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The fossil record provides important information about changes in species
diversity, distribution, habitat and abundance through time. As we under-
stand more about these changes, it becomes possible to envisage a wider
range of options for translocations in a world where sustainability of habitats
is under increasing threat. The Critically Endangered alpine/subalpine
mountain pygmy-possum, Burramys parvus (Marsupialia, Burramyidae), is
threatened by global heating. Using conventional strategies, there would
be no viable pathway for stopping this iconic marsupial from becoming
extinct. The fossil record, however, has inspired an innovative strategy for
saving this species. This lineage has been represented over 25 Myr by a
series of species always inhabiting lowland, wet forest palaeocommunities.
These fossil deposits have been found in what is now the Tirari Desert,
South Australia (24 Ma), savannah woodlands of the Riversleigh World
Heritage Area, Queensland (approx. 24–15 Ma) and savannah grasslands
of Hamilton, Victoria (approx. 4 Ma). This palaeoecological record has led
to the proposal overviewed here to construct a lowland breeding facility
with the goal of monitoring the outcome of introducing this possum back
into the pre-Quaternary core habitat for the lineage. If this project succeeds,
similar approaches could be considered for other climate-change-threatened
Australian species such as the southern corroboree frog (Pseudophryne
corroboree) and the western swamp tortoise (Pseudemydura umbrina).

This article is part of a discussion meeting issue ‘The past is a foreign
country: how much can the fossil record actually inform conservation?’
1. Introduction
The nineteenth-century poet Robert Browning declared ‘Ah, but a man’s reach
should exceed his grasp, or what’s a heaven for?’ He clearly valued envisioning
ideas beyond those within easy reach. Modern conservationists are increasingly
prepared to consider innovative strategies that might improve outcomes.
Among these is the introduction of species to locations where the species
does not currently occur [1,2]. This has been referred to as ‘conservation

http://crossmark.crossref.org/dialog/?doi=10.1098/rstb.2019.0221&domain=pdf&date_stamp=2019-11-04
http://dx.doi.org/10.1098/rstb/374/1788
http://dx.doi.org/10.1098/rstb/374/1788
http://dx.doi.org/10.1098/rstb/374/1788
mailto:m.archer@unsw.edu.au
http://orcid.org/
http://orcid.org/0000-0002-0304-4039
http://orcid.org/0000-0002-4940-3391
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


(a) (b)

Figure 1. (a) Locations of the three populations of mountain pygmy-possums (based on Google map data). (b) Adult B. parvus with berries from the mountain
plum-pine (artwork by Ego Guiotto courtesy of the Australian Geographic Society).
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translocation’ [3] if it is into an area where the species pre-
viously occurred or ‘conservation introduction’ if it is into
an area where it is not known to have occurred [2].

Most global translocation proposals have been based on
distribution data obtained from reliable historical records or
predictive models based on the same data. In Australia, trans-
location programmes have been based on distribution data
accumulated since European colonization in 1788 as well as
predictive models that have been in turn based on those his-
torical records. For example, the western quoll (Marsupialia,
Dasyuridae, Dasyurus geoffroii), which is listed by IUCN as
Vulnerable, naturally occurs today only in the southwestern
corner of Western Australia [4]. However, historical records
demonstrate that it was present in all mainland states of Aus-
tralia when Europeans arrived [5]. Several experimental
programmes are underway to translocate it into suitable
areas of South Australia [6] and New South Wales [7].

While historical data are arguably the least risky guide for
translocation projects, in some cases, wider temporal as well as
environmental considerations may be as or even more useful
[8]. The Makauwahi Cave Project on the Hawaiian island
of Kauai [9] has as a goal, based on excavation of Holocene
cave deposits, reconstitution of as much as possible of the local
ecosystem that existed before arrival of humans. In Australia,
information obtained from some Holocene owl pellet deposits
has also been considered relevant in discussions about
reconstructing pre-modern species distribution maps [10].

Other proposals based on longer timeframes havemade use
of Pleistocene distribution data [2,11]. Examples include the
trophic rewilding of Pleistocene Park in Siberia [12] as well as
the Takahē Project in New Zealand. The takahē (Porphyrio
hochstetteri), an Endangered alpine bird, was in significant
decline. By 1982, only 118 individuals remained [13]. Awareness
that it had occupied the lowlands of New Zealand during the
Pleistocene led to successful experimental translocation onto
lowland islands in Fiordland [14].

Perhaps not surprisingly, some of today’s threatened
species, like the takahē, are restricted to relatively small,
high altitude refuges near the edge of their originally wider
range. Other examples of this kind include the giant panda
(Ailuropoda melanoleuca) and the eastern black-crested gibbon
(Nomascus nasutus). Distribution contractions of this kind
have been concluded, e.g. by Fisher [15], to result from range
eclipsing driven by negative factors, human or otherwise,
that acted on the core lowland habitat for these species.
Having been driven and/or restricted to peripheral, non-
optimal higher elevation refuges, they are more likely to
become threatened and hence prone to extinction [15]. The
translocation of populations back into core lowland habitats,
once the negative factors have been removed, might be one
of the best ways to optimize the survival prospects of the
species, as has proved to be the case for the takahē.

Drawing on palaeoenvironmental evidence, we argue here
that clues to potential refugia for threatened species could
come from the fossil record much further back in time than
the Pleistocene. Here, we focus on the Critically Endangered
[16] mountain pygmy-possum (Marsupialia, Burramyidae,
Burramys parvus; aka ‘MPP’). On the basis of the fossil record,
we are advocating its translocation into an environment new
for this species but normal for previous species in the same
genus. As such, this would constitute a ‘conservation intro-
duction’ [2]. Therefore, the aims of this study were to review:
(i) current and developing threats to the survival of this species
and (ii) the palaeontological history of its generic lineage to
deduce palaeoenvironmental factors to develop an experi-
mental strategy for conserving this Critically Endangered
marsupial lineage.
2. Burramys parvus: critically endangered species
caught between a rock and a hot place

Burramys parvus Broom, 1895 (figure 1) was named on the
basis of a fossil recovered from a block of cave limestone
found near Wombeyan, New South Wales. The precise age
of this deposit is unknown but has been reasonably inter-
preted to be Pleistocene [17]. It was concluded by Broom to
represent a previously unknown extinct marsupial that
was a phylogenetic link between possums and kangaroos
[18–20]. Among its distinctive features are plagiaulacoid
upper and lower last premolars. This unusual premolar
shape, which results in a vertically fluted/ridged elongate
tooth with a cutting edge that resembles that of a circular
saw, has occasionally evolved in other mammals such as
multituberculates, extinct paucituberculatan marsupials and
a few much larger omnivorous kangaroos (e.g. hypsiprymno-
dontids). Among Australian possums, it is only known to
occur in species of Burramys.

Sixty-one years after its description, Ride [17] concluded
that this species was an unusual kind of possum with no links
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to kangaroos. His hypothesis was supported when a live indi-
vidual discovered in 1966 in a ski lodge in Mount Hotham,
Victoria, revealed it to be a highly distinctive pygmy-possum
[21,22]. The enigmatic fossil had come back to life.

