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Abstract

Environmental DNA (eDNA) offers valuable presence/absence data for populations
and has been widely used in comprehensive biodiversity assessments. However,
applying eDNA in terrestrial environments poses unique challenges, particularly in
obtaining samples that are representative of ecological communities. eDNA extracted
from top-predator dietary samples can be an effective sampling source in monitoring
prey populations. In this study, we tested a novel, non-destructive protocol to assess
the efficacy of eDNA from barn owl (Tyto javanica delicatula) pellets as a tool for
monitoring small mammal communities in an arid environment. We assessed the
species composition and abundance of small mammals from owl pellets collected

in the Simpson Desert in far western Queensland, Australia, using a three-tiered
approach. We extracted DNA from 50 owl pellets and targeted a 16S mini-barcode
for metabarcoding. We compared species detection via genetic analysis with that of
morphological analysis, and finally with historical small mammal trapping data. The
DNA extraction method presented here resulted in full preservation of prey bones
and fur material for museum archival. eDNA detected four mammal species that were
not detected via morphological pellet analysis, three of which are significant detec-
tions that had not been observed at this location before but were expected to occur
based on likely distribution ranges. However, a key limitation of the eDNA approach
demonstrated in this study, is that taxonomic identification was constrained by the
completeness of reference databases, which can result in false negatives or ambigu-
ous assignments. The results of the present study demonstrate that the specificity of
an eDNA approach can offer advantages compared with morphological identification
of mammalian remains from owl pellets, and that genetic owl pellet analysis may be
particularly useful in full vertebrate diversity assessments that include reptiles, birds
and amphibians that are unidentifiable from skeletal remains.
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Introduction

Molecular diet analysis is a specialised form of environmental DNA (eDNA) analysis
that uses genetic material from prey remains in diet samples, such as faeces or owl
pellets, to identify consumed species [1,2]. While eDNA broadly refers to DNA shed
by organisms into the environment with no associated tissue, molecular diet analysis
deals with bulk material containing partially intact biological remains like hair, bones,
or tissue [3,4]. Both approaches employ similar techniques to identify species from
complex mixtures of fragmented DNA and fall under the umbrella of eDNA-based
biodiversity assessment methods.

Advances in modern genomic techniques have enhanced the applicability
of molecular-based assessments by enabling the analysis of even very small
DNA fragments from environmental samples, providing data on the presence
or absence of a species, or offering comprehensive biodiversity information for
larger-scale studies (e.g., [5—7]). Thus, eDNA has become an increasingly pop-
ular tool for enhancing conservation efforts [8—10]. In particular, there is value in
applying molecular-based methods in studies where environmental or logistical
challenges make traditional ecological survey methods impractical or
ineffective [11-14].

Environmental DNA techniques have become widely used for species detection
and monitoring across both aquatic and terrestrial systems [15,16]. In terrestrial
environments, eDNA-based approaches have taken many forms, including sam-
pling soil, air, snow, from blood-feeding insects and dietary remains (e.g., faeces,
regurgitated pellets and stomach contents) [13,17—19]. Molecular analysis of
dietary samples can be used to study predator-prey interactions across a range of
taxa, including birds, bats, rodents, and large carnivores [20—22]. These methods
offer non-invasive alternatives for species detection and can provide valuable
insights not only into trophic networks, but also into fluctuations in prey popula-
tions over time [23,24].

Small mammal populations are considered important indicators of ecological
disturbances and are declining globally [25]. Active monitoring of these populations
is imperative to manage and conserve the fauna and the landscapes they inhabit
[26]. However, the integration of molecular dietary techniques into standardised small
mammal monitoring and conservation frameworks remains limited. Standard practice
for the monitoring of small mammal populations relies on methods that require direct
observation of the target group (i.e., live-trapping), which can be invasive, time-
intensive, logistically-constrained and expensive [27]. There is increasing scope to
expand the role of molecular dietary analysis from investigating trophic interactions to
be used more frequently in regular, systematic monitoring of small mammal popula-
tions, particularly in environments where traditional survey methods are logistically
difficult or limited in taxonomic resolution.

Numerous studies have demonstrated the utility and applicability of morpholog-
ical owl pellet analysis (i.e., prey species identification from undigested skeletal
fragments) in various conservation and management scenarios, including mon-
itoring and management of potential invasive species distributions [28], cryptic
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species detections [29] and whole mammalian diversity assessments [30—32]. However, there is potential for individ-
ual prey items to be misidentified or overlooked in owl pellets because body parts are crushed and disarticulated. The
application of genetic techniques would not only strengthen the identification of mammal species’ presence, but also
allow for the detection of potentially cryptic species and taxonomically challenging groups with subtle morphological
differences.

Prey remains from owl pellets are subjected to high chemical degradation and DNA fragmentation during extensive
owl digestion (similar to, although less degradation than faeces). As owls swallow their prey whole, digestible matter
is stripped from prey bones via physical, enzymatic and acidic digestion [33,34]. Moreover, the pellets may have been
deposited in areas exposed to a variety of environmental extremes and may be up to several years old. A successful
genomic analysis protocol should allow for the detection of very degraded DNA fragments while retaining a high probabil-
ity of identification to species level for the best study outcomes [35]. While genetic material from owl pellets has been used
previously, the results of such studies are usually focused on taxonomic information regarding the owl [36,37] or single
species prey detection using individual bone fragments [38,39]. Genetic technologies have only rarely been applied to the
assessment of mammalian diversity [40—42] and never without the destruction of valuable remains required for archiving
in museum reference collections [39,43,44].

We recently demonstrated the value of comparing traditional live-trapping data with morphological identification of
species from owl pellets, highlighting the complementary strengths of these methods [28]. Building on these findings,
the present study explores whether genetic analysis of owl pellet material can further improve species detection, poten-
tially offering a more sensitive and comprehensive approach to biodiversity assessment in such challenging landscapes.
Therefore, the present study aimed to develop and apply a non-destructive eDNA protocol for the analysis of remains from
eastern barn owl (Tyto javanica delicatula) pellet material to monitor small mammal assemblages in far west Queensland,
Australia. Specifically, we aimed to: (1) develop a non-destructive, whole owl pellet DNA extraction protocol; and (2) com-
pare the ecological findings of the eDNA protocol versus morphological owl pellet ID and traditional live-trapping designs
to determine the relative utility of the genetic method.

Materials and methods
Owl pellet sampling and live-trapping

Trapping and land access for this study was undertaken under Queensland Scientific Purposes Permit
WISP18503317 (Queensland Government Department of Environment and Heritage Protection) and Animal Eth-
ics approval CA 2019/07/1304 (Queensland Government Department of Agriculture and Fisheries Animal Ethics
Committee).

We collected 185 owl pellets [28] from Pilungah Reserve, a Bush Heritage Australia owned and managed conservation
reserve in far west Queensland, Australia (23.322766 S, 138.590459 E), to compare mammal species identification from
morphological pellet analysis with historical live-trapping data (metal box and pitfall traps). Owl pellets were collected
from the floor of a small cave in a rocky outcrop under the roost entrance and estimated to be up to five years old [28,45].
All pellets were collected in a single visit, stored together and dried before processing. A subset of five years of historical
long-term live-trapping data from Pilungah Reserve [46] was used to compare results of genetic analysis with traditional
methods (as per [28]).

For the present study, a random subset of 50 pellets from this collection was selected for genetic analysis as a proof
of concept to evaluate the effectiveness of DNA-based species detection. Species detected through DNA analysis were
compared to morphological identifications from the same pellets, as well as to five years of historical live-trapping data
from the study area [28]. Additionally, results were cross-referenced with expected species based on known distributions,
habitat preferences [47] and expert elicitation.
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Pellet processing and DNA extraction

Pellets were teased apart one-by-one, and identifiable skeletal material was removed for preservation and museum
archiving. Morphological techniques were employed to identify individuals to species level where possible (see [28] for
detailed methods).

DNA extraction was performed only on the remaining unidentifiable material (comprising of mostly fur and small
bone fragments) using an adapted protocol based on the QIAGEN DNeasy Mericon Food Kit [48,49]. Unidentifiable
remains of individual pellets were lysed in 50 mL falcon tubes overnight in 25 mL lysis buffer and 40 pL proteinase
K at 60°C for a minimum of 10 hours [43,50]. Falcon tubes were spun down using a Beckman Coulter Allegra X-15R
benchtop centrifuge at 4,500 g for 10 minutes to separate solid remains from the lysis buffer. 1 mL of lysis buffer
was aliquoted from each sample tube and transferred to a fresh 2 mL tube then spun down again at 10,000 g for 5
minutes to separate any remaining fur or sediment. 700 pL of supernatant was transferred to a fresh 2 mL tube con-
taining 500 pL chloroform as per the DNeasy Mericon Food Kit small fragment protocol. Steps 4 through to 12 of the
protocol were followed according to manufacturer’s instructions. DNA yield of purified samples was quantified using
a NanoDrop spectrophotometer.

