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ABSTRACT

Thirty-nine endangered brush-tailed rock-wallabies (Petrogale penicillata) were reintroduced to
Grampians National Park, western Victoria, between 2008 and 2012. Subsequent high mortality,
low breeding, and no recruitment were linked to fox predation and physical disturbance during
monitoring. From 2014 to 2017, the colony was left undisturbed and monitored only by remote
camera. Five adult animals were identified across this period (I 3 and 3 Qs — all tagged; and one
untagged female), and an average of 0.7 pouch young were birthed per tagged female per year.
In 2019, camera-monitoring and non-invasive genetic monitoring (faecal) were used to identify
colony members, genetic diversity, and breeding. Camera monitoring in 2019 identified the same
five individuals, whereas genetic monitoring using 12 microsatellites identified eight individuals
(two male and six female genotypes). Genetic diversity within the colony was moderate (expected
heterozygosity (He) = 0.655, observed heterozygosity (Ho) = 0.854). Leaving the colony
undisturbed after 2013 correlated with improved adult survival, increased breeding, and
successful recruitment of young to the population. Recommendations for the Grampians colony
include continuation of regular camera- and scat monitoring to improve our understanding of
the reintroduction biology of P. penicillata and other marsupials in open, unfenced landscapes.

Keywords: camera trap, conservation genetics, genetic monitoring, macropod, marsupial,
reintroduction biology, Petrogale, threatened species.

Introduction

Reintroduction is a common conservation tool to help threatened species and prevent
wildlife extinctions. However, the success rates of reintroductions are highly variable.
The factors that influence success or failure are numerous and vary with species and
release site (Bubac et al. 2019; Berger-Tal et al. 2020). Within Australia, the main factor
identified in the failure of many reintroductions is predation by exotic carnivores
(e.g. Moseby et al. 2011; Sheean et al. 2012; Hardman et al. 2016; Short 2016; Watkins
et al. 2018; Robinson et al. 2020).

While post-release monitoring of reintroduction attempts is now frequently conducted,
it is often conducted poorly, and difficulties with monitoring are commonly reported
(Bubac et al. 2019; Berger-Tal et al. 2020; Gant et al. 2020). Survival, abundance, popula-
tion growth, breeding, and recruitment are all parameters that determine reintroduction
success and can be assessed only through post-release monitoring (Richards and Short
2003; White et al. 2003; Parlato and Armstrong 2013; Johnson et al. 2018). Although
genetic diversity is highly valued when selecting groups of animals for release (e.g.
Lapbenjakul et al. 2017), without post-release monitoring, it cannot be known whether
the genetics of the reintroduced population remain viable for long-term success (Zeng
et al. 2007; Scott et al. 2020). Post-release monitoring data are vital to guide management
decisions such as interventions to ensure population viability, understanding why a
reintroduction succeeded or failed, to assess effectiveness of predator control, and to
optimise future reintroduction attempts (Richards and Short 2003).
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Monitoring reintroduced animals through observation,
trapping, or mark-recapture can be difficult in steep or
hard-to-access terrain, or when animals are cryptic or shy,
and can have occupational safety risks to researchers and
animal welfare risks for the study species (Piggott et al.
2006a; Berger-Tal et al. 2020). Trap-shy animals can lead
to the detection of only a subset of a population (Hoyle
et al. 1995; Cutler and Swann 1999; Wegge et al. 2004).

Alternatively, non-invasive wildlife monitoring requires
no contact with animals and can often be preferable owing
to its efficacy in labour, cost, and animal and staff welfare
(De Bondi et al. 2010). Camera traps can be used to obtain
information on population abundance, behaviour, habitat
occupancy, and population structure (Silveira et al. 2003;
Claridge et al. 2010). Non-invasive genetic monitoring,
including the use of faecal samples, can provide information
on population abundance, population structure, sex, diet,
habitat occupancy, and population genetic diversity (Piggott
et al. 2006a; Lachish et al. 2011; Tende et al. 2014;
Molbrucker et al. 2015; Morales-Contreras et al. 2016;
Camp et al. 2020; Bannister et al. 2020).

The brush-tailed rock-wallaby (BTRW; Petrogale
penicillata) is one of many currently declining, threatened
mammal species in Australia (Woinarski et al. 2014). The
small to medium-sized, cryptic macropod species historically
occurred in abundance throughout much of the Great
Dividing Range and has a strong dependence on complex
rocky habitat (Wakefield 1961; Kaufmann 1974). In the
Grampians, Victoria, the species became locally extinct in
1999 and, in response, a translocation strategy was devised
to reintroduce captive-bred animals into the Moora Moora
Creek area within the Grampians National Park (Delaney
et al. 2005; Bramwell et al. 2008; Taggart et al. 2008, 2015).