Since 1966, field and laboratory research into the mor-
phology, ecology, diet, reproduction, physiology, genetics,
distribution and history of maintenance in captivity of MPPs
has occurred [23–26]. They are restricted to alpine/subalpine
habitats at or above the snowline in three isolated areas:
Kosciuszko National Park in NSW and Mount Bogong-Mount
Higginbotham and Mount Buller in Victoria (figure 1) for a
total area [27] of less than 7 km2. Estimates of population size
[25–27] suggest approximately 2000–3000 adults, with numbers
rising in wet years and declining in drought years. Population
declines can be severe; between 1996 and 2010, there was an
estimated 42 and 87%drop in numbers at twoof the three popu-
lations [28] coincident with the millennium drought [28,29].
Survival at high-elevation sites depends on snow cover in
winter to insulateMPPs from freezing air abovewhile hibernat-
ing below the surface in cool, humid rock piles [25,27], and
an adequate food supply (e.g. bogong moths, Agrotis infusa,
and seeds in berries of the mountain plum-pine, Podocarpus
lawrencei) when they emerge from hibernation [30]. Both of
these requirements are now under threat.

It is ironic that this ‘Lazarus possum’ is threatened again
with extinction. Because there are no higher areas to which it
can retreat nor suitable corridors to disperse further south as
the climate warms, it appears that under projected climate
change scenarios [31] extinction of this high-elevation special-
ist species in the wild is inevitable. This is why the IUCN has
classified this species as Critically Endangered despite the
estimated population size exceeding 2000 individuals [27].
Although the MPP recovery plan [28] recommends ways to
reduce immediate risks, there is now no way to avoid climate
heating and drying in the alpine areas. The plan does, how-
ever, acknowledge the importance of ongoing
investigations, viz this project, into whether MPPs could
persist outside the alpine zone.
3. Threats to the survival of the mountain
pygmy-possum

Mountain pygmy-possums are sensitive to fluctuations in
environmental temperatures: individuals that are unable to
find adequate shelter—such as they find naturally in rock
piles in the alpine zone—are known to die at temperatures
above 28°C [32]. Global heating may push alpine tempera-
tures upto and above this threshold [31,33,34], in which
case any lack of suitable thermally buffered refugia will
expose these pygmy-possums to this new thermal stress.
Beyond this longer-term issue, immediate threats include
habitat loss, degradation and fragmentation from ski-resort
development [26,35]. Approximately 40% of NSW and 80%
of Victorian MPPs occur in habitat adjacent to or within
ski-resort lease areas [26]. Currently, the MPP is ranked as
one of the Australian species most vulnerable to the impacts
of climate change [28,31,33,34,36]. Another species, the Bram-
ble Cay melomys (Melomys rubicola) was last seen in 2009 and
now appears to be extinct [37,38] owing to ocean inundation
from rising sea levels caused by climate change. In the case of
MPPs, climate heating and habitat loss compound other
threats that include predation from cats and foxes [23,31],
weed invasion [28], availability of seasonal and migratory
food items like bogong moths (Agrotis infusa) [39,40] and
exposure to disturbances while hibernating [24,41]. Hiberna-
cula are normally maintained at between 1.5 and 2.5°C [41]. If
they fall lower than 0.6°C, which can result from the loss of
snow insulation, MPPs will arouse frequently from torpor
to maintain core body temperature by shivering, which
increases energetic costs and the threat of starvation during
winter [24,41]. Of immediate current concern is the cata-
strophic decline in bogong moths in the alpine zone [39].
These fat-rich insects are a resource required by these
possums as soon as they arouse from hibernation [27,31,40].
4. Background to the plan to conserve this
lineage of Critically Endangered possums

As palaeontologists documenting the prehistory of species
of Burramys, we have suggested since 1991 [31,42,43] that
there is a novel potential strategy to conserve MPPs. The strat-
egy is based on the fossil record, which indicates that all
pre-Quaternary species of Burramys (B. wakefieldi, B. brutyi,
B. triradiatus) thrived in lowland, wet forest palaeocommunities
(figure 2). Pleistocene populations ofMPPsmay also have occu-
pied lowland wet forests, but the current fossil record is
inadequate to test this possibility.

Burramys wakefieldi, from the species-diverse Ngama Local
Fauna, Lake Palankarinna, Tirari Desert, northern South Aus-
tralia [44], occurred in lowland, wet forests that surrounded
lakes and rivers [45]. The age of the assemblage has been
interpreted to be 24.7 and 25.0 Ma [46].

Burramys brutyi (figure 3) is abundant in most Late
Oligocene (25 Ma) to at least late Middle Miocene (approx.
13 Ma) species-diverse faunal assemblages from the River-
sleigh World Heritage Area in NW Queensland [47–51]. It is
also possible that it persisted until early Late Miocene time
although the relevant local fauna at Riversleigh, the Encore
Local Fauna (LF), has not yet been radiometrically dated. Riv-
ersleigh’s Late Oligocene deposits may be slightly younger
than the Late Oligocene deposits in central Australia [46,52].
Ages of Riversleigh’s Early, Middle and possibly Late Miocene
deposits are based on radiometric dating as well as (in the case
of the probably Late Miocene Encore Site) biocorrelation [53].
While vegetation and climate of the Late Oligocene of this
area are uncertain, it is clear that in at least the Early and
Middle Miocene, this area supported cool, temperate, well-
watered, lush closed forest [47,50]. Significant differences in
fossil frog assemblages in the Encore Local Fauna suggest a
reduction in rainfall had begun to occur by early Late Miocene
time [45].

Burramys triradiatus occurs in the species-diverse Early
Pliocene Hamilton Local Fauna of southwestern Victoria
[54]. The palaeohabitat was humid, wet, lowland forest
[55]. A basalt that overran the fossil soil that contained the
bones has been radiometrically dated at 4.35 Ma [56].

Burramys parvus occupies restricted, species-depauperate
rocky habitats in alpine/subalpine regions of New South
Wales and Victoria at elevations ranging from approximately
1200 to 2228 m.a.s.l. [57]. Its dependence on rock piles in
these habitats relates to this species’ need to be insulated (buf-
fered) from the extended alpine temperature range found in
both winter and summer [58] as well as the evident need to
be near water that flows from underground springs in the
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Figure 2. (a) Earlier species of Burramys are all known from fossil deposits accumulated in cool, temperate, lowland wet forest environments. Reconstruction of Late
Oligocene habitat of B. wakefieldi in northern South Australia (J. Reece). Reconstruction of Miocene habitat of B. brutyi in the Riversleigh region of northwestern
Queensland (D. Dunphy). Modern wet forest similar to Early Pliocene habitat of B. triradiatus in NW Victoria (M. Archer). (b) The conservation introduction proposal
outlined in this paper. Painting of Mt Kosciuszko region (Von Guerard 1863). Burramys parvus in hands (H. Bates). Secret Creek facilities (M. Archer). Rainforest
release site (M. Archer). Replicated small images representing Burramys possums are based on a photograph by J. Sartore.

(a) (b)

Figure 3. (a) Reconstruction of a lowland closed forest palaeoenvironment based on Ringtail Site, Riversleigh. Animals in this Middle Miocene faunal assemblage
include B. brutyi, the toothed ornithorhynchid platypus Obdurodon dicksoni, the mekosuchine terrestrial crocodile Trilophosuchus rackhami and a species of the chelid
turtle genus Pseudemydura similar to if not conspecific with the living Critically Endangered P. umbrina. (Artwork by P. Schouten.) (b) Like all species of this genus,
B. brutyi had highly distinctive plagiaulacoid posterior premolars (indicated by the arrow). (Artwork by P. Murray [47].)
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occupied rock piles [26]. Humid microenvironments appear
to have been a critical requirement or at least correlate for
all species of Burramys.

MPPs have been reported from Pleistocene cave deposits
in areas of New South Wales and Victoria [56], such as
Wombeyan (556 m.a.s.l.), Buchan (121 m.a.s.l.) and Jenolan
Caves (e.g. Nettle Cave; 839 m.a.s.l.). The precise times of
occupation of these topographically relatively lower areas are
less clear, but it is possible that they correlated with colder
intervals of the Pleistocene when the snowline extended
further downslope than it does today [59].

