
Environmental DNA and wildlife camera traps uncover complimentary vertebrate visitation patterns 

at freshwater granite rock-holes  

Abstract 

Freshwater ecosystems are in decline globally. In Australia, threatening processes include invasive 

species, increasing drought frequency, climate change and changes to land use, all of which have been 

associated with declining vertebrate diversity, particularly in Australia’s arid interior. Efficient 

monitoring tools are required to effectively monitor and conserve freshwater ecosystems and their 

associated vertebrate communities. Environmental DNA (eDNA) metabarcoding is one tool that 

shows promise for monitoring these systems, but knowledge of how eDNA data compares to more 

established ecological assessment techniques is limited. To address this knowledge gap, we sampled 

vertebrate eDNA from seven freshwater water bodies of proposed conservation importance in the 

Australian arid-lands, at three timepoints to measure visitation and compare our findings to camera 

trapping data at the same locations. Using eDNA we detected 19 species of vertebrates, including 

native species (such as macropods, wombats and emus) and invasive species (such as feral goats, cats 

and foxes). In contrast, camera traps detected 32 species, and was much more successful at detecting 

bird visitation than eDNA. These communities varied both spatially between rock-holes, and 

temporally, with summer collection periods being distinct from winter-spring. Our results demonstrate 

the success of eDNA metabarcoding as a tool for monitoring vertebrate visitation to arid-lands 

freshwater ecosystems that is complementary to more traditional survey methods such as wildlife 

camera trapping. Finally, we provide conservation recommendations for these vertebrate communities 

and discuss the efficacy of eDNA for monitoring freshwater resources in arid-lands environments. 
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Introduction 

Freshwater ecosystems and their riparian zones are experiencing some of the most rapid habitat 

declines globally and the rate of decline has increased in recent decades (Albert et al. 2021). Most 

impacts can be attributed to human activities including changes in land use, pollution, and the effect 

of climate change (Albert et al. 2021, Mulero et al. 2021). Freshwater ecosystems are of especially 

high value in semi-arid and arid regions due to the relative scarcity of accessible surface water (Noy-

Meir 1973, Porporato et al. 2002), and correspondingly are amongst the most vulnerable ecosystems 

in the face of environmental change. In such regions, small bodies of water can occur but are typically 

ephemeral, being only sporadically wet throughout the year due to their reliance on rainfall (Bayly 

1997, Bayly 1999b, Bayly 2001). For declining freshwater habitats, potential recovery in some cases 

and slowing of losses in others is possible but these are likely to require coordination of efforts at 

local, regional, national, and international levels (Albert et al. 2021, IPCC 2022b). For such measures 

to be devised and enacted, it is essential that biodiversity reliant on these habitats is surveyed and 

monitored for improved decision making and management.  

In Australia, droughts are increasing in both frequency and severity due to climate change 

(Ndehedehe et al. 2021) and are projected to continue to do so under all future emissions scenarios 

(IPCC 2022a). Freshwater ecosystems are particularly vulnerable due to their dependence on thermal 

and hydrological regimes and climate change impacts (Filipe et al. 2012, da Silva et al. 2023). For 

arid-lands ecosystems where fauna are dependent on scarce freshwater resources, targeted monitoring 

programs with long-term data are rare in Australia and accurate distribution and abundance data is 

frequently lacking or non-existent for many declining taxa (Bino et al. 2020, Scheele et al. 2019). 

Monitoring effort is also hampered by accessibility to remote areas, as well as their sparsely populated 

nature and a lack of funding. For these reasons, landscape-wide monitoring tools are required that will 

allow for cost-effective determination of remote freshwater ecosystems, biotic community health, and 

characterisation of the resource value to Australian terrestrial fauna (Beasley-Hall et al. 2023). 

The security of Australia’s unique vertebrate biodiversity is of growing concern (Bradshaw 2012, 

Bilney 2014, Hanna and Cardillo 2014, Woinarski et al. 2015, Geyle et al. 2018). Australia has 

experienced a native mammal extinction crisis since European colonisation, with terrestrial mammal 

losses accounting for >10% of species lost over the last 200 years (Woinarski et al. 2015). A third of 

all mammal extinctions after the year 1500 CE have occurred in Australia (Fisher et al. 2014). The 

loss of small to medium-sized species in Australia especially has led to a decline in particular 

taxonomic groups, many of which are endemic to arid regions. In particular, mammals within the 

‘critical weight range’ of 0.035 – 5.5 kg account for the vast majority of these extinctions (Short and 

Smith 1994, Johnson and Isaac 2009, Moseby et al. 2009, Murphy and Davies 2014). Mammalian 

losses have also impacted various ecosystem services, such as bioturbation by small burrowing 



mammals (Fleming et al. 2014) and predation by marsupials (Moseby et al. 2021). Australia’s bird 

fauna is also considered to be in decline, with multiple extinctions having occurred since European 

colonisation (Berryman et al. 2024, Woinarski et al. 2024), and more likely to occur over the next two 

decades (Campbell et al. 2024, Geyle et al. 2018). Whilst the extent to which Australia’s reptile fauna 

is similarly imperilled is not as well-known due to data deficiency (Geyle et al. 2021, Tingley et al. 

2019), there is growing concern that extinction events will increase in frequency over the coming 

century (Geyle et al. 2021, Tingley et al. 2019).  

Invasive predators (such as feral cats and foxes) are often considered to be the primary drivers of 

Australian small mammal decline (Burbidge and Manly 2002, Kutt 2012, Fisher et al. 2014, Frank et 

al. 2014, Hanna and Cardillo 2014), although environmental change (McKenzie et al. 2007), non-

predatory invasive species (Woinarski et al. 2011), and epizootic diseases (Abbott 2006) are also 

contributors. Similarly, predation by invasive species, changes to habitat availability and complexity, 

and climate change are thought to be contributing to both bird and reptile decline (Campbell et al. 

2024, Geyle et al. 2021, Senior et al. 2021, Woinarski et al. 2024). Whilst the global conservation 

effort to preserve vertebrate biodiversity is currently insufficient (Butchart et al. 2010, Hoffmann et al. 

2010), some success has been achieved in Australia. For example, fenced exclosures (fenced areas 

designed to keep invasive or overabundant species out) in arid regions have improved survival of 

numerous threatened and reintroduced species in small pockets across the landscape (Moseby et al. 

2009). A clear need exists to understand the changes in mammalian community composition, both 

native and invasive in arid-lands to inform management of populations, especially in the face of 

substantive impacts from climatic change. To date, monitoring efforts in these regions are frequently 

limited in their scope, and often target specific taxa rather than communities at a broader scale 

(Moseby et al. 2009, Beasley-Hall et al. 2023).  

Monitoring methods for vertebrates can be biased and inconsistent, in part due to problems associated 

with transferability and repeatability, and standardisation of sampling techniques between projects 

and habitat types (Cross et al. 2020, McDonald et al. 2021). There is a clear need for interchangeable 

tools that allow for comparison between disparate programs (Beasley-Hall et al. 2023, Zhang et al. 

