deficit from 1981 - 1990 
80sEGminvpd hPa Mean minimum vapor pressure deficit from 1981 - 1990 
90smvpd hPa Mean annual vapor pressure deficit from 1990 - 2000 
90sEGmaxvpd hPa Mean maximum vapor pressure deficit from 1990 - 2000 
90sEGminvpd hPa Mean minimum vapor pressure deficit from 1990 - 2000 
00smvpd hPa Mean annual vapor pressure deficit from 2000 - 2010 
00sEGmaxvpd hPa Mean maximum vapor pressure deficit from 2000 - 2010 
00sEGminvpd hPa Mean minimum vapor pressure deficit from 2000 - 2010 
10smvpd hPa Mean annual vapor pressure deficit from 2010 - 2014 
10sEGmaxvpd hPa Mean maximum vapor pressure deficit from 2010 - 2014 
10sEGminvpd hPa Mean minimum vapor pressure deficit from2010 - 2014 
81to14AHMImean numeric Mean annual heat moisture index from 1981 - 2014 
81to14AHMImax numeric Mean maximum annual heat moisture index from 1981 - 2014 
81to14AHMImin numeric Mean minimum annual heat moisture index from 1981 - 2014 
80sAHMImean numeric Mean annual heat moisture index from 1981 - 1990 
80sAHMImax numeric Mean maximum annual heat moisture index from 1981 - 1990 
80sAHMImix numeric Mean minimum annual heat moisture index from 1981 - 1990 
90sAHMImean numeric Mean annual heat moisture index from 1990 - 2000 
90sAHMImax numeric Mean maximum annual heat moisture index from 1990 - 2000 
90sAHMImix numeric Mean minimum annual heat moisture index from 1990 - 2000 
00sAHMImean numeric Mean annual heat moisture index from 2000 - 2010 
00sAHMImax numeric Mean maximum annual heat moisture index from 2000 - 2010 
00sAHMImix numeric Mean minimum annual heat moisture index from 2000 - 2010 
10sAHMImean numeric Mean annual heat moisture index from 2010 - 2014 
10sAHMImax numeric Mean maximum annual heat moisture index from 2010 - 2014 
10sAHMImix numeric Mean minimum annual heat moisture index from 2010 - 2014 
X integer Latitude 
Y integer Longitude 
wetdaystotal numeric no of days with P ≥25mm 1981 - 2014 
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lastlog date year of last logging activity 
timesincelog numeric years since last logging activity 
lastfire date year of last fire 
timesincefire numeric years since last fire 
drydays numeric total number of days with precipitation <0.1mm since 1981 
condtotaldays numeric no. of days with CI<01981 
meancond hPa mean condensation of site 1981 - 2014 
X80scondmean hPa mean condensation of site 1981 - 1990 
X80scondmax hPa max condensation of site 1981 - 1990 
X80scondmin hPa min condensation of site 1981 - 1990 
X90scondmean hPa mean condensation of site 1990-2000 
X90scondmax hPa max condensation of site 1990-2000 
X90scondmin hPa min condensation of site 1990-2000 
X00scondmean hPa mean condensation of site 2000 - 2010 
X00scondmax hPa max condensation of site 2000 - 2010 
X00scondmin hPa min condensation of site 2000 - 2010 
X10scondmean hPa mean condensation of site 2010 - 2014 
X10scondmax hPa max condensation of site 2010 - 2014 
X10scondmin hPa min condensation of site 2010 - 2014 
summermeanT ˚C mean summer temperature 1981 - 2014 
summermaxT ˚C max summer temperature 1981 - 2014 
summerminT ˚C min summer temperature 1981 - 2014 
summerP mm mean summer precipitation 1981 - 2014 
summercond hPa mean summer condensation 1981 - 2014 
wintermeanT ˚C mean winter temperature 1981 - 2014 
wintermaxT ˚C max winter temperature 1981 - 2014 
winterminT ˚C min winter temperature 1981 - 2014 
winterP mm mean winter precipitation 1981 - 2014 
wintercond hPa mean winter condensation 1981 - 2014 
springmeanT ˚C mean spring temperature 1981 - 2014 
springmaxT ˚C max spring temperature 1981 - 2014 
springminT ˚C min spring temperature 1981 - 2014 
springP mm mean spring precipitation 1981 - 2014 
springcond hPa mean spring condensation 1981 - 2014 
autumnmeanT ˚C mean autumn temperature 1981 - 2014 
autumnmaxT ˚C max autumn temperature 1981 - 2014 
autumnminT ˚C min autumn temperature 1981 - 2014 
autumnP mm mean autumn precipitation 1981 - 2014 
autumncond hPa mean autumn condensation 1981 - 2014 
TWI numeric Terrain Wetness Index of the site 
meanT5year ˚C mean temperature of the last 5 years 
maxT5year ˚C max temperature of the last 5 years 
minT5year ˚C min temperature of the last 5 years 



Appendix 1 (Chapter 2) 