Reintroduction of 39 animals began in November 2008 and
concluded in November 2012, with only seven animals
surviving by December 2013 (Taggart et al. 2015). Predation
by exotic predators was recognised as a key cause of mortality,
despite the presence of an intensive fox control program
around the site (Robley et al. 2014; Taggart et al. 2015).
The frequency of colony disruption from supplementations,
physical monitoring (e.g. cage-trapping and handling) and
release group size were hypothesised to result in poor levels
of social cohesion during the establishment phase, leading to
increased predation vulnerability (Taggart et al. 2015).

Few pouch young were identified within the colony
between 2008 and 2013, no juveniles or subadults were
observed or trapped, and no animals were recruited into
the adult population (M. Stevens, Parks Victoria, pers.
comm.). From 2014 onward, the colony was left undisturbed
by physical monitoring and supplementation and was
monitored only by remote camera.

Non-invasive faecal genetics was pioneered in this species
by Piggott and colleagues to test its potential for monitoring
elusive or endangered species, especially in rough terrain
(e.g. Browning et al. 2001; Piggott and Taylor 2003;
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Eldridge et al. 2004; Hazlitt et al. 2004, 2006a, 2006b, 2014;
Piggott 2004; Piggott et al. 2006a, 2006b, 2018).

The aim of this study was to examine the efficacy of remote
cameras and faecal genotyping as non-invasive post-release
monitoring methods to better understand the population
structure, current distribution, recruitment, genetic diversity,
and parentage of the remaining reintroduced colony. This
enabled us to assess the difference in the population growth
following a period of 6 years with no animal supplemen-
tations or other human interference, which can provide
useful insights to help optimise reintroduction of BTRW
and similar species.

Materials and methods

Study site

This study was located at Moora Moora Creek, within
the Grampians National Park in western Victoria, Australia
(Fig. 1). The reintroduced BTRW colony is located centrally
within the national park, approximately 10 km southwest
of the township of Halls Gap.

Camera-monitoring data

Three motion triggered remote cameras (BuckEye Orion XIR;
BuckEye Cam, Australia) were installed at the Moora Moora
Creek release site by Parks Victoria staff in 2014. Images
recorded by these cameras were used to determine
successful matings and breeding of the BTRW in the colony
from 2014 to mid-2017 and to monitor the ongoing
survival of tagged animals. Cameras were not operational
between mid-2017 and December 2018.

Previously published BTRW growth data were used to
calculate the approximate dates of birth of the pouch young
recorded by remote cameras in the colony. Calculations were
based on estimates of gestation length (~30 days), first pouch
exit (~180 days), permanent pouch exit (190-210 days) and
weaning (220-240 days; Taggart et al. 2005).

In January 2019, six new motion-triggered remote cameras
(BuckEye X80; BuckEye Cam Australia) were installed at
Moora Moora Creek. The new cameras were set up ~250 m
apart, along a 1.2 km length of the Moora Moora Creek
escarpment above Moora Moora Creek where the BTRWs
were released, and which now forms the main colony site.
Cameras uploaded photos, via a cellular base station,
directly to an office computer on weekdays.

Recorded sightings of BTRWs on the cameras from the
19 January 2019 to the 3 August 2019 were obtained from
Parks Victoria staff. The identity of the BTRW based on clear
visualisation of an identifying ear tag or definite absence of an
ear tag was provided with the date and camera location of the
sighting.

Camera locations and BTRW ear-tag identity were used to
estimate the escarpment length occupied by each individual
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are the locations of six remote cameras at the site.
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BTRW (referred to as their ‘escarpment range’). The
escarpment range of each animal is defined as the number
of remote cameras on which an individual was captured,
signifying how much of the escarpment each individual was
using. Home-range studies of rock-wallaby species have
typically found that core ranges were best estimated
using 50-75% of radio tracking/GPS/spotlight locations
(Horsup 1994; Laws and Goldizen 2003; Telfer and Griffiths
2006; Sharp 2009; Hayward et al. 2011). For this study, a
cumulative frequency across multiple cameras where >60%
of sightings were recorded were considered an animal’s
‘core escarpment range’.

For visualisation purposes, a buffer zone of 100 m was
created around the camera location where each animal
was recorded to represent an area in which an animal
was thought to occur using ArcGIS ArcMap 10.8.1 (Esri,
USA). Additionally, the escarpment range of an individual
was considered identical to its core escarpment range if the
proportion of images of an individual recorded at each
camera was equal, because it was assumed that the animal
spent similar amounts of time around each camera location
along the escarpment.