2023). Environmental DNA (eDNA) metabarcoding has great potential as a transferable biodiversity 

monitoring tool across a range of ecosystems. Metabarcoding approaches represent a high-throughput 

DNA sequencing (HTS) technique that allows for the identification of multiple taxa from a single 

sample (Miya et al. 2020). This approach can characterise entire communities in addition to targeting 

specific species. Environmental DNA can be used as a standardised and repeatable approach which 

shows promise as a method for landscape or national level biomonitoring efforts (Sales et al. 2020a, 

Miya et al. 2020). Environmental DNA metabarcoding is particularly useful for detecting biodiversity 

from freshwater substrates irrespective of location and species present (e.g., Kuehne et al. 2020, 

White et al. 2020, West et al. 2021), as well as identifying abiotic stressors (Fan et al. 2020). 



Inference from these data can facilitate informed conservation management, including early detection 

of invasive animal and plant species to inform targeted removal and/or control (Kuehne et al. 2020).  

To date, freshwater eDNA metabarcoding studies have focussed predominantly on species such as 

fishes (Hänfling et al. 2016), amphibians (Valentini et al. 2016), and macroinvertebrates (Johnsen et 

al. 2020, Klymus et al. 2020, Rodgers et al. 2020). However, these methods also show promise for the 

detection of terrestrial vertebrates that have recently interacted with relevant water bodies (McDonald 

et al. 2023). Successes in the detection of aquatic, semi-aquatic, terrestrial reptiles (West et al. 2021), 

and terrestrial mammals (Harper et al. 2019, Sales et al. 2020b) indicate freshwater eDNA 

metabarcoding is viable and comparable to traditional vertebrate survey methods (i.e., wildlife camera 

trapping, field surveys, etc.) per unit effort, with the potential to improve information on distribution 

of mammals at a landscape level (Sales et al. 2020b). For example, eDNA biomonitoring at inland 

springs has detected more terrestrial vertebrates than were observed with wildlife cameras, in person 

observations, or from indirect evidence (e.g., scats or tracks) (Parker et al. 2021). Whilst the presence 

of a species detected by eDNA is difficult to link to specific behaviours or activities (Harper et al. 

2019), it is likely that visitation frequency should drive eDNA signal (Ushio et al. 2017), particularly 

in regions with low rainfall and for water bodies with low connectivity, as is the case for many 

freshwater habitats in the Australian arid-lands.  

Freshwater eDNA metabarcoding performs well compared to traditional monitoring and detection 

techniques (Piggott et al. 2021). However, some well-established limitations exist for eDNA 

biomonitoring. For example, in natural ponds, terrestrial vertebrate eDNA is known to be distributed 

more unevenly than in experimental artificial water bodies (Harper et al. 2019), which may limit 

confidence in results where replication is limited. Further, eDNA biomonitoring is currently 

inadequate for estimating abundance and biomass (Di Muri et al. 2020). Finally, false negatives are 

also problematic (Sales et al. 2020a, Sales et al. 2020b). Whilst these limitations are fundamentally 

problematic and acknowledged in the literature as areas requiring further research, eDNA 

metabarcoding is still an emerging field that is overwhelmingly useful as a complementary method in 

assessing difficult to survey populations (Mas‐Carrió et al. 2022). As such, freshwater eDNA 

metabarcoding is likely better used alongside more traditional surveying methods (Sales et al. 2020b); 

a combined approach that has only recently been considered (Farrell et al. 2022, Johnson et al. 2023).  

Based on previous research that has demonstrated eDNA metabarcoding can be used to 1) detect 

vertebrate communities characterised as visitors to freshwater systems (Harper et al. 2019, Lyet et al. 

2021), 2) can corroborate findings from more traditional methods of biomonitoring, such as camera 

trapping (Harper et al. 2019, Leempoel et al. 2020, Lyet et al. 2021, Mas‐Carrió et al. 2022, Sales et 

al. 2020b) and 3) has proven effective in detecting variation in visitation rates with a variety of 

sampling methodologies (Mcdonald et al. 2023), here, we aimed to compare the efficacy of 



biomonitoring vertebrate fauna in the well-known but understudied freshwater habitats in arid 

Australia between eDNA metabarcoding and camera trapping methods. We specifically focused on 

the detection of vertebrates in the iconic arid-lands granite rock-holes at Hiltaba Nature Reserve. In 

doing so, we investigated the applicability of eDNA metabarcoding as a conservation management 

tool. Using a targeted wildlife camera trapping dataset we explore the complementary application of 

eDNA metabarcoding and this traditional technique at Hiltaba Nature Reserve; a notable location of 

higher-than-average habitat quality in the Australian arid-lands.  

Our specific aims were to a) test the application of eDNA metabarcoding in detecting native and 

invasive vertebrate visitation to the Australian arid-lands freshwater granite rock-holes system, b) 

compare detection of vertebrates with eDNA metabarcoding to conventional wildlife camera trapping 

techniques, c) determine whether vertebrate communities detected using eDNA varied spatially and 

temporally, and d) make a series of conservation and management recommendations for the 

freshwater granite rock-holes. We predicted an overlap between eDNA methods used here and 

traditional camera trapping methods with respect to the detection of native and invasive vertebrate 

communities. We also predicted that eDNA metabarcoding would be sensitive enough to detect 

spatial and temporal community variation. 

Methods 

Study site 

The present study was conducted at Hiltaba Nature Reserve (HNR), a large ex-pastoral property that 

borders the Gawler Ranges National Park to the north of South Australia’s Eyre Peninsula (Figure 1). 

Approximately 78,000 hectares in area, HNR has been managed for conservation outcomes by the 

Nature Foundation (South Australia) since its acquisition by the organisation in 2012. Primarily 

composed of a series of rolling granite hills interspersed with woodland and grassland, HNR 

constitutes many relictual habitats utilised by local plants and animals known to be in decline 

elsewhere (Nature Foundation 2023). The Nature Foundation has enacted a series of conservation 

programs to improve biodiversity management at the reserve including destocking of pastoral species 

(primarily sheep), and the routine culling of invasive species of known ecological harm (primarily 

feral goats). We selected HNR due to its relative high quality as an ecological refuge compared to 

adjacent partly degraded habitat and consider it as a location optimal for ecological research. 



 

Figure 1. A) The locations of the seven rock-holes sampled for freshwater eDNA during 2020; B) the location of Hiltaba 

Nature Reserve (HNR) in South Australia; C) a rain-filled granite rock-hole at the ‘Pretty Point’ outcrop at HNR; D) a rain-

filled granite rock-hole on the ‘photopoint outcrop’ at HNR that is actively managed by members of the Gawler Ranges 
Aboriginal Corporation, diameter of the rock-hole at widest point = 2.2 m. 

The granite hills throughout much of the Reserve are often entirely exposed, forming granite outcrops 

which can serve as impermeable locations for storage of water and sediments at depressed points. 

These depressions or ‘rock-holes’ provide habitat for a suite of aquatic invertebrates and plants. As 

many vertebrate species have been observed visiting these rock-holes as a source of accessible 

freshwater, the granite rock-holes at HNR have been identified by the Nature Foundation as a location 

of critical conservation interest with respect to local vertebrate biodiversity. Notably, a subset of the 



rock-holes at HNR are managed using traditional cultural techniques by members of the Gawler 

Ranges Aboriginal Corporation, using practices that date back thousands of years prior to European 

occupation of Australia (Jenkin et al. 2011). These practices involve the use of timber and rocks to 

prevent animals from falling into the water, and regular cleaning (see Figure 1D). 

eDNA sampling 

Water was sampled from five rock-holes in February 2020, and seven rock-holes in each of July and 

October 2020 (Table 1). Five 1 L replicates were collected from each rock-hole. One negative control 

was implemented for each rock-hole using 1 L of bottled water. Replicates were collected using 1 L 

wide mouth bottles (NALGENETM). During February, only sites at outcrop 1 were sampled due to 

inaccessibility of rock-holes at outcrop 2 during the hot summer months. During October, rock-holes 

Man02 and PP02 were not sampled due to low water levels. Samples were collected whilst wearing 

disposable latex gloves, stored and transported in clean plastic tubs to minimise contamination. 

