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Abstract
Tree hollows are essential for many vertebrate species, providing both nesting sites 
and shelter. Globally, old hollow-bearing trees are in decline resulting in many depend-
ent species being under threat. It is, therefore, imperative that vital hollow-bearing 
trees are preserved, but it is logistically difficult to rapidly determine which hollows 
are being used and by which taxa. Here, we investigate the efficacy of eDNA meta-
barcoding as a survey tool for vertebrate hollow users. We compared the identity 
and richness of hollow-inhabiting vertebrate taxa using eDNA metabarcoding of both 
sediment from the tree hollows, and material collected using roller swabs. Samples 
(n = 138) were collected from hollow-bearing tuart trees (Eucalyptus gomphocephala; 
N = 28), within both an urban remnant and a relatively undisturbed forested area of 
South-West Western Australia. We detected a wide range of vertebrate taxa, includ-
ing cryptic species such as the brush-tailed phascogale (Phascogale tapoatafa), while 
also providing ecologically informative data, such as hollow use by invasive Rainbow 
Lorikeet (Trichoglossus moluccanus) within the study areas. Our results showed vari-
ation in the species detected between methods, with the roller swab method de-
tecting a greater number of species and a higher mean species richness per sample 
than hollow sediment did. The species detected from both methods did not perfectly 
overlap, highlighting the value of using multiple methods or substrates to detect a 
greater number of taxa. Our results suggest eDNA metabarcoding from tree hollow 
samples offers a sensitive and resource-efficient method of monitoring vertebrate 
hollow users, if enough hollows are sampled. This provides not only a broad biodi-
versity assessment tool, but also an effective method for detecting taxa that may be 
elusive using other methods.
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1  |  INTRODUC TION

Tree hollows or cavities, providing nesting sites and shelter, are 
a vital habitat component worldwide for a range of vertebrate 
fauna including mammals, birds, reptiles, and amphibians (Cockle 
et al., 2011; van der Hoek et al., 2017). While some of these taxa 
(e.g., woodpeckers) are excavators capable of creating their own 
cavities, the vast majority of hollow users are non-excavators, 
using either pre-existing hollows constructed by excavator species 
or those formed through fungal decay and environmental damage 
(Cockle et al., 2011, 2012; Gibbons & Lindenmayer, 2002). Hollows 
suitable for many non-excavator species are, therefore, predomi-
nantly found in large, older trees due to these processes occurring 
over long periods—over 100 years in some eucalypt species (Gibbons 
et al., 2000; Lindenmayer et al., 2017; Wormington & Lamb, 1999). 
For this reason, non-excavator hollow-dependent species are highly 
vulnerable to disturbances that result in the loss of hollow-bearing 
trees (Gibbons & Lindenmayer, 2002).

Globally, anthropogenic activities such as urbanization, for-
estry, and agriculture have resulted in a decline in large, old, hollow-
bearing trees such that many hollow-dependent species are under 
threat (Gibbons & Lindenmayer,  2002; Mansfield et al.,  2017; van 
der Hoek et al., 2017). These threats are exacerbated by increased 
competition associated with limited availability of nesting hollows 
(Davis et al.,  2013; Newton,  1994). Retention forestry practices 
where key biodiversity structures within production forests such as 
hollow-bearing trees are retained have been shown to increase the 
abundance of hollow-dependent species (Gutzat & Dormann, 2018). 
Similarly, urban developments where remnant trees are preserved 
have been shown to have a higher number and total abundance of 
species present than where the trees are removed (Barth et al., 2015). 
For practices like these to be most effective, it is vital to know which 
taxa use, or have used, hollows in particular places across an environ-
ment and which trees are used by the widest diversity of taxa, allow-
ing for the identification of critical hollow-bearing trees. Effective 
management strategies can then be designed to preserve trees that 
will maximize the conservation of hollow-dependent species.

A number of methods are currently available to determine the 
ecological importance of hollow-bearing trees: physical inspection 
through climbing to the hollow or using a camera on a pole (e.g., 
Terry et al., 2021), camera traps, plus ground visual surveys, and tree 
characteristic analysis to estimate hollow presence. While physical 
inspection only provides data for a single point in time, camera traps 
provide useful insights into ongoing hollow use and the functional 
role of hollows (Cotsell & Vernes, 2016; Gregory et al., 2014). They 
also record more species than do physical inspection of hollows 
(Honey et al., 2021). However, their use in the monitoring of tree hol-
lows has some limitations. Camera traps involve a considerable time 
commitment, not only in the field through the installation of cameras 
in a complex environment, but also through the screening process 
of photographs which can be complicated by false triggers (Krauss 
et al.,  2018). Lower detections may also be seen in species with 
certain physiological (small, low body temperature) and behavioral 

(cryptic, slow-moving) traits (Glen et al.,  2013; Paull et al.,  2012; 
Zylstra et al.,  2010). Therefore, while data retrieved from camera 
trap surveys may be highly beneficial, where long-term monitoring is 
inappropriate, a method to assess tree hollows rapidly is needed to 
identify biodiversity in hollows and contribute to the conservation 
of hollow-dependent species.

The current methods used to determine the ecological impor-
tance of these trees (i.e., ground visual surveys and tree charac-
teristic analysis) often make assumptions about which trees and 
hollows could be used by various taxa, based on certain tree char-
acteristics (e.g., abundance of hollows, hollow characteristics, and 
width at breast height). This is fraught with uncertainty as not only 
can animals exhibit strong preferences for hollows with particular 
characteristics (Goldingay, 2009, 2012; Stojanovic et al., 2020) but 
many individuals commonly use multiple hollows (Goldingay, 2012). 
Ground surveys can both over and underestimate tree hollow avail-
ability (Stojanovic et al., 2012). Furthermore, unless the dimensions 
of hollows can be measured directly to determine if they exhibit ap-
propriate characteristics for particular species, hollows seen from 
the ground may in fact be unsuitable habitats (Cockle et al., 2010; 
Stojanovic et al., 2020). As counting hollows or characterizing trees 
does not accurately inform surveyors of the taxa using hollows, when 
used in the development of conservation actions targeting highly 
specialized species, the potential for error may result in inappropri-
ate management strategies (Fedrowitz et al., 2014; Koch, 2008).

