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ABSTRACT

Monitoring programs for populations of small or medium-sized animals often use live-capture or
photo-monitoring trapping methods to estimate population size. The banded hare-wallaby
(Lagostrophus fasciatus), a small macropodiform marsupial, does not readily enter traps or have
individually unique distinguishing physical features and is consequently difficult to monitor using
these methods. Isolating DNA from faecal material to obtain individual genotypes is a promising
monitoring technique and may present an alternative approach for this species. We developed
novel species-specific microsatellite markers and undertook trials to assess faecal DNA degradation
in ambient environmental conditions at two locations where this species has been translocated. The
quality of DNA yielded from faecal pellets was evaluated through amplification failure and genotyping
error rates of microsatellite markers. Error rates were compared for different treatments and
exposure duration across multiple individuals. DNA was successfully obtained from all samples
and error rates increased with exposure duration, peaking after 14-30 days depending on the
site and treatment. The level of solar exposure was the most significant factor affecting
degradation rate but both this and exposure duration had significant effects on amplification
failure. Analysing DNA obtained from faecal pellets may represent a practical non-invasive
method of deriving population estimates for this species and warrants further development.

Keywords: conservation, faeces, hare-wallaby, Lagostrophus, minimally invasive, molecular genetics,
monitoring, threatened species, wildlife management.

Introduction

When it comes to managing threatened species, population size is a fundamental metric
(Williams et al. 2002; Lindenmayer et al. 2012). Appropriate monitoring methods will
vary according to the ecology and behaviour of the target species, as well as
consideration of detection and cost-efficiencies (Garden et al. 2007). By monitoring the
size of a population, conservation managers can assess the species’ status relative to
specific targets and management goals. Popular and robust methods of obtaining
population estimates are capture-recapture models (Nichols 1992; Chao 2001; Efford
and Fewster 2013). These methods rely on the ability to identify individual animals in a
population across survey periods, after physical or non-physical (i.e. photographs from
camera traps) capture (Jones et al. 1996; Chao 2001). For example, in Australia, live-
capture surveys have been an effective method of monitoring a suite of taxa, including
reptiles, frogs and small and medium-sized mammals and are identified as such in
survey guidelines for threatened taxa drawn up by the Australian government (DEWHA
2010; DSEWPaC 2011a, 2011b). However, some species may not be readily lured to
live-capture or remote camera traps and live-capture can sometimes pose serious risk to
captured animals (Cole et al. 1994; Soulsbury et al. 2020).

Whilst camera traps may offer a practical, non-invasive alternative for some taxa (De
Bondi et al. 2010), they have inherent limitations (Ballard et al. 2014; Meek et al. 2015)
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and may not be appropriate for obtaining estimates of
population size or density due to the inability to identify
individual animals. Sticky hair-tubes or other capture devices
(e.g. barbed wire on scratching trees (Mowat and Strobeck
2000)) represent another form of minimally-invasive moni-
toring that can be used to gather information on presence/
absence (Mortelliti and Boitani 2008) or occupancy (Pocock
and Bell 2011). These methods also have the advantage
that DNA analysis of sampled hair can provide individual
identification for capture-recapture analysis (Mowat and
Strobeck 2000; Sloane et al. 2000; Banks et al. 2003).
However, to obtain sufficient samples for analysis, they still
rely on animals responding to a lure or positioning of
devices to exploit predictable animal behaviours (Ruibal
et al. 2010; Chiron et al. 2018) such as the use of scratching
trees (Mowat and Strobeck 2000) or when entering or
exiting burrows (Banks et al. 2003).

Faecal DNA analysis is a non-invasive sampling approach
that holds promise for species that do not respond to lures
and for which other non-invasive (e.g. hair) sampling is
unsuitable. Faecal DNA, i.e. DNA derived from epithelial
cells on the surface of faecal pellets (scats) excreted by the
target species (Waits and Paetkau 2005), can be of sufficient
quality and quantity to be used to identify individuals,
representing a non-invasive form of capture-recapture survey
(Mills et al. 2000; Lukacs and Burnham 2005). This method
has already been used successfully for a range of mammal
species (Piggott et al. 2006; Goode et al. 2014; Fuller et al.
2016; Morin et al. 2016; Woodruff et al. 2016; Dziminski
et al. 2021).