Based on the faunal assemblages in these Pleistocene
deposits, it is clear that these communities were far more
speciose than those that contain living MPPs. For example, in
Nettle Cave, MPPs coexisted with at least 23 other kinds of
terrestrial mammals [59] in contrast with only six that coexist
with MPPs today [26]. These Pleistocene taxa, all still-living
species, include arboreal forms such as sugar gliders (Petaurus
breviceps) and brushtail phascogales (Phascogale tapoatafa),
which suggests the presence of forests or at least woodlands
in the area adjacent to Nettle Cave.

The fact that all known faunal assemblages from the Late
Oligocene to Pleistocene that contain species of Burramys were
highly species-diverse, in distinct contrast to those that contain
MPPs in the alpine zone today, suggests that themodern depau-
perate situation is aberrant and probably a reflection of the
extreme conditions that characterize the alpine/subalpine
zone. Hence, the introduction of MPPs into contemporary,
lowland, more mesic species-diverse communities would
be re-establishing the geologically/palaeontologically more
‘normal’ community structure for species of this genus.

Pliocene to Quaternary pollen records [60–63] suggest
that different forest types have been expanding into and
out of upland areas of the Great Dividing Range in cycles
driven by climatic fluctuations. At least 50 such climatic epi-
sodes have been documented in Australia [63]. It seems
probable that ancestral lowland populations of MPPs, along
with other plant and animal taxa that occupied the same
lowland wet forest habitats, expanded into alpine zones
during warm, wet climate intervals. As the climate cooled
and snow fell annually, MPPs evidently came to depend on
cool, humid rock piles for hibernation as well as avoidance
of high summer temperatures. Simultaneous loss of continu-
ous areas of wet forest vegetation on mountain flanks would
have, as it does now, prohibited these possums from disper-
sing downslope to climatically less stressful forests of the
lowlands. The three geographically isolated alpine/subalpine
populations of MPPs are now genetically distinct from one
another and have been interpreted [64] to have had disjunct
populations since the mid-Pleistocene (420–680 ka).

Bates [26] documented a range of situations in whichMPPs
have been maintained in warmer ambient lowland conditions,
including Healesville Sanctuary (Victoria), Taronga Zoo
(NSW), Canberra (ACT) and Jindabyne (NSW). Although
they did not hibernate, they did enter torpor during the rela-
tively warmer winters of Canberra. In Sydney and Canberra,
they exhibited aseasonal breeding. While ambient temperature
ranges in these earlier colonies were not recorded, either
summer temperatures in the colonies were below 28°C or the
MPPs involved were provided with cooler areas to which
they could retreat. Natural retreats such as rock piles or other
insulating materials would provide sufficient shelter of a simi-
lar kind in any lowland forests that were selected as potential
release sites for captive-bred MPPs, such as Secret Creek
Sanctuary in Lithgow.

Geiser [65] demonstrated that another burramyid, the
eastern pygmy-possum (Cercartetus nanus), a species that
uses bouts of torpor in the wild to survive short periods of
hardship, had the capacity in the laboratory to hibernate for
367 days, using a fraction of the energy needed when nor-
mothermic. Clearly, the ability of at least some burramyids
to adapt their physiological responses to different conditions
is greater than contemporary ecological studies alone
would suggest. However, the potential ability of MPPs
to adapt to otherwise lethal conditions in the alpine/
subalpine zone triggered by climate change are limited by
two thresholds: exposure to lethal temperatures following
the loss of snow cover in winter, which could happen rela-
tively suddenly at any time [31]; and lack of an essential
source of food of the kind and volume currently provided
by bogong moths, which are rapidly disappearing [39] as
climate change progresses.

Considering the evolutionary record as a whole, there is
no evidence that there was ever more than a single species
of Burramys alive at any one time. Each of the four species,
all of which are small (less than approx. 50 g), is distin-
guished from the others by relatively minor dental features
such as the specific number of ridges on the flank of the pla-
giaulacoid premolars. We interpret this to suggest that these
four species, which form a chronocline of essentially very
similar species spanning 25 Myr, may represent an anagenetic
lineage whose members have occupied the same basic eco-
logical niche in wet forests in lowland areas over this
period of time. Although it is possible that some as yet
unknown pre-modern species of Burramys occupied a differ-
ent niche in highland or lowland areas, there is no evidence
that this was the case. Hence, we suggest the high probability
that the ancestral B. parvus population was similarly adapted
to wet forest conditions and expanded with these forests up
into the subalpine/alpine zone during one of the interstadial
periods of the Pleistocene where, with a return of stadial con-
ditions, it was forced to adapt to conditions that were
suboptimal for the lineage as a whole.

Our hypothesis then, based on this background under-
standing, is that this lineage of dentally highly distinct
species of Burramys has been from at least the Late Oligocene
adapted to thrive in cool, temperate, low-elevation, wet forests.
Whilewe do not knowwhen or underwhat conditions itsmost
recent member, the MPP, became isolated in the subalpine/
alpine zone, like its predecessors, it retains the same distinctive
dental specialisations, small body size, requirement for high
humidity [26] and lack of exposure to extreme temperatures.
Because no other small mammal, let alone any other possum,
in Australia’s modern forests has remotely similar dental
specializations, we suggest that if MPPs were to be introduced
into lowland wet forest environments, there is little or no
likelihood that they would compete with other mammals in
those habitats.
5. Planned steps to implement the palaeo-based
experiment

Our plan (figure 2b) to use the fossil record to develop a strat-
egy for conserving the Burramys lineage was anticipated in
1991 [43] and broadly discussed in 2012 [31]. Here, we



Table 1. Sixteen challenges for the palaeo-based conservation introduction experiment.

step description progress to date (2019)

1 multi-disciplinary team of ecologists, mammalogists,

palaeontologists, palaeoecologists, reproductive biologists,

ecophysiologists and husbandry specialists

done (authors of this paper and [31])

2 document morphological, environmental, palaeocommunity

changes over time

done [26,47,49]

3 investigate environmental threats to and survival requirements of

living MPPs

done [23,25,26,31,57,66]

4 determine ecophysiological resilience to assess potential capacity of

MPPs to adapt to non-contemporary situations

done [24,26,41,65,67]

5 document and assess results of early efforts to maintain colonies in

lowland sanctuaries and zoos

done [26]

6 collaborate with an established sanctuary where a non-alpine

breeding facility for MPPs can be built

done (Secret Creek Sanctuary, Lithgow, NSW; elevation a.s.l.

1000 m; permanently shaded area where temperatures range

from −4°C in winter to 24°C in summer)
7 raise funds to help construct the breeding facility in Secret Creek

Sanctuary

ongoing ($150 000 already raised by National Parks Association,

Australian Geographic Society & UNSW)

8 focus academic and public attention on this research programme

as a flagship project about strategies to address climate change

threats

done ([68]; also formal part of UNSW’s ‘Climate Change Grand

Challenge’ initiative)

9 ensure compatibility with recommendations of commonwealth

government ‘National Recovery Plan’

done (meets Objective 5 of plan)

10 collaborate with regulatory agencies to obtain and manage a

captive colony

ongoing (with tacit approval to proceed)

11 conduct behavioural and other research on the captive colony to

assess resilience as well as acclimatize MPPs to new foods

anticipated (research students and staff will conduct experiments

prior to trial releases)