Sample pooling and sequencing

Purified samples were pooled in groups of five to lower the cost of subsequent sequencing. As all pellets were collected
from the same site, at the same time, and the goal was to determine the list of species found in each sample pool, cross
contamination between samples was not a concern. 5 pL of each pooled sample was aliquoted into a new sample tube
(25 L per sample) to generate 10 pooled samples (5 x 10=50 pellets total) for sequencing. Pooled samples were puri-
fied, concentrated and resuspended in 100 yL DNAse and RNAse free water using the Zymo Research DNA Clean &
ConcentratorTM-25 kit to remove PCR inhibitors [24,51,52].

PCR was performed using KAPA HiFi Hotstart ReadyMix on final, pooled DNA extraction samples, targeting a mini
barcode (148 bp) of the 16S region using a mammal-specific primer set (16Smam1, 16Smam2; [53]), synthesised
with a 5’ addition of lllumina adapters (Table 1). These primers have been shown to be successful in highly degraded
and ancient DNA samples [54], and thus, we deemed them appropriate to test against digested content from owl pel-
lets. PCR conditions were optimised in a gradient PCR and thermal cycling was performed on pooled DNA samples
following manufacturer’s instructions at 25 uL volumes with the following cycling conditions: 3 min at 95°C, followed
by 30 cycles of 30 s at 95°C, 30 s at 65°C, 30 s at 72°C, with a final extension of 5 min at 72°C. PCR included posi-
tive and negative controls to ensure amplification reliability and integrity. PCR product was purified using JetSeqTM
Clean magnetic beads at a bead to product ratio of 1:1 with two washes of fresh 80% ethanol following manufactur-
er’s protocol.

Library preparation and sequencing were performed as per lllumina’s 16S protocol with Nextera indices. Samples were
sequenced on a MiSeq V2 nano 300 cycle flow-cell to ensure >100,000 reads per sample.

Table 1. 16Smam mammal primers (Taylor, 1996) and lllumina overhangs used to amplify mammal sequences
from owl pellet remains.

Primer Sequence lllumina Overhang
16Smam1 5-CGGTTGGGGTGACCTCGGA-3 5-TCGTCGGCAGCGTCAGATGTGTATAA
GAGACAG-3
16Smam2 5-GCTGTTATCCCTAGGGTAACT-3 5-GTCTCGTGGGCTCGGAGATGTGTATAA
GAGACAG-3

https://doi.org/10.1371/journal.pone.0344097.t001
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Anacapa pipeline adaptation

The Anacapa eDNA toolkit was adapted and used to assign Amplicon Sequence Variants (ASVs) to sequencing output for
use in taxonomic assignment [55]. The Anacapa Toolkit was run in a singularity container on the Queensland University of
Technology high performance computing system (HPC) with a maximum assignment of 64 GB memory, 24-hour wall-time
and eight cores for each module.

Customised CRUX reference database construction

The Anacapa Toolkit includes pre-built reference databases for eight commonly used metabarcoding loci. However, cus-
tom primers used in the present investigation required a customised database to suit. Therefore, before the standardised
Anacapa workflow could be employed, a customised reference database was built using CRUX (Creating Reference
libraries Using eXisting tools, [55]) to include all mammal species available on varying public databases (EMBL and
NCBI). CRUX was first employed to create metabarcode-specific seed databases by querying the public databases [56].
Reference database sequences were filtered to contain only reads with robust taxonomic assignments (referring to tissue
sample assignments only) [57]. Constructed databases were then converted for ecoPCR using the OBITools obiconvert
command [58]. ecoPCR was used to run in silico PCR with the 16S mammal-specific primers used during wet lab PCR
(excluding lllumina adaptors) to query the converted database and extract sequences to generate new, taxonomic ref-
erence libraries [59]. The blastn command from BLAST+ was then employed to query the new library against the NCBI
RefSeq database [60] and retain only the longest version of each sequence using Entrez-giime [61]. The locus-specific
reference database was then ready for application in the Anacapa classifier module. To run CRUX, an adaptation was
made to the config shell script file from [55] to include full paths to database input directories, and a new singularity image
was written to include QIIME.

Quality control

Raw sequence quality control was performed in the second Anacapa module. Primers and lllumina adapters were
removed from raw lllumina fastq output files using cutadapt [62] and the FastX-toolkit [63]. Next, DADA2 [64] was
employed to merge paired reads and generate ASVs.

The Anacapa classifier module was employed to query quality control-passed sequences against the CRUX database
and assign taxonomy to ASVs. Bowtie2 [65] was used to BLAST individual ASV sequences against the CRUX reference
database to extract the best 100 reference database hits (>95% identity and coverage) for each sample. To calculate
confidence scores of database hits, a Bayesian Least Common Ancestor algorithm (BCLA; [66]) was then employed. First,
a global multiple sequence alignment of the ASV sequences and its assigned Bowtie2 database hits was performed. 100
bootstrap samples were created from each hit sequence by replacement of single nucleotide bases. Posterior probability
was calculated via a pairwise alignment of each hit and the original ASV sequence to determine the likelihood of observ-
ing the ASV sequence if it were derived from the taxa that each hit represents. The hit with the highest posterior proba-
bility was selected for each bootstrap sample (the “winner sequence”) and the number of times the winner sequence was
selected out of all 100 bootstraps was counted to determine the confidence value of the taxonomic assignment (i.e., hit
1=80 counts, hit 2=20 counts: hit 1 is assigned with 80% confidence score). Thus, confidence scores represent the num-
ber of times out of 100 the taxonomic assignment was the best hit. This was repeated at each taxonomic level (species,
genus, family, order, phylum, class and kingdom) to determine the confidence scores of taxonomic assignments across all
levels. ASV tables were generated to include taxonomic assignment of each ASV with confidence scores at each taxo-
nomic level.

To evaluate the validity of the Anacapa outputs, ASVs that returned expected species (based on known distribu-
tions) but with low confidence scores (<85% but >50%) were individually queried against the NCBI 16S reference
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database using a manual BLAST search [67] to corroborate taxonomic identity [68,69]. ASVs that returned taxo-
nomic identities with low confidence scores (<50%) were considered low quality and excluded from further taxonomic
assignment.

Anacapa output analysis

ASYV tables were analysed using R version 4.1.0 [70]. A searchable table of read counts of each ASV per sample was gen-
erated using the DT: DataTables package [71] that would act as a matrix for further analyses. Low abundance taxa (0.1%
or n<6 reads per sample) were removed from the ASV table to filter miss hits and false positives [13,72—74]. Next, known
contaminant taxa were removed (i.e., Homo sapiens and Bos sp. likely contaminated during pellet transportation). Lastly,
ASVs were filtered to a confidence level cut-off of 85% [75] to ensure only accurate taxonomic assignments were included
in further analysis. Filtering was carried out using the ampvis2 R package [76]. Rarefaction curves (200 permutations)
were generated using the amp_rarecurve function in ampvis2 for each genetic sample to determine species richness as a
factor of sequencing depth (number of reads).

To compare genus richness detected per sample by DNA metabarcoding and traditional morphological analysis of owl
pellets, we performed a paired Wilcoxon signed-rank test since the richness data per sample were not normally distrib-
uted (as determined by a Shapiro-Wilk test for normality). To ensure a robust and meaningful comparison, taxa were
aggregated to the genus level, providing a consistent taxonomic unit across both methods. Taxonomic overlap (of genera)
between the two methods was evaluated at the sample level using the Jaccard similarity index (defined by Intersection/
Union). The mean Jaccard similarity index was calculated across all samples. Additionally, species richness (S) was
counted for each method to compare overall detectability at the species level.

Results

The adapted lysis protocol resulted in complete physical recovery of all unidentifiable prey remains (small bones and fur)
following DNA extraction. While no overt damage to the recovered bones was observed, formal assessment of potential
microstructural impacts of the lysis conditions was not performed.

Sequencing and filtering quality

MiSeq sequencing returned a total of 614,734 reads and 3,872 individual Amplicon Sequence Variants (ASVs) of which
25% were assigned taxonomy to species level before filtration (Fig 1). Filtration by 85% confidence and minimum read
number (n>5) removed ~97% of all ASVs and ~4,000 reads. A total of 137 ASVs remained across 610,241 reads in total
across the 10 samples. The post-filtration data had a higher percentage of taxonomic assignments than the pre-filtration
data across all taxonomic levels except that of kingdom (Fig 1). Sequencing depth was sufficient across all samples to
reach maximum ASV richness (Fig 2, [76]).

Ecological findings

Genetic analysis detected a comparable number of genera per sample as traditional morphology (z=2.5, p=0.06), with
a moderate to high taxonomic overlap (mean Jaccard similarity per sample =0.69). However, genetic owl pellet analysis
detected a higher number of unique genera per sample on average (i.e., genera that were detected by one method and
not the other) than morphological analysis (n=1.1, 0.2 respectively Fig 3).