With the demand for more effective biomonitoring, new tech-
nologies have been developed to expand the survey toolkit. The 
analysis of environmental DNA (eDNA) has been used to resolve 
many ecological questions related to biodiversity, diet, the detection 
of invasive and cryptic species, and population analysis (Bohmann 
et al.,  2014; Creer et al.,  2016; Fernandes et al.,  2018; Taberlet 
et al., 2012). eDNA metabarcoding is the process of sequencing a 
taxonomically informative genomic region, isolated from DNA that 
has been extracted from environmental samples (e.g., water, soil, 
and air; Taberlet et al., 2012). This technique has several benefits, 
including the ability to gather data quickly that can be audited by 
third parties (Ji et al., 2013), reduce reliance on specialist taxonomic 
or biological expertise, increase the ability to sample in complex 
and even inhospitable environments, increase the range of biodi-
versity detected, including elusive species, and reduce labor costs 
(Bohmann et al., 2014).

The recovery of eDNA within a sampling location is dependent 
on the rate it is deposited and its persistence in the environment 
(Barnes & Turner,  2016). When animals interact with their envi-
ronment, such as tree hollows, they inadvertently deposit DNA. 
However, deposition rates differ among taxa due to variations such 
as biomass, seasonal activity, shedding rate, and behavior (Andersen 
et al., 2012; Barnes & Turner, 2016; Klymus et al., 2015; Kucherenko 
et al., 2018). In terrestrial systems, due to limited dispersal capabil-
ities, DNA is more likely to be detected in locations where a spe-
cies has spent enough time to deposit recoverable quantities of 
genetic material (Burns et al., 2020). However, once deposited, the 
persistence of DNA is dependent on a variety of factors that can 
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affect the rate of DNA decay such as temperature, UV, substrate 
type, pH, and microbial activity. Accordingly, the use of multiple 
substrates and the selection of sampling locations needs to be 
carefully considered to increase the chances of accurately detect-
ing diversity (Dickie et al., 2018; van der Heyde et al., 2020). Tree 
hollows have the potential to provide an ideal environment to de-
tect eDNA as they have many characteristics likely to reduce DNA 
decay and increase the probability of species detection. Hollow use 
is commonly long-term (e.g., nesting), and animal movement within 
hollows is restricted, likely contributing to an increase in the depo-
sition of DNA (Kucherenko et al., 2018). The internal conditions that 
make hollows highly desirable to many species, such as lower ambi-
ent temperature, reduced light and shelter from rainfall (Gibbons & 
Lindenmayer, 2002) are also likely to reduce the rate of DNA decay.

Our study area was the southwest of Western Australia (SWWA). 
Native vegetation in SWWA suffers from habitat fragmentation and 
diverse levels of disturbance, from largely cleared urban areas, to 
national parks containing areas of old-growth forest. This in turn 
has impacted the taxon richness and community structure of verte-
brate hollow users throughout this area (Ruthrof et al., 2002). Tuarts 
(Eucalyptus gomphocephala) are an endemic tree species restricted to 
a 400 km long belt along the Swan Coastal Plan in SWWA (Keighery 
et al.,  2002). Occurring in both woodland and open forest, tuarts 
range in height from 10–15 m in their northern distribution to up to 
40 m in a unique tall open forest at their southern extent (Keighery 
et al., 2002). They are known to support substantial populations of 
hollow-dependent species, including the critically endangered west-
ern ringtail possum (Pseudocheirus occidentalis) and the threatened 
Carnaby's Black-Cockatoo (Calyptorhynchus latirostris; Anderson 
et al., 2019; Boland et al., 2006; Dell et al., 2002). However, since 
European colonization, the tuart's range has been reduced to <35% 
of its original distribution, predominantly due to urbanization and 
agriculture (Tuart Response Group, 2003).

In this study, we investigate the use of eDNA metabarcoding as 
a survey tool for vertebrate hollow users. We compared the iden-
tity and richness of hollow-inhabiting vertebrate taxa using eDNA 
metabarcoding of hollow substrate collected in two ways—sediment 
collected directly, and a relatively easier and faster, roller swab 
method. We further evaluated survey design options by testing the 
relationship between the number of trees sampled and taxon rich-
ness detected. The ultimate aim of this work is to inform decision-
making for the application of eDNA metabarcoding surveys of 
vertebrates that use hollows.

2  |  METHODS

2.1  |  Study sites and sample collection

Samples were collected between September 2020 and January 
2021 from a total of 28 tuart trees, including 14 trees from two sites 
in the Tuart Forest National Park, Ludlow (hollows = 37, total sam-
ples = 58, roller = 37, sediment = 21), and 14 trees from two urban 

remnants within the City of Perth, Kings Park and Bold Park (hol-
lows = 56, total samples = 80, roller = 56, sediment = 24; Figure 1).

At each site, seven hollow-bearing trees were chosen due to 
their accessibility and likelihood of containing at least one poten-
tial hollow based on visual surveys, resulting in a total of 93 hol-
lows sampled. Within the urban remnants of Kings Park (September/
November 2020) and Bold Park (December 2020), an elevated 
work platform was used to access tree hollows. Single rope access 
techniques were used to access trees in the Tuart Forest National 
Park (January 2021). For all hollows (n = 93), a roller swab sample, 
adapted from Valentin et al. (2020), was taken using a 40 mm polyes-
ter roller dampened with distilled water and stored in a zip lock bag. 
Prior to sampling, each hollow was inspected, and if an animal was 
present, only the opening and immediate inside walls were swabbed. 
For all other hollows, the opening, inside walls, and across the hol-
low floor were all sampled. Where hollow sediment was present and 
accessible (n = 45), a 50-ml sterile container was used to collect sur-
face sediment randomly from multiple locations across each hollow 
floor, creating one bulk sediment sample per hollow. Care was taken 
not to sample sediment disturbed by the roller sampling. Samples 
were then stored on ice, frozen within 48 h of sampling, and stored 
at −18°C prior to extraction. Visual vertebrate activity was also re-
corded (e.g., animal present, feathers, fur, and eggs). Finally, the lo-
cation, height to hollow opening, hollow opening diameter, depth of 
hollow, and tree width at breast height were recorded.