An important consideration for incorporating faecal DNA
genotyping into a monitoring program is the rate at which
the DNA degrades in the environment (Piggott 2004; Panasci,
Ballard et al. 2011; Woodruff et al. 2015; Carpenter and
Dziminski 2017). Environmental variables such as moisture
(Harestad and Bunnell 1987; Murphy et al. 2007; Brinkman
et al. 2010), ultraviolet light (UV) (Ravanat et al. 2001) and
temperature (Murphy et al. 2007; DeMay et al. 2013)
are known to influence the rate of degradation of faecal
DNA. King et al. (2018) found that arid climates may be
advantageous for the preservation of faecal DNA in the
environment, notwithstanding the high UV exposure and
temperatures these areas may receive. The use of faecal
DNA is also prone to genotyping errors, such as allelic dropout
or identification of false alleles, that may become more
frequent with increasing DNA degradation. Allelic dropout
is where only one allele of a heterozygous individual is
obtained (‘false homozygote’), whereas false alleles are
when an artefact of amplification is incorrectly assigned as
an allele leading to a ‘false heterozygote’. Allelic dropout
may occur if only one allele is aliquoted from a sample for
polymerase chain reaction (PCR); false alleles result from
low rates of amplification of the target locus, which makes
it difficult to differentiate from artefactual amplification
(Pompanon et al. 2005). In addition to genotyping errors,
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amplification failure may occur when quantities of nuclear
DNA containing the target loci are simply too low or
fragmented. Each of these errors can result from low or
highly fragmented quantities of DNA (Taberlet et al. 1999),
which may occur with prolonged exposure to environmental
variables. Furthermore, genotyping errors can lead to false
individual assignments that can severely bias capture—
recapture and population estimates (Taberlet et al. 1999;
Wright et al. 2009).

The banded hare-wallaby (Lagostrophus fasciatus) is a
small species of macropodiform marsupial. While related
to true kangaroos, the banded hare-wallaby is placed in
the monotypic subfamily Lagostrophinae. The species is
listed as Vulnerable under international (Burbidge and
Woinarski 2016) and Australian criteria (Department of the
Environment 2019). Since this species became extinct on
the Australian mainland, the only natural populations remain
on Bernier and Dorre Islands on the west coast of Western
Australia (WA). Due to its currently restricted distribution,
the species has been the subject of several reintroduction
attempts (White et al. 2020), most recently to Dirk Hartog
Island National Park (DHI) and a feral predator-proof
fenced area at Mount (Mt) Gibson Wildlife Sanctuary
(Australian Wildlife Conservancy 2018a; Cowen et al. 2018).

Banded hare-wallabies are considered to be ‘trap-shy’,
i.e. not readily trapped using conventional live-capture
methods (Richards et al. 2001; Woinarski et al. 2014). Passive
techniques such as camera traps have not yet proved an
effective monitoring method both in recently translocated
and well-established populations (Australian Wildlife
Conservancy 2018b; Cowen et al. 2018). Monitoring of
the populations on Bernier and Dorre Islands has involved
distance sampling analysis from observations during spotlight
surveys conducted on foot along transects (Chapman et al.
2015). However, this method relies on a minimum number
of observations which may not always be achievable and is
highly labour-intensive. As such, a non-invasive method
of estimating abundance using genetic analysis of DNA
extracted from scats could be a highly useful monitoring
tool for this species.

Here, we undertook a pilot study to investigate the
feasibility of using DNA derived from banded hare-wallaby
faecal pellets to monitor population abundance and density.
Such studies are recommended for developing an effective
monitoring methodology using these techniques (Waits and
Paetkau 2005; Valiere et al. 2006; Luikart et al. 2010).

The aims of this study were: (1) develop an array of short-
tandem repeat (microsatellite) markers for use in assigning
individual genotypes in banded hare-wallabies; (2) evaluate
the rate of degradation of DNA on the surface of banded
hare-wallaby scats over time, by assessing rates of amplifi-
cation success and genotyping error; and (3) assess the
effect of solar exposure on the rate of degradation of DNA.

In order to achieve the latter two aims, we replicated a
faecal exposure experiment in two target environments into
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which banded hare-wallabies have been translocated (Dirk
Hartog Island, Mt Gibson Wildlife Sanctuary) and that
differ primarily in ambient moisture/humidity. To genotype
individuals, we developed a novel, species-specific set of
microsatellite markers for the banded hare-wallaby. The
specificity of the markers is critical since rufous hare-
wallabies (Lagorchestes hirsutus) have also been translocated
to Dirk Hartog Island and their faecal pellets are similar in size
and shape to banded hare-wallabies.

We predicted that increased DNA fragmentation, increased
genotyping error rates and decreased likelihood of successful
amplification by PCR would result from increased time in the
environment. We also predicted that the humid coastal
environment of Dirk Hartog Island would result in more
rapid DNA degradation than the mainland Mt Gibson site
which is >250 km from the coast. Other environmental
variables (e.g. mean solar exposure) were predicted to be
similar at both locations, but we expected to see high rates
of amplification failure and genotyping errors in samples
with higher levels of solar exposure.