Genetic sample collection

BTRWs are highly dependent on their rocky habitat, and so
their scats are easy to locate if present. Rock-wallaby
scats can be readily distinguished from other macropod
scats in the region (Macropus fuliginosus, M. giganteus,
M. rufogriseus and Wallabia bicolor; Aussavy et al. 2011) by
their size, shape (typically cylindrical with a single pointed
end), and texture (mix of small and larger plant fragments;
Jarman and Capararo 1996). Fresh scats (<2 weeks old)
can be identified by their glossy, black colour, and strong
odour (Piggott 2004; David Taggart and Lauren Werner,
pers. comm.).

In this study, fresh BTRW scats were collected oppor-
tunistically from across the length of the rocky escarpment
area in and around the known colony site (the Moora
Moora Creek Escarpment) in September 2018 and February
to April 2019. Only one scat, selected at random, was taken
from locations where multiple scats were present in close
proximity to one another.

The scat search and collection began at the western end of
the escarpment, approximately 0.3 km south-west of Camera
CO01 and concluded 1.13 km past the eastern end of the main
colony, including the entire colony (approximately 1.2 km in
length; Fig. 1). A 0.08 km length of escarpment on the north-
western side of the creek under a landmark known as ‘flat
rock’, directly opposite the western end of the main colony,
was also searched (Fig. 1). Additionally, an adjacent 2.3 km
of escarpment on both the northern and southern sides of
Mount Rosea Creek, located north of the known Moora
Moora Creek BTRW colony site, was searched in autumn
2019 (Fig. 1). The area searched represented the closest
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escarpments to the main colony, with potentially suitable
habitat that dispersing BTRWs might have moved to.

Scats were collected in individual zip-lock bags to
avoid DNA contamination among scats. Scat locations were
recorded using a hand-held GPS unit. The scat samples
were then stored in a portable cooler while travelling and
on site. Scat samples were kept frozen at —20°C in the
laboratory before DNA extraction (e.g. Walker et al. 2009;
Kolodzieg et al. 2013; Sabino-Marques et al. 2018). For
comparison of genetic diversity, DNA extracted from stored
ear biopsies of 10 BTRWs (progeny of three males and four
females) of known sex were included in the study from the
animal facility at the Waite Campus of University of
Adelaide, Adelaide, Australia. The translocated animals and
the captive Waite Campus animals were founded from the
same set of individuals. These founder individuals came
from two distinct evolutionarily significant units (ESU), the
southern and the central ESU (Browning et al. 2001;
Paplinska et al. 2011; David Taggart, pers. comm.).

Genomic DNA extraction

Faecal DNA was extracted from scats by using the Bioline
Isolate II Genomic DNA Kit protocol (Bioline, Australia),
with modifications that included using sterile cotton swabs
soaked in 200 pL of nanopure water (Sigma-Aldrich,
Australia) to remove epithelial cells from all surfaces of the
scats (e.g. Akomo-Okoue et al. 2015; Ramén-Laca et al.
2015; Dimsoski 2017; Bourgeois et al. 2019) and using an
additional centrifugation step to remove excess debris
before binding onto the silica membrane.

Genomic DNA from the ear biopsies was extracted using
the Bioline Isolate II Genomic DNA Kit (Bioline, Australia),
using approximately 20 mg of each ear biopsy and extending
the proteinase digestion at 56°C to 24 h.

Total DNA extracted from faecal and ear biopsy samples
were quantified and assessed for quality by using a
NanoDrop ND-1000 spectrophotometer (Thermo Fisher
Scientific Inc., USA) and stored at —20°C until analysis.

Genotyping

A panel of 12 nuclear microsatellite markers, seven di-
nucleotide (PI22 (Luikart et al. 1997), BT 1, BT 3, BT 6,
BT 11, BT_17, BT_25; Accession numbers: OK070787,
0OK070788, OK070789, OK070790, OK070791, OK070792)
and five tri-nucleotide (SK8, SK62, SK65; accession numbers:
OK031000, OK031001, OK031002; ET32, ET35; unpubl.
data, Adam Croxford, pers. comm., Accession numbers:
XM_036734328.1, XM_020966173.1; mean He = 0.7) were
used to genotype the BTRW faecal DNA (Supplementary
Table S1). A subset of six microsatellite markers (P122, SK8,
SK62, SK65, ET32, ET35) (mean He = 0.74) were used to
genotype captive ear-tissue DNA due to budget constraints.
Two Y-chromosome linked markers (SRY; Watson et al. 1998,
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SRY; Katsura et al. 2018) were checked for amplification in
all samples (tissue and faecal DNA) for sex determination.
Flanking primers of unpublished microsatellite markers were
designed using Primer3 software (Koressaar and Remm 2007;
Untergasser et al. 2012; Koressaar et al. 2018) with a length
of between 80 and 300 bp. Markers were selected on the
basis of reliability of amplification ease of scoring (low
stuttering), and polymorphism. The markers were modified
with truncated Illumina linkers to allow the amplicons to
be converted into Ilumina libraries (sequences: forward:
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG; reverse:
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG). PCRs of
the ear-biopsy DNA were conducted in 10 pL volumes
containing 1x Biomix (Bioline, Australia), 0.2 nM of each
forward and reverse primers, and 10 ng of DNA. The same
protocol was used for faecal DNA analysis following a 1 in
10 dilution of the DNA.