173 
 

P5year mm mean annual precipitation of the last 5 years 
cond5year hPa mean condensation of the last 5 years 
meanT10year ˚C mean temperature of the last 10 years 
maxT10year ˚C max temperature of the last 10 years 
minT10year ˚C min temperature of the last 10 years 
P10year mm mean annual precipitation of the last 10 years 
cond10year hPa mean condensation of the last 10 years 
meanT15year ˚C mean temperature of the last 15 years 
maxT15year ˚C max temperature of the last 15 years 
minT15year ˚C min temperature of the last 15 years 
P15year mm mean annual precipitation of the last 15 years 
cond15year hPa mean condensation of the last 15 years 
meanT20year ˚C mean temperature of the last 20 years 
maxT20year ˚C max temperature of the last 20 years 
minT20year ˚C min temperature of the last 20 years 
P20year mm mean annual precipitation of the last 20 years 
cond20year hPa mean condensation of the last 20 years 
meanT30year ˚C mean temperature of the last 30 years 
maxT30year ˚C max temperature of the last 30 years 
minT30year ˚C min temperature of the last 30 years 
P30year mm mean annual precipitation of the last 30 years 
cond30year hPa mean condensation of the last 30 years 
conddays5year numeric total number of days with condensation during the past 5 years 
conddays10year numeric total number of days with condensation during the past 10 years 
conddays15year numeric total number of days with condensation during the past 15 years 
conddays20year numeric total number of days with condensation during the past 20 years 
conddays30year numeric total number of days with condensation during the past 30 years 
drydays5 numeric total number of days with <0.1mm rain during the past 5 years 
drydays10 numeric total number of days with <0.1mm rain during the past 10 years 
drydays15 numeric total number of days with <0.1mm rain during the past 15 years 
drydays20 numeric total number of days with <0.1mm rain during the past 20 years 
drydays30 numeric total number of days with <0.1mm rain during the past 30 years 
raindays5 numeric total number of days with ≥25mm rain during the past 5 years 
raindays10 numeric total number of days with ≥25mm rain during the past 10 years 
raindays15 numeric total number of days with ≥25mm rain during the past 15 years 
raindays20 numeric total number of days with ≥25mm rain during the past 20 years 
raindays30 numeric total number of days with ≥25mm rain during the past 30 years 
hotnights5 numeric total number of nights ≥20°C in the past 5 years 
hotnights10 numeric total number of nights ≥20°C in the past 10 years 
hotnights15 numeric total number of nights ≥20°C n the past 15 years 
hotnights20 numeric total number of nights ≥20°C in the past 20 years 
hotnights30 numeric total number of nights ≥20°C in the past 30 years 
meanAHMI5year numeric mean Annual Heat Moisture Index of the past 5 years 
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meanAHMI10year numeric mean Annual Heat Moisture Index of the past 10 years 
meanAHMI15year numeric mean Annual Heat Moisture Index of the past 15 years 
meanAHMI20year numeric mean Annual Heat Moisture Index of the past 20 years 
meanAHMI30year numeric mean Annual Heat Moisture Index of the past 30 years 
meanFDSI5year numeric mean Forest Drought Severity Index of the past 5 years 
meanFDSI10year numeric mean Forest Drought Severity Index of the past 10 years 
meanFDSI15year numeric mean Forest Drought Severity Index of the past 15 years 
meanFDSI20year numeric mean Forest Drought Severity Index of the past 20 years 
meanFDSI30year numeric mean Forest Drought Severity Index of the past 30 years 
parentmatnum numeric numeric code for parent material 
soiltypenum numeric numeric code for soil type 
soilsubtypenum numeric numeric code for soil sub type 
ESPP1num numeric  SFRI species 1 coded numeric 
ESPP2num numeric  SFRI species 2 coded numeric 
EUCPREDOMnum numeric  SFRI predominant species coded numeric 
EUCGROUPnum numeric  SFRI eucalypt group coded numeric 
TREATCAUSEnum numeric SFRI treatment coded numeric 
CONDNnum numeric  SFRI stand condition coded numeric 
firecat numeric time since fire in categories (timesincefire = 0, 1, 

timesincefire<10,5, timesincefire between 10 and 20, 4, 
timesincefire 20-30,5, older = 6) 

logcat numeric  time since log in categories (timesincelog = 0, 1, 
timesincelog<10,5, timesincelog between 10 and 20, 4, timesincelog 
20-30,5, older = 6 
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Figure S2. Confusion matrices and receiver operating characteristics curves (ROC) for cross-validation (a & b) and independent 
validation (c & d) of the final model. Dark blue charts indicate true, red charts false predictions. The size of each chart represents 
its fraction of the total number of observations. 
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Figure S3. Separate landscape confusion matrices of cross-validation (left) and independent validation (right) for East Gippsland 
(a + b), Central Highlands (c + d) and the Strathbogie Ranges (e + f). Blue charts indicate true, red charts false predictions. 
The size of each chart represents its fraction of the total number of observations. 
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Figure S4. 3D joint partial dependence plots to illustrate the seven interactions derived by the BRT model, as suggested by Elith et al. (2008). 
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Figure S5. Scatterplot of 100 random pixels extracted from habitat suitability maps of all landscapes and a rescaled 30x30 m 
digital elevation model in meters. 