Materials and methods

Study sites

Dirk Hartog Island National Park (DHI) is in the Shire of Shark
Bay, 750 km NNW of Perth, and is managed by the WA
Department of Biodiversity, Conservation and Attractions.
The island lies at the western edge of the Shark Bay
UNESCO World Heritage Area (Fig. 1) with an approximate
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Fig. I.
example of habitat at Mt Gibson (credit: G. Anderson/AWC); Map of study sites and reference
locations in Midwest region of Western Australia.
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location of —26°S, 113°E. The climate is semi-arid with
a mean annual rainfall of 200-300 mm (winter dominant),
a mean maximum temperature of 27-30°C and an average
daily solar exposure of 21-24 MJ/m? (Bureau of Meteorology
2021). Due to its proximity to the Indian Ocean, the island is
relatively humid and can experience heavy dews.

Mt Gibson Wildlife Sanctuary is located in the Shire of
Yalgoo, >250 km from the Indian Ocean at an approximate
location of —29°S, 117°E (Fig. 1). The sanctuary is managed
by the not-for-profit organisation, the Australian Wildlife
Conservancy (Smith et al. 2020). The climate is semi-arid
with an average rainfall of 322 mm (winter dominant) but
with substantial inter-annual variation. The property
experiences a mean maximum temperature of 30°C and an
average daily solar exposure of 21-24 MJ/m? (Bureau of
Meteorology 2021).

Specimen collection

Scat collections were made during the translocation of
banded hare-wallabies from Bernier and Dorre Islands (Fig. 1)
to DHI on 16 September 2018 and from Bernier Island and
Faure Island Wildlife Sanctuary to Mt Gibson on 18, 19
and 27 October 2018. Fresh scat samples were collected
from cotton handling bags used to hold wallabies during
the translocation and as such were obtained from known
individuals. Pellets were handled with sterile latex gloves or
sterilised tweezers, which were replaced/sterilised between
sample collections to avoid cross-contamination between
individual animals.

Bernier Island
Dorre Island

Denham

Dirk Hartog Island

Paynes Find

*
Mt Gibson *

Perth

Top left, example of habitat on Dirk Hartog Island (credit: S. Cowen/DBCA); Bottom left,
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In-situ degradation trial

As per Carpenter and Dziminski (2017), pellets were
placed on 5 cm x 5 cm ceramic dishes on clean, dry sand.
Dishes were kept in three individual enclosures 30 cm
(W) x 70 ecm (L) x 30 cm (H) made from 3 mm wire-mesh.
Each enclosure was covered with two 17 mm pieces of UV
transmitting ‘Plexiglas’ (Evonik Industries, Essen, Germany)
in an ‘A’ formation. This material ensured protection of
pellet treatments from excessive precipitation and wind
which could render the experiment null, without excluding
UV rays. Enclosures were placed either in full sun, semi-
shade or full shade, to simulate different solar exposure
environments. The full sampling schedule is outlined
diagrammatically in Supplementary Fig. S1.

For DHI, samples from three individuals per site were
selected for the trial based on a sufficient number of intact
pellets for a control (0 days exposure) and six different
exposure times: 1, 7, 14, 21, 30 and 60 days. Two pellets per
individual per treatment were used, so a total of 42 pellets
per individual were required.

For Mt Gibson, samples from four individuals were selected
for the trial based on a sufficient number of intact pellets for
six different exposure times: 1, 7, 14, 21, 30 and 60 days. Two
pellets per individual per treatment were used, so a total of
36 pellets per individual were required.

On the completion of each exposure period, pellets were
transferred to 50 mL vials with silica gel beads filling
the bottom third of the tube and a ball of cotton wool
separating scats from the gel beads. These were frozen at -
20°C until they could be transported from the field to the
laboratory for DNA extraction.

Ex-situ degradation trial

Samples were collected from a further three animals from DHI
to investigate the rate of DNA degradation in storage. Again,
two pellets were used per sample with one pair acting as a
control (stored at room temperature) and two being stored
immediately after sampling at —20°C and -80°C for
90 days prior to extraction. Pellets were collected, handled
and transferred as above.

Meteorological data

Temperature data were obtained from the weather station at
DHI and the nearest weather station to Mt Gibson (Paynes
Find), although the DHI station had a hardware malfunction
43 days into the trial and failed to record after this date.
Midday shade temperature (°C) was used as a proxy for
maximum temperature each day. Measurements for solar
exposure (as a proxy for UV) and relative humidity (RH)
were obtained through the Bureau of Meteorology (BOM)
(http://www.bom.gov.au) from the nearest weather stations
recording this information. For DHI, this was Steep Point for
solar exposure and Denham for relative humidity (Fig. 1). For
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Mt Gibson, all climatic data were obtained from the Paynes
Find BOM weather station. Single-station climate data do
not account for any potential micro-site variation but were
still useful for comparing broader climatic variation
between DHI and Mt Gibson.