Results returned a higher total species richness (S) for eDNA owl pellet analysis (S=8) compared to live-trapping (S=7)
but lower than morphological owl pellet analysis (S=9) (Table 2). Five species identified through morphological analysis
were not detected by genetic methods, likely due to incomplete reference databases. However, importantly, all species
detected via morphological owl pellet analysis with representative 16S sequences on reference databases were also
detected via genetic analysis with taxonomic assignments to species level (Table 2). Further, genetic analysis detected
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Fig 1. Percent of ASVs with taxonomic assignments across all taxonomic levels pre- and post-filtration by 85% confidence and minimum
reads (n>5).

https://doi.org/10.1371/journal.pone.0344097.9001

an extra three genera and four species that were not detected by morphological identifications, including: Ningaui ridei,
Pseudantechinus macdonnellensis/roryi, Rattus villosissimus and Zyzomys argurus. Pseudantechinus sp. and Rattus
villosissimus were detected via morphological owl pellet analysis in [28] indicating their presence at the site. These detec-
tions are of interest, as pellets containing these individuals were not included in the pooled samples used in the present
subset data (S2 Table). Notably, Pseudantechinus sp. was not detected via morphological analysis in the pellets used in
the present study (Table 2) but was detected in the overall batch of pellets collected from the site (see [28]). Nevertheless,
Pseudantechinus macdonnellensis and P. roryi were returned with high probability after a manual BLAST search of our
genetic data (Table 3).

For the genetic data, the level of taxonomic assignment varied depending on the representation of each taxon on the
16S reference databases. Eight species, nine genera and three families were detected via genetic owl pellet analysis, and
Vespertilionidae (evening bats) was the only family detected with no genera represented in 16S databases (Table 2).

Individual manual BLAST searches of ASVs detected at high read frequency (n>5) on NCBI databases returned an
extra four taxonomic assignments to species level with an identity score greater than 85% (Table 3). Raw sequences

PLOS One | https://doi.org/10.1371/journal.pone.0344097 March 9, 2026 7/18



https://doi.org/10.1371/journal.pone.0344097.g001

PLO\Sﬁ\\.- One

601

401

Number of observed ASVs

201

0 20000 40000 60000
Sequencing depth (reads)

Fig 2. Rarefaction curves (100 permutations) depicting number of ASVs detected dependent on sequencing depth (no. of reads) after
filtration.

https://doi.org/10.1371/journal.pone.0344097.9002

for each ASV are attached in S1 Table. Manual BLAST searches corroborated (97.8—100% confidence) taxonomic
assignments of two species (Sminthopsis macroura and R. villosissimus) that were initially returned with low Anacapa
confidence scores (<85%). Interestingly, the dasyurid P. macdonnellensis was also detected via this secondary BLAST.

A first pass through Anacapa modules detected the genus Pseudantechinus but without a confident taxonomic assign-
ment to species level. However, manual BLAST searches querying the NCBI taxonomic database of two ASVs returned a
100% identity score to P. macdonnellensis and a second to P. roryi at 95% identity. Further, unlikely exotic rodent genera
assigned by Anacapa (e.g., Acomys sp., Neotoma sp. and Praomys sp.) after manual BLAST all returned a high identity
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https://doi.org/10.1371/journal.pone.0344097.9003

score (>85%) to the endemic common rock rat (Z. argurus), a species not detected by either morphological pellet analysis
or live-trapping methods but predicted as a species that may occur at Pilungah [47].

eDNA diversity was dominated by the genera Pseudomys and Mus, which together accounted for the majority of total
reads, while all other genera comprised only around 10% of total reads. When comparing taxonomic detections across the
10 samples using both morphological and eDNA methods, some discrepancies were observed. For example, Dasycer-
cus was identified via morphological analysis in sample 5 (S2 Table) but was detected via eDNA in sample 10 (S3 Table).
Even species represented by very few individuals in the morphological analysis (n<5) were detected to species level
through genetic analysis (e.g., S. youngsoni and D. blythi, both n=1; Table 4). Additionally, although the genus Vespade-
lus was not represented in the reference database, eDNA analysis still detected the family Vespertilionidae, despite only
one individual being identified morphologically.

Table 2. Detections of families, genera and species likely to occur at Pilungah Reserve based on known distribution [47] across the three
survey methods. # indicates the taxonomic level is not represented in genetic reference databases. Shaded cells indicate species that were
expected to occur at the chosen site but were not detected by any detection method.

Family Genus/Genus species Common name eDNA Morph. Traps
Dasyuridae X X X
Antechinomys
Antechinomys laniger Kultarr
Dasycercus X X X
Dasycercus blythi Brush-tailed mulgara X
Dasyuroides
(Continued)
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Table 2. (Continued)

Family Genus/Genus species Common name eDNA Morph. Traps
Dasyuroides byrnei Kowari
Ningaui X
Ningaui ridei Wongai ningaui X
Planigale
Planigale tenuirostris Narrow-nosed planigale
Pseudantechinus
Pseudantechinus macdonnellensisiroryi Fat-tailed false antechinus/Rory’s false antechinus
Sminthopsis X X X
Sminthopsis crassicaudata Fat-tailed dunnart
Sminthopsis hirtipes Hairy-footed dunnart X
Sminthopsis macroura Stripe-faced dunnart X X
Sminthopsis youngsoni Lesser hairy-footed dunnart X X X
Muridae X X X
Leggadina X
Leggadina forresti " Central short-tailed mouse
Mus X X
Mus musculus House mouse X X
Notomys * X X
Notomys alexis » Spinifex hopping mouse X
Notomys cervinus Fawn hopping mouse
Notomys fuscus * Dusky hopping mouse X
Pseudomys X X X
Pseudomys desertor * Desert mouse X
Pseudomys hermannsburgensis Sandy inland mouse X X
Rattus X
Rattus villosissimus Long-haired rat X
Zyzomys X
Zyzomys argurus Common rock rat X
Vespertilionidae X X
Vespadelus * X
Vespadelus baverstocki ™ Inland forest bat X
Families detected (of three total) 3 3
Genera detected (of 14 total) 9 6
Total species richness (S) 8 9

https://doi.org/10.1371/journal.pone.0344097.t002

Table 3. Manual NCBI database BLAST identities of ASV sequences with low confidence taxonomic assignment through Anacapa (<85%) with
top-hit accession number.

ASVID Reads | Anacapa assignment Confidence score | BLAST species Identity | Accession no.
Merged_16Smam_8 | 893 Sminthopsis macroura 57.7% Sminthopsis macroura 97.8% | JQ413951.1
Merged 16S_mam_59 | 6 Rattus villosissimus 76% Rattus villosissimus 100% | GU570663.1
Forward_16Smam_26 | 7 Pseudantechinus macdonnellensis | 62% Pseudantechinus macdonnellensis | 100% | MG251873.1
Reverse_16Smam_11 | 57 Acomys cahirinus 100% Zyzomys argurus 100% NC_057636.1
Merged_16Smam_35 |42 Neotoma isthmica 100% Zyzomys argurus 92.31% | NC_057636.1
Merged_16smam_41 |22 Praomys sp. 100% (genus) Zyzomys argurus 89% NC_057636.1
Merged_16Smam_38 | 34 Pseudantechinus roryi 55% Pseudantechinus roryi 95% EU086653.1
https://doi.org/10.1371/journal.pone.0344097.t003
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Table 4. Number of individual specimens identified for each species through morphological
analysis of pellet contents, alongside their detection via genetic analysis (eDNA). The Morpholog-
ical analysis column shows counts of individuals physically identified, while the eDNA column
indicates various detection confidence levels of genetic analysis due to incomplete reference
sequences: x=species-level identification, *=genus-level identification, and **=family-level
identification.

Pooled samples contents Morphological analysis eDNA
Pseudomys hermannsburgensis 57 *

Mus musculus 54 X
Sminthopsis macroura 12 &
Notomys cf. fuscus 7 **
Notomys alexis 6 o
Pseudomys desertor 1 *
Sminthopsis youngsoni 1

Dasycercus blythi 1

Vespadelus cf. baverstocki 1 i

https://doi.org/10.1371/journal.pone.0344097.t1004

Discussion

The present study has demonstrated that genetic owl pellet analysis is a valuable tool in detecting comparable prey taxa
to morphological analysis, with species-level resolution constrained primarily by reference database coverage rather than
by methodological sensitivity. Indeed, eDNA analysis allowed the identification of several species that went undetected via
both live-trapping surveys and morphological analysis of owl pellets. However, the incompleteness of publicly available
reference libraries does impose a limitation on species-level identification [3,77,78]. In the context of our study, genetic ref-
erence databases are lacking representation of 16S sequences for multiple mammalian taxa that might be expected at the
study site. Most notable is the poor representation of some native Australian rodents. The genus Nofomys (native hopping
mice) is not represented at all, while the genus Pseudomys (native mice) is represented by only one species
(P. chapmani) [79], with a distribution that does not coincide with the study area [47]. At the time of designing this work-
flow, 16S was considered the widely accepted barcode for Australian marsupials. While the marker worked well for broad
taxonomic detection, the simultaneous construction of a custom reference database would have improved taxonomic
resolution. Where resources and access to reference material permit, we recommend the use of various custom reference
sequences alongside publicly available reference libraries (e.g., [80]). Furthermore, the use of multiple barcoding regions
would also improve overall coverage of expected taxa (e.g., [5,7,81]). As more genetic studies are undertaken, public DNA
databases will continue to improve and serve as an increasingly accurate reference database in metabarcoding studies.
The results of the present study also demonstrate the importance of evaluating pipeline-based genetic data outputs.
Bioinformatic pipelines are an important aspect of eDNA analysis. Without them, the volume of data output by next gener-
ation sequencing data would be extremely difficult and time-consuming to analyse [82]. However, corroboration of pipeline
outputs remains integral to the generation of accurate taxonomic assignments [68,83,84]. The present study utilised and
adapted the Anacapa eDNA ToolKit [55] to query a customised mammalian reference database and assign taxonomy, but
use of the pipeline alone failed to assign correct taxonomy to seven ASVs. When blasted manually against the NCBI ref-
erence database, however, these ASVs returned taxonomic assignments with high probability of correct identity (>85%).
A possible cause for this discrepancy is the lack of reference sequences on public databases of the species of interest.
For example, three ASVs that were assigned three different species, were resolved to Z. argurus with high identity via
a manual BLAST search. Zyzomys argurus is only represented by one 16S sequence. Thus, the majority of database
hits assigned in the BCLA algorithm were other species with similar genetic composition, which dominated the calcula-
tion of confidence scores and taxonomic assignments in the pipeline. Therefore, while eDNA pipelines are necessary for
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sequence quality control and data analysis of very large volumes of data, the current study demonstrates the importance
of post-pipeline data evaluation, especially given the incomplete taxa representation and weighted bias prevalent in refer-
ence databases.