To prevent contamination of samples, sterile gloves were worn 
during sampling and single-use disposable, pre-sterilized collection 
containers were used. Single-use polyester rollers were decontam-
inated prior to use by submerging in a 10% bleach solution (made 
using White King Premium Bleach, ~5% sodium hypochlorite) for a 
minimum of 10 min before being thoroughly rinsed with purified dis-
tilled water and UV-sterilized for a further 10 min. All multi-use field 
sampling equipment such as roller frames was decontaminated on-
site prior to use by submerging in 100% bleach (White King Premium 
Bleach, ~5% sodium hypochlorite) for a minimum of 10 min before 
being thoroughly rinsed with distilled water. Multi-use equipment 
was also swabbed prior to use before being preserved and processed 
in the same way as field samples as a negative control allowing for 
the detection of possible contamination of samples.

2.2  |  Sample processing and DNA extraction

Sample processing and extraction was undertaken in dedi-
cated laboratories at the Trace & Environmental DNA (TrEnD) 
Laboratory, Curtin University, Perth, Western Australia. Each in-
dividual roller swab was placed in a plastic container decontami-
nated with 10% bleach solution as outlined above, covered with 
purified distilled water (~500 ml) for 10 min and manually agitated 
twice for 30 s at 5-min intervals. Water samples were then individ-
ually filtered across Pall 0.45 μm GN-6 Metricel® mixed cellulose 
ester membranes using a peristaltic Pall Sentino® Microbiology 
pump (Pall Corporation, Port, WA, USA) and frozen at −18°C prior 
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to extraction. DNA was extracted from half of the filter membrane 
using a DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany), 
with the following modifications to the standard protocol: 60 μl 
of Proteinase K, 540 μl of ATL lysis buffer and a 17-h digestion at 
56°C. Sediment samples were manually shaken for 30 s to homog-
enize and DNA extracted from 0.25 g of sample using a DNeasy 
PowerLyzer PowerSoil Kit (Qiagen) following the manufacturer's 
instructions. Blank extraction controls (n  =  6) containing rea-
gents only were processed concurrently with samples to detect 
any cross-contamination, and eDNA extracts were then stored at 
−18°C.

2.3  |  Assessment of DNA extracts

In silico studies were conducted using DNA sequences from the 12S 
and 16S rRNA marker regions (Othman et al., 2021) to identify the 
assay able to amplify the widest range of vertebrate taxa in the study 
region. The primer set 12S-V5 F2/R2 (Riaz et al., 2011), previously 
used to successfully amplify vertebrate taxa within the study region 
(Ryan et al.,  2022; Van Der Heyde et al.,  2020, 2021), was broad 
enough to amplify avian, mammalian and reptilian DNA, and short 

enough to pick up degraded DNA. As such, we amplified DNA with 
the general vertebrate primer 12S-V5 (Riaz et al., 2011), designed to 
amplify a 98 bp fragment which includes the V5 variable region of the 
12S rRNA gene with the primers F2 (5′-TAGAACAGGCTCCTCTAG-3′) 
and R2 (5′-TTAGATACCCCACTATGC-3′).

Quantitative PCR (qPCR) was used to assess the quality and 
quantity of DNA in the extracts, as well as potential inhibition to de-
termine the optimal dilution level of DNA input (Murray et al., 2015). 
All qPCR reactions were prepared in dedicated clean rooms at the 
TrEnD Laboratories and performed on a StepOnePlusTM Real-Time 
PCR system (Applied Biosystems, Massachusetts, USA). Reaction 
volumes totaled 25 μl containing 1× PCR Gold buffer (Applied 
Biosystems), 2.5 mM MgCl2 (Applied Biosystems), 0.4 mg/ml BSA 
(Fisher Biotec, Australia), 0.25 mM of each dNTPs (Astral Scientific 
Australia), 0.4 μM forward and reverse primer, 1 U AmpliTaq Gold 
(Applied Biosystems), 0.6 μl SYBR Green (Life Technologies, USA), 
and 2 μl of template eDNA (3 PCR reactions per extract at Neat, 
1:10, and 1:100 dilutions). The cycling conditions were initial dena-
turation for 5  min at 95°C, followed by 50 cycles of 30 s at 95°C, 
then 30 s at the annealing temperature of 60°C, and 45 s at 72°C, 
ending with 10 min of elongation at 72°C. For each qPCR run, a non-
template control (reagents only) and positive control (Gallus gallus, 

F I G U R E  1  Map of two study sites in South-West Western Australia. Photographs show Perth City urban remnant bushland (a), the Tuart 
National Park, Ludlow (b) and hollows containing a pair of Rainbow Lorikeets (c) and ringtail possum (d; credit S. Cherriman)

(a)

(b)

(c)

(d)
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100 ng) were used to detect contamination and to ensure primers 
attached to DNA strands.