12 acclimate mothers and pouch/nest young to warm conditions to

try to generate, via phenotypic plasticity, individuals better able

to cope with high temperatures

anticipated

13 assess genetics of individuals to be released anticipated

14 identify optimal locations for trial releases anticipated

15 monitor introductions for at least two decades to assess outcomes

of experimental release

anticipated

16 use results as a basis for considering introductions of other alpine

species that lack fossil records

anticipated (e.g. potential candidate is critically endangered

corroboree frog [69])
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present 16 steps (table 1) to facilitate this plan. Planning and
relocation recommendations by IUCN/SSC [3] and others
[70–72] have been taken into consideration. With regard to
temperatures at or above 28°C, we have recorded 2 years of
temperature records (2017/2018) at Secret Creek Sanctuary
in Lithgow, New South Wales, one of the potential release
sites. Temperatures were continuously measured in above-
ground rock piles anticipated to be shelter retreats within a
breeding facility anticipated for this species (table 1). Over
the 2-year period, winter temperatures averaged −4°C
while summer temperatures never exceeded 24°C. Therefore,
given access to shelter within areas such as this, ambient
temperatures in low-elevation forested areas would not
become a limiting factor.
6. Considering and managing risks: Q&As
Could introduction ofMPPs into lowlandwet forest communities lead
to negative impacts on those communities? We hypothesize that
the introduction will result in reoccupation of an otherwise
vacant niche that, prior to the Pleistocene, was normally and
only filled by species of Burramys. Hence, we predict there
will be no concomitant declines in other endemic species.
Preliminary analyses of biodiversity in Riversleigh’s fossil
assemblages suggest that the presence of B. brutyi correla-
tes with high species diversity, suggesting that they were
compatible components of those species-rich communities.

Will MPPs survive predation in those communities? Earlier
Cenozoic species of Burramys thrived in lowland wet forest
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communities despite a wide range of sympatric reptilian,
mammalian and avian predators. Today, the MPP is surviving,
albeit with some difficulty, even introduced carnivores such
as foxes and cats. Depending on the results of monitoring
experimentally released MPPs, programmes to control feral
carnivores, such as those now in use in the alpine zone, may
be necessary in specific lowland wet forests. Predator-proof
fencing may be required until the releases develop appropriate
fear/avoidance responses. Before wild release, MPPs could
also undergo training to enhance fear of carnivores, a strategy
that appears to be at least partially successful in relation to
translocation of other marsupials [73].

Will MPPs be able to adapt to lowland wet forests in terms of
climatic conditions? Myers et al. [51] demonstrated a significant
change in Riversleigh’s Early to Middle Miocene communities
between 18.0 and 13.5 Ma, an interval of time when atmos-
pheric gas composition underwent radical change all around
the world. Burramys brutyi remained an important component
in all communities before and after this event despite major
changes in overall marsupial diversity, an indication of its
apparent environmental resilience to climate changes in low-
land areas. Furthermore, it has been determined [26] that
captive colonies of MPPs have previously survived in ambient
lowland climatic conditions in Victoria and New South Wales,
evidently without hibernating. We know that small mammals
that use torpor or hibernate are less likely to become extinct
[67], thus the physiological flexibility of MPPs should increase
their prospects of adapting to the new ambient lowland
climatic conditions. Secret Creek Sanctuary itself, where the
breeding facility will be established, is densely forested, at
1000 m.a.s.l., receives frosts and some snow, has a rocky
substrate with significant thermally insulated refugia and is
enclosed by a predator-proof fence, making it one of the
potential sites for initial experimental releases.

Will phenotypic plasticity help MPPs to cope better with high
temperatures when raised under warm conditions? There is plenty
of evidence based on placental mammals [74] and some
based` on marsupials [66] that raising individuals under
warm conditions results in a ‘warm phenotype’ without the
need for long-term selection. Individuals raised in warm con-
ditions generally have longer appendages than those raised
in the cold, show greater heat loss and a reduced expression
of torpor. Although we do not know that this resilience is
present in the Burramys lineage, given its 25 Myr-long history
of thriving in relatively warm climates, it may well be a
conserved capacity of the genome.

WillMPPs be able to survive without their customary alpine foods
and adapt to resources in their new habitats? Hawke et al. [57] and
Schulz et al. [75] demonstrated that a lower-elevation population
on Mount Kosciusko exhibits different food preferences from
those of upland populations, suggesting dietary flexibility in
this species. Furthermore, captive colonies have been known
to thrive on foodsnot available in the alpine zone [26]. To further
promote successful transition, we plan to acclimatize individ-
uals to foods they will encounter before they are released.
7. Discussion
Globally, among continents, Australia has suffered the greatest
loss of endemic mammal species with 29 endemic mammals
having gone extinct and at least as many more struggling
to survive [76] since European colonization in 1788. This
represents about one-third of all mammal extinctions in the
world over the past 500 years [76]. Faced with the challenge
to devise strategies to slow this cascade of extinctions, there
is increasing recognition of the potential relevance of the
fossil record [77,78].

As noted above, the four species of Burramys, which differ
from each other in only minor morphological details, form
a chronocline spanning the past 25 Myr. Each of the pre-
Pleistocene taxa appears to have filled the same currently
vacant niche in lowland wet forest communities and to
have been part of complex, biodiverse ecosystems. For these
reasons, we hypothesize that introducing MPPs into contem-
porary lowland wet forest communities, where this same
niche is vacant, would be unlikely to lead to competition
with resident species and would help to conserve this
vulnerable highly distinctive lineage of mammals.

While the current population of B. parvus is estimated to be
about 2500 individuals (L. Broome & D. Heinze 2019, unpub-
lished data), it could crash with just two consecutive years of
diminished snowfalls [31] or with continuing drought-induced
population declines of bogong moths. Delays in trialling con-
servation introductions of the kind proposed here involve a
significant risk of the kind that led to extinction [5] of the too-
lache wallaby (Macropus greyi). Efforts to translocate this
species to secure habitat in 1923 and 1924 were unsuccessful
at least in part because by the time the decision to do this
was made, there were fewer than 20 individuals left [79].

However, despite expectations, it is conceivable that the
subalpine/alpine population of MPPs might be able to survive
the climate change that is coming. Because of this possibility, it
could be argued that our proposal is a waste of time. We have
given reasons to explain why survival of MPPs in the subal-
pine/alpine zone in the long term is improbable and for
these reasons, we suggest that not carrying out this experiment
as a ‘safety net’ strategy would be gambling the future of the
entire lineage on this one improbable outcome. Further, given
that we are proposing to translocate less than 1% of the existing
population, 99%of the populationwill be left in the subalpine/
alpine zone to face their albeit low chances for long-term survi-
val. Hence, the impact of this proposed translocation can either
be beneficial or neutral but cannot have a negative impact on
the subalpine/alpine population.

Our plan has potential outcomes beyond its focus on con-
serving MPPs. We suggest that if MPPs can be successfully
established in lowland wet forest habitats, this could provide
incentive to try similar translocations for other sympatric
species threatened in the same alpine habitats, such as the
Critically Endangered corroboree frog (Pseudophryne corro-
boree) [69,78]. In contrast with MPPs, there are no pre-modern
fossil records for the corroboree frog and hence no direct evi-
dence for potentially lower-elevation populations. It might,
however, be worthwhile to trial release this frog into any low-
land habitat that proves to be an effective sanctuary for MPPs,
albeit after consideration is given to potential new risks such as
chytrid fungus.

If the MPP conservation introduction we propose here is
successful, it could also encourage comparable initiatives
focused on endangered lineages of non-alpine taxa. The
Critically Endangered western swamp tortoise (Pseudemydura
umbrina) struggles to survive in Western Australia as increas-
ingly severe climate change-exacerbated droughts threaten its
swampland habitat [80]. There are no other known occurrences
of this species or genus, living or fossil, with one exception: a
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Middle Miocene fossil turtle (Pseudemydura sp. cf. P. umbrina)
from a fossil deposit that accumulated in what was a lowland
lake in a wet forest at Riversleigh in northwestern Queensland
[81]. This record suggests the potential value of trialling a con-
servation introduction of a founding colony into a cool,
temperate forest pool in a wet forest environment.