 

 
Figure S6. Elevational distribution of suitable habitat area within the three study regions. 
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Table S2. Landscape metrics of patch number and size for the East Gippsland study area 

Landscape 
metric 

Class Metric-value 

Mean patch 
area 

not suitable, <500 m 3795 ha 
not suitable, >500 m 1008 ha 
suitable, <500 m 68 ha 
suitable, >500 m 502 ha 

Total class area 

not suitable, <500 m 702059 ha 
not suitable, >500 m 245946 ha 
suitable, <500 m 56203 ha 
suitable, >500 m 130611 ha 

Number of 
patches 

not suitable, <500 m 185 
not suitable, >500 m 244 
suitable, <500 m 826 
suitable, >500 m 260 

Clumpiness 

not suitable, <500 m 0.90 
not suitable, >500 m 0.89 
suitable, <500 m 0.66 
suitable, >500 m 0.91 
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Figure S7. Percentage increase in hot nights in all study sites in East Gippsland (EG), the Central Highlands (CH) and Strathbogie 
Ranges (SR) study regions for three decades between 1980 and 2009 and the last 5 years (2009-2004) of available climate data. 
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Figure S8. Annual maximum a) and mean b) summer nighttime temperatures (tmin in °C) for all study sites, grouped by region. 
The red line in a) illustrates the 20°C thermoneutral point of the greater glider 
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Figure S9. Suitable habitat extent for the four most important climatic variables (AHMI, hot nights, wet days and vpd) at two points in time in the three study regions (left to 
right: East Gippsland, Central Highlands and Strathbogie Ranges). Dark green areas indicate suitable habitat area extent according to variable threshold for 2003 - 2014, light 
green areas indicate extent for 1981 – 1992, based on daily climate data. If a graph shows no light green areas, an increase in suitable habitat occurred. 



Appendix 1 (Chapter 2) 

183 
 

 
Figure S10. Heatmap of habitat suitability based on mean AHMI and slope, illustrating the strongest interaction in the final BRT model. The full range of slope and AHMI were 
used to predict habitat suitability, while all other variables were held at their means. Points are presences (1) and absences (0) from all surveys used to train the model (n = 
437).
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Figure S11. Frequency diagrams of disturbance history from 1980 - 2014 in all sites from the 2012 and 2015 surveys (n=528). 
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Figure S12. Areas and percentage of total area of suitable (dark green in underlying raster layer, modeled suitability score >0.47) and unsuitable (grey) areas in East Gippsland 
with protected area overlay. IPA = 2019 Immediate Protection Areas, Parks = National Parks and reserves, SPZ = Special Protection Zones.  
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Figure S13. Areas and percentage of total area of suitable (dark green in underlying raster layer, modelled suitability score >0.47) and unsuitable (grey) areas in the Central 
Highlands with protected area overlay. IPA = 2019 Immediate Protection Areas, Parks = National Parks and reserves, SPZ = Special Protection Zones.  
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Figure S14. Areas of suitable and percentage of total area of suitable (dark green in underlying raster layer, modeled suitability score >0.47) and unsuitable (grey) areas in the 
Strathbogie Ranges with protected area overlay. IPA = 2019 Immediate Protection Areas, Parks = National Parks and reserves. SPZs and IPAs have been combined due to 
overlap and are displayed as IPAs only. Plantation areas (in orange) were not considered in the area calculation. Even though these areas were predicted to be suitable based on 
modeling variables, the respective vegetation in the plantations do not support greater glider populations. 
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Table S3. Area statistics for suitable (modeled suitability score >0.47) and unsuitable habitat in protected and unprotected 
areas of each study region. EG = East Gippsland, CH = Central Highlands, SR = Strathbogie Ranges. 

Study 
Region 

Type Suitability 
Area percentage of 

type 
Area (in 

ha) 
Area percentage of 
total suitable area 

EG 

IPA 
unsuitable 95.45 67472.46 5.50 
suitable 4.55 3213.54 0.26 

Parks 
unsuitable 81.61 347002.92 28.30 
suitable 18.39 78182.28 6.38 

SPZ 
unsuitable 85.62 107894.16 8.80 
suitable 14.38 18117.00 1.48 

Outside 
unsuitable 83.61 505250.46 41.21 
suitable 16.39 99043.56 8.08 

CH 

IPA 
unsuitable 43.10 22215.60 2.59 
suitable 56.90 29325.78 3.42 

Parks 
unsuitable 59.43 108719.82 12.68 
suitable 40.57 74202.48 8.65 

SPZ 
unsuitable 49.76 48803.04 5.69 
suitable 50.24 49278.24 5.75 

Outside 
unsuitable 52.27 274499.28 32.00 
suitable 47.73 250656.12 29.22 

SR 

IPA 
unsuitable 45.73 10305.90 28.95 
suitable 54.27 12230.46 34.35 

Parks 
unsuitable 37.20 362.34 1.02 
suitable 62.80 611.82 1.72 

Outside 
unsuitable 73.04 8832.78 24.81 
suitable 26.96 3261.06 9.16 

 

Citations – Appendix 1 

Elith, J., J. R. Leathwick, and T. Hastie. 2008. A working guide to boosted regression trees. Journal of Animal 
Ecology 77:802-813.  
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Appendix 2 

Chapter 3 - Supplementary figures 

 