2.4  |  DNA amplification

Samples containing a sufficient quantity of amplifiable DNA (n = 76; 
Table  S1) were assigned a unique 6–8 bp multiplex identifier tag 
(MID tag), 12S-V5 specific primers and Illumina sequencing adap-
tors. The unique combinations of MID tag (fusion) primers were then 
used in qPCR which was prepared in a physically separate ultra-clean 
laboratory with 4 μl of template eDNA for reaction volumes totaling 
27 μl, which contained the same reagents, controls, and cycling con-
ditions described above. A single-step fusion protocol was used with 
no reuse of index combinations. MID-tag amplicons were gener-
ated in duplicate to reduce the effects of PCR stochasticity (Murray 
et al., 2015) and combined before being pooled with other MID-tag 
amplicons (i.e., minipool) according to qPCR ΔRn values. Minipool 
concentrations (ng/μl) were quantified using a QiAxcel Advanced 
System (Qiagen, Hilden, Germany) before being combined in ap-
proximate equimolar ratios based on this quantification to create a 
DNA sequencing library which also contained one unrelated project. 
Amplicons in this library were size selected to 150–300 bp using a 
PippinPrep 2% ethidium bromide cassette (Sage Science, Beverly, 
MA, USA), purified using a QIAquick PCR Purification Kit (Qiagen, 
Hilden, Germany), and re-quantified using a Qubit Fluorometer 
(Invitrogen, Carlsbad, CA, USA). Sequencing was then undertaken 
on an Illumina MiSeq platform (Illumina, San Diego, CA, USA) using 
a single lane flow cell as per Illumina protocols for single-end se-
quencing (MiSeq® v2 Reagent Kit 300 Cycles PE), with a final library 
molarity of 6 pM containing 7% PhiX.

2.5  |  Sequence analysis (filtering and taxonomic 
assignment)

Conservative filtering steps were employed while also attempt-
ing to retain as much of the “true” eDNA diversity as possible. All 
sequence filtering, ZOTU formation, and taxonomic assignment 
were conducted utilizing the eDNAFlow bioinformatics pipeline 
(Mousavi-Derazmahalleh et al., 2021) via Zeus, an SGI cluster, based 
at the Pawsey Supercomputing Centre in Kensington, Western 
Australia. Sequence reads were quality checked using FASTQC 
(Andrews, 2010) and quality filtered (Phred quality score < 20), in-
cluding trimming sequences with Ns as implemented in eDNAFlow 
source code by --trimns & --trimqualities employing AdapterRemoval 
v2 (Schubert et al.,  2016). Demultiplexing with obitools (ngsfilter; 
Boyer et al., 2016) and sequences under 60 bp removed (obigrep). 
Dereplication and the creation of zero-radius operational taxo-
nomic units (ZOTUs; min sequence abundance = 4) and ZOTU ta-
bles were then undertaken using the USEARCH unoise3 algorithm 
(Edgar,  2016). The ZOTUs were queried using BLASTN (Altschul 
et al.,  1990) against NCBI's GenBank nucleotide database using 

the following parameters: % identity ≥ 95, evalue ≤ 1e−3, % query 
cover 97, max target sequences = 10. Erroneous ZOTUs derived by 
high-throughput sequencing were identified and removed using the 
post clustering curation method LULU with the minimum threshold 
of sequence similarity at 95% (Frøslev et al., 2017). Finally, curated 
ZOTUs were taxonomically assigned by the lowest common ances-
tor (LCA) approach using eDNAFlow custom python script (Mousavi-
Derazmahalleh et al., 2021), with taxonomic assignment collapsed to 
the LCA if the percent identity of two hits with 97% query cover and 
95% identity, differed by <1% (Table S2).

Further sample filtering was performed in R v.4.0.2 (R 
Core Team,  2018) using the “phyloseq” package (McMurdie & 
Holmes,  2013). To mitigate against cross-contamination and false 
positives, analysis of contamination present in negative controls, and 
rarefaction curve (Figure S1), resulted in taxa with sequence counts 
fewer than 3 and samples with low sequencing depth (<50 reads), 
being removed. Following this, sequences present in negative/ex-
traction controls, taxa not known to inhabit or interact with hollows 
or be the prey of those that may, common PCR contaminants (e.g., 
human, and ungulate sequences) and taxonomic assignments higher 
than family level were removed from the dataset.

Taxonomic assignments were then corrected based on existing 
species distribution data for each site. Species Red-Collared Lorikeet 
(Trichoglossus rubritorquis), short-eared possum (Trichosurus caninus) 
and New Zealand Fantail (Rhipidura fuliginosa), which are not known 
to occur within SWWA, were reassigned to local taxa Rainbow 
Lorikeet (Trichoglossus moluccanus), brushtail possum (Trichosurus 
vulpecula), and Gray Fantail (Rhipidura albiscapa), respectively. 
The genus Tadorna and family Pseudocheiridae were reassigned 
to Australian Shelduck (Tadorna tadornoides) and western ringtail 
possum (Pseudocheirus occidentalis), respectively, due to these taxa 
containing only a single species in SWWA. The family Strigidae was 
reassigned to genus Ninox again due to known species distributions; 
however, this could not be assigned to a lower level as two Ninox 
species are known to occur within the SWWA. The Malayan field 
rat (Rattus tiomanicus) and Himalayan field rat (Rattus nitidus) were 
downgraded to genus level, due to species distributions outside of 
the study area. ZOTUs with multiple possible assignments were left 
at the closest taxonomic level and labeled “sp.” Of these, Pstittacidae 
sp was reassigned to Psittaculidae sp in line with species distribution 
data.