As extinctions around the world accumulate in response to
global heating, we urge that routine consultation should occur
with palaeontologists and ecophysiologistswhomaywell have
insights that could broaden the range of potential conservation
strategies and increase optimism about the future [77,82]. We
further suggest that in some cases, the depth of time (the
palaeontological ‘reach’) that may be of value for developing
conservation strategies could, as we have argued here, extend
back in time well prior to the Quaternary.

Data accessibility. This article has no additional data.
Authors’ contributions. M.A. collected fossil data, co-authored the initial
hypothesis and wrote the first draft. H.B. collected fossil, ecological
and husbandry data and revised sections of the paper. S.J.H. col-
lected fossil data, co-authored the initial hypothesis and revised the
manuscript. T.E. provided the breeding facility concept and revised
the manuscript. L.B. collected long-term ecological data about
living MPPs and co-led development of the core hypothesis and
revised parts of the manuscript. B.M. collected physiological and
husbandry data and revised sections of the manuscript. F.G. led
work on physiology and revised sections of the manuscript. S.J. col-
lected data on animal husbandry and revised sections of the paper.
A.G. collected fossil data and revised sections of the manuscript.
T.H. collected data on MPP diet and revised sections of the manu-
script. T.M., A.M.H. and C.P. analysed palaeoecological data and
revised parts of the manuscript.
Competing interests. We declare we have no competing interests.

Funding. Riversleigh research is supported by the Australian Research
Council grant no. DP170101420); UNSW Sydney; Queensland Parks
and Wildlife Service; Environment Australia; the Waanyi Nation;
Queensland Museum; Riversleigh Society Inc.; Riversleigh Commu-
nity Scientific Advisory Committee; Phil Creaser and CREATE
Fund at UNSW; Outback at Isa; Mount Isa City Council; Alan Rack-
ham and the Rackham family, Ken & Margaret Pettit, other private
donors; students; and volunteers. Support for the Burramys Project
has come from: Australian Ecosystems Foundation; NSW National
Parks and Wildlife Service; Australian Geographic Society; National
Parks Association; UNSW Foundation; Royal Zoological Society of
NSW; Gary Johnston; and private donors.

Acknowledgements. Thanks to P. Schouten, J. Reece, D. Dunphy,
P. Murray, J. Sartore and Australian Geographic for permission to
use artwork and photographs. We also thank three anonymous refer-
ees for their helpful comments and suggestions on an earlier draft of
this paper.
 90221
References
1. Seddon PJ, Armstrong DP, Maloney RF. 2007
Developing the science of reintroduction biology.
Conserv. Biol. 21, 303–312. (doi:10.1111/J.1523-
1739.2006.00627.X)

2. Corlett RT. 2016 Restoration, reintroduction and
rewilding in a changing world. Trends Ecol. Evol. 31,
453–462. (doi:10.1016/j.tree.2016.02.017)

3. IUCN/SSC. 2013 Guidelines for reintroductions and
other conservation translocations. Version 1.0. Gland,
Switzerland: IUCN Species Survival Commission.

4. Morris K, Burbidge A, Hamilton S. 2008
Dasyurus geoffroii. The IUCN red list of
threatened species 2008: e.T6294A12599937. See
http://dx.doi.org/10.2305/IUCN.UK.2008.RLTS.
T6294A12599937.en.

5. Ride WDL. 1970 A guide to the native mammals of
Australia. Melbourne, Victoria: Oxford University
Press.

6. Anon. 2015 Western quolls—reintroducing the
species to the flinders ranges (SA). Wanneroo,
Canberra: Australian Government Department of the
Environment and Energy. See http://www.
environment.gov.au/biodiversity/threatened/
publications/factsheet-western-quolls.

7. Pedler RD, West RS, Read JL, Moseby KE, Letnic M,
Keith DA, Leggett KD, Ryall, SR, Kingsford RT. 2018
Conservation challenges and benefits of
multispecies reintroductions to a national park—a
case study from New South Wales, Australia. Pac.
Conserv. Biol. 24, 397–408. (doi:10.1071/PC17058)

8. McDowell MC. 2014 Holocene vertebrate fossils aid
the management and restoration of Australian
ecosystems. Ecol. Manag. Restor. 15, 58–63.
(doi:10.1111/emr.12075)

9. Burney DA. 2010 Back to the future in the caves of
Kaua’i. New Haven, CT: Yale University Press.
10. Smith, MJ. 1977 Remains of mammals, including
Notomys longicaudatus (Gould) (Rodentia: Muridae),
in owl pellets from the Flinders Ranges, S.A.
Aust. Wildlife Res. 4, 159–170. (doi:10.1071/
WR9770159)

11. Svenning JC, Svenning JC, Pedersen PBM, Donlan
CJ, Ejrnaes R, Faurby S, Galetti M, Hansen DM,
Sandel B, Sandom CJ, Terborgh JW, Vera FWM.
2015 Science for a wilder Anthropocene: synthesis
and future directions for trophic rewilding research.
Proc. Natl Acad. Sci. USA 113, 898–906. (doi:10.
1073/pnas.1502556112)

12. Zimov SA, Zimov NS, Tikhonov AN, Chapin FS. 2012
Mammoth steppe: a high-productivity
phenomenon. Quat. Sci. Rev. 57, 26–45. (doi:10.
1016/j.quascirev.2012.10.005)

13. Jamieson IG, Lee WG. 2001 The Takahe: fifty years
of conservation management and research. Otago,
New Zealand: Otago University Press.

14. Miskelly CM, Powlesland RG. 2013 Conservation
translocations of New Zealand birds, 1863–2012.
Notornis 60, 3–28.

15. Fisher DO. 2011 Trajectories from extinction: where
are missing mammals rediscovered? Glob. Ecol.
Biogeogr. 20, 415–425. (doi:10.1111/j.1466-8238.
2010.00624.x)

16. Menkhorst P, Broome L, Driessen M. 2008 Burramys
parvus. The IUCN red list of threatened species
2008: e.T3339A9775825. See http://dx.doi.org/10.
2305/IUCN.UK.2008.RLTS.T3339A9775825.en.

17. Ride WDL. 1956 The affinities of Burramys parvus
Broom—a fossil phalangeroid marsupial. Proc. Zool.
Soc. Lond. 127, 413–429. (doi:10.1111/j.1096-3642.
1956.tb00477.x)

18. Broom R. 1895 On a new fossil mammal allied to
Hypsiprymnus but resembling in some points the
Plagiaulacidae. Abst. Proc. Linn. Soc. N.S.W. 1,
373–374.

19. Broom R. 1896 On a small fossil marsupial with
large grooved premolars. Proc. Linn. Soc. N.S.W.10,
563–567. (doi:10.5962/bhl.part.24369)

20. Broom R. 1896 On a small fossil marsupial allied to
Petaurus. Proc. Linn. Soc. N.S.W. 10, 568–570.
(doi:10.5962/bhl.part.24370)

21. Anon. 1966 A relict marsupial. Nature 212, 225.
(doi:10.1038/212225a0)

22. Seebeck J. 1967 Rediscovery of two ‘extinct’
marsupials. Animals, October, 271–272.

23. Mansergh IM, Broome LS. 1994 The mountain
pygmy-possum of the Australian Alps. Sydney, New
South Wales: University of New South Wales Press.