 
Figure S1. Transect design: Six of these transect were established within three elevation bands (two transects per band) between sea level and ~1200 m.a.s.l. Transects were 
laid out to ensure capturing the topographic variability of the landscape as expressed by elevation, slope and aspect and through that a variety of dominant Eucalyptus species 
forming the canopy.
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Figure S2. Plot design outlining data collection within each of the 30 sampling plots. All trees falling within the variable radius 
sample using BAF 4 were measured and leaf samples collected from one dominant tree per plot quadrant and one additional 
tree selected randomly. Ground level vegetation (GLV) was recorded for species presence in a 100 m2 sub-plot around the plot 
center, along with soil samples using a tube corer. At solar equilibrium, multispectral imagery was collected using a UAV over 
the plot center, covering ~20 ha per site for another aspect of this study. At night, nocturnal fauna was recorded along a 1 km 
spotlighting transect through or adjacent to the plot center.
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Figure S3. Observed distribution of tree heights (A+B) and crown areas (C+D) in plots with and without greater glider detections 
and by elevational band.
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Figure S4. Chemically determined total (A), digestible nitrogen (B) and digestible dry matter (C) for the 17 Eucalyptus species sampled through our plot network. Note that 
due to sample loss, we could not analyse samples of E. nitens and E. delegatensis for digN and DDM. 
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Figure S5. Differences in total, digestible nitrogen and digestible dry matter between greater glider presence and absence sites 
(A-C) and elevational bands (D-F). 
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Figure S6. Differences in total (A), digestible nitrogen (B) and digestible dry matter (C) between Eucalyptus (Monocalyptus) 
and Symphomyrtus subgenera. 
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Figure S7. Changes in tree volume (A), mean soil (B) and foliar nutrition (C) per plot with elevation. The regression lines 
were fitted using univariate GLMs. 
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Chapter 3 - Supplementary tables 

Table S1. Variable collected on the plot for trees within basal area factor (BAF) = 4. 

Variable Details 
Species Scientific name of tree species encountered in the plot 
Diameter at breast height (DBH) Tree diameter in cm measured at 1.3 m above the ground 
Height Tree height in meters, determined using a Vertex clinometer 
Crown width Length of crown in meters as projected on the ground from North to South 

and East to West. Used to determine crown area 
Tree vigour Tree vigour in three health categories (alive, senescing and dead) 
Age class Estimate of tree age based on structure in five categories (regrowth, mature, 

over-mature, late-mature, stag) 
Structural layer Description of structural layer a tree belonged to based on dominance and 

height in four categories (understorey, midstorey, subcanopy, canopy) 
Presence and number of hollows Trees were scanned for hollows using binoculars. When hollows were 

present, their numbers were counted 
Type of hollows Hollow type in different categories (e.g. fissure, trunk, chimney or slit) 
Foliage cover Estimated percentage of foliage cover projected on ground level  
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Table S2. Model results for separate model groups for hollow occurrence (top) and abundance (bottom). 

 
Hollow occurrence: structure 

group  
Hollow occurrence: site 

group  
Hollow occurrence: nutrients 

group  

Variable  
Estimat

e 
95% 
CI1  

p-value  
Estimat

e 
95% 
CI1  

p-
value  

Estimat
e 

95% 
CI1  

p-value  

(Intercept)  -1.9  -2.7, -1.2  <0.001  1.8  0.31, 3.4  0.020  1.2  
-0.13, 
2.5  

0.079  
  

Age class  0.86  0.59, 1.2  <0.001                

Structural layer -0.38  
-0.85, 
0.06  

0.10              
  

Tree volume  0.07  
0.04, 
0.10  

<0.001              
  

AHMI        -0.06  
-0.12, -
0.01  

0.025        
  

Foliar nitrogen              -1.7  
-3.1, -
0.37  

0.013  
  

Soil nitrogen             2.9  1.2, 4.7  <0.001  

 
Hollow abundance: structure 

group  
Hollow abundance: site 

group  
Hollow abundance: nutrients 

group  

Variable  
Estimat

e  
95% 
CI1  

p-value  
Estimat

e 
95% 
CI1  

p-
value  

Estimat
e 

95% 
CI1  

p-value  

(Intercept)  -0.22  
-0.68, 
0.24  

0.4  -13  -21, -5.0  0.002  2.6  1.0, 4.2  0.002  
  

Age class 0.67  
0.40, 
0.95  

<0.001              
  

No. of fires  0.12  
-0.03, 
0.27  

0.12              
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Health category -0.38  
-0.83, 
0.08  

0.11              
  

Tree volume 0.06  
0.05, 
0.07  

<0.001              
  

AHMI        0.09  0, 0.18  0.042          

Soil-type       1.1  0.31, 1.8  0.006          

Soil-subtype        2.8  0.82, 4.8  0.006          

Aspect        0  0, 0  0.062          

Condensation days       0  0, 0  0.003          

NDVI        0  0, 0  0.002          

Foliar nitrogen             -1.3  
-2.8, 
0.27  

0.11  
  

Soil P             -0.04  
-0.08, 
0.00  

0.074  
  

Soil nitrogen             3.2  1.3, 5.1  <0.001  
1CI = Confidence Interval 
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Table S3. Model results for remaining foliar nitrogen model groups. 