2.6  |  Statistical analysis

All statistical analyses were performed using R v.4.0.2 (R Core 
Team,  2018). Initially, the Shannon diversity index was used to 
calculate the ZOTU richness for each substrate (sediment and 
roller swabs) from hollows from which both sediment and roller 
swab samples were collected (n = 17) and the difference between 
substrates tested using a paired samples Wilcoxon test. Total fil-
tered hollow data were also merged into tree samples (N = 23) and 
used to calculate the ZOTU richness at both sites (urban remnant 
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and National Park), again using the Shannon diversity index, with 
differences between sites tested with a Wilcoxon test. For both 
datasets (sites and substrates), differences in community com-
position were tested by first converting data into a presence–
absence matrix which included species and the samples in which 
they were detected. A Jaccard dissimilarity matrix was then cal-
culated between samples, and a permutational analysis of vari-
ance (PERMANOVA) with 999 permutations was used to assess 
differences in community composition between sites (merged tree 
sites dataset; N = 23) and the effect of substrate, site, and their 
interaction (hollow substrate dataset; n  =  17) using the R pack-
age “vegan” v.2.5–7 (Okasen, 2019). A pairwise PERMINOVA with 
999 permutations was then run between all individual sample 
sites (n = 4) to determine whether significant differences in com-
munity composition were due to differences in individual sample 
sites, using the “pairwise. Adonis” function in the “vegan” pack-
age v.2.5–7 (Okasen, 2019), with p values adjusted using the BH 
method (Benjamini & Hochberg,  1995). Results were visualized 
using nonmetric multidimensional scaling (NMDS) again using the 
R package “vegan” v.2.5–7 (Okasen,  2019). Species associations 
between sites were then accomplished using the “indicspecies” 
package v.1.7.9 (De Caceres et al.,  2016) on presence–absence 
data with 999 permutations. Finally, species accumulation curves 
were calculated using the number of ZOTUs and tree samples, 
between urban remnant and National Park sites using the “ac-
cumcomp” function in the “BiodiversityR” package v.2.14–1 (Kindt 
& Coe, 2005) and all data were visualized using the package “gg-
plot2” v.3.3.5 (Wickham, 2016).

3  |  RESULTS

The 12S-V5 assay generated a total of 4,288,734 metabarcod-
ing sequences of which 3,112,527 remained after quality filtering 
(mean = 40,422; SE = 3473). Contamination was observed in field 
negative controls (Trichoglossus moluccanus, Homo sapiens, and 
Canis lupus familiaris) as well as in the filtration and extraction con-
trols (Homo sapiens, Eolophus roseicapilla) and PCR-negative con-
trols (Rattus sp). Within samples, common ungulate contaminates 
(Bos taurus, Ovis sp, and Sus scrofa) were detected likely due to lab 
reagents (e.g., BSA), as well as other species not known to inhabit 
or interact with hollows or be the prey of those that do including 
human (Homo sapiens), dog (Canis lupus familiaris), fish (Coptodon zil-
lii), and kangaroo (Macropus fuliginosus). After filtering applications, 
the sole contaminant remaining was Rainbow Lorikeet (Trichoglossus 
moluccanus), detected within one field negative control (Kings Park, 
tree 7, negative control). Accordingly, all Kings Park, tree 7, roller 
swab samples were considered affected and all Rainbow Lorikeet 
(Trichoglossus moluccanus) ZOTUs detected within these samples 
were removed prior to further analysis. Due to the use of extensive 
field and laboratory negative controls, it was considered appropri-
ate for all other Rainbow Lorikeet (Trichoglossus moluccanus) detec-
tions to be kept within the dataset. In total, 56% of the 138 samples 

collected amplified successfully and were used for further analysis. 
This included 58% of roller swabs (n = 54) and 51% of sediment sam-
ples (n = 23). Four trees failed to amplify any taxa resulting in a total 
of 13 trees from urban remnants and 11 from National Park used for 
further analysis. After curation, the final dataset included 34 ver-
tebrate species including 10 mammals, 24 birds, and no reptiles or 
amphibians, with 18 ZOTUs assigned to species, 5 to genus, and 11 
to family.

3.1  |  Substrate diversity and richness

When directly comparing hollows that contained both sediment 
and roller swab samples that successfully amplified taxa (n = 17), 
a paired samples Wilcoxon test (α = 0.05) showed ZOTU richness 
of roller swab samples to be significantly higher compared with 
sediment samples (𝑝 = 0.008; Figure 2). A PERMANOVA (α = 0.05) 
showed no significant interaction between sample type and sites 
(F = 0.611, df = 1, R2 = 0.015, 𝑝 = 0.815). Community composition 
was significantly difference between sediment and roller swab 
samples (F = 2.196, df = 1, R2 = 0.053, p = 0.033) and between 
sites (F = 4.845, df = 1, R2 = 0.116, 𝑝 = 0.001; Figure S2). Pairwise 
comparison showed a significant difference between urban rem-
nant samples sites and National Park sample sites only (Table S3). 
Within the 17 hollows, 20 taxa were recovered, 12 of which were 
detected in both substrate types. Roller samples successfully re-
covered 19 taxa including 15 birds and 4 mammals, and sediment 

F I G U R E  2  Box plot showing observed ZOTU richness between 
sediment and roller swab substrates detected within hollow 
samples for urban remnant and National Park study sites that 
contained both sediment and roller swab samples and successfully 
amplified taxa (n = 17). Overlaid points for individual samples
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samples recovered 13 taxa including 10 birds and 3 mammals 
(Figure 3).

When comparing all samples (sediment = 24, roller swabs = 52), 
eDNA metabarcoding of roller samples detected a greater number 
of ZOTUs compared with sediment samples with 31 and 17 ZOTUs, 
respectively. Where eDNA metabarcoding of sediment detected a 
ZOTU within a hollow, rollers successfully detected the same ZOTU 
on 14 out of 17 instances (82%), while eDNA metabarcoding of sedi-
ment was only able to detect 14 out of 31 ZOTUs that were detected 
by rollers (45%). Of the 34 vertebrate species detected, 14 were de-
tected within both substrates, 17 in roller swab samples only and 3 
detected in sediment samples only (Figure 3).