A notable finding of our study was that numerous species were detected to species level with high confidence via very
small numbers of reads, demonstrating that the detection rate for assumed low abundance taxa in eDNA samples remains
highly sensitive in taxonomic assignment and thus useful in presence/absence studies.

Ecological implications

All taxa observed in owl pellets through morphological analysis were also detected via genetic analysis to either species
or genus level (excluding species from unrepresented genera in the comparative database, Vespadelus and Notomys).
Importantly, we detected an extra four mammal species that were not detected via morphological analysis of this batch of
pellets. Of these four, two species had never been detected in live-trapping surveys, although their distributions suggested
they may be present [47]. This demonstrates not only the value of owl pellet analysis in general, but of genetic analysis in
particular, and the power of adopting a multi-faceted approach to ecological surveys when the focus is to attain accurate
presence/absence data for mammal assemblages at a site.

The dasyurid Pseudantechinus cf. mimulus was observed in morphological owl pellet analysis of the whole batch of 185
pellets [28], but the pellets containing these individuals were not included in genetic analysis of the pooled subset of samples
used in the current study. Due to its threatened status at the time, the observation of this species via morphological analysis in
the total batch of pellets collected in 2018 was of considerable interest [28]. In the present study, the Pseudantechinus genus
was detected as a direct output of the Anacapa pipeline, although species-level identification was not confirmed from direct
outputs. However, further investigation, including a manual BLAST search of relevant ASVs, suggested the presence of P,
macdonnellensis and P. roryi with high sequence identity to reference database representations. Based on the morphological
identification of P. cf. mimulus [28], the eDNA-based detection of P. macdonnellensis and P. roryi were unexpected. The taxon-
omy of P. macdonnellensis and P. roryi remains unresolved, and this detection should therefore be further investigated using
voucher specimens from the field site to examine more detailed genetics and morphology [79,85,86].

The successful detection of various small mammal taxa to species level in the present study is promising for future
genetic-based monitoring of mammalian fauna. However, due to the limiting scope of the target region used in this study,
any non-mammalian fauna were disregarded during analysis. The utility of this genetic data could be expanded through
the application of more generic primer pairs. Indeed, minibarcode regions of the COI region could be used to detect a
diverse range of taxa that includes mammals, reptiles and birds (e.g., [87]).

Bias in owl pellet analysis and trapping surveys

Interestingly, the wongai ningaui (N. ridei) was detected via genetic owl pellet analysis although it was not observed mor-
phologically among prey remains. We suggested that the absence of this dasyurid from pellets, that was found often in the
parallel live-trapping surveys at the site, may be a result of ningaui microhabitat preferences that were not common within
the owl’s search radius [28]. However, the detection of the species in genetic owl pellet analysis points to the presence of
false negatives and potential misidentifications via morphological analysis of skeletal remains, or the degradation of these
remains to a level at which they are no longer identifiable. In fact, skeletal remains from a single prey individual could be
distributed across multiple pellets. In such cases, identifiable elements (e.g., mandibles) may be present in a different pel-
let than the one used for DNA extraction, while less diagnostic remains (fur, postcranial bone fragments, etc.) are present
in the analysed sample. Therefore, a taxon detected via DNA but not morphology could be due to the absence of diagnos-
tic (craniodental) skeletal elements in the specific pellet sampled.

Similarly, Sminthopsis hirtipes was observed only in live-trapping data and not in pellets, whereas S. youngsoni was
detected in both morphological and genetic owl pellet analysis. These two dunnart species share many morphological
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characteristics and habitat preferences [47,88]; thus, the potential for misidentification in the field or laboratory is not
trivial. Further, the native rock rat (Z. argurus) was detected via genetic owl pellet analysis and not via any other method.
Importantly, this is the first time this species has been detected in the Simpson Desert. This is slightly outside of its
known distribution but within its predicted area of occurrence, since the rocky habitat the species prefers is patchily pres-
ent at Pilungah Reserve [47].

Genetic analysis is often relied upon for corroboration of taxonomic assignment through other means of identifi-
cation [44,89,90]. This is especially true in cases where traditional identification systems are limited by time and/or
ethical restraints (i.e., a live-capture in the field) [91,92], difficulty distinguishing characteristics between species of
the same genus (high levels of expertise is sometimes required) [88] and missing key characteristics (i.e., missing
teeth in skeletal remains) [93]. Our study demonstrates that using genetic techniques from the outset may help
avoid the unnecessary double-handling of specimens that are challenging to identify through traditional morphologi-
cal methods.

However, while owl pellet analysis offers valuable data on small mammal communities, it is important to acknowl-
edge inherent potential biases related to the predator’s hunting behaviour and dietary preferences. Although barn
owls are generally considered opportunistic hunters [94,95], some studies indicate that prey selection may favour
certain size classes or may be dependent on hunting range habitat types [96,97]. For example, larger prey species
may be underrepresented in pellets, while smaller species abundant in open habitats may be overrepresented,
potentially skewing community composition assessments. Furthermore, dietary data reflect only species consumed
by owls and thus exclude taxa not preyed upon, limiting the scope of biodiversity detected via this method. Sam-
pling pellets from multiple individuals and roosts could mitigate some of these biases by capturing a broader prey
spectrum [98].

Finally, while the specificity of eDNA offers clear advantages, it is important to interpret positive detections with
caution. A positive DNA detection does not in itself constitute definitive evidence of species presence. Rather,
metabarcoding should be viewed as a screening tool that is particularly valuable for identifying rare, cryptic,
or hard-to-trap species that may otherwise go undetected. Where unexpected or significant taxa are identified,
the original pellet can be revisited to search for corresponding skeletal remains. If found, the species’ presence
can be confidently confirmed. If not, such detections can inform more targeted follow-up surveys, including
habitat-specific trapping, additional pellet sampling, or species-specific gq°PCR assays. In this way, morphological
and genetic analysis of owl pellets can serve as a valuable starting point for more focused ecological investigation
and monitoring.

The present study is the first to demonstrate the efficacy of an adapted non-destructive, DNA extraction protocol from
owl pellets for analysis of mammalian prey as a measure of mammalian richness. In previous work, we demonstrated the
overarching validity and benefits of owl pellet analysis through morphological identification of skeletal prey remains when
performed in conjunction with traditional ecological live-trapping surveys [28]. The present study built on this information
and serves as an exploratory case study for the application of genetic techniques to further improve prey identification in
terrestrial dietary analyses. Importantly, the present study demonstrates that the specificity of the eDNA approach offers
advantages compared with the morphological identification of mammalian remains. But most of all, the detection of spe-
cies through eDNA analysis that were not identified via morphological pellet analysis or live-trapping surveys highlights the
growing value of eDNA as an essential tool in the field ecologist’s survey toolkit.

Supporting information

S$1 Table. Raw sequences of ASVs BLAST manually on NCBI databases.
(DOCX)

PLOS One | https://doi.org/10.1371/journal.pone.0344097 March 9, 2026 13/18



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0344097.s001

PLO\Sﬁ\\.- One

S2 Table Owl pellet contents as identified through morphological analysis of pooled DNA samples prior to eDNA
analysis. Each pooled DNA sample comprised of five full owl pellet DNA extractions. Pellets highlighted in red signify that
remains were not sufficient to identify to species level.

(DOCX)

S3 Table. Relative abundance (%) of each genus and species detected via both morphological and genetic owl
pellet analysis for each of the 10 pooled genetic samples.
(DOCX)

Acknowledgments

This work was enabled by the use of the QUT Central Analytical Research Facility and QUT eResearch infrastructure. We
acknowledge the Wangkamadla people as the Traditional Owners of Pilungah Reserve and the Turrbal and Yugara people
as the Traditional Owners of where QUT now stands. We recognize and respect the enduring relationship they have with
their lands and waters, and we pay our respects to Elders past, present and future. We thank Bush Heritage Australia for
their in-kind and financial contribution, and for providing access to Pilungah Reserve. Historical Desert Ecology Research
Group trapping data was sourced from Terrestrial Ecosystem Research Network (TERN) infrastructure, which is enabled
by the Australian Government’s National Collaborative Research Infrastructure Strategy (NCRIS). Finally, we'd like to
thank Pippa Kern, Alex Kutt and Stephen Kearney for their support.