Polymerase chain reactions were conducted using a
BioRad T100 Thermal Cycler (Bio-Rad, USA), using the
following PCR protocol: an initial denaturation at 95°C for
5 min, followed by 35 cycles of 95°C for 15 s, 55°C for
30 s, 72°C for 45 s and a final extension at 72°C for 5 min.
The annealing temperature for the Y-linked SRY marker
(Watson et al. 1998) was set to 64°C instead of 55°C and
the cycle was repeated 40 times for both Y-linked markers.
The sexing PCR was performed with ET32 and ET33 to
ensure that there were no false negatives. PCR products
were visualised after electrophoresis on a 1% agarose gel
stained with SybrSafe (Invitrogen, USA).

Polymerase chain reaction products for each individual
(including both ear-tissue samples and scat samples) were
pooled and purified using Ampure XP beads (Agencourt
Bioscience Corporation, USA) at a ratio of 1:1. The two-step
[lumina indexing approach described by Wilkinson et al.
(2017) was used to develop sequencing libraries for each
sample and all samples were pair-end sequenced using a
300-cycle MiSeq version 2 kit (Illumina, USA) at Australian
Genome Research Facility (AGRF), Melbourne.

The MiSeq sequences were demultiplexed using the
MiSeq Reporter software (Illumina) and paired reads were
then merged using the Geneious Prime 2019.2 software
(Biomatters, New Zealand). Genotypes were determined
from the amplicon length of the microsatellite. To test the
fidelity of the genotyping, three replicate amplifications
from 10 different samples (two ear-tissue and eight scat
DNA samples) were performed and run on the MiSeq,
including the single scat genotyped as F6.

Individual identification

Hardy-Weinberg equilibrium and linkage disequilibrium
tests were conducted across all loci for all samples, by using
the Markov-chain algorithm of Raymond and Rousset (1995)
in Genepop version 4.7.5 (Rousset 2008). The presence of
null alleles and allele dropout were assessed using the

MICRO-CHECKER 2.2.3 program (Van Oosterhout et al.
2004). Owing to budget constraints, samples with non-
amplifying loci could not be re-analysed in this study, and
were excluded.

The probability of identity (Pip), meaning the probability
of two individuals having the same genotype in a randomly
mating population, was calculated among full siblings
(Papysib) for the Moora Moora Creek individuals (12 loci;
1.0 x 107" by using GenAlEx 6.5 (Peakall and Smouse
2006, 2012). GenAlEx 6.5 was also used to match
genotypes, with zero mismatches allowed. Samples with
100% allelic sharing at all 12 loci were considered to be
the same individual because of the low P;, values and
exclusion of genotypes with non-amplifying loci.

Basic genetic-diversity parameters, including mean number
of alleles per locus (Na), observed (Ho) and expected
heterozygosity (He), and an inbreeding parameter (Fjs) were
obtained using GenAlEx 6.5 (Peakall and Smouse 2006,
2012), by using the unique scat genotypes and the 10 tissue
samples. Because only six loci were amplified in tissue DNA,
genetic diversity parameters were calculated using the six-
locus subset for both the Waite (tissue) and Moora Moora
Creek (scat) samples and all 12 loci for Moora Moora Creek
(scat) samples only.

Parentage analysis

Parentage of scat genotypes (conducted with 12 loci) was
assigned using the program Cervus 3.0.7 (Kalinowski et al.
2007). Because the identity of all BTRW genotypes was
unknown compared with release records, all genotypes
were considered as both offspring and candidate parents
with sexes known. Parentage was determined using parent-
pair analysis where the simulation was conducted with the
following parameters: 10000 offspring, three candidate
mothers with a proportion of 0.9 sampled, two candidate
fathers with a proportion of 0.9 sampled, a proportion of
0.9 loci typed and 0.1 loci mistyped, and a minimum typed
number of loci of 12. The parent-pair analysis was then
conducted with a strict confidence level of 95% and a
relaxed confidence level of 80%. Of all parentage analyses,
there was one locus pair mismatch between individuals F6
and F3. However, because of the low number of individuals
and lack of known relationships, the power to detect error
was low. GenAlEx 6.5 was used to calculate the probability
of exclusion with no parents known.

Results

Camera-monitoring along the escarpment (2019)

Brush-tailed rock-wallaby was the only macropod species
recorded by the remote cameras in 2019. Images of BTRWs
in the colony showed that the animals were in good body
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condition with clean glossy pelts and no obvious signs of
disease.