3.2  |  Hollow detection verifications

At the time of sampling, 15 hollows were identified as having 
positive vertebrate activity (e.g., animal present, feathers, fur, and 
eggs) totaling 17 visual detections due to two hollows showing 
signs of multiple species activity. Of these, eDNA metabarcoding 
provided 10 positive detections resulting in a 62% success rate when 

F I G U R E  3  Total species detected from sediment (n = 24) and roller swab substrates (n = 53). Numbers in parentheses represent number 
of hollows where ZOTUs were detected (sediment, roller). Where ZOTUs had multiple possible assignments, the higher taxonomic order was 
retained and labeled “sp.” Red names indicate species detected within hollows from both sediment and roller swabs (n = 17); blue names 
represent remaining taxa detected from a single substrate type

Duck (1,4)
( sp)

Galah (4,22)
(Eolophus roseicapilla)

Sediment Roller Swab

Rainbow Lorikeet (7,35)
(Trichoglossus moluccanus)

Brushtail possum (2,7)
(Trichosurus vulpecula)

Rat 1 (14,12)
( sp 1)

Laughing Kookaburra (1,8)
(Dacelo novaeguineae)

Boobook (2,1)
(Ninox sp)

Black Cockatoo (2)
(Zanda sp)

Western corella (2,12)
( )

(Turnix varia)

Spoonbill (2)
(Platalea sp)

Sacred Kingfisher (1)
(Todiramphus sanctus vagans)

Honeyeater 3 (1)
(Meliphagidae sp 3)

Parrot 3 (1,3)
( sp 3)

Australian Shelduck (2,6)
(Tadorna tadornoides)

Grey Fantail (1)
(Rhipidura albiscapa)

Australian Wren (2)
(Malurus sp)

Brush-tailed phascogale (1)
(Phascogale tapoatafa)

House mouse (1)
(Mus musculus)

Rabbit (1)
(Oryctolagus cuniculus)

(Chalinolobus gouldii)

Honeyeater 1 (4,1)
(Meliphagidae sp 1)

Honeyeater 2 (1)
(Meliphagidae sp 2)

Barn Owl (1)
(Tyto alba)

Micro-bat (1)
( sp)

Rat 2 (4,4)
( sp 2)

Striated Pardalote (1,1)
(Pardalotus striatus)

Straw-necked Ibis (1)
(Threskiornis spinicollis)

Bird of prey (1)
(Accipitridae sp)

Western ringtail possum (5)
(Pseudocheirus occidentalis)

Goulds long-eared bat (1)
(Nyctophilus gouldi)

Parrot 2 (6)
( sp 2)

Parrot 1 (3)
( sp 1)

Robin (1)
(Petroicidae sp)

F I G U R E  4  Nonmetric multidimensional scaling (NMDS) 
ordination of a presence–absence matrix of species detected in 
each tree sampled (stress = 0.167, dissimilarity matrix = Jaccard)
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considering individual hollows. However, under the assumption that 
species interacting with trees may interact with multiple hollows, 
when total taxa detected per tree is used, the increase in hollows 
resulted in all taxa besides reptiles being detected (88% detection 
rate). For hollows where bird species were present and only roller 
swab sample of the hollow opening was taken (n = 3), we were still 
able to detect the species within the hollow.

3.3  |  Site comparison

A Wilcoxon rank-sum test (α = 0.05) found no significant difference 
in the ZOTU richness between urban remnants and National Park 
sites (W1 = 42, 𝑝 = 0.143), with mean ZOTU richness of 4.1 (+/− 0.5) 
and 6.3 (+/− 1.1), respectively. However, a PERMANOVA detected a 
significant difference in the species composition between urban rem-
nants and National Park sites (F = 4.144, df = 1, R2 = 0.164, 𝑝 = 0.002). 
Pairwise comparison showed a significant difference between urban 
remnant sample sites and National Park sample sites only (Table S4). 
Through NMDS ordination (stress = 0.158), clear spatial separation 
could be seen (Figure 4) and eight significant indicator species were 
detected (Table  1). The bird indicator taxon Psittaculidae sp. (Old 
World Parrots) could not be assigned to species level.

Of the 34 vertebrate species recovered, 11 were detected in 
both urban remnant and National Park environments; the number of 
species detections were higher in National Park than urban remnant 
sites (Figure 5). Of these species, 23 are confirmed hollow users, 3 
are potential prey species, and 8 non-hollow-using birds. Of the prey 
species, only the Painted Button Quail (Turnix varia) was identified 
within hollows that also contained potential predator DNA (Ninox 
sp, Trichosurus vulpecula, Accipitridae sp). All but two of the 14 sam-
ples that detected non-hollow-using birds were roller swab samples. 
Richness did not level off for either site as the number of samples 
increased (Figure 6).

4  |  DISCUSSION

We have demonstrated that eDNA metabarcoding can be used as a 
survey tool for vertebrate hollow users. In this study, we detected 
common (e.g., Eolophus roseicapilla) and cryptic (e.g., Phascogale 
tapoatafa) vertebrate species from hollows that would have been 
difficult to survey using conventional techniques. Our data indicate 

that a relatively easy and rapid roller sampling technique worked 
best, but sampling multiple substrates and many trees will increase 
the number of vertebrate hollow users detected. As novel applica-
tions of eDNA metabarcoding for biodiversity assessment are identi-
fied, it is critical that the many factors affecting biodiversity profiles, 
including substrate type, sampling method, and sample number, are 
examined.

4.1  |  Substrate evaluation

Roller swabs detected a greater number of species with higher mean 
ZOTU richness per sample than did sediment taken from within 
tree hollows. While sediment within tree hollows is sheltered from 
environmental factors that can degrade or disperse DNA such as 
high temperatures (Strickler et al., 2015), UV (Ravanat et al., 2001; 
Strickler et al., 2015), and rainfall (Lee et al., 2019), the composition 
of sediment samples may impact extraction efficiency and PCR am-
plification. For example, hollow sediment is high in organic matter, 
in particular humic substances. Humic acids, even at small amounts, 
inhibit Taq polymerase activity, a vital enzyme for PCR amplification 
(Tebbe & Vahjen,  1993; Tsai & Olson,  1992). While multiple steps 
were taken to reduce the effects of PCR inhibition (i.e., soil specific 
extraction kit with inhibitor removal technology, and sample screen-
ing to determine appropriate working dilutions containing sufficient 
DNA free of inhibition), further DNA extract purification steps may 
increase the ZOTU richness detected in sediment samples.