Sampling bottles were cleaned first with bleach solution, and then ethanol before reuse. Negative field 

controls (prepared in the field but using RO water) and equipment controls (prepared in the filtering 

room using RO water) were used to test for contamination. 

Replicates and blanks were filtered through glass-fibre membranes with 0.44 µm pores using a 

vacuum pump (JAVAC, model CC-45) connected to a series of conical flasks. The first flask was 

filled with silica beads and the second was attached to a magnetic filter funnel. For the July and 

October samples, a Pall Sentino microbiology pump was used. A pore size of 0.44 µm was selected 

due to the high concentration of suspended solids present in rock-hole freshwater samples. Pump 

equipment was wiped down with 10% bleach solution and then ethanol between filtering for each 

rock-hole. 

Membranes were stored on ice while in the field before being transferred to -20°C storage pending 

DNA extraction. 

Table 1. Granite rock-holes sampled for freshwater eDNA during February, July, and October trips (green checkmark). 

Rock-holes not sampled (red cross) were either empty or had only a small volume of water present. Rock-hole type 

assignments adapted from Timms (2013b). 

Rock-hole features Sample period 

 ID Latitude Longitude Elevation (m) Type Outcrop Feb July Oct 

Man01 -32.13941 135.13461 216 Pit 1 ✓  ✓  ✓  

Man02 -32.13943 135.13478 216 Pit 1 ✓  ✓  ✗ 

Tad01 -32.1395 135.1348 216 Pit 1 ✓  ✓  ✓  

Roun01 -32.13931 135.13492 217 Pan 1 ✓  ✓  ✓  

Mid01 -32.13941 135.13461 217 Pit 1 ✓  ✓  ✓  

PP01 -32.165521 135.1488 312 Pan 2 ✗ ✓  ✓  

PP02 -32.165521 135.1488 310 Pan 2 ✗ ✓  ✗ 

 



eDNA laboratory methods 

DNA was extracted from half of each filter paper using a modified Qiagen DNeasy Blood and Tissue 

Kit and an automated QIAcube extraction platform (QIAGEN, Germany). Where more than one filter 

paper was used for a sample, equal portions of each paper were taken to total a half filter paper. All 

extractions were undertaken in a dedicated PCR-free laboratory and extraction controls were 

processed alongside samples. Extractions were eluted in a final volume of 100 µL AE buffer (10 mM 

Tris-Cl, 0.5 mM EDTA). 

To determine the required dilution for optimal amplification, PCR reactions were performed in 

duplicate on each extraction by adding DNA template directly to the neat PCR master mix then 

performing a serial dilution (1:10). The PCRs were performed at a final volume of 25 µL where each 

reaction comprised of: 1× PCR Gold Buffer (Applied Biosystems), 0.25 mM dNTP mix (Astral 

Scientific, Australia), 2 mM MgCl2 (Applied Biosystems), 1U AmpliTaq Gold DNA polymerase 

(Applied Biosystems), 0.4 mg/mL bovine serum albumin (Fisher Biotec), 0.4 µM proprietary forward 

and reverse primers, 0.6 μl of a 1:10,000 solution of SYBR Green dye (Life Technologies), and 2 µL 

template DNA. PCRs were performed on StepOne Plus instruments (Applied Biosystems) with the 

following cycling conditions: 95°C for 5 min, followed by 50 cycles of: 95°C for 30 sec, 49°C for 30 

sec, 72°C for 45 sec, then a melt-curve analysis of: 95°C for 15 sec, 60°C for 1 min, 95°C for 15 sec, 

finishing with a final extension stage at 72°C for 10 min. 

After selection of the optimal dilution (neat or 1:10), PCRs were repeated in duplicate as described 

above but instead using unique, single use combinations of 8 bp multiplex identifier-tagged (MID-tag) 

primers as described in Koziol et al. (2019) and van der Heyde et al. (2020). Master mixes were 

prepared using a QIAgility instrument (QIAGEN) in an ultra-clean lab facility, with negative and 

positive PCR controls included on every plate to ensure the validity of results. A sequencing library 

was created by combining samples into mini-pools based on the PCR amplification results from each 

sample. The mini-pools were then analysed using a QIAxcel (QIAGEN) and combined in roughly 

equimolar concentrations to form libraries. Libraries were then size selected (250 - 600 bp cut-off) 

using a Pippin Prep instrument (Sage Sciences) with 2% dye-free cassettes, cleaned using a QIAquick 

PCR purification kit, quantified on a Qubit (Thermo Fisher), and diluted to 2 nM. The libraries were 

sequenced on an Illumina MiSeq instrument using a 500-cycle V2 kit with custom sequencing 

primers. 

Bioinformatics and statistical analyses 

Processing and analysis of eDNA sequence data was performed with QIIME2 v.2021.11 (Bolyen et 

al. 2019). Raw sequences were demultiplexed, manually trimmed by quality scores, filtered to remove 

chimeric sequences, and denoised using DADA2 (Callahan et al. 2016). Sequences were then 

tabulated to construct 100% OTUs and representative sequences were derived for each OTU. 



Representative sequences were aligned using MAFFT v7.511 (Katoh et al. 2002) and a midpoint-

rooted phylogeny was generated using FastTree 2 for downstream calculation of diversity metrics 

(Price et al. 2010). A custom database was constructed using BLAST from vertebrate 16S rRNA 

sequences available via the NCBI GenBank repository as of June 2022 using the following search 

query: (("16S ribosomal RNA" OR "16S rRNA" OR mitochondrion) AND 

Vertebrata[Organism]) NOT Homo sapiens[Organism]. BLASTN (Camacho et al. 2009) was 

then used to query our representative sequences against the custom database with the maximum 

number of target sequences set to 1 per query. Representative sequences with non-vertebrate top hits, 

or those without a top hit with a corresponding species-level assignment, were excluded from further 

analyses. Alpha diversity metrics were then calculated including evenness (Pielou 1966), Faith’s 

phylogenetic diversity (Faith 1992), and Shannon’s diversity index (Shannon and Weaver 1949). Beta 

diversity analyses were examined including Bray-Curtis (Bray and Curtis 1957), Jaccard (Jaccard 

1901), and weighted and unweighted Unifrac distances (Lozupone et al. 2011) against metadata 

columns including rock-hole location, depth, and collection month. PCoA plots of these metrics were 

exported to R version 4.2.2 (RCoreTeam 2013) using QIIME2R v0.99.6 for further visualisation 

(Bisanz 2018). Final PCoA plots were generated using ggplot2 v3.4.0 (Wickham 2016). Rarefaction 

curves were generated using iNext v3.0.0 (Hsieh et al. 2022). 