Camera data suggested that at least five BTRWs persisted at
the Moora Moora Creek site in early 2019, including four
tagged founder animals (1 & and 3 Q) and an untagged
animal. The identity, age, and sex of the known Moora
Moora Creek BTRWs are listed in Table 1. During 2019, 76
images of an untagged BTRW were recorded (Table 2). All
sightings of the untagged animal suggested that it was a
young adult female, including a visible pouch. Tagged male
167 was twice recorded mating an untagged animal at
Camera C03 in April and May of 2019. The total
escarpment and core escarpment ranges of known BTRWs
overlapped (Fig. 2a—e; Table 2).

Camera records of breeding events
(2014-2017, 2019)

Breeding events in the colony deduced from camera images of
females with pouch young were recorded between 2014 and
2017 (Supplementary Table S2). All tagged adult females

Table |. Identification, sex, and age of the individuals in the
reintroduced brush-tailed rock-wallaby (Petrogale penicillata) colony
at Moora Moora Creek, Grampians National Park, Australia.

BTRW ID Sex D.O.B.

Kil — tagged Female | November 2012
Ki2 — tagged Female | February 2014
TFS76 — tagged Female | June 2011

167 — tagged Male 7 June 201 |
Untagged Unknown Unknown

Individuals listed had been observed on remote camera in 2019 and were known
to be alive as of October 2019.

Table 2. Number and proportion of images of brush-tailed rock-
wallabies (Petrogale penicillata) in the Moora Moora Creek colony
recorded by six remote cameras positioned along the escarpment.

BTRW ID Col C02 C03 C04 CO5 CO06 Total
Kil 27 17 6 20 - - 70
Proportion 039 024 0.09 029 - - |
Ki2 13 14 33 I — — 71
Proportion  0.18 020 047 0.15 - - |
TFS76 2 3 2 394 247 247 94
Proportion 002 003 002 042 026 026 |
167 26 10 12 27 32 13 120
Proportion 022  0.08 0.1 023 027 0.l |
Untagged 534 5 4 3 10 | 76

Proportion 070 0.07 005 004 0.13 0.01 |

Images taken between |9 January and 3 August 2019. CO1-CO06 are camera IDs.
ACore escarpment range of animal.
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(Kil, Ki2, and TFS76) were detected with pouch young,
indicating that all tagged adult females and the tagged male
in colony were fertile and breeding. Camera data from
2014 to 2017 and in 2019 indicated that the majority of
mating events in the colony occurred in late summer and
autumn (69%), with pouch young emergence occurring in
late spring and early summer (Supplementary Table S2).
Less frequent mating events were also detected on camera
in late spring (15%) and winter (15%).

Remote camera images indicated that nine pouch
young were born between 2014 and mid-2017. A further
five attempted matings were recorded between January and
August 2019, including four of unknown outcome and one
failed attempt. All three tagged females (Kil, Ki2 and
TFS76) were observed mating with male 167 in 2019. An
untagged female was also observed with a pouch young
(Supplementary Table S2). No other images of pouch young
or young at foot were recorded in 2019.

From the camera observations made between 2014 and
2017, the three tagged adult females produced, on average,
0.7 pouch young per female per year (Supplementary
Table S3). No female weaned a young every year between
2014 and 2017. Three pouch young were detected only as a
pouch ‘bulge’ late within the observation period and so
their status remains unknown. Of six pouch young detected
on camera with heads out of pouch, five (83%) reached
at least the young-at-foot stage. Two (33%) young were
later observed as subadults, three young (50%) were not
observed past the young-at-foot stage and the sixth young
had just reached pouch emergence when the cameras were
removed in mid-2017 (Supplementary Table S2).

Scat DNA genotypes identified

In total, 218 BTRW scats were collected from the colony site
(44 collected in September 2018 and 174 collected across
February and April 2019). No scats were found more than
250 m away from the known colony area (Fig. 1). No
BTRW scats were found in the adjacent Mount Rosea Creek
search area, despite the presence of potentially suitable
habitat (Fig. 1). In addition to BTRW scats, swamp wallaby
(Wallabia bicolor) scats were frequently found at the base
and top of the rocky escarpments in and around the known
colony site at Moora Moora Creek and in the Mount Rosea
Creek area. All Waite BTRWs tested were of known sex.
Genotyping confirmed their sex, and thus that the technique
was working. DNA extracted from 4 of the 218 scats collected
at Moora Moora Creek failed to amplify and it was deemed
that the scats were too old to produce viable DNA. Genotypes
including loci that did not amplify were excluded from further
analysis. This reduced the sample size from 218 to 169.
The Py for the Moora Moora Creek BTRWs is within the
recommended values of 1 x 1072 to 1 x 10~* for accurate
population estimates and individual identification (Mills
et al. 2000; Waits et al. 2001). The Hardy-Weinberg
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Fig. 2. Satellite image of the brush-tailed rock-wallaby (Petrogale penicillata) reintroduction site at Moora Moora Creek, in the
Grampians National Park, Australia. Figure shows core and entire escarpment ranges of (a) female Kil, (b) female Ki2, (c) female
TFS76, (d) male 167 and (e) untagged animal. The range estimates were taken from images captured by six remote cameras set
up at the site along the escarpment. CO|-C06 indicate the positions of the six remote cameras.