Another major benefit of roller swab samples is that they could 
be collected from all hollows, while sediment was only present or ac-
cessible in 47% of hollows. However, the species detected by roller 
swabs did not perfectly overlap with the species detected in sedi-
ment samples, with significant differences in community composi-
tion seen and 9% of species only detected within sediment, including 
the cryptic brush-tailed phascogale (P. tapoatafa). This supports the 
findings of previous studies, which show that substrate choice can 
have an effect on taxa detected, with different substrates demon-
strating different species diversity (e.g., van der Heyde et al., 2020). 
If the intent is to capture total vertebrate hollow user diversity, col-
lecting samples from multiple substrate types is likely to increase the 
number of taxa detected.

While this study suggests that eDNA metabarcoding of samples 
from tree hollows is a useful vertebrate survey tool, it also indicates 
that eDNA metabarcoding data should always be interpreted in the 

Site status Species Common name Stat p Value

Urban 
remnant

Eolophus roseicapilla
Trichoglossus moluccanus
Cacatua pastinator

Galah
Rainbow Lorikeet
Western Corella

0.609
0.544
0.329

<0.001
<0.001
0.011

National Park Tadorna tadornoides
Trichosurus vulpecula
Psittaculidae sp
Pseudocheirus occidentalis
Psittaculidae sp

Australian Shelduck
Brushtail possum
Parrot species
Western ringtail possum
Parrot species

0.400
0.359
0.340
0.307
0.272

<0.001
0.004
0.003
0.003
0.024

TA B L E  1  Indicator value analysis of 
ZOTUs indicating significant (p < 0.05) 
species-specific characterization between 
urban remnant and National Park sites
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context of substrate sampled and sampling location. For example, 
roller swabs identified a proportion of non-hollow users (e.g., hone-
yeaters), which may have only interacted with the hollow entrance, 
or taken refuge in the hollow for short periods of time, and very 
infrequently. A further consideration is that eDNA metabarcoding of 
hollow samples may detect species that are no longer using this hab-
itat. eDNA metabarcoding of soil has shown that while only recently 
present species can be detected in surface samples, species absent 
from a zoo enclosure for 6 years were detected at a depth of 10 cm 
(Andersen et al., 2012). Therefore, if the survey aim is to detect re-
cent users of a hollow, only surface sediment should be sampled, 
with the depth to be determined by further research.

4.2  |  Reducing false negatives and poor resolution 
assignments

Although the 12S-V5 assay detected many ZOTUs, and from a broad 
range of species, it did not detect all taxa known to occur at the study 

sites; taxa observed visually during sample collection, or all ZOTUs 
to species-level resolution. In our study system, collecting samples 
from additional trees and hollows is likely to have increased the num-
ber of species detected. The inclusion of multiple assays targeting 
different loci (Alberdi et al., 2018), the development of new assays 
(Langlois et al.,  2021), and the completion of reference databases 
(Dormontt et al., 2018; Margaryan et al., 2021) would also reduce 
false negatives and poor resolution assignments. While universal 
assays such as 12S-V5 have been used on eDNA extracted from a 
variety of substrates including scat (van der Heyde et al., 2021), soil 
(van der Heyde et al., 2020), water (Klymus et al., 2017), and carrion 
flies' gut contents (Rodgers et al., 2017), our data show that when 
the objective is to detect as many species as possible, they may not 
be fit for purpose. However, they may be valuable as an initial as-
sessment tool to identify the taxonomic families present, which can 
then be targeted with refined assays where finer taxonomic reso-
lution is necessary. For example, the inability to identify multiple 
birds to species level, including the important indicator taxon the 
Psittaculidae, a family containing Old World Parrots of which there 

F I G U R E  5  Species detected within urban remnant (N = 12) and National Park (N = 11) tree samples. Numbers in parenthesis represent 
number of trees where a ZOTU was detected (urban remnant, National Park). Where a ZOTUs had multiple possible assignments, the higher 
taxonomic order was retained and labeled “sp.” Colors of names denote possible hollow interaction (red: Known hollow user, green: Non-
hollow-using bird, and blue: Possible prey species)

Grey Fantail (1)
(Rhipidura albiscapa)

Parrot 2 (5)
( sp 2)

Honeyeater 3 (1)
(Meliphagidae sp 3)

Parrot 3 (3)
( sp 3)

Honeyeater 2 (1)
(Meliphagidae sp 2) (Turnix varia)

Duck (2,1)
( sp)

Galah (10)
(Eolophus roseicapilla)

Barn Owl (1)
(Tyto alba)

Rabbit (1)
(Oryctolagus cuniculus)

(Chalinolobus gouldii)
Striated Pardalote (1,1)

(Pardalotus striatus)

Urban remnant

Rainbow Lorikeet (10,4)
(Trichoglossus moluccanus) Rat 1 (6,9)

( sp 1)

Laughing Kookaburra (4,4)
(Dacelo novaeguineae)

Boobook (1,2)
(Ninox sp)

Honeyeater 1 (3,1)
(Meliphagidae sp 1)

Black Cockatoo (1,1)
(Zanda sp)

Western Corella (4,1)
( )

Spoonbill (2)
(Platalea sp)

Parrot 1 (3)
( sp 1)

Brushtail possum (1,5)
(Trichosurus vulpecula)

Australian wren (2)
(Malurus sp)

Goulds long-eared bat (1)
(Nyctophilus gouldi)

Brush-tailed phascogale (1)
(Phascogale tapoatafa)

Australian Shelduck (5)
(Tadorna tadornoides)

House mouse (1)
(Mus musculus)

Sacred Kingfisher (1)
(Todiramphus sanctus vagans)

Western ringtail possum (4)
(Pseudocheirus occidentalis)

Straw-necked Ibis (1)
(Threskiornis spinicollis)

Robin (1)
(Petroicidae sp)

Bird of prey (1)
(Accipitridae sp)

Rat 2 (2,4)
( sp 2)

Micro-bat (1)
( sp)
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are eight potential species within the study region, highlights the 
need for the development of an assay able to distinguish a greater 
number of avian ZOTUs to species level. Similarly, as the DNA depo-
sition rate of reptiles is considered much lower compared with other 
vertebrates (Adams et al., 2019; West et al., 2021), the inability to 
detect reptile DNA may be due to the preferential amplification of 
taxa with more abundant DNA within samples. Therefore, a reptile-
specific assay may increase the ability to detect their DNA within 
hollows. Primer binding site mutations are another possible expla-
nation for failure to detect taxa (Freeland, 2017), especially reptiles 
given they show a greater number of mismatches than other taxa 
for the 12S-V5 primers (Riaz et al., 2011). Incomplete databases and 
poorly performing assays are longstanding issues of eDNA-based 
biodiversity surveys (Fernandes et al., 2018), and they are likely to 
become more prevalent as studies are conducted in new ecosystems 
and on an ever-wider range of taxa.