Author contributions

Conceptualization: Pia Schoenefuss, Paul Whatmore, Andrew M. Baker, David A. Hurwood.

Data curation: Pia Schoenefuss.

Formal analysis: Pia Schoenefuss, Paul Whatmore, Craig Windell.

Funding acquisition: Andrew M. Baker, David A. Hurwood.

Methodology: Pia Schoenefuss, Paul Whatmore, Craig Windell, Andrew M. Baker, David A. Hurwood.
Project administration: Pia Schoenefuss.

Supervision: Andrew M. Baker, David A. Hurwood.

Visualization: Pia Schoenefuss.

Writing — original draft: Pia Schoenefuss.

Writing — review & editing: Pia Schoenefuss, Andrew M. Baker, David A. Hurwood.

References

1. Khanam S, Howitt R, Mushtaqg M, Russell JC. Diet analysis of small mammal pests: A comparison of molecular and microhistological methods.
Integr Zool. 2016;11(2):98-110. https://doi.org/10.1111/1749-4877.12172 PMID: 27001489

2. Stapleton TE, Weinstein SB, Greenhalgh R, Dearing MD. Successes and limitations of quantitative diet metabarcoding in a small, herbivorous mam-
mal. Mol Ecol Resour. 2022;22(7):2573-86. https://doi.org/10.1111/1755-0998.13643 PMID: 35579046

3. Yoccoz NG. The future of environmental DNA in ecology. Mol Ecol. 2012;21(8):2031-8. https://doi.org/10.1111/j.1365-294X.2012.05505.x PMID:
22486823

4. Gosselin EN, Lonsinger RC, Waits LP. Comparing morphological and molecular diet analyses and fecal DNA sampling protocols for a terrestrial
carnivore. Wildlife Soc Bullet. 2017;41(2):362-9. https://doi.org/10.1002/wsb.749

5. Alexander JB, Bunce M, White N, Wilkinson SP, Adam AAS, Berry T, et al. Development of a multi-assay approach for monitoring coral diversity
using eDNA metabarcoding. Coral Reefs. 2019;39(1):159-71. https://doi.org/10.1007/s00338-019-01875-9

PLOS One | https://doi.org/10.137 1/journal.pone.0344097 March 9, 2026 14/18



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0344097.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0344097.s003
https://doi.org/10.1111/1749-4877.12172
http://www.ncbi.nlm.nih.gov/pubmed/27001489
https://doi.org/10.1111/1755-0998.13643
http://www.ncbi.nlm.nih.gov/pubmed/35579046
https://doi.org/10.1111/j.1365-294X.2012.05505.x
http://www.ncbi.nlm.nih.gov/pubmed/22486823
https://doi.org/10.1002/wsb.749
https://doi.org/10.1007/s00338-019-01875-9

PLO\Sﬁ\\.- One

10.

1.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Curto M, Batista S, Santos CD, Ribeiro F, Nogueira S, Ribeiro D, et al. Freshwater fish community assessment using eDNA metabarcoding vs.
capture-based methods: Differences in efficiency and resolution coupled to habitat and ecology. Environ Res. 2025;274:121238. https://doi.
org/10.1016/j.envres.2025.121238 PMID: 40020855

Brys R, Halfmaerten D, Everts T, Van Driessche C, Neyrinck S. Combining multiple markers significantly increases the sensitivity and precision of
eDNA-based single-species analyses. Environ DNA. 2023;5(5):1065-77.

Creer S, Deiner K, Frey S, Porazinska D, Taberlet P, Thomas WK, et al. The ecologist’s field guide to sequence-based identification of biodiversity.
Methods Ecol Evol. 2016;7(9):1008-18. https://doi.org/10.1111/2041-210x.12574

Corlett RT. A Bigger Toolbox: Biotechnology in Biodiversity Conservation. Trends Biotechnol. 2017;35(1):55-65. https://doi.org/10.1016/j.
tibtech.2016.06.009 PMID: 27424151

Seeber PA, Epp LS. Environmental DNA and metagenomics of terrestrial mammals as keystone taxa of recent and past ecosystems. Mammal
Rev. 2022;52(4):538-53. https://doi.org/10.1111/mam.12302

Hunter ME, Oyler-McCance SJ, Dorazio RM, Fike JA, Smith BJ, Hunter CT, et al. Environmental DNA (eDNA) sampling improves occurrence
and detection estimates of invasive burmese pythons. PLoS One. 2015;10(4):e0121655. https://doi.org/10.1371/journal.pone.0121655 PMID:
25874630

Eiler A, Lofgren A, Hjerne O, Nordén S, Saetre P. Environmental DNA (eDNA) detects the pool frog (Pelophylax lessonae) at times when traditional
monitoring methods are insensitive. Sci Rep. 2018;8(1):5452. https://doi.org/10.1038/s41598-018-23740-5 PMID: 29615662

Leempoel K, Hebert T, Hadly EA. A comparison of eDNA to camera trapping for assessment of terrestrial mammal diversity. Proc Biol Sci.
2020;287(1918):20192353. https://doi.org/10.1098/rspb.2019.2353 PMID: 31937227

Moran AJ, Prosser SWJ, Moran JA. DNA metabarcoding allows non-invasive identification of arthropod prey provisioned to nestling Rufous hum-
mingbirds (Selasphorus rufus). Peerd. 2019;7:6596. https://doi.org/10.7717/peer|.6596 PMID: 30863689

Rees HC, Bishop K, Middleditch DJ, Patmore JRM, Maddison BC, Gough KC. The application of eDNA for monitoring of the Great Crested Newt in
the UK. Ecol Evol. 2014;4(21):4023-32. https://doi.org/10.1002/ece3.1272 PMID: 25505530

Newton JP, Allentoft ME, Bateman PW, van der Heyde M, Nevill P. Targeting Terrestrial Vertebrates With eDNA : Trends, Perspectives, and Con-
siderations for Sampling. Environ DNA. 2025;7(1). https://doi.org/10.1002/edn3.70056

Andersen K, Bird KL, Rasmussen M, Haile J, Breuning-Madsen H, Kjaer KH, et al. Meta-barcoding of “dirt” DNA from soil reflects vertebrate biodi-
versity. Mol Ecol. 2012;21(8):1966-79. https://doi.org/10.1111/j.1365-294X.2011.05261.x PMID: 21917035

Taberlet P, Coissac E, Hajibabaei M, Rieseberg LH. Environmental DNA. Mol Ecol. 2012;21(8):1789-93.

Newton JP, Nevill P, Bateman PW, Campbell MA, Allentoft ME. Spider webs capture environmental DNA from terrestrial vertebrates. iScience.
2024;27(2):108904. https://doi.org/10.1016/j.isci.2024.108904 PMID: 38533454

Dunshea G. DNA-based diet analysis for any predator. PLoS One. 2009;4(4):e5252. https://doi.org/10.1371/journal.pone.0005252 PMID:
19390570

Zhang X, Zou Y, Zou X, Xu Z, Nan X, Han C. DNA metabarcoding uncovers the diet of subterranean rodents in China. PLoS One.
2022;17(4):e0258078. https://doi.org/10.1371/journal.pone.0258078 PMID: 35482781

Galéo A, Soto EJ, Nunes J, Pedroso NM, Rocha R, Rato C. When pets go wild: Integrating DNA metabarcoding and morphological analy-
ses to investigate the impacts of free-ranging cats (Felis catus) on oceanic islands. Biol Conserv. 2025;305:111089. https://doi.org/10.1016/].
biocon.2025.111089

Erickson DL, Reed E, Ramachandran P, Bourg NA, McShea WJ, Ottesen A. Reconstructing a herbivore’s diet using a novel rbcL DNA mini-
barcode for plants. AoB Plants. 2017;9(3):pIx015. https://doi.org/10.1093/aobpla/plx015 PMID: 28533898

Ando H, Mukai H, Komura T, Dewi T, Ando M, Isagi Y. Methodological trends and perspectives of animal dietary studies by noninvasive fecal DNA
metabarcoding. Environ DNA. 2020;2(4):391—-406. https://doi.org/10.1002/edn3.117

Mathur PK, Kumar H, Lehmkuhl JF, Tripathi A, Sawarkar VB, De R. Mammal indicator species for protected areas and managed forests in a land-
scape conservation area of northern India. Biodivers Conserv. 2010;20(1):1-17. https://doi.org/10.1007/s10531-010-9851-8

Moussy C, Burfield IJ, Stephenson PJ, Newton AFE, Butchart SHM, Sutherland WJ, et al. A quantitative global review of species population moni-
toring. Conserv Biol. 2022;36(1):e13721. https://doi.org/10.1111/cobi.13721 PMID: 33595149

Perkins GC, Kutt AS, Vanderduys EP, Perry JJ. Evaluating the costs and sampling adequacy of a vertebrate monitoring program. Aust Zool.
2013;36(3):373-80. https://doi.org/10.7882/az.2013.003