24. Broome L, Geiser F. 1995 Hibernation in free-living
mountain pygmy-possums, Burramys parvus
(Marsupialia: Burramyidae). Aust. J. Zool. 43,
373–379. (doi:10.1071/ZO9950373)

25. Broome L, Ford F, Dawson M, Green K, Little D,
McElhinney N. 2013 Re-assessment of Mountain
Pygmy-possum Burramys parvus population size
and distribution of habitat in Kosciuszko National
Park. Aust. Zool. 36, 381–403. (doi:10.7882/AZ.
2013.009)

26. Bates H. 2017 Assessing environmental correlates of
populations of the endangered Mountain Pygmy-
possum (Burramys parvus) in Kosciuszko National
Park, New South Wales. PhD thesis, UNSW Sydney,
Australia.

27. Heinze D, Broome L, Mansergh I. 2004 A review of
the ecology and conservation of the mountain
pygmy-possum Burramys parvus. In Biology of
Australian possums and gliders (ed RL Goldingay,
SM Jackson), pp. 254–267. Chipping Norton, UK:
Surrey Beatty and Sons.

http://dx.doi.org/10.1111/J.1523-1739.2006.00627.X
http://dx.doi.org/10.1111/J.1523-1739.2006.00627.X
http://dx.doi.org/10.1016/j.tree.2016.02.017
http://dx.doi.org/10.2305/IUCN.UK.2008.RLTS.T6294A12599937.en
http://dx.doi.org/10.2305/IUCN.UK.2008.RLTS.T6294A12599937.en
http://dx.doi.org/10.2305/IUCN.UK.2008.RLTS.T6294A12599937.en
http://www.environment.gov.au/biodiversity/threatened/publications/factsheet-western-quolls
http://www.environment.gov.au/biodiversity/threatened/publications/factsheet-western-quolls
http://www.environment.gov.au/biodiversity/threatened/publications/factsheet-western-quolls
http://www.environment.gov.au/biodiversity/threatened/publications/factsheet-western-quolls
http://dx.doi.org/10.1071/PC17058
http://dx.doi.org/10.1111/emr.12075
http://dx.doi.org/10.1071/WR9770159
http://dx.doi.org/10.1071/WR9770159
http://dx.doi.org/10.1073/pnas.1502556112
http://dx.doi.org/10.1073/pnas.1502556112
http://dx.doi.org/10.1016/j.quascirev.2012.10.005
http://dx.doi.org/10.1016/j.quascirev.2012.10.005
http://dx.doi.org/10.1111/j.1466-8238.2010.00624.x
http://dx.doi.org/10.1111/j.1466-8238.2010.00624.x
http://dx.doi.org/10.2305/IUCN.UK.2008.RLTS.T3339A9775825.en
http://dx.doi.org/10.2305/IUCN.UK.2008.RLTS.T3339A9775825.en
http://dx.doi.org/10.2305/IUCN.UK.2008.RLTS.T3339A9775825.en
http://dx.doi.org/10.1111/j.1096-3642.1956.tb00477.x
http://dx.doi.org/10.1111/j.1096-3642.1956.tb00477.x
http://dx.doi.org/10.5962/bhl.part.24369
http://dx.doi.org/10.5962/bhl.part.24370
http://dx.doi.org/10.1038/212225a0
http://dx.doi.org/10.1071/ZO9950373
http://dx.doi.org/10.7882/AZ.2013.009
http://dx.doi.org/10.7882/AZ.2013.009


royalsocietypublishing.org/journal/rstb
Phil.Trans.R.Soc.B

374:20190221

9
28. DELWP (Department of Environment, Land, Water
and Planning). 2016 National recovery plan for the
mountain pygmy-possum Burramys parvus.
Canberra, Australia: Australian Government. See
www.environment.gov.au.

29. van Dijk AIJM, Beck HE, Crosbie RS, de Jeu RAM, Liu
YIY, Podger GM, Timbal B, Viney NR. 2013 The
Millennium Drought in southeast Australia (2001–
2009): natural and human causes and implications
for water resources, ecosystems, economy, and
society. Water Resour. Res. 49, 1040–1057. (doi:10.
1002/wrcr.20123)

30. Gibson RK, Broome L, Hutchinson MF. 2018
Susceptibility to climate change via effects on food
resources: the breeding ecology of the endangered
mountain pygmy-possum (Burramys parvus). Wildl.
Res. 45, 539–550. (doi:10.1071/WR17186)

31. Broome L, Broome L, Archer M, Bates H, Shi H,
Geiser F, McAllan B, Heinze D, Hand S, Evans T,
Jackson S. 2012 A brief review of the life history of,
and threats to, Burramys parvus with a pre-history
based proposal for ensuring that it has a future. In
Wildlife and climate change: towards robust
conservation strategies for Australian fauna (eds D
Lunney, P Hutchings), pp. 114–126. Mosman, New
South Wales: Royal Zoological Society of NSW.

32. Fleming M. 1985 The thermal physiology of the
mountain pygmy-possum Burramys parvus
(Marsupialia: Burramyidae). Aust. Mammal. 8,
79–90.

33. Brereton R, Bennett S, Mansergh I. 1995 Enhanced
greenhouse climate change and its potential effect
on selected fauna of south-eastern Australia: a trend
analysis. Biol. Conserv. 72, 339–354. (doi:10.1016/
0006-3207(94)00016-J)

34. Lee JR, Maggini R, Taylor MFJ, Fuller RA. 2015
Mapping the drivers of climate change vulnerability
for Australia’s threatened species. PLoS ONE 10,
e0124766. (doi:10.1371/journal.pone0124766)

35. Hennessy KJ, Whetton PH, Walsh K, Smith IN,
Bathols JM, Hutchinson M, Sharples J. 2008 Climate
change effects on snow conditions in mainland
Australia and adaptation at ski resorts through
snowmaking. Clim. Res. 35, 255–270. (doi:10.3354/
cr00706)

36. McDougall KL, Broome L. 2007 Challenges facing
protected area planning in the Australian Alps in a
changing climate. In Protected areas: buffering
nature against climate change. Proc. of a WWF and
IUCN World Commission on Protected Areas Symp.,
18–19 June 2007, Canberra (eds M Taylor,
P Figgis), pp. 73–84. Sydney, Australia: WWF-
Australia.

37. Gynther I, Waller N, Leung LKP. 2016 Confirmation
of the extinction of the Bramble Cay Melomys
Melomys rubicola on Bramble Cay, Torres Strait:
results and conclusions from a comprehensive
survey in August–September 2014. Unpublished
report to the Department of Environment and
Heritage Protection, Queensland Government,
Brisbane.

38. Waller NL, Gynther IC, Freeman AB, Lavery TH,
Leung LK-P. 2017 The Bramble Cay melomys
Melomys rubicola (Rodentia: Muridae): a first
mammalian extinction caused by human-induced
climate change? Wildl. Res. 44, 9–21. (doi:10.1071/
WR16157)

39. Readfearn G. 2019 Decline in bogong moth
numbers leaves mountain pygmy possums starving.
The Guardian 25 February. See https://www.
theguardian.com/environment/2019/feb/25/decline-
in-bogong-moth-numbers-leaves-pygmy-mountain-
possums-starving.

40. Khan J. 2019 Decline in bogong moth numbers
could have catastrophic effects in the Australian
Alps. ABC Sci. See https://www.abc.net.au/news/
science/2019-02-27/bogong-moth-decline-in-
australian-alps/10850036.

41. Körtner G, Song X, Geiser F. 1998 Rhythmicity of
torpor in a marsupial hibernator, the mountain
pygmy-possum (Burramys parvus), under natural
and laboratory conditions. J. Comp. Physiol. B:
Biochem. Syst. Environ. Physiol. 168, 631–638.
(doi:10.1007/s003600050186)

42. Archer M. 2002 Confronting crises in conservation:
a talk on the wild side. In A zoological revolution:
using native fauna to assist in its own survival
(eds D Lunney, C Dickman), pp. 12–52. Sydney,
Australia: Australian Museum and the Royal
Zoological Society of New South Wales.