Wildlife camera trapping data 

Motion-triggered wildlife cameras (Browning Dark Ops Pro XD) were deployed at each of the seven 

rock-holes, strapped to star-droppers in bare soil adjacent to each outcrop. Cameras were arranged 

approximately 1 m away from the outcrop edge, and 1 m above the ground. The cameras were 

deployed between 8–11 July 2020, and were collected between 8–9 June 2021. Wildlife cameras were 

programmed to take a high-resolution photograph immediately following movement sufficient to 

trigger an infra-red sensor. Visitation was recorded as a series of images from which vertebrate 

species could be identified. This methodology was reviewed and approved by the University of 

Adelaide animal ethics committee (see acknowledgements for details). Images were processed using 

the MegaDetector machine learning algorithm (Microsoft AI for Earth 2020) desktop application 

v0.0.2 (Gyurov 2022), and resulting outputs were identified manually to species (where possible).  

Results 

Environmental DNA  

We successfully recovered vertebrate eDNA from 87% (79/91) of samples using the 16S rRNA assay. 

Sequencing yielded 9,107,435 individual reads in total with an average of 90,173 sequences per 

sample. A total of 19 unique vertebrate taxa were detected, including 11 mammals, five birds, three 

reptiles, and two amphibians (Figure 2). 



Overall, eDNA metabarcoding was successful in recovering 54% of the species that had been detected 

using wildlife camera traps (19/35) (Figure 2). We recovered 91% of the mammal species we 

observed using wildlife cameras (11/12), with three new mammal records using eDNA that were not 

recorded using wildlife cameras (Figure 2). We also detected five reptile species that were not 

recorded with wildlife cameras (though they had been detected at rock-holes not surveyed with 

eDNA) (Hedges 2023) and generated two new reptile records and two new amphibian records not 

previously associated with rock-hole visitation. The application of eDNA was less effective for birds, 

with less than 11% of species recorded by camera traps in Hedges (2023) also having been recorded 

with freshwater eDNA, and three new records.  

 

Figure 2. A comparison of the vertebrate taxa identified from freshwater eDNA collected from seven rock-holes at HNR 

throughout 2020 and with wildlife camera traps at the same rock-holes as presented in Hedges (2023). Blue circles indicate 

when a taxon was observed in the eDNA dataset, red circles indicate when a taxon was observed in the wildlife camera trap 

dataset. The complete dataset of presence absence records can be seen in supplementary table 1, and a comparison between 

eDNA data, camera trapping data from Hedges (2023) and bush blitz survey data from Commonwealth of Australia (2015a) 

can be seen in supplementary table 2. 

Rarefaction plots suggest that the number of rock-holes sampled was insufficient to capture 90% of 

the total vertebrate taxa that attend rock-holes at HNR (Figure 3A). However, within each rock-hole 



and at each timepoint rarefaction curves varied, with five replicates shown to be sufficient to capture 

>90% for some rock-holes and timepoints (Man01 in July, Man02 in Feb and July, Mid01 in Oct, 

PP01 in Feb and Round01 in Oct), whilst insufficient to capture 90% of taxa at others (Figure 3B). 



 



Figure 3. Species discovery curves showing A) accumulation of new records with each added rock-hole. Asymptote indicates 

that seven rock-holes was sufficient to recover 95 % of OTUs that are recoverable in filtered freshwater eDNA samples, and 

B) accumulation of new records with each added replicate. Asymptote indicates that five replicates plus one blank is 

sufficient to recover 95 % of OTUs that are recoverable in filtered freshwater eDNA samples  

PCoA plots showing maximum dissimilarity for vertebrate occurrence between samples showed that 

samples collected in July and October were more similar to one another than either were to samples 

collected in February (Figure 4A). However, communities detected from individual rock-holes were 

generally distinct from one another (Figure 4B). 

 

Figure 4. PCoA plots showing maximum dissimilarity for vertebrate eDNA samples based on Jaccard distances. PC1 and 

PC2 represent maximum dissimilarity between samples in order of magnitude. Colours represent individual rock-holes and 

shapes represent the month during which eDNA sampling was undertaken. Ellipses have been applied to show the similarity 

between A) sample collection month; and B) individual rock-holes. 

Discussion 

Here we contribute to an emerging narrative regarding the detection of vertebrate visitors to arid-lands 

freshwater ecosystems using eDNA methods as compared to the traditional wildlife camera trap 

monitoring method (Farrell et al. 2022, Croose et al. 2023, Johnson et al. 2023 McDonald et al. 2023). 

Our results demonstrate for the first time the efficacy of eDNA as a complementary tool suitable for 

monitoring both native and invasive vertebrate visitation to arid-lands rock-holes. We observed that 

vertebrate eDNA was successfully recovered from freshwater samples collected from rock-holes and 

complementary to the use of wildlife cameras for monitoring mammals and amphibians, although for 

birds and reptiles a combined approach is likely required to capture the complete detectable 

community. We discuss our observations further below.  

Anecdotally, rock-holes are known to be used by native vertebrates in Australian arid regions, but 

reliable scientific data is rare (McDonald et al. 2023). Our findings provide new evidence that the 

freshwater rock-holes in the Gawler bioregion are of conservation value due to their use by local 

native vertebrates. We observed a suite of 21 vertebrate species using eDNA water samples from 

seven rock-holes (Figure 2), capturing 11% of vertebrates known from this region (Commonwealth of 

Australia 2015a). The community composition of vertebrates recovered using eDNA was similar to 



that recovered through wildlife camera trapping at the same locations (Figure 2). The taxa recorded 

visiting at the highest frequency (number of individual photographs recorded) using wildlife camera 

traps (i.e., macropods and emus), were also amongst those detected in most eDNA samples (70-85%). 

The rarer species such as the southern hairy-nosed wombat (Lasiorhinus latifrons) and feral cats 

(Felis catus) were detected in the fewest eDNA samples (15%).  

Invasive species are known to inhabit the Australian arid-lands (Commonwealth of Australia 2015a). 

Damage caused by such species includes predation inconsistent with pre-European levels, competition 

for resources including water, impacts to vegetation composition and structure, toxicity and disease 

transmission (Brim Box et al. 2019, Feit et al. 2020, Jansen et al. 2022, Stobo-Wilson et al. 2022). 

Here we observed that invasive species known to cause ecological harm in the region 

(Commonwealth of Australia 2008a, Commonwealth of Australia 2008b, Commonwealth of Australia 

2015b, Jansen et al. 2022) accounted for 20% of the species detected with eDNA. We observed feral 

goats to be detected in the greatest number of samples in addition to cats, foxes, and rabbits (Figure 

2). Significantly, data from eDNA revealed complimentary results to camera trap data except for three 

invasive mammal species detected using eDNA which were not detected using traditional wildlife 

cameras (i.e., cows, sheep, and dogs). While we approach these results with caution since these 

species are known to have a higher likelihood of occurring through sequence contamination than other 

taxa present (Zhang et al. 2023), the results hold promise for improved results on the traditional 

camera trap approach. Given that early detection of invasive species using eDNA metabarcoding is an 

emerging discipline that shows promise (Rishan et al. 2023, Salis et al. 2023, Zhang et al. 2023) and 

the findings of our study indicate a strong proof of concept that these methods are extendable into 

semi-arid environments for survey of local vertebrate fauna. 