Schoenefuss P, Kutt AS, Kern PL, Moffatt KA, Bon J, Wardle GM, et al. An investigation into the utility of eastern barn owl pellet content as a tool to
monitor small mammal diversity in an arid ecosystem. Austral Ecology. 2024;49(3). https://doi.org/10.1111/aec.13503

Charley CL, Gray EL, Baker AM. Owl Pellet Content Analysis Proves an Effective Technique to Monitor a Population of Threatened Julia Creek
Dunnarts (Sminthopsis douglasi) Throughout a Native Rodent Plague. Ecol Evol. 2025;15(2):e70922. https://doi.org/10.1002/ece3.70922 PMID:
39981546

Twente JW, Baker RH. New Records of Mammals from Jalisco, Mexico, from Barn Owl Pellets. J Mammal. 1951;32(1):120-1. https://doi.
org/10.1093/jmammal/32.1.120

PLOS One | https://doi.org/10.1371/journal.pone.0344097 March 9, 2026 15/18



https://doi.org/10.1016/j.envres.2025.121238
https://doi.org/10.1016/j.envres.2025.121238
http://www.ncbi.nlm.nih.gov/pubmed/40020855
https://doi.org/10.1111/2041-210x.12574
https://doi.org/10.1016/j.tibtech.2016.06.009
https://doi.org/10.1016/j.tibtech.2016.06.009
http://www.ncbi.nlm.nih.gov/pubmed/27424151
https://doi.org/10.1111/mam.12302
https://doi.org/10.1371/journal.pone.0121655
http://www.ncbi.nlm.nih.gov/pubmed/25874630
https://doi.org/10.1038/s41598-018-23740-5
http://www.ncbi.nlm.nih.gov/pubmed/29615662
https://doi.org/10.1098/rspb.2019.2353
http://www.ncbi.nlm.nih.gov/pubmed/31937227
https://doi.org/10.7717/peerj.6596
http://www.ncbi.nlm.nih.gov/pubmed/30863689
https://doi.org/10.1002/ece3.1272
http://www.ncbi.nlm.nih.gov/pubmed/25505530
https://doi.org/10.1002/edn3.70056
https://doi.org/10.1111/j.1365-294X.2011.05261.x
http://www.ncbi.nlm.nih.gov/pubmed/21917035
https://doi.org/10.1016/j.isci.2024.108904
http://www.ncbi.nlm.nih.gov/pubmed/38533454
https://doi.org/10.1371/journal.pone.0005252
http://www.ncbi.nlm.nih.gov/pubmed/19390570
https://doi.org/10.1371/journal.pone.0258078
http://www.ncbi.nlm.nih.gov/pubmed/35482781
https://doi.org/10.1016/j.biocon.2025.111089
https://doi.org/10.1016/j.biocon.2025.111089
https://doi.org/10.1093/aobpla/plx015
http://www.ncbi.nlm.nih.gov/pubmed/28533898
https://doi.org/10.1002/edn3.117
https://doi.org/10.1007/s10531-010-9851-8
https://doi.org/10.1111/cobi.13721
http://www.ncbi.nlm.nih.gov/pubmed/33595149
https://doi.org/10.7882/az.2013.003
https://doi.org/10.1111/aec.13503
https://doi.org/10.1002/ece3.70922
http://www.ncbi.nlm.nih.gov/pubmed/39981546
https://doi.org/10.1093/jmammal/32.1.120
https://doi.org/10.1093/jmammal/32.1.120

PLO\Sﬁ\\.- One

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.
47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Landler L, Stefke K. Long-term monitoring of common spadefoot toad activity in a European steppe using barn owl pellets. J Biol Res (Thessalon).
2021;28(1):4. https://doi.org/10.1186/s40709-021-00133-w PMID: 33579379

Kearney SG, Kern PL, Kutt AS. A baseline terrestrial vertebrate fauna survey of Pullen Pullen; a significant conservation reserve in south-west
Queensland. Aust Zool. 2020;41(2):231-40. https://doi.org/10.7882/2z.2020.038

Lindahl T, Nyberg B. Rate of depurination of native deoxyribonucleic acid. Biochemistry. 1972;11(19):3610-8. https://doi.org/10.1021/bi00769a018
PMID: 4626532

Duke GE, Jegers AA, Loff G, Evanson OA. Gastric digestion in some raptors. Comp Biochem Physiol A Comp Physiol. 1975;50(4):649-56. https://
doi.org/10.1016/0300-9629(75)90121-8 PMID: 236116

Guimaraes S, Fernandez-Jalvo Y, Stoetzel E, Gorgé O, Bennett EA, Denys C, et al. Owl pellets: a wise DNA source for small mammal genetics. J
Zool. 2015;298(1):64—74. https://doi.org/10.1111/jz0.12285

Taberlet P, Fumagalli L. Owl pellets as a source of DNA for genetic studies of small mammals. Mol Ecol. 1996;5(2):301-5. https://doi.org/10.1111/
j:1365-294x.1996.tb00318.x PMID: 8673276

Steele WK, Brunner H. Contents of eastern barn owl “Tyto delicatula” regurgitation pellets at the Werribee Sewage Farm, Victoria, suggest possible
decline in abundance of fat-tailed dunnart “Sminthopsis crassicaudata”. Victorian Naturalist. 2021;138(6):171-5.

Poulakakis N, Lymberakis P, Paragamian K, Mylonas M. Isolation and amplification of shrew DNA from barn owl pellets. Biol J Linn Soc.
2005;85(3):331-40. https://doi.org/10.1111/j.1095-8312.2005.00500.x

Rocha RG, Justino J, Leite YLR, Costa LP. DNA from owl pellet bones uncovers hidden biodiversity. Syst Biodivers. 2015;13(4):403—12. https://doi.
org/10.1080/14772000.2015.1044048

Kim M-K, Kim B-J, Lee H, Won Y-J, Lee S-D. Application of molecular methods to identify food resources of short-eared owl (Asio flammeus) in
wetland community. Genes Genom. 2009;31(6):421—7. https://doi.org/10.1007/bf03191855

Hacker CE, Hoenig BD, Wu L, Cong W, Yu J, Dai Y, et al. Use of DNA metabarcoding of bird pellets in understanding raptor diet on the Qinghai-
Tibetan Plateau of China. Avian Res. 2021;12(1). https://doi.org/10.1186/s40657-021-00276-3

Sperring VF, Weeks AR, Webster W, Macgregor NA, Wilson M, Isaac B, et al. Diet breadth of a critically endangered owl presents challenges for
invasive rodent management: a conservation conundrum. Emu - Austral Ornithol. 2024;124(2):187-98. https://doi.org/10.1080/01584197.2024.233
5397

Rohland N, Siedel H, Hofreiter M. Nondestructive DNA extraction method for mitochondrial DNA analyses of museum specimens. Biotechniques.
2004;36(5):814—6, 818-21. https://doi.org/10.2144/04365ST05 PMID: 15152601

Kirkhus MH, Hoeg R, Shutler D, Walker AK. Using eDNA to confirm the identity of raptors that cast pellets. Wilson J Ornithol. 2021;133(4):615-20.
https://doi.org/10.1676/21-00015

Kutt AS, Kern PL, Schoenefuss P, Moffatt K, Janetzki H, Hurwood D, et al. Diet of the eastern barn owl (Tyto delicatula) in the Simpson Desert
reveals significant new records and a different mammal fauna to survey data. Aust Mammal. 2020;43(2):248-51. https://doi.org/10.1071/am20003

Wardle GM, Dickman CR. Long term ecological research network. 2018.
Van Dyck S, Gynther |, Baker A. Field Companion to the Mammals of Australia. New Holland Publishers; 2013.

Pompanon F, Deagle BE, Symondson WOC, Brown DS, Jarman SN, Taberlet P. Who is eating what: Diet assessment using next generation
sequencing. Oxford, UK: Blackwell Publishing Ltd; 2012. p. 1931-50.