4.3  |  eDNA metabarcoding surveys of tree 
hollows provide important information for 
ecosystem management

While not an objective of this study, we detected significant 
differences in vertebrate hollow user diversity and assemblages 
between urban remnants and National Parks with our eDNA 
metabarcoding survey, providing important information for the 
management of such species. While differences in community 
composition may be due to spatial distribution, disturbance, 
and fragmentation between sites, our results indicate that this 
technique can provide ecologically informative data. For example, 

our findings suggest SWWA native parrots may face competition for 
available hollows in urban areas by the invasive Rainbow Lorikeet 
(Trichoglossus moluccanus). Competition due to limited suitable 
hollows can result in the exclusion of hollow-dependent species in 
urban areas (Davis et al., 2013). We detected no native parrot species 
within urban tree hollows, even though many parrots, including the 
Australian Ringneck (Barnardius zonarius) and Red-Capped Parrot 
(Purpureicephalus spurius), are historically common and known 
to use tuart trees for both feeding and nesting throughout Perth 
Metropolitan area (Department of Environment and Energy, 2017). 
Conversely, the introduced and now highly invasive Rainbow 
Lorikeet was the most dominant detection within the urban remnant 
study sites, found in 83% of trees surveyed. This species is known 
to aggressively protect both its feeding and nesting sites which 
closely overlap with native parrots (Chapman,  2005). Therefore, 
with current evidence suggesting a decline in many native urban 
parrot species and an increase in both the density and abundance 
of Rainbow Lorikeets in greater Perth Metropolitan Area (BirdLife 
Western Australia,  2019), these results suggest that Rainbow 
Lorikeets may be excluding less-competitive parrots through the 
domination of suitable feeding and nesting sites.

4.4  |  Future directions

While the use of eDNA metabarcoding for vertebrate hollow user 
surveys shows great promise, with vertebrate taxa detected in 
only 56% of 138 samples, our study suggests that there is a need 
to increase sampling effort to detect the full range of vertebrate 
hollow users. Further studies are required, in our system and others, 

F I G U R E  6  ZOTU accumulation curve 
showing number of ZOTUs by number 
of tree samples for urban remnant and 
National Park areas
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to determine the number of trees and hollows that need to be 
sampled, ideally in conjunction with camera trapping (e.g., Leempoel 
et al., 2020; Ryan et al., 2022), to determine the accuracy of this new 
survey method.

In addition, further refinement of sampling and laboratory meth-
ods to account for the distribution of DNA within hollows, and inhibi-
tion within samples, may also increase the number of samples where 
vertebrate eDNA was detected, and potentially, the number of taxa 
identified. The analysis of extrinsic conditions controlling the fate of 
eDNA within hollows such as hollow sediment mineralogy, organic 
material, and pH (Levy-Booth et al., 2007; Saeki et al., 2010) would 
also be of value in order to understand the degradation dynamics of 
hollow sediment eDNA. Such research into the persistence of eDNA 
would increase confidence in the detection of recent occupation of 
hollows.

While it was beyond the scope of this study, it is also suggested 
that multiple assays are considered for future surveys if the aim is 
to capture most biota. Using multiple assays will reduce the effects 
of primer bias and the incompleteness of reference database and 
potentially improve the accuracy of eDNA-based surveys (Alberdi 
et al., 2018; Leempoel et al., 2020). It is also highly recommended 
that in silico and in vivo studies are conducted prior to each new 
study to determine the ability of assays to detect target taxa in each 
new study system (Elbrecht & Leese,  2017). This will ensure that 
either appropriate assays are chosen or highlight the need for the 
development of new assays (Elbrecht & Leese, 2017).

5  |  CONCLUSION

We conducted an eDNA metabarcoding survey of vertebrate tree 
hollow users comparing the species richness and identity detected 
by samples collected in two ways – sediment collected directly from 
hollows and roller swabs of hollows. A wide range of vertebrate taxa 
from tuart trees were detected, while also providing ecologically 
informative data including insight into the regional use of hollows 
by the invasive Rainbow Lorikeet in SWWA. Our data confirm the 
power of eDNA metabarcoding as a biomonitoring tool for this dif-
ficult to survey environment. However, our findings suggest that in 
our study system there is a need to increase the number of trees 
sampled to detect the full range of vertebrate hollow users. While 
it is unclear whether our findings extrapolate to other environ-
ments with tree hollows, this method potentially provides not only 
a broad biodiversity assessment tool, but also a sensitive method 
for detecting individuals that may be elusive using other methods. 
eDNA metabarcoding of tree hollows could be used to improve spe-
cies distribution models of hollow users, identify vital habitat trees 
in need of conservation, and detect range expansion of invasive 
hollow-using species. However, the persistence of eDNA within tree 
hollows needs to be further investigated.

While we recommend the use of roller swab samples for eDNA-
based monitoring of tree hollows, consistent with other studies 
(e.g., Koziol et al., 2019; van der Heyde et al.,  2020), our findings 

support the use of multiple substrates where possible to increase 
the number of taxa detected. This molecular tool for researchers, 
industry, and government bodies will enhance understanding of the 
ecology of vertebrate hollow users and support the development of 
informed management strategies that preserve vital hollow-bearing 
trees and the species that rely on them.
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