 Foliar nitrogen: site group  Foliar nitrogen: structure group  

Variable  
Estimat

e  
95% CI1  

p-
value  

Estimat
e  

95% CI1  p-value  

(Intercept)  0.26  -0.56, 1.1  0.5  1.6  1.5, 1.8  <0.001    

AHMI  -0.01  -0.02, 0.00  0.019          

Aspect  0.001  0.00, 0.00  
<0.00

1  
      

  

Condensation 
days  

0.001  0.00, 0.00  
<0.00

1  
      

  

NDVI  0.001  0.00, 0.00  
<0.00

1  
      

  

Soil subtype  -0.14  
-0.21, -
0.08  

<0.00
1  

      
  

TWI250  -0.09  
-0.14, -
0.03  

0.001        
  

Age class       -0.16  
-0.24, -
0.07  

<0.001  
  

Trees per ha        0.001  -0.01, 0.00  <0.001    

Hollows per ha       0.001  -0.01, 0.00  0.047    

Tree volume        0.001  0.00, 0.01  0.007  
1CI = Confidence Interval 
 
Table S4. Model results for final combined models of digestible nitrogen and digestible dry matter (DDM). 

 Digestible nitrogen: final model  DDM: final model  

Variable  
Estimat

e  
95% CI1  p-value  

Estimat
e  

95% CI1  p-value  

(Intercept)  1.0  0.94, 1.0  <0.001  69  68, 70  <0.001    

Age class  -0.05  
-0.08, -
0.01  

0.014  -1.3  
-2.4, -
0.34  

0.010  
  

Foliage cover  0.04  0.00, 0.08  0.070          

Structural layer  0.04  0.00, 0.08  0.080          

Soil nitrogen 0.06  0.02, 0.10  0.006          

Aspect        1.3  0.31, 2.4  0.012    
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Condensation 
days  

      -2.3  -3.5, -1.1  <0.001  
  

Soil K        -1.4  
-2.5, -
0.28  

0.015  
  

Slope        -2.0  
-3.1, -
0.94  

<0.001  
  

Soil-type        -1.7  
-2.8, -
0.54  

0.005  

1CI = Confidence Interval 
 
Table S5. No. of observations of arboreal marsupials throughout all study sites. Greater glider observations are highlighted in 
bold font. 

Transect Plot Species Total no. of observations 

Lowlands 

T1.5P1 Ringtail possum 4 
T1.5P2 Sugar glider 1 
T1.5P3 Ringtail possum 1 

T1.5P4 
Mt brushtail possum 1 
Sugar glider 4 
Yellow-bellied glider 1 

T1.5P5 

Common brushtail possum 3 
Greater Glider 2 
Ringtail possum 3 
Sugar glider 1 
Yellow-bellied glider 1 

T1P1 Sugar glider 1 
T1P2 Sugar glider 4 

T1P3 
Common brushtail possum 4 
Sugar glider 1 
Yellow-bellied glider 1 

T1P4 
Mt brushtail possum 1 
Sugar glider 1 

Mid-hills 

T2.5P1 
Mt brushtail possum 1 
Sugar glider 1 
Yellow-bellied glider 2 

T2.5P2 Greater Glider 1 
T2.5P3 Ringtail possum 1 

T2P3 
Common brushtail possum 1 
Greater Glider 1 
Sugar glider 2 
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T2P4 Mt brushtail possum 2 

High elevation 

T3.5P1 
Greater Glider 22 
Mt brushtail possum 2 
Sugar glider 2 

T3.5P2 
Greater Glider 3 
Mt brushtail possum 2 
Yellow-bellied glider 1 

T3.5P3 
Mt brushtail possum 3 
Ringtail possum 2 
Yellow-bellied glider 1 

T3.5P4 

Greater Glider 3 
Mt brushtail possum 2 
Ringtail possum 1 
Sugar glider 1 

T3.5P5 
Greater Glider 5 
Mt brushtail possum 2 

T3P1 
Greater Glider 5 
Mt brushtail possum 16 
Yellow-bellied glider 2 

T3P2 Mt brushtail possum 3 

T3P3 
Mt brushtail possum 19 
Yellow-bellied glider 3 

T3P4 
Mt brushtail possum 5 
Sugar glider 2 

T3P5 
Greater Glider 2 
Mt brushtail possum 3 
Yellow-bellied glider 1 
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Appendix 3 

Chapter 4 - Supplementary figures 

 
Figure S1. Study area map of East Gippsland, Victoria with major settlements and location of 30 study sites. Color gradient describes elevation in meters. 
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Figure S2. Transect design: Six of these transects were established within three elevation bands (two transects per band) between sea level and ~1200 m.a.s.l. Transects were 
laid out to ensure capturing the topographic variability of the landscape as expressed by elevation, slope and aspect and through that a variety of dominant Eucalyptus species 
forming the canopy. 
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Figure S3. Plot design outlining data collection within each of the 30 sampling plots. All trees falling within the variable radius 
sample using BAF 4 were measured and leaf samples collected from one dominant tree per plot quadrant and one additional 
tree selected randomly. Ground level vegetation (GLV) was recorded for species presence in a 100 m2 sub-plot around the plot 
center, along with soil samples using a tube corer. At solar equilibrium, multispectral imagery was collected using a UAV over 
the plot center, covering ~20 ha per site. At night, nocturnal fauna was recorded along a 1 km spotlighting transect through or 
adjacent to the plot centre. 