equilibrium test showed no significant deviation from  null alleles being present and no allelic dropout occurring
equilibrium after Bonferroni correction and no linkage  across all the microsatellite loci. The results from the
disequilibrium was present for the loci used in the study.  replicated samples showed 100% genotyping match and
The analysis in MICRO-CHECKER revealed no evidence of  all three replicates were scored with no failure of PCR.
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This supports the high-fidelity of the genotyping system
employed in this study.

Analysis of faecal DNA from the Moora Moora Creek
colony identified eight unique BTRW genotypes
(Supplementary Table S4). Of the genotypes identified, two
were male and six were female. This increased the total
number of BTRWs known to be alive at Moora Moora Creek
from five to eight and established a sex ratio in the colony
of 1:3 male to female (Supplementary Table S5). The female
genotypes were designated F1 (34 scats), F2 (54 scats),
F3 (37 scats), F4 (13 scats), F5 (18 scats) and F6 (1 scat).
The male genotypes were designated M1 (48 scats) and
M2 (9 scats) (Supplementary Table S5).

The approximate range of each individual BTRW along the
Moora Moora Creek Escarpment was mapped on the basis
of the GPS locations of the scats collected and genotyped
(Fig. 3a-h). Although habitat sharing occurred among all
individuals, genotyped BTRW females F4, F5 and F6 and
male M2 had far more localised escarpment ranges than did
females F1, F2, F3 and male M1.

Genetic diversity

An assessment of the genetic diversity of the BTRWs at the
Moora Moora Creek colony showed that the average number
of alleles per locus (Na) was similar in both the Waite (6 loci;
3.3 + 0.7) and the Moora Moora Creek (6 loci; 3.3 + 0.3,
12 loci; 3.8 + 0.4) BTRW colonies (Supplementary Table S6).
The same was true for both expected heterozygosity (He)
(Waite, 6 loci; 0.598 + 0.052; Moora Moora Creek, 6 loci;
0.620 + 0.051, 12 loci; 0.655 + 0.029) and observed
heterozygosity (Ho) (Waite, 6 loci; 0.865 + 0.095; Moora
Moora Creek, 6 loci; 0.813 + 0.070, 12 loci; 0.854 + 0.053).
Negative F;s values (Waite, 6 loci; —0.476 + 0.196; Moora
Moora Creek, 6 loci; —0.315 + 0.052, 12 loci; —0.310 + 0.067)
were calculated for both groups.

Parentage analysis

The probability of exclusion with no parents known was
calculated as 1.000. The male M1 was assigned as the most
likely sire of two BTRWs (F4 and M2) with at least 95%
confidence and of another two BTRWs (F5 and F6) with less
than 80% confidence (Table 3). The female F2 was assigned
as the most likely mother of F4, F5, and M2 (at least 80%
confidence) (Table 3). Female F3 was the most likely mother
of female F6 (95% confidence; Table 3), while female F1
was designated as neither mother nor offspring.

Discussion

The current study used images gathered from non-invasive
camera monitoring and genetic monitoring via scats to
assess the status of the reintroduced Moora Moora Creek
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BTRW colony, and the impact of leaving the colony
undisturbed (no supplementation or trapping) for 6 years.

Breeding and recruitment

Camera monitoring showed that all tagged females were
breeding. The Moora Moora Creek pouch young appeared
to have a higher rate of survival to pouch emergence at
83% than the 73% recorded previously for this species by
Wynd et al. (2006). During the 6-year (2008-2013) BTRW
colony-establishment phase at Moora Moora Creek, while
physical animal/colony interference was occurring, a total
of seven pouch young was recorded from 6 of 23 released
females, two young were recorded out of pouch and no
recruitment into the adult population was observed
(Taggart et al. 2015). An increase in the number of pouch
young produced per female (0.7/year), in pouch emergence
(83%), and in survival of young to subadulthood (n = 2)
was thus confirmed during 2014-2017 via camera-
monitoring.

In this study, BTRW births in the Moora Moora Creek
colony were found to peak in late summer and autumn,
with pouch emergence occurring in spring (Taggart et al.
2005; Wynd et al. 2006). This contrasts with earlier reports
from Wynd et al. (2006) that found that female BTRWs
bred in synchrony in autumn. Tight breeding synchrony,
such as that described by Wynd et al. (2006), was observed
in female BTRWs at Moora Moora Creek only during 2015,
with all young emerging from the pouch within a month of
each other.