Microsatellite development

Tissue DNA extraction

Genomic DNA was extracted from an ear biopsy sample
from a single individual (DEC02715) for microsatellite
library development using a standard ‘salting out’ procedure
(Sunnucks and Hales 1996) modified with the addition of 3 pL
of 10 mg/mL ribonuclease (RNase) to the TNES extraction
buffer. Genomic DNA was also extracted from additional
L. fasciatus and L. hirsutus ear biopsy samples for microsatellite
screening.

Microsatellite library and screening

Library preparation and partial sequencing using
the Illumina MiSeq platform was undertaken through a
commercial service at the Monash University Malaysia
Genome Facility. QDD software (Meglécz et al. 2010) was
used to identify novel microsatellite sequences from the
short-read data and undertake primer design using default
parameters. Microsatellite loci identified by QDD were
further filtered to include only loci with pure microsatellite
repeats, target length greater than seven repeat units and
excluding (AT) repeats, with 48 microsatellite primer pairs
chosen for further screening. To confirm microsatellite loci
were specific to L. fasciatus, we screened primer pairs
across tissue samples from three L. fasciatus individuals and
three individuals of the co-occurring L. hirsutus. After
further screening on a panel of eight L. fasciatus samples
(representing two samples each from four populations) to
assess amplification across populations, ease of scoring and
reliability, successful microsatellite primers were fluorescently
labelled using ABI dyes (FAM, NED, VIC and PET; Applied
Biosystems, Waltham, MA, USA) and arranged in multiplexes
for PCR amplification. To determine if potential amplifi-
cation failures in future field-based surveys would be caused
by erroneous use of rufous hare-wallaby scat (as opposed to
a systemic failure of reagents or equipment), we also sought
to develop a primer-set that amplified both rufous and
banded hare-wallaby DNA to be used as a positive control.

Scat DNA extraction, amplification and fragment
analysis

All scat DNA extractions were undertaken at the end of the
experiment, with field collected samples stored at —20°C
until this time. To maximise the amount of DNA from
epithelial cells of the target species, banded hare-wallaby
scats were prepared for DNA extraction by scraping the
outer surface of each pellet with a razor blade before
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proceeding to DNA extraction. DNA was extracted using the
Qiagen QIAamp Fast DNA Stool Mini Kit (Qiagen Inc,
Germany) following the manufacturer’s instructions with
two modifications: a second centrifugation and transferal
step following the addition of InhibitEX buffer to the
scraped faecal material was included to ensure no carryover
of insoluble material to the subsequent steps and DNA was
eluted from the spin column at the final step using 100 pL
ATE Buffer. Due to the potential for DNA from dietary
items to be co-extracted with our target species DNA,
we were unable to specifically quantify changes in target
species DNA with time.

Faecal DNA samples were PCR amplified using the
Qiagen Multiplex PCR Plus kit (Qiagen Inc). Each multiplex
reaction contained 4 pL Qiagen mastermix, 1 pL primer
mastermix and 4 pL. DNA and were run on an Eppendorf
Mastercycler (Eppendorf, Germany) using cycling condi-
tions recommended by the manufacturer with an annealing
temperature of 60°C, with 35 cycles. 2 pL of PCR product
was mixed with 10 pL highly deionised (Hi-Di) formamide
for fragment analysis. Fragment analysis was conducted on
an Applied Biosystems 3100 capillary sequencer using a
commercial service (State Agricultural Biotechnology
Centre, Western Australia) and GENEMAPPER 4.0 software
(Applied Biosystems, Foster City, CA) was used to score
microsatellite alleles with reference to an internal size
standard (LIZ500, Applied Biosystems). Three replicate PCRs
were performed for each DNA sample to assess genotyping
errors. To assess genotyping error rates for scats, we used
the control samples (0 days exposure) as the reference
genotypes, and these were also replicated three times to
obtain a consensus, although the genotypes obtained were
consistent for all replicates, validating their use as reference
genotypes.

Probability of identity, i.e. the estimated probability that
two samples from different individuals will have identical
genotypes with the given marker array, was calculated in
GenAlEx 6.503 (Peakall and Smouse 2006; Peakall and
Smouse 2012).

Genotyping error and amplification failure
calculation

Errors were categorised either as genotyping errors (allelic
dropout or false alleles) or amplification failure. Error rates
were quantified by calculating the total number of each type
across all eight loci for each of the three PCR replicates against
the genotype obtained from the control samples. This was
done for each of the three solar exposure treatment types
individually. Mean and s.d. of each error type were calculated
across the three replicate scat genotypes. For comparison of
solar exposure treatments, we combined all three types of
error to obtain a total error estimate, since any error would
render a replicate unusable for subsequent analysis at that
locus. This was done by calculating the percentage of

amplifications with any errors across all three replicates for
all individuals combined but for separate treatments. To
assess the relative importance of overall solar exposure
treatment and length of exposure on amplification rate, a
repeated measures mixed-model ANOVA was used in R (R
Development Core Team 2019) with the package nlme
(Pinheiro et al. 2020).