Our results demonstrated a high degree of similarity between replicates at individual rock-holes 

indicating consistency and validation between replicates. In contrast, eDNA showed highly distinct 

communities between separate rock-holes (Figure 4). Whilst this suggest that each rock-hole is used 

by a distinct suite of taxa, it is likely that an increased sample size would shed light on this aspect of 

rock-hole use. Furthermore, eDNA was variable in its detection consistency when compared to 

vertebrate visitation recorded from wildlife cameras throughout the same period. We observed that 

80% of mammals detected using wildlife cameras were also recovered using eDNA, but only 11% of 

birds and 25% of reptiles were similarly recovered. Other studies report similar results regarding 

taxon-specific detection, with Zhang et al. (2023) demonstrating that water birds are easier to detect 

using eDNA than forest birds. Reasons for inconsistent or reduced detection of birds and reptiles are 

four-fold. First, eDNA presence/absence may be linked to taxon-specific physiology or behaviour 

where less frequent visitation at rock-holes by birds and reptiles may be driving decreased 

detectability (Hedges unpublished data). Second, reduced detectability may also be due to lower rates 

of eDNA deposition by birds. It is known that keratinised beaks and feathers are poor sources of 



eDNA (Turcu et al. 2023) and contact with water with these tissue types is likely to impact delivery of 

DNA to the substrate. Third, assay choice may also impact detection of species. Whilst we observed 

successes in recovery of mammal sequences, and comparison with camera trapping data suggest that 

the 16S vertebrate assay used here is suitable for detecting a broad range of species in the arid-lands. 

The technique was notably less successful at detecting birds and reptiles than wildlife camera 

trapping. This decrease in detection success may suggest the 16S vertebrate assay is less well suited 

for detecting birds and reptiles than for mammals. Finally, public DNA reference libraries typically 

provide both high quality and quantity of sequences for mammal fauna, but are less comprehensive 

for reptile and bird fauna (see further below). 

Vertebrate visitation to rock-holes at HNR varied spatially based on our eDNA data (Figure 4). We 

observed rock-holes within a granite outcrop to be more similar to one another than to those on other 

outcrops, with absences of multiple macropod species and emus responsible this variability (Figure 4). 

It is possible that elevation impacted species access to rock-holes as the two outcrops here vary by 

approximately 90 metres in elevation, with significantly steeper slopes also being present at the Pretty 

Point outcrop than at the Photopoint outcrop (Table 1). However, access limitations at multiple 

outcrops and an absence of water in some rock-holes during sampling times meant replication was 

insufficient to accurately test the impact of outcrop location on vertebrate visitation. Our findings 

were consistent with Hedges (2023), where it was shown that various rock-holes attracted unique 

vertebrate communities and that rock-hole elevation was likely responsible for this dissimilarity, as at 

higher elevations (>250 m) they are less accessible to taxa which are unable to climb the steep slopes 

characteristic of the Gawler bioregion. McDonald et al. (2023) also explored visitation to similar 

rock-holes and suggested that some taxa may avoid certain rock-holes due to increased risk of injury 

or predation. Similarly, Votto et al. (2022) recorded visitation to arid-lands waterholes, and found that 

visitation rates were impacted by fringing vegetation. 

Based on our eDNA results, vertebrate visitation to freshwater rock-holes at HNR also varied 

temporally over the year (Figure 4). Whilst communities recovered at the beginning (July) and end 

(October) of the winter wet period were relatively similar, both communities were distinct from those 

recovered during the summer wet period in February (Figure 4). Native species’ (primarily 

macropods, emus, crows, and ravens) dependence on freshwater available at rock-holes was observed 

to increase with time elapsed since rainfall events, with rock-holes increasing in their resource value 

with every successive week without rain, although this relationship was not observed for invasive 

species (primarily feral goats) (Hedges 2023). Freshwater visitation by vertebrates is often temporally 

variable (Eliades et al. 2022, Kassara et al. 2023) and, as such, it is likely that future biomonitoring 

efforts using eDNA will need to take time of sampling into consideration, as periods when visitation 

peaks are likely to provide the greatest indication of resource use (Sales et al. 2020b). 



Overall, we show that the efficacy of eDNA as a tool for monitoring vertebrate visitation at freshwater 

systems and provide a foundation for further use of the technique in monitoring semi-arid and arid 

freshwater ecosystems. We consider visitation frequency to be a likely a major factor in determining 

eDNA signal (Ushio et al. 2017, Sales et al. 2020b) and future research would benefit from testing the 

relationship between visitation frequency and eDNA concentration. Given that the detection of the 

complete suite of vertebrate fauna at arid-lands rock holes is variously detected with both camera trap 

and eDNA methods, we suggest a complimentary approach using a combination of traditional and 

eDNA techniques may be favourable when characterising vertebrate communities accessing desert 

freshwater habitats. For birds and reptiles, we emphasise the use of more targeted freshwater eDNA 

approaches such as species-specific assays (e.g., White et al. 2020). 

Implications for management at Hiltaba Nature Reserve  

The frequent occurrence of invasive species (primarily feral goats) in our eDNA metabarcoding 

results suggest these species are capitalising on an unmanaged freshwater resource and that rock-hole 

management has the potential to influence invasive species activity throughout the Gawler bioregion. 

Managing their access to this resource may allow for population suppression and improve native 

species outcomes for the broader landscape. Invasive species visitation is also likely to negatively 

impact the rock-holes themselves, the communities of native species reliant on these water sources, 

and the quality of the water therein. Ungulates can cause degradation of Australian freshwater 

ecosystems through disturbance and the input of faeces, which dramatically increases nutrient loads 

(Doupe 2010, Brim Box et al. 2016). Efforts to limit invasive species access to the rock-holes are 

therefore likely to benefit both invasive species management programs over a wider area, alleviate 

their impacts in the Gawler bioregion, and benefit the rock-hole ecosystem itself. Future and broader 

rock-hole eDNA studies may provide further clarity on the rock-holes that are most frequently 

attended by invasive species, facilitating more effective culling in the region.  

Environmental DNA as a biomonitoring tool 

Our results demonstrate the efficacy of eDNA as a tool for monitoring freshwater rock-holes in 

Australia’s semi-arid and arid lands, performing well compared to more traditional survey methods 

such as typical human-led field surveys and wildlife camera trapping. Multiple advantages exist in the 

use of eDNA as a monitoring tool. The collection of freshwater eDNA samples requires no 

specialised scientific training and can therefore be carried out by landholders, conservation workers, 

volunteers, and other stakeholders with ease (Prié et al. 2021, 2023). Whilst specialised equipment is 

required for on-site filtering of samples, it is relatively affordable and very quickly becoming 

unnecessary (Bessey et al. 2021, van der Heyde et al. 2023). Passive freshwater eDNA collection has 

been trialled in similar rock-holes elsewhere in Australia through the submergence of filter papers 

(McDonald et al. 2023), and removes the filtration step used here, further cutting costs and effort 



related to sample collection. However, communities recovered from passively collected samples have 

been shown to capture only a subset of freshwater communities compared to those recovered from 

filtered samples (McDonald et al. 2023). Once filtered, samples may be easily stored in a 

conventional freezer, and can be transported on ice; alternatively, a range of ambient preservation 

techniques are being explored to remove the need for cold-chain transport. Sequencing costs can be 

high, particularly for eDNA samples which are sensitive to contamination (Zhang et al. 2023). 

However, it is likely that costs will continue to decrease as advancements are made in the field and 

eDNA becomes a more widely applied method (Rishan et al. 2023). 