Previous research suggests that one birth per year is
common for BTRWs (Taggart et al. 2005; Wynd et al.
2006); however, the Moora Moora Creek females birthed
on average 0.7 pouch young per year. Although the body
condition of all individuals recorded on camera at Moora
Moora Creek appeared very good, the tagged females were
of older ages (between 5 and 8 years old in 2019), which
might account for the lower breeding rate as age is known
to decrease breeding success (Cassinello and Aldos 1996;
Tettamanti et al. 2015). Another explanation may be poor
mate choice, with potentially only one dominant adult male
available to females at this site.

As the Moora Moora Creek BTRW colony is only small,
further monitoring of breeding, which is planned for the
colony, will provide more robust estimates of reproductive
rates, survival of young and recruitment to the adult
population.

Genetic monitoring and diversity

The microsatellite markers used in the current study are
different from those used in previous genetic studies on
BTRWs, and, so, direct comparisons of genetic diversity
cannot be made between the Moora Moora Creek colony
and previously published works. Both the Moora Moora
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Locations of brush-tailed rock-wallaby (Petrogale penicillata) scats of genotyped (a) female F1, (b)

female F2, (c) female F3, (d) female F4, (e) female F5, (f) female F6, (g) male M| and (h) male M2. Animals
are part of the reintroduced colony in Grampians National Park, Australia. COI-CO06 indicate the
positions of the six remote cameras monitoring the site.
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Table 3. Parentage of untagged wild-born brush-tailed rock-wallabies in the Moora Moora Creek colony at the Grampians National Park,
Australia.
BTRW ID Sire Sire confidence (%) Dam Dam confidence (%) Trio confidence (%)
F4 MI >95 F2 >80 >95
F5 Ml <80 F2 >80 >95
Fé6 MI <80 F3 >80 >80
M2 MI >95 F2 >80 >80

Parentage determined from |2 microsatellite markers amplified in faecal DNA.

Creek and the Waite individuals had a higher Ho than He and
negative Fjs values are typically representitive of an excess of
heterozygotes. As the founder animals of the Moora Moora
Creek colony and the Waite individuals come from both the
southern and the central ESU (David Taggart, pers. comm.),
this genetic mixing may account for a heterozygosity
excess. However, another likely explanation is that the
small sample size and related individuals of both groups is
skewing the diversity statistics (e.g. Hale et al. 2012). The
mixed source of the colonies (central and southern ESU) may
also explain deviations from Hardy-Weinberg equilibrium
because of the Wahlund effect.

The genetic diversity of the Moora Moora Creek BTRW
colony is highly comparable to the genetic diversity of the
captive Waite individuals, regardless of whether it is
calculated at 6 or 12 loci. As the colony is very small and
includes only two or possibly three generations, continued
breeding without intervention will lead to reduced genetic
diversity because of the small number of successful founders,
which included a single male and four females. This can
have serious consequences, including the reduced ability of
a population to adapt to change, loss of fitness through
inbreeding depression (Willoughby et al. 2019) and the
potential to reduce long-term population growth rates, which
are crucial to establishing a reintroduced population (Bozzuto
et al. 2019).

Only one male was assigned as a father (M1), and, so, is
likely to be the dominant male in the colony. This sire and the
dams were predominantly assigned with a high confidence
(80-95%); however, M1 was assigned as the father of F5
and F6 with a lower confidence (<80%). This low confidence
may be due to the suitability of the microsatellite markers
used, because the assessment of markers was limited by the
small sample size, as well as because M2 is the full or half
sibling of all offspring and so shares many alleles with
these individuals. Because M1 shares half its alleles with
both F5 and F6, and none of the founders was a full sibling,
it is highly likely that M1 is also the father of F5.

Three of the four surviving offspring were assigned to a
single dam, female (F2). This bias may be random, may be
due to scat sampling effort, with other offspring yet to be
discovered, or may indicate that F2 is acting as a dominant
breeding female within the colony. Observations of dominant
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female BTRWs supressing the breeding and/or limiting the
successful reproduction of subordinate females has previously
been reported (Jarman 1991). This uneven genetic founder
representation could increase the rate of inbreeding and
loss of genetic fitness within this colony and, ultimately,
reduce its population viability if left unchecked (Jamieson
2011).

Genetic monitoring and camera-monitoring

As previously reported in BTRWs and other macropod species,
both monitoring techniques identified significant habitat
sharing among colony members (Jarman 1991; Laws and
Goldizen 2003; Hazlitt et al. 2006b; Molyneux et al. 2011).