43. Archer M, Hand SJ, Godthelp H. 1991 Back to the
future: the contribution of palaeontology to the
conservation of Australian forest faunas. In
Conservation of Australia’s forest fauna (ed. D
Lunney), pp. 67–80. Sydney, Australia: Royal
Zoological Society of New South Wales.

44. Pledge N. 1984 A new Miocene vertebrate faunal
assemblage from the Lake Eyre Basin: a preliminary
report. Aust. Zool. 21, 345–355.

45. Black KH, Archer M, Hand SJ, Godthelp H. 2012 The
rise of Australian marsupials: a synopsis of
biostratigraphic, phylogenetic, palaeoecologic and
palaeobiogeographic understanding. In Earth and
life: global biodiversity, extinction intervals and
biogeographic perturbations through time (ed. JA
Talent), pp. 983–1078. International Year of Planet
Earth Series. Dordrecht, The Netherlands: Springer
Verlag.

46. Woodburne MO, MacFadden BJ, Case JA, Springer
MS, Pledge NS, Power JD, Woodburne JM, Springer
KB. 1993 Land mammal biostratigraphy and
magnetostratigraphy of the Etadunna Formation
(Late Oligocene) of South Australia. J. Vert. Paleo.
13, 483–515. (doi:10.1080/02724634.1994.
10011527)

47. Archer M, Hand SJ, Godthelp H. 1994 Australia’s lost
world: Riversleigh, World Heritage site. Bloomington,
IN: Indiana Press.

48. Brammall J, Archer M. 1997 An Oligo-Miocene
species of Burramys (Marsupialia, Burramyidae)
from Riversleigh, northwestern Queensland. Mem.
Queensl. Mus. 41, 247–268.

49. Arena DA, Travouillon KJ, Beck RMD, Black KH,
Gillespie AK, Myers TJ, Archer M, Hand S J. 2016
Mammalian lineages and the biostratigraphy and
biochronology of Cenozoic faunas from the
Riversleigh World Heritage Area, Australia. Lethaia
49, 43–60. (doi:10.1111/let.12131)

50. Travouillon KJ, Legendre S, Archer M, Hand SJ. 2009
Palaeoecological analyses of Riversleigh’s Oligo-
Miocene deposits: implications for Oligo-Miocene
climate change in Australia. Palaeogeo. Palaeoclim.,
Palaeoecol. 276, 24–37. (doi:10.1016/j.palaeo.2009.
02.025)

51. Myers TJ, Black KH, Archer M, Hand SJ. 2017 The
identification of Oligo-Miocene mammalian
palaeocommunities from the Riversleigh World
Heritage Area, Australia and an appraisal of
palaeoecological techniques. PeerJ 5, e3511.
(doi:10.7717/peerj.3511)

52. Myers TJ, Archer M, 1997. Kuterintja ngama
(Marsupialia, Ilariidae): a revised systematic analysis
based on material from the late Oligocene of
Riversleigh, northwestern Queensland. Mem.
Queensl. Mus. 41, 379–392.

53. Woodhead J et al. 2016 Developing a
radiometrically-dated chronologic sequence for
Neogene biotic change in Australia, from the
Riversleigh World Heritage Area of Queensland.
Gond. Res. 29, 153–167. (doi:10.1016/j.gr.
2014.10.004)

54. Turnbull WD, Rich THV, Lundelius Jr EL. 1987
Burramyids (Marsupialia: Burramyidae) of the Early
Pliocene Hamilton local fauna, southwestern
Australia. In Possums and opossums: studies in
evolution (ed. M Archer), pp. 729–739. Chipping
Norton, New South Wales: Surrey Beatty & Sons.

55. Turnbull WD, Lundelius Jr EL. 1970 The Hamilton
Fauna: a late Pliocene mammalian fauna from the
Grange Burn, Victoria, Australia. Fieldiana: Geol. 19,
1–163. (doi:10.5962/bhl.title.3462)

56. Turnbull WD, Lundelius Jr EL, McDougall I. 1965 A
potassium-argon dated Pliocene marsupial fauna
from Victoria, Australia. Nature 206, 816. (doi:10.
1038/206816a0)

57. Hawke T, Bates H, Hand S, Archer M, Broome L.
2019 Dietary analysis of an uncharacteristic
population of the Mountain Pygmy-possum
(Burramys parvus) in the Kosciuszko National Park,
New South Wales, Australia. PeerJ 7, e6307. (doi:10.
7717/peerj.6307)

58. Shi H, Paull D, Broome L, Bates H. 2015
Microhabitat use by Mountain Pygmy-possum
(Burramys parvus): implications for conservation of
small mammals in alpine environments. Austr. Ecol.
40, 528–536. (doi:10.1111/aec.12220)

59. Morris DA, Augee ML, Gillespie D, Head J. 1997.
Analysis of a late Quaternary deposit and small
mammal fauna from Nettle Cave, Jenolan, New
South Wales. Proc. Linn. Soc. N.S.W. 117, 135–161.

60. Kershaw AP. 1994 Pleistocene vegetation of the
humid tropics of northeastern Queensland, Australia.
Palaeogeol. Palaeoclim. Palaeoecol. 109, 399–412.
(doi:10.1016/0031-0182(94)90188-0)

61. Kershaw AP, McKenzie GM, McMinn A. 1993 A
Quaternary vegetation history of northeastern
Queensland from pollen analysis of ODP Site 820.
Proc. Ocean Drill. Prog. Sci. Results 133, 107–114.
(doi:10.2973/odp.proc.sr.133.221.1993)

http://www.environment.gov.au
http://dx.doi.org/10.1002/wrcr.20123
http://dx.doi.org/10.1002/wrcr.20123
http://dx.doi.org/10.1071/WR17186
http://dx.doi.org/10.1016/0006-3207(94)00016-J
http://dx.doi.org/10.1016/0006-3207(94)00016-J
http://dx.doi.org/10.1371/journal.pone0124766
http://dx.doi.org/10.3354/cr00706
http://dx.doi.org/10.3354/cr00706
http://dx.doi.org/10.1071/WR16157
http://dx.doi.org/10.1071/WR16157
https://www.theguardian.com/environment/2019/feb/25/decline-in-bogong-moth-numbers-leaves-pygmy-mountain-possums-starving
https://www.theguardian.com/environment/2019/feb/25/decline-in-bogong-moth-numbers-leaves-pygmy-mountain-possums-starving
https://www.theguardian.com/environment/2019/feb/25/decline-in-bogong-moth-numbers-leaves-pygmy-mountain-possums-starving
https://www.theguardian.com/environment/2019/feb/25/decline-in-bogong-moth-numbers-leaves-pygmy-mountain-possums-starving
https://www.theguardian.com/environment/2019/feb/25/decline-in-bogong-moth-numbers-leaves-pygmy-mountain-possums-starving
https://www.abc.net.au/news/science/2019-02-27/bogong-moth-decline-in-australian-alps/10850036
https://www.abc.net.au/news/science/2019-02-27/bogong-moth-decline-in-australian-alps/10850036
https://www.abc.net.au/news/science/2019-02-27/bogong-moth-decline-in-australian-alps/10850036
https://www.abc.net.au/news/science/2019-02-27/bogong-moth-decline-in-australian-alps/10850036
http://dx.doi.org/10.1007/s003600050186
http://dx.doi.org/10.1080/02724634.1994.10011527
http://dx.doi.org/10.1080/02724634.1994.10011527
http://dx.doi.org/10.1111/let.12131
http://dx.doi.org/10.1016/j.palaeo.2009.02.025
http://dx.doi.org/10.1016/j.palaeo.2009.02.025
http://dx.doi.org/10.7717/peerj.3511
http://dx.doi.org/10.1016/j.gr.2014.10.004
http://dx.doi.org/10.1016/j.gr.2014.10.004
http://dx.doi.org/10.5962/bhl.title.3462
http://dx.doi.org/10.1038/206816a0
http://dx.doi.org/10.1038/206816a0
http://dx.doi.org/10.7717/peerj.6307
http://dx.doi.org/10.7717/peerj.6307
http://dx.doi.org/10.1111/aec.12220
http://dx.doi.org/10.1016/0031-0182(94)90188-0
http://dx.doi.org/10.2973/odp.proc.sr.133.221.1993