Limitations in the availability of high-quality, taxonomically-verified reference libraries are an 

obstacle that will need to be overcome before eDNA can be widely applied as a biomonitoring tool, 

including at the ephemeral rock-holes of the Gawler Bioregion (Beasley-Hall et al. 2023). Remote 

semi-arid and arid Australia is broadly understudied and for many taxonomic groups, including some 

vertebrates, very little work has been done to generate sequences corresponding to barcoding regions 

commonly used in eDNA studies. Greater sampling and sequencing of semi-arid and arid Australian 

taxa is therefore a critical research priority and would facilitate more effective use of eDNA methods 

for monitoring the biodiversity of those regions. Primers specifically designed for detection and 

identification of terrestrial mammals will improve the efficacy of such studies (Ushio et al. 2017, 

Leempoel et al. 2020). Assays targeting birds and reptiles may allow for greater success in detection 

of these taxa from freshwater samples (Neice and McRae 2021, Mousavi-Derazmahalleh et al. 2023). 

Furthermore, an improved understanding of how organism size, physiology, and ecology impacts 

eDNA deposition would allow greater confidence in determining true species absences in instances 

when eDNA has not been recovered for a particular taxon.  

Conclusions 

Our findings demonstrate the viability of freshwater eDNA metabarcoding as a method for monitoring 

vertebrate visitation to granite rock-holes in the Gawler bioregion, with both native and invasive 

species successfully detected. We found that vertebrate visitation is variable among rock-holes at 

HNR, with different outcrops displaying different communities. Furthermore, vertebrate visitation 

was variable throughout time, with communities recovered during different months being distinct 

from one another. With eDNA metabarcoding, we recovered sequences that indicate that invasive 

species are visiting rock-holes throughout the region and are likely impacting them and their value as 

a freshwater resource for vertebrates of conservation interest. We recommend that future studies 

improve reference databases to allow better taxonomic assignment within eDNA datasets.  



References 

Abbott, I. (2006) “Mammalian faunal collapse in Western Australia, 1875–1925: The hypothesised 

role of epizootic disease and a conceptual model of its origin, introduction, transmission, and spread.” 

Australian Zoologist 33(4): 530–561. 

Albert, J. S., Destouni, G., Duke-Sylvester, S. M., Magurran, A. E., Oberdorff, T., Reis, R. E., 

Winemiller, K. O., Ripple, W. J. (2021) “Scientists’ warning to humanity on the freshwater 

biodiversity crisis.” Ambio 50(1): 85–94. 

Bayly, I. A. E. (1997) “Invertebrates of temporary waters in gnammas on granite outcrops in Western 

Australia.” Journal of the Royal Society of Western Australia 80(3): 167–172. 

Bayly, I. A. E. (1999a) “Review of how indigenous people managed for water in desert regions of 

Australia.” Journal of the Royal Society of Western Australia 82(1): 17–25. 

Bayly, I. A. E. (1999b) “Rock of Ages: Human Use and Natural History of Australian Granites.” 

Australia, University of Western Australia Press. 

Bayly, I. A. E. (2001) “Invertebrate occurrence and succession after episodic flooding of a Central 

Australian rock-hole.” Journal of the Royal Society of Western Australia 84(1): 29–32. 

Beasley-Hall, P. G., Murphy, N. P., King, R. A., White, N. E., Hedges, B. A., Cooper, S. J. B., Austin, 

A. D., Guzik, M. T. (2023) “Time capsules of biodiversity: Future research directions for 

groundwater-dependent ecosystems of the Great Artesian Basin.” Frontiers in Environmental Science 

10. 

Berryman, A. J., Butchart, S. H. M., Jackson, M. V., Legge, S. M., Olah, G., Thomas, J., Woinarski, J. 

C. Z., & Garnett, S. T. (2024) “Trends and patterns in the extinction risk of Australia’s birds over 

three decades.” Emu 124(1): 55–67. DOI: https://doi.org/10.1080/01584197.2023.2289999 

Bessey, C., Neil Jarman, S., Simpson, T., Miller, H., Stewart, T., Kenneth Keesing, J., & Berry, O. 

(2021) “Passive eDNA collection enhances aquatic biodiversity analysis.” Communications 

Biology 4(1): 236. 

Bilney, R. J. (2014) “Poor historical data drive conservation complacency: The case of mammal 

decline in south-eastern Australian forests.” Austral Ecology 39(8): 875–886. 

Bino, G., Kingsford, R. T., Wintle, B. A. (2020) “A stitch in time – Synergistic impacts to platypus 

metapopulation extinction risk.” Biological Conservation 242. 

Bisanz, J. E. (2018) “qiime2R: Importing QIIME2 artifacts and associated data into R sessions.” 

https://github.com/jbisanz/qiime2R. 

https://doi.org/10.1080/01584197.2023.2289999
https://github.com/jbisanz/qiime2R


Bolyen, E., J. R. Rideout, M. R. Dillon, N. A. Bokulich, C. C. Abnet, G. A. Al-Ghalith, H. Alexander, 

E. J. Alm, M. Arumugam, F. Asnicar, Y. Bai, J. E. Bisanz, K. Bittinger, A. Brejnrod, C. J. Brislawn, 

C. T. Brown, B. J. Callahan, A. M. Caraballo-Rodríguez, J. Chase, E. K. Cope, R. Da Silva, C. 

Diener, P. C. Dorrestein, G. M. Douglas, D. M. Durall, C. Duvallet, C. F. Edwardson, M. Ernst, M. 

Estaki, J. Fouquier, J. M. Gauglitz, S. M. Gibbons, D. L. Gibson, A. Gonzalez, K. Gorlick, J. Guo, B. 

Hillmann, S. Holmes, H. Holste, C. Huttenhower, G. A. Huttley, S. Janssen, A. K. Jarmusch, L. Jiang, 

B. D. Kaehler, K. B. Kang, C. R. Keefe, P. Keim, S. T. Kelley, D. Knights, I. Koester, T. Kosciolek, 

J. Kreps, M. G. I. Langille, J. Lee, R. Ley, Y.-X. Liu, E. Loftfield, C. Lozupone, M. Maher, C. 

Marotz, B. D. Martin, D. McDonald, L. J. McIver, A. V. Melnik, J. L. Metcalf, S. C. Morgan, J. T. 

Morton, A. T. Naimey, J. A. Navas-Molina, L. F. Nothias, S. B. Orchanian, T. Pearson, S. L. Peoples, 

D. Petras, M. L. Preuss, E. Pruesse, L. B. Rasmussen, A. Rivers, M. S. Robeson, P. Rosenthal, N. 

Segata, M. Shaffer, A. Shiffer, R. Sinha, S. J. Song, J. R. Spear, A. D. Swafford, L. R. Thompson, P. 

J. Torres, P. Trinh, A. Tripathi, P. J. Turnbaugh, S. Ul-Hasan, J. J. J. van der Hooft, F. Vargas, Y. 

Vázquez-Baeza, E. Vogtmann, M. von Hippel, W. Walters, Y. Wan, M. Wang, J. Warren, K. C. 

Weber, C. H. D. Williamson, A. D. Willis, Z. Z. Xu, J. R. Zaneveld, Y. Zhang, Q. Zhu, R. Knight and 

J. G. Caporaso (2019) “Reproducible, interactive, scalable and extensible microbiome data science 

using QIIME 2.” Nature Biotechnology 37(8): 852–857. 

Bradshaw, C. J. A. (2012) “Little left to lose: Deforestation and forest degradation in Australia since 

European colonization.” Journal of Plant Ecology 5(1): 109–120. 

Bray, J. R., Curtis, J. T. (1957) “An ordination of the upland forest communities of Southern 

Wisconsin.” Ecological Monographs 27: 325–349. 