Results

Microsatellite panel development

Of the 48 microsatellite primer pairs tested, eight failed
to amplify with DNA from either L. fasciatus or L. hirsutus,
26 amplified in both species and 14 amplified only in
L. fasciatus with four of these monomorphic. Upon further
testing, we selected six L. fasciatus-specific microsatellite
markers and two that amplified in both L. fasciatus and
L. hirsutus to serve as identification controls (one per
multiplex). Details of the eight loci and multiplex information
are in Table 1. Across the seven individuals from which scats
were collected in this study a total of 36 alleles were detected
ranging from two to seven alleles per locus. Probability
of identity values by locus ranged from 6.9 x 107! to
7.5 x 1072 Overall, the probability of identity for all loci
was 2.0 x 1075,

Climatic data

Midday shade temperature (°C) readings were initially higher
for DHI than Mt Gibson but by Day 35, readings were roughly
equivalent and readings for Mt Gibson continued to increase
after the DHI weather-station malfunctioned on Day 43
(Supplementary Fig. S2). Relative humidity (RH) was
generally higher for DHI (x = 72.36, s.e. 1.60) than Mt
Gibson (x = 39.34, s.e. 2.37) across the period of the trial
(Fig. S2). There was a notable spike in RH around Days 26
and 60 at Mt Gibson but generally values remained below
50%, the former coinciding with a 52 mm rainfall event.
At DHI, RH was consistently between 60 and 90% except
for 3 days when it fell to around 40%. Solar exposure was
consistently higher for Mt Gibson than DHI across the
period of the trial (Fig. S2) but Mt Gibson showed larger
fluctuations, falling to c.11 MJ/m? around Days 24 and 25
(coinciding with heavy rainfall and the associated spike in
RH; Fig. S2). In contrast solar exposure for DHI was more
consistent with no obvious troughs or peaks, except for around
Day 56 when values fell from c. 27 to c. 17 MJ/m?2.

Genotyping error and amplification failure rates

Across all replicates and loci, a total of 1872 sample genotypes
were analysed for DHI and 3408 were analysed for Mt Gibson.
Overall, errors were marginally more frequent at Mt Gibson,
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Table |I. Details of primer sequences and locus characteristics for novel microsatellites developed for Lagostrophus fasciatus.

Locus name Primer sequence (3'-5") Repeat motif Size range (bp) Dye Multiplex No. alleles

BHWOI (F) ACAGACCCACAAGAGTTCCC AC 85-93 FAM | 5
(R) CCTGGTCTTGGGTGTCCCTA

BHW22 (F) GGTCACAGGATCCCAGATGC AC 192-198 PET | 4
(R) AACCATGGACGAAGCCACAT

BHW33A (F) TGGGAAGACTGGGTAGCTGA ATC 208-217 NED | 2
(R) GGCCAGCCTGGATGAAAGAT

BHW36 (F) CCCAGGAGGCATGTGCTAAT AC 223-237 FAM | 6
(R) CCTGACAGCCAACATCCTCC

BHWO07 (F) GACACAGAGTGACCCAGGAC AC 118-126 FAM 2 4
(R) GCCACGCACATGAAAGAGTG

BHW 144 (F) GACCACCAGGCTTTGTACCA AGG 142145 PET 2 2
(R) TGGGATGTGGTTTGGCAGAG

BHWI19 (F) TTCAGGCTTTACCCTCAGGC AGC 165-183 vIC 2 6
(R) TGGCTGCTACTATTCCTGCC

BHW24 (F) GCTGTAGAGGCGACCTGAAA AC 194-212 NED 2 7

(R) GGGTCTCCTGACTGCCTCT

The number of alleles per locus was calculated from the seven individuals included in this study.
APrimers amplify in both L. fasciatus and co-occurring (DHI only) Lagorchestes hirsutus.

Dirk Hartog Island Mt Gibson
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Fig. 2. Mean amplification failure and genotyping error rates over time for DNA extracted from banded hare-wallaby faecal pellets from
exposure experiments at Dirk Hartog Island and Mt Gibson. (Genotyping error rate refers to combined rates of allelic dropout and false
alleles); NB points and error bars are ‘jittered’ around the true value on the x axis for clarity).
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with 33% of all samples at this site reporting some type of
error, compared to 29% for DHI. The most frequent errors
were amplification failures, which accounted for 62% and
87% of all errors for DHI and Mt Gibson respectively.
Allelic dropout frequency was highest on DHI where it
accounted for 33% of all errors, compared to Mt Gibson
where it accounted for just 11%. False alleles were less
frequent at both sites, accounting for 4% and 2% of errors
at DHI and Mt Gibson respectively.