QIAGEN. DNeasy Mericon Food Kit Handbook. QIAGEN Sample & Assay Technologies. 2014 Jun. Available from: https://www.giagen.com/de/
resources/resourcedetail?7id=d0e372d7-6f6a-415e-9d72-297a53d95854 &lang=en

Santos D, Ribeiro GC, Cabral AD, Speranca MA. A non-destructive enzymatic method to extract DNA from arthropod specimens: Implications for
morphological and molecular studies. PLoS One. 2018;13(2):e0192200. https://doi.org/10.1371/journal.pone.0192200 PMID: 29390036

Taberlet P, Waits L, Luikart G. Noninvasive genetic sampling: look before you leap. Trends Ecol Evol. 1999;14(8):323-7. https://doi.org/10.1016/
s0169-5347(99)01637-7 PMID: 10407432

King RA, Read DS, Traugott M, Symondson WOC. Molecular analysis of predation: a review of best practice for DNA-based approaches. Mol Ecol.
2008;17(4):947-63. https://doi.org/10.1111/j.1365-294X.2007.03613.x PMID: 18208490

Taylor PG. Reproducibility of ancient DNA sequences from extinct Pleistocene fauna. Mol Biol Evol. 1996;13(1):283-5. https://doi.org/10.1093/
oxfordjournals.molbev.a025566 PMID: 8583902

Kocher TD, Thomas WK, Meyer A, Edwards SV, Paabo S, Villablanca FX, et al. Dynamics of mitochondrial DNA evolution in animals: amplifica-
tion and sequencing with conserved primers. Proc Natl Acad Sci U S A. 1989;86(16):6196—200. https://doi.org/10.1073/pnas.86.16.6196 PMID:
2762322

Curd EE, Gold Z, Kandlikar GS, Gomer J, Ogden M, O’Connell T, et al. Anacapa Toolkit : An environmental DNA toolkit for processing multilocus
metabarcode datasets. Methods Ecol Evol. 2019;10(9):1469-75. hitps://doi.org/10.1111/2041-210x.13214

Stoesser G, Baker W, van den Broek A, Camon E, Garcia-Pastor M, Kanz C, et al. The EMBL Nucleotide Sequence Database. Nucleic Acids Res.
2002;30(1):21-6. https://doi.org/10.1093/nar/30.1.21 PMID: 11752244

Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, Bealer K, et al. BLAST+: architecture and applications. BMC Bioinformatics.
2009;10:421. https://doi.org/10.1186/1471-2105-10-421 PMID: 20003500

PLOS One | https://doi.org/10.1371/journal.pone.0344097 March 9, 2026 16/18



https://doi.org/10.1186/s40709-021-00133-w
http://www.ncbi.nlm.nih.gov/pubmed/33579379
https://doi.org/10.7882/az.2020.038
https://doi.org/10.1021/bi00769a018
http://www.ncbi.nlm.nih.gov/pubmed/4626532
https://doi.org/10.1016/0300-9629(75)90121-8
https://doi.org/10.1016/0300-9629(75)90121-8
http://www.ncbi.nlm.nih.gov/pubmed/236116
https://doi.org/10.1111/jzo.12285
https://doi.org/10.1111/j.1365-294x.1996.tb00318.x
https://doi.org/10.1111/j.1365-294x.1996.tb00318.x
http://www.ncbi.nlm.nih.gov/pubmed/8673276
https://doi.org/10.1111/j.1095-8312.2005.00500.x
https://doi.org/10.1080/14772000.2015.1044048
https://doi.org/10.1080/14772000.2015.1044048
https://doi.org/10.1007/bf03191855
https://doi.org/10.1186/s40657-021-00276-3
https://doi.org/10.1080/01584197.2024.2335397
https://doi.org/10.1080/01584197.2024.2335397
https://doi.org/10.2144/04365ST05
http://www.ncbi.nlm.nih.gov/pubmed/15152601
https://doi.org/10.1676/21-00015
https://doi.org/10.1071/am20003
https://www.qiagen.com/de/resources/resourcedetail?id=d0e372d7-6f6a-415e-9d72-297a53d95854&lang=en
https://www.qiagen.com/de/resources/resourcedetail?id=d0e372d7-6f6a-415e-9d72-297a53d95854&lang=en
https://doi.org/10.1371/journal.pone.0192200
http://www.ncbi.nlm.nih.gov/pubmed/29390036
https://doi.org/10.1016/s0169-5347(99)01637-7
https://doi.org/10.1016/s0169-5347(99)01637-7
http://www.ncbi.nlm.nih.gov/pubmed/10407432
https://doi.org/10.1111/j.1365-294X.2007.03613.x
http://www.ncbi.nlm.nih.gov/pubmed/18208490
https://doi.org/10.1093/oxfordjournals.molbev.a025566
https://doi.org/10.1093/oxfordjournals.molbev.a025566
http://www.ncbi.nlm.nih.gov/pubmed/8583902
https://doi.org/10.1073/pnas.86.16.6196
http://www.ncbi.nlm.nih.gov/pubmed/2762322
https://doi.org/10.1111/2041-210x.13214
https://doi.org/10.1093/nar/30.1.21
http://www.ncbi.nlm.nih.gov/pubmed/11752244
https://doi.org/10.1186/1471-2105-10-421
http://www.ncbi.nlm.nih.gov/pubmed/20003500

PLO\Sﬁ\\.- One

58.

59.

60.

61.
62.
63.
64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

79.
80.

81.

82.

83.

84.

85.

Boyer F, Mercier C, Bonin A, Le Bras Y, Taberlet P, Coissac E. obitools: a unix-inspired software package for DNA metabarcoding. Mol Ecol Resour.
2016;16(1):176-82. https://doi.org/10.1111/1755-0998.12428 PMID: 25959493

Ficetola GF, Coissac E, Zundel S, Riaz T, Shehzad W, Bessiere J, et al. An in silico approach for the evaluation of DNA barcodes. BMC Genomics.
2010;11:434. https://doi.org/10.1186/1471-2164-11-434 PMID: 20637073

Pruitt KD, Tatusova T, Maglott DR. NCBI reference sequences (RefSeq): a curated non-redundant sequence database of genomes, transcripts and
proteins. Nucleic Acids Res. 2007;35(Database issue):D61-5. https://doi.org/10.1093/nar/gkl842 PMID: 17130148

Baker C. Entrez_giime v2.0. Zenodo; 2016.
Martin M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet.journal. 2011;17.

Gordon A, Hannon GJ. Fastx-toolkit: Fastg/a short-reads preprocessing tools. 2010.

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP. DADAZ2: High-resolution sample inference from lllumina amplicon data.
Nat Methods. 2016;13(7):581-3. https://doi.org/10.1038/nmeth.3869 PMID: 27214047

Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat Methods. 2012;9(4):357-9. https://doi.org/10.1038/nmeth.1923 PMID:
22388286

Gao X, Lin H, Revanna K, Dong Q. A Bayesian taxonomic classification method for 16S rRNA gene sequences with improved species-level accu-
racy. BMC Bioinformatics. 2017;18(1):247. https://doi.org/10.1186/s12859-017-1670-4 PMID: 28486927

Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z, Miller W, et al. Gapped BLAST and PSI-BLAST: a new generation of protein database
search programs. Nucleic Acids Res. 1997;25(17):3389—-402. https://doi.org/10.1093/nar/25.17.3389 PMID: 9254694

Gold Z, Curd EE, Goodwin KD, Choi ES, Frable BW, Thompson AR, et al. Improving metabarcoding taxonomic assignment: A case study of fishes
in a large marine ecosystem. Mol Ecol Resour. 2021;21(7):2546—64. https://doi.org/10.1111/1755-0998.13450 PMID: 34235858

Moore AM, Jompa J, Tassakka ACMAR, Yasir I, Ndobe S, Umar W, et al. Sharks and rays (chondrichthyes) around Banggai Island, Banggai MPA,
Indonesia: biodiversity data from an environmental DNA pilot study. Aquac Aquarium Conserv Legis. 2021;14(2):725-45.

Team RC. R: A language and environment for statistical computing. 4.1.0 ed. Vienna, Austria: R Foundation for Statistical Computing; 2022.
Xie Y, Cheng G, Tan X, Allaire JJ, Girlich M, Ellis GF, et al. Package ‘dt’: A wrapper of the javascript library ‘datatables’. 2022.

Fahner NA, Shokralla S, Baird DJ, Hajibabaei M. Large-Scale Monitoring of Plants through Environmental DNA Metabarcoding of Soil: Recov-
ery, Resolution, and Annotation of Four DNA Markers. PLoS One. 2016;11(6):e0157505. https://doi.org/10.1371/journal.pone.0157505 PMID:
27310720

Di Muri C, Lawson Handley L, Bean CW, Li J, Peirson G, Sellers GS, et al. Read counts from environmental DNA (eDNA) metabarcoding reflect
fish abundance and biomass in drained ponds. MBMG. 2020;4. https://doi.org/10.3897/mbmg.4.56959

Hanfling B, Lawson Handley L, Read DS, Hahn C, Li J, Nichols P, et al. Environmental DNA metabarcoding of lake fish communities reflects long-
term data from established survey methods. Mol Ecol. 2016;25(13):3101-19. https://doi.org/10.1111/mec.13660 PMID: 27095076

Porter TM, Gibson JF, Shokralla S, Baird DJ, Golding GB, Hajibabaei M. Rapid and accurate taxonomic classification of insect (class Insecta)
cytochrome c oxidase subunit 1 (COI) DNA barcode sequences using a naive Bayesian classifier. Mol Ecol Resour. 2014;14(5):929-42. https://doi.
org/10.1111/1755-0998.12240

Andersen KS, Kirkegaard RH, Karst SM, Albertsen M. Ampvis2: An R package to analyse and visualise 16S rRNA amplicon data. bioRxiv. 2018.

Wang L, Jin L, Xue B, Wang Z, Peng Q. Characterizing the bacterial community across the gastrointestinal tract of goats: Composition and poten-
tial function. Microbiologyopen. 2019;8(9):e00820. https://doi.org/10.1002/mbo3.820 PMID: 30829000

Deiner K, Bik HM, Machler E, Seymour M, Lacoursiére-Roussel A, Altermatt F, et al. Environmental DNA metabarcoding: Transforming how we
survey animal and plant communities. Mol Ecol. 2017;26(21):5872-95. https://doi.org/10.1111/mec.14350 PMID: 28921802

Baker AM, Gynther IC. Strahan’s Mammals of Australia, Fourth Edition. Wahroonga, Australia: New Holland Publishers; 2023.