Brim Box, J., McBurnie, G., Strehlow, K., Guest, T., Campbell, M., Bubb, A., McConnell, K., Willy, 

S., Uluru, R., Kulitja, R., Bell, B., Burke, S., James, R., Kunoth, R., Stockman, B. (2016) “The impact 

of feral camels (Camelus dromedarius) on remote waterholes in central Australia.” Rangeland 

Journal 38(2): 191–200. 

Brim Box, J., Bledsoe, L., Box, P., Bubb, A., Campbell, M., Edwards, G., Fordyce, J. D., Guest, T., 

Hodgens, P., Kennedy, B., Kulitja, R., McConnell, K., (2019) “The impact of camel visitation on 

native wildlife at remote waterholes in arid Australia.” Journal of Zoology 309(2): 84–93. 

Burbidge, A. A., Manly B. F. J. (2002) “Mammal extinctions on Australian islands: Causes and 

conservation implications.” Journal of Biogeography 29(4): 465–473. 

Butchart, S. H. M., M. Walpole, B. Collen, A. Van Strien, J. P. W. Scharlemann, R. E. A. Almond, J. 

E. M. Baillie, B. Bomhard, C. Brown, J. Bruno, K. E. Carpenter, G. M. Carr, J. Chanson, A. M. 

Chenery, J. Csirke, N. C. Davidson, F. Dentener, M. Foster, A. Galli, J. N. Galloway, P. Genovesi, R. 

D. Gregory, M. Hockings, V. Kapos, J. F. Lamarque, F. Leverington, J. Loh, M. A. McGeoch, L. 



McRae, A. Minasyan, M. H. Morcillo, T. E. E. Oldfield, D. Pauly, S. Quader, C. Revenga, J. R. 

Sauer, B. Skolnik, D. Spear, D. Stanwell-Smith, S. N. Stuart, A. Symes, M. Tierney, T. D. Tyrrell, J. 

C. Vié and R. Watson (2010) “Global biodiversity: Indicators of recent declines.” Science 328(5982): 

1164–1168. 

Callahan, B. J., P. J. McMurdie, M. J. Rosen, A. W. Han, A. J. A. Johnson and S. P. Holmes (2016) 

“DADA2: High-resolution sample inference from Illumina amplicon data.” Nature Methods 13(7): 

581–583. 

Camacho, C., Coulouris, G., Avagyan, V., Ma, N., Papadopoulos, J., Bealer, K., Madden, T. L. (2009) 

“BLAST+: architecture and applications.” BMC Bioinformatics 10: 421. 

Campbell, C. E., Jones, D. N., Awasthy, M., Castley, J. G., & Chauvenet, A. L. (2024) “Which birds 

have the most to lose? an analysis of bird species’ feeding habitat in changing Australian landscapes.” 

Biodiversity and Conservation. DOI: https://doi.org/10.1007/s10531-024-02890-1 

Commonwealth of Australia (2008a) “Threat Abatement Plan for competition and land degradation 

by unmanaged goats.” Department of the Environment, Water, Heritage and the Arts: 26. 

Commonwealth of Australia (2008b) Threat Abatement Plan for predation by the European red fox. 

Department of the Environment, Water, Heritage and the Arts: 27. 

Commonwealth of Australia (2015) Hiltaba Nature Reserve and Gawler Ranges National Park SA 

2012. A Bush Blitz survey report: 88. 

Commonwealth of Australia (2015b) Threat abatement plan for predation by feral cats. Department of 

the Environment: 50. 

Croose, E., Hanniffy, R., Harrington, A., Põdra, M., Gómez, A., Bolton, P.L., Lavin, J.V., Browett, 

S.S., Pinedo, J., Lacanal, D., Galdos, I., Ugarte, J., Torre, A., Wright, P., MacPherson, J., McDevitt, 

A. D., Carter, S. P., Harrington, L. A. (2023) “Mink on the brink: comparing survey methods for 

detecting a critically endangered carnivore, the European mink Mustela lutreola.” European Journal 

of Wildlife Research 69: 34. 

Cross, S. L., Craig, M. D., Tomlinson, S., Dixon, K. W., & Bateman, P. W. (2020). “Using monitors 

to monitor ecological restoration: Presence may not indicate persistence.” Austral Ecology 45: 921–

932.  

da Silva, J. P., Sousa, R., Gonçalves, D. V., Miranda, R., Reis, J., Teixeira, A., Varandas, S., Lopes-

Lima, M., Filipe, A. F. (2023) “Streams in the Mediterranean Region are not for mussels: Predicting 

extinctions and range contractions under future climate change.” Science of the Total Environment 

883: 163689. 

https://doi.org/10.1007/s10531-024-02890-1


Di Muri, C., L. L. Handley, C. W. Bean, J. Li, G. Peirson, G. S. Sellers, K. Walsh, H. V. Watson, I. J. 

Winfield and B. Hänfling (2020) “Read counts from environmental DNA (eDNA) metabarcoding 

reflect fish abundance and biomass in drained ponds.” Metabarcoding and Metagenomics 4: 97–112. 

Doupe, R. G., Mitchell, J., Knott, M. J., Davis, A. M., Lymbery, A. J. (2010) “Efficacy of exclusion 

fencing to protect ephemeral floodplain lagoon habitats from feral pigs (Sus scrofa).” Wetlands 

Ecology and Management 18(1): 69–78. 

Eliades, N-G. H., Astaras, C., Messios, B. V., Vermeer, R., Nicolaou, K., Karmiris, I., Kassinis, N. 

(2022) “Artificial water troughs use by the mountain ungulate Ovis gmelini ophion (Cyprus Mouflon) 

at Pafos Forest.” Animals 12: 3060. 

Faith, D. P. (1992) “Conservation evaluation and phylogenetic diversity.” Biological Conservation 

61(1): 1–10. 

Fan, J., Wang, S., Li, H., Yan, Z., Zhang, Y., Zheng X., Wang, P. (2020) “Modeling the ecological 

status response of rivers to multiple stressors using machine learning: A comparison of environmental 

DNA metabarcoding and morphological data.” Water Research 183. 

Farrell, M. J., Govender, D., Hajibabaei, M., van der Bank, M., Davies, T. J. (2022) “Environmental 

DNA as a management tool for tracking artificial waterhole use in savanna ecosystems.” Biological 

Conservation 274: 109712. 

Feit, B., Dempster, T., Jessop, T. S., Webb, J. K., Letnic, M. (2020) “A trophic cascade initiated by an 

invasive vertebrate alters the structure of native reptile communities.” Global Change Biology 26(5): 

2829–2840. 

Filipe, A. F., Lawrence, J. E., Bonada, N. (2013) “Vulnerability of stream biota to climate change in 

mediterranean climate regions: a synthesis of ecological responses and conservation challenges.” 

Hydrobiologia 719: 331–351. 

Fisher, D. O., Johnson, C. N., Lawes, M. J., Fritz, S. A., McCallum, H., Blomberg, S. P., Vanderwal, 

J., Abbott, B., Frank, A., Legge, S., Letnic, M., Thomas, C. R., Fisher, A., Gordon, I. J., Kutt, A. 

(2014) “The current decline of tropical marsupials in Australia: Is history repeating?” Global Ecology 

and Biogeography 23(2): 181–190. 

Fleming, P. A., Anderson, H., Prendergast, A. S., Bretz, M. R., Valentine L. E., Hardy, G. E. S. 