Error rates for specific loci appeared to be random, with
few clear patterns emerging for either DHI or Mt Gibson
sample replicates for allelic dropout or false alleles. Allelic
dropout was evenly distributed between 0 and 1.5% of all
replicates at seven loci for DHI and between 0 and 1% at
five loci for Mt Gibson (Supplementary Fig. S3). False
alleles were identified at six loci for DHI, of which three
also had false alleles identified for Mt Gibson. The rate of
amplification failure for locus BHW33 was the highest of
any error at any locus [23.9% at DHI and 67% for Mt
Gibson (Fig. S3)] and significantly higher than most other
loci at both sites (P < 0.05, Kruskal-Wallis test). Locus
BHW24 also had relatively high amplification failure rates
(19% for DHI and 33% for Mt Gibson) but these were
comparable to other loci at each site.

Error rates with exposure time

Successful amplification rates decreased with increasing
exposure time, from means of 98.1% and 94.1% for DHI
and Mt Gibson respectively at Day 1 to 49.1% and 44.4% by
Day 28/30 (Table 2). However, while mean amplification
rates continued to decrease to 60 days at Mt Gibson (30.1%),
the mean rate increased at DHI to 73.1%. The pattern for
genotyping errors was less apparent (Table 2). False alleles

were not recorded before Day 7 and remained uncommon.
Values at DHI were consistently between 1.4 and 1.9%,
while means at Mt Gibson increased from 0.3% at 7 days to
1.8% at Day 60. Allelic dropout rates again increased over
exposure time at both sites, although values peaked much
higher at DHI at 47.2% on Day 30, compared to a peak of
17.2% on Day 60 at Mt Gibson. Control values for all three
metrics at Day O (DHI only) were close to identical to the
Day 1 treatment (Table 2). Amplification rates were high
after storage at room temperature, —20°C and —80°C for
90 days, with values of 82.5%, 100% and 94.4%
respectively. Genotyping errors for all ex-situ storage
treatments were correspondingly low.

Error rates with treatment

Combined (total) error rates generally increased with
increasing time in all three solar exposure treatments for
both sites (Fig. 2). Error rates were highest in the sun
treatment and lowest in the shade treatment for every
exposure time, with the exception of Day 14 at Mt Gibson,
where the sun treatment samples had lower error rates than
both the part-shade and shade treatments. Error rates in the
shade treatment were almost universally the lowest of the
three treatments. As previously discussed, error rates for
DHI were actually lower at 60 days than at 28 days and this
was consistent for all three treatments.

The error bars in Fig. 2 indicate a high degree of variation
between individuals within treatments, except genotyping
error rates at Mt Gibson which were consistently low.
Variation between individuals was highest for the sun
treatment for DHI but the shade treatment at Mt Gibson
displayed more variation, particularly after 14 days
exposure. Results of the repeated-measures mixed-model

Table 2. Mean amplification failure and rates of two types of genotyping errors (false alleles, allelic dropout) with increasing exposure time of

banded hare-wallaby faecal pellets.

Day Amplification False alleles Allelic dropout

DHI Mt Gibson DHI Mt Gibson DHI Mt Gibson
0 (control) 0.944 + 0.096 - 0+0 - 0.049 + 0.084 -
| 0.981 + 0.042 0.941 +0.114 0+0 0+0 0.042 + 0.024 0.031 + 0.049
7 0.759 + 0.389 0.884 + 0.176 0.019 + 0.03 0.003 + 0.017 0.208 + 0.084 0.063 +0.113
14 0.736 + 0.347 0.705 + 0.338 0.014 + 0.029 0+0 0.153 + 0.021 0.151 +0.184
21 0.532 + 0.406 0.682 + 0.321 0.019 + 0.042 0+0 0.417 + 0.171 0.146 + 0.134
28/304 0491 + 0.342 0.444 + 0.393 0.014 + 0.029 0.012 + 0.023 0.472 + 0.171 0.135 + 0.036
60 0.731 £ 0.326 0.301 + 0.351 0.019 + 0.042 0.018 + 0.033 0.264 + 0.035 0.172 + 0.2
90 (RT) 0.825 + 0.253 - 0+0 - 0.092 + 0.132 -
90 (—20°C) 1.000 + 0.010 = 0+0 = 0.008 + 0.012 -
90 (—80°C) 0.944 + 0.096 - 0+0 - 0.042 + 0.072 -

Values are means across three replicates across eight microsatellite loci from pellets from three (DHI) or four (Mt Gibson) individuals with s.d. across individuals and

treatments.