 

 

 

 



Appendix 3 (Chapter 4) 

205 
 

3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sensor: DJI RGB camera 

Sensor batteries 

Sensor GPS and radiation sensor 

Figure S4. DJI Phantom 4 UAV modified to carry a Micasense RedEdge M multispectral sensor. A 3D printed mount allows to 
attach the sensor between the landing skids of the UAV. The rod on the left carries the batteries to operate the camera and 
lifts the radiation sensor and GPS over the propellers for safe operation. This setup allows to capture both multispectral and 
RGB imagery simultaneously as it leaves the drone’s sensor operational. The drone sensor can e.g. be used during operation to 
check for obstacles or ensure the programmed flight-lines are followed correctly. 

Sensor: MicaSense RedEdge M 

UAV: DJI Phantom 4 Pro V2 
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Figure S5. Observed ranges of digestible nitrogen (digN) concentration of 15 Eucalyptus species sampled 
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Figure S6. Model performance evaluation of independent 100 models of total nitrogen based on 100 random data splits based 
on R-squared (left) and root mean square error (right). 
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Figure S7. Fourfold plot illustrating independent supervised model prediction accuracy based on the confusion matrix of this 
model evaluation. ~80% of absence (top-left) and ~78% of presence (bottom-right) pixels were predicted correctly (blue charts). 
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Figure S9. Fraction of occupied sites for the three detection thresholds identified: a) average plot level nitrogen (N) based on 
chemically determined N measures of five trees per plot, b) mean nutritional suitability from the supervised classification 
model for feeding habitat and c) proportion of feeding habitat, i.e. fraction of the site that was classified as ≥1% N DM.  
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Figure S9. Partial dependence plot for binomial GLM model testing the relationship between mean plot level N and greater 
glider detection. Increasing levels of N had a positive effect the likelihood of greater glider detection. 
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Chapter 4 - Supplementary tables 

Table S1. Site description of the 30 plots assessed for this study 

Ground 
survey date 

Transect Plot Latitude Longitude Elevation 
(m.a.s.l) 

Slope 
(%) 

Aspect 
(degrees) 

Dominant 
canopy species 

Dominant 
mid/understory 
species 

Mean 
NDVI 

Min. 
subcanopy 
height (m) 

25/09/2018 
9:00 

T1 1 -37.6747 148.3167 120 3 350 E. sieberi Acacia mearnsii 0.74 12.7 

15/06/2018 
10:30 

T1 2 -37.6265 148.2884 181 35 180 E. condensiana E. condensiana 0.74 18.8 

14/06/2018 
10:45 

T1 3 -37.6244 148.2641 397 5 220 E. sieberi E. sieberi 0.71 8.9 

27/09/2018 
13:54 

T1 4 -37.6176 148.2393 222 23 340 E. polyanthemos Cassinia longifolia 0.7 13.6 

25/09/2018 
13:43 

T1 5 -37.6761 148.3144 126 2 145 E. globoidea Acacia longifolia 0.79 13.7 

29/09/2018 
9:13 

T1.5 1 -37.7932 148.1887 61 1 120 E. globoidea Allocasuarina 
verticillata 

0.73 16.3 

26/09/2018 
14:55 

T1.5 2 -37.6448 148.218 159 8 130 E. consideniana Cassinia longifolia 0.69 14.8 

26/09/2018 
10:25 

T1.5 3 -37.5955 148.1892 203 1 85 E. consideniana - 0.63 15.2 

27/09/2018 
15:51 

T1.5 4 -37.6252 148.2194 282 20 355 E. consideniana Persoonia 
silvatica 

0.72 15.6 

29/09/2018 
14:10 

T1.5 5 -37.7787 148.1815 32 3 60 E. globoidea Acacia vernicifolia 0.74 20.4 

3/10/2018 
9:50 

T2 1 -37.5953 148.7188 439 10 123 E. obliqua Cyathea australis 0.87 14 

1/11/2018 
11:23 

T2 2 -37.3261 148.659 661 20 299 E. fastigata Smilax spp. 0.77 6.5 

31/10/2018 
11:49 

T2 3 -37.3214 148.6518 777 12 93 E. cypellocarpa  Carcinia and 
Polycyas  

0.81 15 

30/10/2018 
9:14 

T2 4 -37.5176 148.7003 679 55 259 E. sieberi E. sieberi 0.76 4 

2/10/2018 
9:53 

T2 5 -37.5788 148.7356 501 5 300 E. muellerinia Eleaocarpus 
reticulatus 

0.82 13.7 

4/10/2018 
9:11 

T2.5 1 -37.5845 148.7665 448 3 250 E. 
pseudoglobulus 

Acacia 
melanoxylon 

0.85 23.7 

3/11/2018 
12:13 

T2.5 2 -37.3307 148.6512 692 8 340 E. cypellocarpa  Acacia dealbata  0.78 18 
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31/10/2018 
15:26 