Monitoring through faecal genetics and remote cameras
produced different population estimates in this study.
Camera-monitoring showed that four of the original tagged
animals (1 male and 3 females) still survived and one
untagged BTRW was present. Faecal genetic monitoring
identified eight genotypes within the colony. The results of
previous comparisons between these techniques in wildlife
species have varied from being highly comparable (Rodgers
et al. 2014) to detecting different subsets of the same
population (Bluff et al. 2011; Velli et al. 2015).

From the parentage analysis, it is likely that M1, F1, F2,
and F3 are the tagged animals. However, the corresponding
genotype of the untagged animals identified on camera
cannot be determined. As a result of the difficulty in distin-
guishing untagged BTRWs on camera, we could not be
certain how many untagged BTRWs were actually recorded.
It is possible, therefore, that the two techniques are detecting
different subsets of the colony here as well. These results
support previous studies suggesting that non-invasive genetic
monitoring and camera-monitoring should be used in combi-
nation to obtain the most accurate monitoring results (Bluff
et al. 2011; Velli et al. 2015). Such systems can also
support each other, because scat searches of sites such as
Moora Moora Creek could provide guidance on where to
place additional cameras for further monitoring, and both
techniques offer unique benefits, such as behavioural
observations or genetic analyses.

Both monitoring techniques also had limitations. The
information gathered from remote cameras was determined
by the number and placement of cameras across the colony.
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A large limitation of non-invasive faecal genotyping was that
the genotypes identified is impacted by the location of the scat
searches and the impact of terrain on access across the site.

In this study, less than half the number of scats was found of
animals identified as offspring of that of older, parent animals,
and all scats of offspring were highly localised within the
colony area compared with those of older, parent animals.
In particular, only nine scats, over a small area, were
identified as belonging to male M2, and DNA from one scat
was genotyped as belonging to female F6. This may
indicate that older BTRWs at Moora Moora Creek are
defending their established home ranges, as has been
observed in the allied rock-wallaby (Bleistein et al. 1994;
Horsup 1994), thus restricting the location and movement
of subordinate animals and potentially forcing them into
much smaller areas, or areas less accessible for monitoring.
As such, it is possible that BTRWs additional to those
currently detected may be present at Moora Moora Creek
(Bluff et al. 2011), although, because considerable lengths
of escarpment within, and adjacent to, the known colony
were searched for scats, it is likely that the majority of
individuals in the colony has been detected. Considering
the rugged terrain used by BTRWs at the study site, the use
of non-invasive genetic methods for population estimates
appears appropriate and advantageous.

Insights into the reintroduction success of
BTRWs at Moora Moora Creek

Taggart et al. (2015) hypothesised that either regular
supplementation of small numbers of naive captive-bred
BTRWs into the establishing Moora Moora Creek colony, or
a single larger release of these animals, disrupted colony social
cohesion and increased the animal visibility and vulnerability
to predation, negatively affecting colony establishment.
This hypothesis correlates with the results and observations
obtained in this, and other, studies (Moehrenschlager and
MacDonald 2003; Shier and Swaisgood 2012). In this study,
leaving the BTRW colony undisturbed between 2014 and
2019 through non-invasive monitoring correlated with a
decline in BTRW predation, increased breeding, and the
recruitment of at least four animals into the adult population.
It would appear now that the social structure within the colony
has settled without continual disturbances, and along with
successful fox baiting and the elimination of resident predators,
has promoted breeding and recruitment. This encouraging
result justifies continual monitoring of this colony because
there is still much to be learnt to inform and improve future
reintroduction efforts and recovery of this species.

Despite the benefits of non-invasive monitoring observed
in this study, management interventions, such as supplemen-
tation, are to be expected if the population is established only
on a small number of animals. Non-invasive monitoring can
provide information on when such intervention is required,
with minimal disturbance to the target population while

ensuring that issues, such as inbreeding, do not reach a
stage where they severely compromise the population.

Management intervention in the Moora Moora Creek
colony took place post-study to address the need for increased
genetic diversity. Male 167 was replaced with two new
unrelated males. This one-off event of adding new genetics
into the colony was deemed worth the risk, despite the
colony interference. This lower-level physical interference
stands in contrast to that which occurred between 2008
and 2013, when the colony was being regularly interfered
with associated trapping for monitoring purposes and
the frequent addition of new animals across the colony
establishment period. However, the following 8 years
(2014-2021), which include the current study, have seen
minimal interference owing to camera monitoring and scat
genotyping, allowing the animals within the colony to
settle and establish.

The results of this study should be considered when
planning future reintroductions of highly territorial and
social species such as the BTRW (Hazlitt et al. 2004), where
limited information is available on breeding rates, survival,
recruitment, site carrying capacity, and animal home range
in open, unfenced, wild populations.

Supplementary material

Supplementary material is available online.
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