Campbell CD, MacDonald AJ, Sarre SD. Evaluation of genetic markers for the metabarcoding of Australian marsupials from predator scats. Wildlife
Res. 2024;51(7). https://doi.org/10.1071/wr23134

Botha D, Barnard S, Du Plessis M, Allam M, Behn K, Ismail A, et al. Application of a dual-locus metabarcoding approach for a more compre-
hensive account of cattle dietary items in a semi-arid African savanna with special reference to forbs. MBMG. 2024;8. https://doi.org/10.3897/
mbmg.8.127959

Kozich JJ, Westcott SL, Baxter NT, Highlander SK, Schloss PD. Development of a dual-index sequencing strategy and curation pipeline for ana-

lyzing amplicon sequence data on the MiSeq lllumina sequencing platform. Appl Environ Microbiol. 2013;79(17):5112—20. https://doi.org/10.1128/
AEM.01043-13 PMID: 23793624

Coissac E, Riaz T, Puillandre N. Bioinformatic challenges for DNA metabarcoding of plants and animals. Mol Ecol. 2012;21(8):1834—47. https://doi.
org/10.1111/j.1365-294X.2012.05550.x PMID: 22486822

Hleap JS, Littlefair JE, Steinke D, Hebert PDN, Cristescu ME. Assessment of current taxonomic assignment strategies for metabarcoding eukary-
otes. Mol Ecol Resour. 2021;21(7):2190-203. https://doi.org/10.1111/1755-0998.13407 PMID: 33905615

Umbrello LS, Woolley PA, Westerman M. Species relationships in the dasyurid marsupial genus Pseudantechinus (Marsupialia : Dasyuridae): a
re-examination of the taxonomic status of Pseudantechinus roryi. Aust J Zool. 2018;65(4):240-7. https://doi.org/10.1071/z017059

PLOS One | https://doi.org/10.1371/journal.pone.0344097 March 9, 2026 171718



https://doi.org/10.1111/1755-0998.12428
http://www.ncbi.nlm.nih.gov/pubmed/25959493
https://doi.org/10.1186/1471-2164-11-434
http://www.ncbi.nlm.nih.gov/pubmed/20637073
https://doi.org/10.1093/nar/gkl842
http://www.ncbi.nlm.nih.gov/pubmed/17130148
https://doi.org/10.1038/nmeth.3869
http://www.ncbi.nlm.nih.gov/pubmed/27214047
https://doi.org/10.1038/nmeth.1923
http://www.ncbi.nlm.nih.gov/pubmed/22388286
https://doi.org/10.1186/s12859-017-1670-4
http://www.ncbi.nlm.nih.gov/pubmed/28486927
https://doi.org/10.1093/nar/25.17.3389
http://www.ncbi.nlm.nih.gov/pubmed/9254694
https://doi.org/10.1111/1755-0998.13450
http://www.ncbi.nlm.nih.gov/pubmed/34235858
https://doi.org/10.1371/journal.pone.0157505
http://www.ncbi.nlm.nih.gov/pubmed/27310720
https://doi.org/10.3897/mbmg.4.56959
https://doi.org/10.1111/mec.13660
http://www.ncbi.nlm.nih.gov/pubmed/27095076
https://doi.org/10.1111/1755-0998.12240
https://doi.org/10.1111/1755-0998.12240
https://doi.org/10.1002/mbo3.820
http://www.ncbi.nlm.nih.gov/pubmed/30829000
https://doi.org/10.1111/mec.14350
http://www.ncbi.nlm.nih.gov/pubmed/28921802
https://doi.org/10.1071/wr23134
https://doi.org/10.3897/mbmg.8.127959
https://doi.org/10.3897/mbmg.8.127959
https://doi.org/10.1128/AEM.01043-13
https://doi.org/10.1128/AEM.01043-13
http://www.ncbi.nlm.nih.gov/pubmed/23793624
https://doi.org/10.1111/j.1365-294X.2012.05550.x
https://doi.org/10.1111/j.1365-294X.2012.05550.x
http://www.ncbi.nlm.nih.gov/pubmed/22486822
https://doi.org/10.1111/1755-0998.13407
http://www.ncbi.nlm.nih.gov/pubmed/33905615
https://doi.org/10.1071/zo17059

PLO\S\% One

86. The AMTC Australian Mammal Species List. Version 4.2. 2024 [cited 2025 Apr 10]. Available from: https://australianmammals.org.au/publications/
amtc-species-list

87. Meusnier |, Singer GAC, Landry J-F, Hickey DA, Hebert PDN, Hajibabaei M. A universal DNA mini-barcode for biodiversity analysis. BMC Genom-
ics. 2008;9:214. https://doi.org/10.1186/1471-2164-9-214 PMID: 18474098

88. McKenzie NL, Archer M. Sminthopsis youngsoni (Marsupialia: Dasyuridae), the Lesser Hairy-footed Dunnart, a new species from arid Australia.
Australian Mammalogy. 1982;5(4):267—79. https://doi.org/10.1071/am82029

89. Dejean T, Valentini A, Miquel C, Taberlet P, Bellemain E, Miaud C. Improved detection of an alien invasive species through environ-
mental DNA barcoding: the example of the American bullfrogLithobates catesbeianus. J Appl Ecol. 2012;49(4):953-9. https://doi.
org/10.1111/j.1365-2664.2012.02171.x

90. Lopez-Oceja A, Gamarra D, Borragan S, Jiménez-Moreno S, de Pancorbo MM. New cyt b gene universal primer set for forensic analysis. Forensic
Sci Int Genet. 2016;23:159-65. https://doi.org/10.1016/j.fsigen.2016.05.001 PMID: 27206224

91. Lavery TH, Collett R, Fisher DO, Hoskin CJ, Rowland J. White-footed dunnarts (Sminthopsis leucopus) in Queensland’s Wet Tropics, with the
description of a new subspecies. Aust Mammal. 2022;45(1):77-90. https://doi.org/10.1071/am22002

92. Umbrello LS, Potter LC, Westerman M, Woolley PA. First record of Pseudantechinus macdonnellensis (Marsupialia: Dasyuridae) in the Kimberley
region of Western Australia. Aust Mammal. 2022;44(3):404—6. https://doi.org/10.1071/am21031

93. Scott CS, Webb MW, Fox RC. Horolodectes Sunae, An Enigmatic Mammal From The Late Paleocene Of Alberta, Canada. J Paleontol.
2006;80(5):1009-25. https://doi.org/10.1666/0022-3360(2006)80[1009:hsaemf]2.0.co;2

94. Alvarez-Castafieda ST, Cardenas N, Méndez L. Analysis of mammal remains from owl pellets (Tyto alba), in a suburban area in Baja California. J
Arid Environ. 2004;59(1):59-69. https://doi.org/10.1016/j.jaridenv.2004.01.009

95. Andrade A, de Menezes JFS, Monjeau A. Are owl pellets good estimators of prey abundance? J King Saud Univ Sci. 2016;28(3):239-44. https://
doi.org/10.1016/j.jksus.2015.10.007

96. Andrews P. Owls, caves and fossils: Predation, preservation and accumulation of small mammal bones in caves, with an analysis of the pleis-
tocene cave faunas from Westbury-Sub-Mendip, Somerset, UK/ Peter Andrews; with scanning electron microscopy by Jill Cook. Cook J, editor.
London: Natural History Museum Publications; 1990.

97. Yom-Tov Y, Wool D. Do the Contents of Barn Owl Pellets Accurately Represent the Proportion of Prey Species in the Field? The Condor.
1997;99(4):972. https://doi.org/10.2307/1370149

98. McDonald K, Burnett S, Robinson W. Utility of owl pellets for monitoring threatened mammal communities: an Australian case study. Wildlife Res.
2013;40(8):685-97. https://doi.org/10.1071/wr13041

PLOS One | https://doi.org/10.1371/journal.pone.0344097 March 9, 2026 18/18



https://australianmammals.org.au/publications/amtc-species-list
https://australianmammals.org.au/publications/amtc-species-list
https://doi.org/10.1186/1471-2164-9-214
http://www.ncbi.nlm.nih.gov/pubmed/18474098
https://doi.org/10.1071/am82029
https://doi.org/10.1111/j.1365-2664.2012.02171.x
https://doi.org/10.1111/j.1365-2664.2012.02171.x
https://doi.org/10.1016/j.fsigen.2016.05.001
http://www.ncbi.nlm.nih.gov/pubmed/27206224
https://doi.org/10.1071/am22002
https://doi.org/10.1071/am21031
https://doi.org/10.1666/0022-3360(2006)80[1009:hsaemf]2.0.co;2
https://doi.org/10.1016/j.jaridenv.2004.01.009
https://doi.org/10.1016/j.jksus.2015.10.007
https://doi.org/10.1016/j.jksus.2015.10.007
https://doi.org/10.2307/1370149
https://doi.org/10.1071/wr13041