AFor this exposure duration, DHI treatments were halted at 30 days and Mt Gibson treatments halted at 28 days.

DHI, Dirk Hartog Island; Mt Gibson, Mount Gibson; RT, room temperature.

6l

Downloaded From: https://complete.bioone.org/journals/Australian-Journal-of-Zoology on 16 Jul 2025
Terms of Use: https://complete.bioone.org/terms-of-use


www.publish.csiro.au/zo

S. Cowen et al.

Australian Journal of Zoology

Table 3.

Results of repeated-measures mixed model ANOVA of the effect of solar exposure treatment (sun, part-shade, shade) and time of

exposure on genotyping error rate of DNA extracted from banded hare-wallaby faecal pellets.

Dirk Hartog Island Mt Gibson
Ve d.f. P Ve d.f. P
Treatment 16.0739 2 0.0003** 24.8607 2 <0.000 | ¥
Time 2.1987 | 0.1381 80.7832 | <0.000 |##*
Treatment X time 0.5440 2 0.7619 9.0714 2 0.0107*

*P < 0.05; *¥P < 0.001; *P < 0.0001.
d.f., degrees of freedom.

ANOVA (Table 3) showed that, at DHI, there was a significant
difference (P < 0.001) in amplification failure resulting from
treatment types. At Mt Gibson, this effect was highly
significant (P < 0.0001), but similarly, time of exposure
was also highly significant (P < 0.0001). The interaction
between treatment and time was also significant at Mt
Gibson, but less so (P < 0.05).

Discussion

Capture-recapture approaches to estimating population
size using non-invasive sampling methods, such as individual
genotypes obtained from faecal DNA, have been used for
estimating abundance in a range of mammals (Lukacs
and Burnham 2005), including some Australian species
such as the greater bilby (Macrotis lagotis) (Dziminski and
Carpenter 2018) and brush-tailed rock-wallaby (Petrogale
penicillata) (Piggott et al. 2006). Some studies that have
engaged the use of faecal DNA in a capture-recapture
modelling framework have obtained improved population
estimates (Goode et al. 2014; Fuller et al. 2016; Woodruff
et al. 2016) and found them superior to traditional
live-capture approaches (Rodgers and Janecka 2013;
Sabino-Marques et al. 2018; Dziminski et al. 2021). Pilot
studies to quantify the rate of degradation of DNA (through
genotyping and amplification error rates) in environmental
conditions are recommended for developing robust survey
methodologies (Taberlet et al. 1999; Valiere et al. 2006;
Luikart et al. 2010).

To undertake such a pilot study for L. fasciatus, we
developed an array of eight novel, polymorphic microsatellite
markers, which were successfully used to genotype
individuals from faecal DNA and may be more broadly
useful in population monitoring of other sites in addition to
those included here. Markers were arrayed in two PCR
multiplexes to enable rapid and cost-effective genotyping.
Additionally, six markers were designed to be species-
specific for banded hare-wallaby and two were included to
amplify both banded and rufous hare-wallaby. While not
directly relevant to this trial, this is a useful development
for future use in the field to identify when amplification
failure of species-specific markers is caused by mistaken
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sampling of the latter species, rather than poor quality DNA.
The markers used in this trial were able to discriminate
between individual genotypes (with a low probability of
identity for all loci in combination), despite the relatively
small number of individual animals (three to four) used in
this study.

We undertook in-situ trials to quantify genotyping error
and amplification failure rates in banded hare-wallaby
faecal DNA samples when exposed to ambient conditions at
two locations where this species has been translocated, and
ex-situ trials to assess the effect of long-term storage of
pellets. We also sought to evaluate the use of faecal DNA as a
population monitoring tool, as previous sampling approaches
for the banded hare-wallaby have proved difficult (live-
capture; Richards et al. 2001) or have been time- and labour-
intensive (e.g. distance sampling; Chapman et al. 2015).
While this study was limited in terms of our ability to
discriminate the specific effects of various interacting
variables at different locations, it provided useful insight
into the feasibility of using faecal DNA to discriminate
individual genotypes in this species at locations where
active monitoring is required.

Amplification failure was particularly high in one
locus (BHW33) at both trial sites, indicating this marker is
more prone to failure than the others in the array and
replacement with an alternative marker that is more reliable
may be worthwhile. Given the rapid increase in accessibility
of genomic markers in recent years, the development of
single-nucleotide polymorphism (SNP) markers to replace
or complement the current microsatellite array may be worth
investigating if faecal DNA monitoring is to be adopted as a
formal monitoring tool. SNPs are less prone to false alleles
or allelic dropout and are consequently less ambiguous, can
be used for high-throughput genotyping (Fabbri et al. 2012;
Carroll et al. 2018) and have been used successfully in
faecal DNA studies (Bldhed, et al. 2019; Bourgeois et al.
2019). While SNP markers may incur higher developmental
costs, these may be offset in the long term by providing a
more efficient method of obtaining individual genotypes.