T2.5 3 -37.3296 148.6541 710 6 305 E. sieberi Cassinia longifolia 0.77 16.8 

2/11/2018 
11:20 

T2.5 4 -37.3244 148.655 720 26 50 E. fastigata Cassinia trinerva  0.79 25 

1/10/2018 
9:20 

T2.5 5 -37.5758 148.7361 446 5 315 E. obliqua Acacia dealbata 0.77 31.5 

11/05/2018 
10:47 

T3 1 -37.2527 148.848 926 6 26 E. croagingalensis  Persoonia 
silvatica 

0.82 18 

9/05/2018 
10:03 

T3 2 -37.2635 148.8788 1001 14 325 E. croajingalensis  Tasmannia 
lanceolata  

0.83 31 

7/05/2018 
15:43 

T3 3 -37.2743 148.8832 1185 5 345 E. delegatensis Tasmannia 
lanceolata 

0.78 22.6 

8/05/2018 
9:26 

T3 4 -37.2763 148.8954 1050 10 130 E. nitens Atherosperma 
moschatum 

0.8 16 

10/05/2018 
13:39 

T3 5 -37.2434 148.8391 907 4 182 E. viminalis Tasmannia 
lanceolata 

0.76 23.3 

6/11/2018 
10:20 

T3.5 1 -37.1907 148.8435 937 4 330 E. croagingalensis  Caprosma 
quadrifida  

0.75 30 

7/11/2018 
13:17 

T3.5 2 -37.1473 148.8215 1072 20 140 E. cypellocarpa  Acacia dealbata  0.76 12.5 

5/11/2018 
16:23 

T3.5 3 -37.3941 148.7649 920 16 246 E. obliqua  Cyathea australis  0.77 3.5 

8/11/2018 
11:56 

T3.5 4 -37.1339 148.809 1117 17 333 E. obliqua  Leucopogon 
maccraei  

0.8 34.6 

6/11/2018 
15:18 

T3.5 5 -37.1326 148.8356 924 8 49 E. viminalis  Persoonia 
silvatica  

0.76 12.5 
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Table S2. All spectral indices considered as possible variable candidates in this study 

Index Full name Formula Reference 
GDVI Generalized 

Difference 
Vegetation Index 

𝑁𝑁𝑁𝑁𝑁𝑁 − 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 Wu (2014) 

GRVI Green Red 
Vegetation Index 

𝑁𝑁𝑁𝑁𝑁𝑁
𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺

 Motohka et al. (2010) 

NDGI Normalized 
differential 
greenness index 

(𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 − 𝑅𝑅𝑅𝑅𝑅𝑅)
(𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑅𝑅𝑅𝑅𝑅𝑅)

 Nedkov (2017) 

NDI 
B/NIR 

Normalized 
Difference Index -
Blue/Near 
Infrared 

(𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 − 𝑁𝑁𝑁𝑁𝑁𝑁)
(𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 + 𝑁𝑁𝑁𝑁𝑁𝑁)

 Wu et al. (2019) 

NDI 
RE/NIR 

Normalized 
Difference Index 
Red Edge/Near 
Infrared 

(𝑅𝑅𝑅𝑅𝑅𝑅 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 − 𝑁𝑁𝑁𝑁𝑁𝑁)
(𝑅𝑅𝑅𝑅𝑅𝑅 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 + 𝑁𝑁𝑁𝑁𝑁𝑁)

 Wu et al. (2019) 

NDRE Normalized 
Difference Red 
Edge Index 

(𝑁𝑁𝑁𝑁𝑁𝑁 − 𝑅𝑅𝑅𝑅𝑅𝑅 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸)
(𝑁𝑁𝑁𝑁𝑁𝑁 +  𝑅𝑅𝑅𝑅𝑅𝑅 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸)

 Barnes et al. (2000) 

NDVI Normalized 
Difference 
Vegetation Index 

(𝑁𝑁𝑁𝑁𝑁𝑁 − 𝑅𝑅𝑅𝑅𝑅𝑅)
(𝑁𝑁𝑁𝑁𝑁𝑁 +  𝑅𝑅𝑅𝑅𝑅𝑅)

 Rouse Jr et al. (1974) 

NDVIG Normalized 
Difference 
Vegetation Index 
- Green 

(𝑁𝑁𝑁𝑁𝑁𝑁 − 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺)
(𝑁𝑁𝑁𝑁𝑁𝑁 +  𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺)

 Jiang et al. (2013) 

NDWI Normalized 
Difference Water 
Index 

(𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 − 𝑁𝑁𝑁𝑁𝑁𝑁)
(𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑁𝑁𝑁𝑁𝑁𝑁)

 Gao (1996) 

NGRDI Normalized 
Difference 
Green/Red Index 

(𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 − 𝑅𝑅𝑅𝑅𝑅𝑅)
(𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑅𝑅𝑅𝑅𝑅𝑅)

 Gitelson et al. (2002) 

RI Redness Index (𝑅𝑅𝑅𝑅𝑅𝑅 − 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺)
(𝑅𝑅𝑅𝑅𝑅𝑅 + 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺)

 Escadafal and Huete 
(1991) 

RVI Ratio Vegetation 
Index 

𝑅𝑅
𝑁𝑁𝑁𝑁𝑁𝑁

 Pearson and Miller (1972) 

SR Simple Ratio 𝑁𝑁𝑁𝑁𝑁𝑁
𝑅𝑅𝑅𝑅𝑅𝑅

 Jordan (1969) 
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VARI Visual 
Atmospheric 
Resistance Index 

(𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 − 𝑅𝑅𝑅𝑅𝑅𝑅)
(𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑅𝑅𝑅𝑅𝑅𝑅 − 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵)

 
Gitelson et al. (2002) 

 

Table S3. Average and median value of model evaluation metrics (mean absolute error (MAE), root mean squared error 
(RMSE) and r-squared) from 100 independent models of digestible nitrogen 