royalsocietypublishing.org/journal/rstb
Phil.Trans.R.Soc.B

374:20190221

10
62. Dodson JR. 1994 Quaternary vegetation history. In
Australian vegetation, 2nd edn (ed. RH Groves),
pp. 37–56. Cambridge, UK: Cambridge University
Press.

63. Mooney SD, Sniderman K, Kershaw AP, Haberle SG,
Roe J. 2017 Quaternary vegetation in Australia. In
Australian vegetation, 3rd edn (ed. D Keith), pp.
63–88. Cambridge, UK: Cambridge University Press.

64. Osborne MJ, Norman JA, Christidis L, Murray ND.
2000 Genetic distinctness of isolated populations of
an endangered marsupial, the Mountain Pygmy-
possum, Burramys parvus. Mol. Ecol. 9, 609–613.
(doi:10.1046/j.1365-294x.2000.00908.x)

65. Geiser F. 2007 Yearlong hibernation in a marsupial
mammal. Naturwissenschaften 94, 941–944.
(doi:10.1007/s00114-007-0274-7)

66. Riek A, Geiser F. 2012 Developmental phenotypic
plasticity in a marsupial mammal. J. Exp. Biol. 215,
1552–1558. (doi:10.1242/jeb.069559)

67. Geiser F, Turbill C. 2009 Hibernation and daily
torpor minimize mammalian extinctions.
Naturwissenschaften 96, 1235–1240. (doi:10.1007/
s00114-009-0583-0)

68. Anon. 2010 High-altitude rescue effort.
Australian Geographic Magazine October–December
101–103.

69. OEH NSW. 2012 National recovery plan for the
southern corroboree frog, Pseudophryne corroboree,
and the northern corroboree frog, Pseudophryne
pengilleyi. Hurstville, New South Wales: Office of
Environment and Heritage NSW.
70. Rout TM, Hauser CE, Possingham HP. 2009 Optimal
adaptive management for the translocation of a
threatened species. Ecol. Appl. 19, 515–526.
(doi:10.1890/07-1989.1)

71. Seddon PJ, Griffiths CJ, Soorae PS, Armstrong DP.
2014 Reversing defaunation: restoring species in a
changing world. Science 345, 406–412. (doi:10.
1126/science.1251818)

72. Seddon AWR, Mackay AW, Baker AG, Birks HJB,
Breman E. 2014 Looking forward through the past:
identification of 50 priority research questions in
palaeoecology. J. Ecol. 102, 256–267. (doi:10.1111/
1365-2745.12195)

73. Saxon-Mills EC, Moseby K, Blumstein DT, Letnic M.
2018 Prey naïveté and the anti-predator responses
of a vulnerable marsupial prey to known and novel
predators. Behav. Ecol. Sociobiol. 72, 151. (doi:10.
1007/s00265-018-2568-5)

74. Heath ME.1984 The effects of rearing-temperature
on body conformation and organ size in young pigs.
Comp. Biochem. Phys. 77B, 63–72.

75. Schulz M, Wilks G, Broome L. 2012 An
uncharacteristic new population of the Mountain
Pygmy-possum Burramys parvus in New South
Wales. Aust. Zool. 36, 22–28. (doi:10.7882/azoo.36.
1.e2048X7427X54461)

76. Woinarski JCZ, Burbidge AA, Harrison PL, 2015.
Ongoing unravelling of a continental fauna: decline
and extinction of Australian mammals since
European settlement. Proc. Natl Acad. Sci. USA 112,
4531–4540. (doi:10.1073/pnas.1417301112)
77. Dietl GP, Kidwell SM, Brenner M, Burney DA, Flessa
KW, Jackson ST, Koch PL. 2015 Conservation
paleobiology: leveraging knowledge of the past to
inform conservation and restoration. Annu. Rev.
Earth Planet. Sci. 43, 3.1–3.25. (doi:10.1146/
annurev-earth-040610-133349)

78. Osborne WD, Davis MS. 1997 Long-term variability
in temperature, precipitation and snow cover in the
snowy mountains: is there a link with the decline of
the Southern corroboree frog (Pseudophryne
corroboree)? Report to NSW National Parks and
Wildlife Service, Snowy Mountains Region.
Canberra: Applied Ecology Research Group,
University of Canberra.

79. Robinson AC, Young MC. 1983 The Toolache Wallaby
(Macropus greyi Waterhouse). Department of
Environment and Planning, South Australia Special
Publication No. 2: 1–54.

80. Burbidge AA, Kutchling G. 2004 Western swamp
tortoise (Pseudemydura umbrina) recovery plan,
3rd edn. Western Australian Wildlife Management
Program No. 37. Perth, Australia: Department of
Conservation and Land Management.

81. Gaffney ES, Archer M, White A. 1989 Chelid turtles
from the Miocene freshwater limestones of
Riversleigh Station, northwestern Queensland,
Australia. Am. Mus. Novit. 2959, 1–10.

82. Dietl GP, Flessa KW. 2010 Conservation
paleobiology: putting the dead to work. Trends
Ecol. Evol. 26, 30–37. (doi:10.1016/j.tree.2010.
09.010)

http://dx.doi.org/10.1046/j.1365-294x.2000.00908.x
http://dx.doi.org/10.1007/s00114-007-0274-7
http://dx.doi.org/10.1242/jeb.069559
http://dx.doi.org/10.1007/s00114-009-0583-0
http://dx.doi.org/10.1007/s00114-009-0583-0
http://dx.doi.org/10.1890/07-1989.1
http://dx.doi.org/10.1126/science.1251818
http://dx.doi.org/10.1126/science.1251818
http://dx.doi.org/10.1111/1365-2745.12195
http://dx.doi.org/10.1111/1365-2745.12195
http://dx.doi.org/10.1007/s00265-018-2568-5
http://dx.doi.org/10.1007/s00265-018-2568-5
http://dx.doi.org/10.7882/azoo.36.1.e2048X7427X54461
http://dx.doi.org/10.7882/azoo.36.1.e2048X7427X54461
http://dx.doi.org/10.1073/pnas.1417301112
http://dx.doi.org/10.1146/annurev-earth-040610-133349
http://dx.doi.org/10.1146/annurev-earth-040610-133349
http://dx.doi.org/10.1016/j.tree.2010.09.010
http://dx.doi.org/10.1016/j.tree.2010.09.010

	The Burramys Project: a conservationist's reach should exceed history's grasp, or what is the fossil record for?
	Introduction
	Burramys parvus: critically endangered species caught between a rock and a hot place
	Threats to the survival of the mountain pygmy-possum
	Background to the plan to conserve this lineage of Critically Endangered possums
	Planned steps to implement the palaeo-based experiment
	Considering and managing risks: QAs
	Discussion
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgements
	References