Regardless of genetic methodology, our in-situ exposure
trials indicated that DNA can be successfully extracted and
amplified from banded hare-wallaby faecal pellets at least
60 days after deposition. However, genotyping quality
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declined rapidly after 14 days exposure with a high degree of
variation in error rates between individuals evident. Although
we were unable to discriminate target species DNA from
dietary items in our DNA eluates, we found that DNA
concentration typically declined below detectable limits
(~1 ng/pL) after 14 days (data not shown) which likely
contributed to the increasing variation in genotyping
quality beyond this time point.

Despite high s.d. across treatment types, three replicates
per sample was sufficient to ensure a mean successful
amplification rate of >50%. Amplification success in the
90-day ex-situ trial was high and comparable to results
from 1-day duration samples, showing the reduction in
amplification rates in the treatments was mainly due to
exposure to environmental variables and not solely time
since deposition. It also provides confidence that faecal
pellets can be stored for at least a short period of time if
laboratory analyses cannot be undertaken immediately.

Error rates were most strongly influenced by the type
of exposure treatment, with error rates for shade and
part-shade treatment generally lower than for the full-sun
treatment. Duration of exposure was also significant for
the Mt Gibson trial but was not significant for DHI, and
amplification success was actually higher at 60 days at this
site than at 21 and 30 days. Potentially this could relate
to uncontrolled factors (e.g. bacteria) that may inhibit
amplification decreasing with exposure duration, although
this is purely speculative. These results highlight the
unpredictability of rates of DNA degradation and how
unknown and uncontrolled factors may play a role. After
amplification failure, the most common genotyping error
was allelic dropout, which corresponds with previous
findings in similar studies (Piggott 2004; Carpenter and
Dziminski 2017). However, this rate was consistently lower
at Mt Gibson than DHI across the duration of the study.
Since allelic dropout rates will tend to increase with
declining DNA quantities (Morin et al. 2016), this possibly
indicates that DNA quantities and quality generally
remained higher for longer in the Mt Gibson study than for
DHI. Genotyping errors (particularly allelic dropout) can be
problematic for capture-recapture studies (Taberlet et al.
1999), but this can be partially mitigated through the use
of appropriately robust modelling methods that allow for
genotype uncertainty (Wright et al. 2009).

The reason for the variation between locations is not clear
but could relate to differences in ambient environmental
conditions. As per our predictions, relative humidity was
higher at DHI and, for the first half of the trial at least,
it was generally warmer on DHI as well. However, solar
exposure was proportionally higher at Mt Gibson, which was
not expected. We suggest that, while higher temperature
and moisture may influence the overall decline in DNA
quantity on DHI [as observed by King et al. (2018)], by Day
60, the effect of increased solar exposure at Mt Gibson may
ultimately have resulted in lower rates of amplification

success at this site. Both DHI and Mt Gibson receive most of
their annual rainfall in winter (Bureau of Meteorology
2021), so early summer may be the optimal period for faecal
DNA monitoring, when moisture levels are decreasing but
before temperatures and solar exposure peak in mid- to
late-summer (DeMay et al. 2013).

In an operational monitoring context, the discrimination of
fresh scats from those that have received more environmental
exposure would be useful to avoid collecting samples that may
not be usable for subsequent analyses or could reduce their
accuracy. The appearance of faecal pellets may be influenced
by other factors such as diet and individual variation, making
it hard to develop standardised collection criteria. Here,
we observed that freshly deposited scats (less than 7 days
old) retained a glossy surface that was gradually lost with
increased exposure duration. This feature of freshly deposited
pellets may assist with their identification as such and should
be further tested.

In summary, this trial found that sampling of faecal
DNA shows promise for population monitoring of banded
hare-wallabies, although improvements to the methodology
could be made. Even though a small number of individuals
were used in this study, the eight microsatellite markers
developed were able to successfully discriminate individual
genotypes. Quantifying the effect of exposure duration on
genotyping error and amplification failure rates is key to
developing a robust survey design and we found that error
rates did increase with duration of exposure, but this was
highly variable amongst individuals and locations. Treatment
type was found to have a large influence on amplification
success with shade and part-shade treatments having lower
error rates than full-sun treatments. As banded hare-wallabies
show a preference for shady dense Acacia-shrubland commu-
nities (Short et al. 1992, 1998) this may help to facilitate
amplification success. Continued refinement of this method
should include undertaking trials on scats collected from
the wild and the identification of SNP loci which may
increase the discriminatory power of the current array of
microsatellite markers.

Supplementary material

Supplementary material is available online.
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