Metric Test Mean Median Standard 
deviation 

Standard 
error 

MAE Cross-validation 0.103 0.103 0.0025 0.0002 
MAE Independent validation 0.168 0.166 0.0175 0.0018 
RMSE Cross-validation 0.103 0.148 0.0090 0.0009 
RMSE Independent validation 0.223 0.223 0.0283 0.0028 
R2 Cross-validation 0.103 0.610 0.0752 0.0075 
R2 Independent validation 0.036 0.019 0.0429 0.0043 
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Appendix 4 

Chapter 5 – Supplementary figures 

 
Figure 1. Spatial aggregation metrics of 1000-ha feeding landscape simulations under a modeled reduction in climatically 
suitable area 
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Figure S2. Reduction in number of home ranges (A), increases in home range area (B) and changes in feed-area ratio (C) before 
filtering for functional home ranges with decreases in feeding habitat area in 100 ha neutral landscape simuations of clumped 
(orange) or dispered (purple) feeding resources. Blue lines in (B) and (C) illustrate the functioal thresholds for home range area 
(max. 6  ha) and feed-area-ratio (min. 25%). 
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Figure S3. Changes in coefficient of variation (CV) of home range area and feed-area-ratio for all simulated home ranges 
under decreases in feeding habitat area in 100 ha neutral landscape simuations of clumped (orange) or dispered (purple) 
feeding resources. 
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Figure S4. Changes in coefficient of variation (CV) of home range area and feed-area-ratio for functional home ranges only 
under decreases in feeding habitat area in 100 ha neutral landscape simuations of clumped (orange) or dispered (purple) feeding 
resources. 
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Figure S5. An example of a clustered 100-ha feeding habitat simulation filtered for functionality in home ragnes based on home 
range area, amount of feeding habitat per home range and feed-area ratio. A is the raw simulation of all home ranges based on 
k-means clustering, resulting in a total of 12 potential home ranges. After filtering for functionality based on the criteria outlined 
in the methods section, only 7 home ranges remain (B). Blue letters within individual clusters indicate cluster size in hectare.

5.25

7.525

4.49

4.155
7.84

3.535

3.9

11.675

2.055

7.05

5.165

8.42

0

20

40

60

80

100

25 50 75

A

5.25

4.49

3.9

5.165

2.055

4.155

3.535

25 50 75

B

Feeding
habitat
Not
habitat



Appendix 4 (Chapter 5) 
 

221 
 

 
Figure S6. Development of number of home ranges (A), home range area (B) and feed-area-ratio (C) in neutral landscapes based on the properties of spatial predicitons of 
feeding habitat in different elevation bands of East Gippsland (facets) under increasing disturbance intensity (x-axis). These boxplot graphs are based on the raw data (n = 
5885 home ranges), before filtering for functional home ranges only. Blue lines in (B) and (C) illustrate the functioal thresholds for home range area (max. 6  ha) and feed-
area-ratio (min. 25%).
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Figure S7. Observed changes in functional home range area (A) and feed-area-ratio (B) in neutral landscapes based on the 
spatial configuration and properties of survey sites in East Gippsland (faceted by elevation) with increasing disturbance intensity 
(remaining undisturbed area, x-axis).
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Chapter 5 – Supplementary tables 

Table S1. Spatial configuration of the feeding, non-feeding and non habitat and spatial aggregation of 30 spatial predictions to 
4-ha survey plots in East Gippsland, Victoria (see Chapter 3). 

Elevation  
band  

Site  
% Feeding 

habitat  
% Not 
habitat  

% Non-feeding 
habitat  

Aggregation (%)    

Low elevation  

T15P1  23.73  61.02  15.26  90.00    

T15P2  29.13  53.07  17.80  88.37    

T15P3  13.43  54.32  32.26  81.38    

T15P4  14.86  54.54  30.60  81.29    

T15P5  29.65  58.80  11.55  88.86    

T1P1  30.28  58.77  10.95  90.20    

T1P2  46.01  38.98  15.01  83.47    

T1P3  33.97  34.66  31.37  79.99    

T1P4  7.25  84.65  8.10  94.92    

T1P5  14.21  66.00  19.80  91.70    

Mid-elevation  

T25P1  60.43  25.58  13.99  89.21    

T25P2  70.78  18.18  11.04  89.16    

T25P3  87.74  8.44  3.82  94.50    

T25P4  79.57  10.45  9.98  86.91    

T25P5  84.22  12.53  3.25  94.59    

T2P1  61.40  21.37  17.23  83.27    

T2P2  88.09  10.12  1.79  96.80    

T2P3  25.11  65.97  8.92  91.60    

T2P4  59.72  15.14  25.13  82.65    

T2P5  73.71  11.14  15.16  81.36    

High elevation 

T35P1  64.42  26.67  8.91  88.96    

T35P2  65.53  17.74  16.73  85.29    

T35P3  73.74  19.11  7.15  88.97    

T35P4  37.64  27.45  34.91  79.97    
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T35P5  57.33  22.71  19.96  80.58    

T3P1  61.61  19.93  18.45  79.00    

T3P2  63.51  21.68  14.80  83.15    

T3P3  51.49  19.39  29.12  82.94    

T3P4  39.20  56.68  4.13  93.61    

T3P5  64.77  34.09  1.13  97.35  
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