(2014) “Is the loss of Australian digging mammals contributing to a deterioration in ecosystem 

function?” Mammal Review 44(2): 94–108. 

Frank, A. S. K., Johnson, C. N., Potts, J. M., Fisher, A., Lawes, M. J., Woinarski, J. C. Z., Tuft, K., 

Radford, I. J., Gordon, I. J., Collis M. A., Legge, S. (2014) “Experimental evidence that feral cats 



cause local extirpation of small mammals in Australia's tropical savannas.” Journal of Applied 

Ecology 51(6): 1486–1493. 

Geyle, H. M., Woinarski, J. C. Z., Baker, G. B., Dickman, C. R., Dutson, G., Fisher, D. O., Ford, H., 

Holdsworth, M., Jones, M. E., Kutt, A., Legge, S., Leiper, I., Loyn, R., Murphy, B. P., Menkhorst, P., 

Reside, A. E., Ritchie, E. G., Roberts, F. E., Tingley, R., & Garnett, S. T. (2018). “Quantifying 

extinction risk and forecasting the number of impending Australian bird and mammal extinctions.” 

Pacific Conservation Biology 24(2): 157–167. DOI: https://doi.org/10.1071/PC18006 

 

Geyle, H. M., Tingley R., Amey, A. P., Cogger, H., Couper P. J., Cowan, M., Craig, M. D., Doughty, 

P., Driscoll, D. A., Ellis, R. J., Emery, J., Fenner, A., Gardner, M. G., Garnett, S. T., Gillespie, G. R., 

Greenlees, M. J., Hoskin, C. J., Keogh, J. S., Lloyd, R., Melville, J., McDonald, P. J., Michael, D. R., 

Mitchell, N. J., Sanderson, C., Shea, G. M., Sumner, J., Wapstra, E., Woinarski, J. C. Z., Chapple, D. 

G. (2021) “Reptiles on the brink: identifying the Australian terrestrial snake and lizard species most at 

risk of extinction.” Pacific Conservation Biology 27: 3–12. 

Gyurov, P. (2022) MegaDetector GUI. 

Hänfling, B., Handley, L. L., Read, D. S., Hahn, C., Li, J., Nichols, P., Blackman, R. C., Oliver, A. 

Winfield, I. J. (2016) “Environmental DNA metabarcoding of lake fish communities reflects long-

term data from established survey methods.” Molecular Ecology 25(13): 3101–3119. 

Hanna, E., Cardillo, M. (2014) “Island mammal extinctions are determined by interactive effects of 

life history, island biogeography and mesopredator suppression.” Global Ecology and Biogeography 

23(4): 395–404. 

Harper, L. R., Lawson Handley, L., Carpenter, A. I., Ghazali, M., Di Muri, C., Macgregor, C. J., 

Logan, T. W., Law, A., Breithaupt, T., Read, D. S., McDevitt A. D., Hänfling, B. (2019) 

“Environmental DNA (eDNA) metabarcoding of pond water as a tool to survey conservation and 

management priority mammals.” Biological Conservation 238. 

Hedges, B., (2023) “The ecology, conservation, and management of Australia’s ephemeral freshwater 

granite rock-holes” [Doctoral thesis, The University of Adelaide] Adelaide Research and Scholarship: 

https://hdl.handle.net/2440/140199 

Hoffmann, M., C. Hilton-Taylor, A. Angulo, M. Böhm, T. M. Brooks, S. H. M. Butchart, K. E. 

Carpenter, J. Chanson, B. Collen, N. A. Cox, W. R. T. Darwall, N. K. Dulvy, L. R. Harrison, V. 

Katariya, C. M. Pollock, S. Quader, N. I. Richman, A. S. L. Rodrigues, M. F. Tognelli, J. C. Vié, J. 

M. Aguiar, D. J. Allen, G. R. Allen, G. Amori, N. B. Ananjeva, F. Andreone, P. Andrew, A. L. A. 

Ortiz, J. E. M. Baillie, R. Baldi, B. D. Bell, S. D. Biju, J. P. Bird, P. Black-Decima, J. J. Blanc, F. 

Bolaños, W. Bolivar-G, I. J. Burfield, J. A. Burton, D. R. Capper, F. Castro, G. Catullo, R. D. 

https://doi.org/10.1071/PC18006
https://hdl.handle.net/2440/140199


Cavanagh, A. Channing, N. L. Chao, A. M. Chenery, F. Chiozza, V. Clausnitzer, N. J. Collar, L. C. 

Collett, B. B. Collette, C. F. Cortez Fernandez, M. T. Craig, M. J. Crosby, N. Cumberlidge, A. 

Cuttelod, A. E. Derocher, A. C. Diesmos, J. S. Donaldson, J. W. Duckworth, G. Dutson, S. K. Dutta, 

R. H. Emslie, A. Farjon, S. Fowler, J. Freyhof, D. L. Garshelis, J. Gerlach, D. J. Gower, T. D. Grant, 

G. A. Hammerson, R. B. Harris, L. R. Heaney, S. B. Hedges, J. M. Hero, B. Hughes, S. A. Hussain, J. 

Icochea M, R. F. Inger, N. Ishii, D. T. Iskandar, R. K. B. Jenkins, Y. Kaneko, M. Kottelat, K. M. 

Kovacs, S. L. Kuzmin, E. La Marca, J. F. Lamoreux, M. W. N. Lau, E. O. Lavilla, K. Leus, R. L. 

Lewison, G. Lichtenstein, S. R. Livingstone, V. Lukoschek, D. P. Mallon, P. J. K. McGowan, A. 

McIvor, P. D. Moehlman, S. Molur, A. M. Alonso, J. A. Musick, K. Nowell, R. A. Nussbaum, W. 

Olech, N. L. Orlov, T. J. Papenfuss, G. Parra-Olea, W. F. Perrin, B. A. Polidoro, M. Pourkazemi, P. 

A. Racey, J. S. Ragle, M. Ram, G. Rathbun, R. P. Reynolds, A. G. J. Rhodin, S. J. Richards, L. O. 

Rodríguez, S. R. Ron, C. Rondinini, A. B. Rylands, Y. S. De Mitcheson, J. C. Sanciangco, K. L. 

Sanders, G. Santos-Barrera, J. Schipper, C. Self-Sullivan, Y. Shi, A. Shoemaker, F. T. Short, C. 

Sillero-Zubiri, D. L. Silvano, K. G. Smith, A. T. Smith, J. Snoeks, A. J. Stattersfield, A. J. Symes, A. 

B. Taber, B. K. Talukdar, H. J. Temple, R. Timmins, J. A. Tobias, K. Tsytsulina, D. Tweddle, C. 

Ubeda, S. V. Valenti, P. P. Van Dijk, L. M. Veiga, A. Veloso, D. C. Wege, M. Wilkinson, E. A. 

Williamson, F. Xie, B. E. Young, H. R. Akçakaya, L. Bennun, T. M. Blackburn, L. Boitani, H. T. 

Dublin, G. A. B. Da Fonseca, C. Gascon, T. E. Lacher Jr, G. M. Mace, S. A. Mainka, J. A. McNeely, 

R. A. Mittermeier, G. M. Reid, J. P. Rodriguez, A. A. Rosenberg, M. J. Samways, J. Smart, B. A. 

Stein and S. N. Stuart (2010) “The impact of conservation on the status of the world's vertebrates.” 

Science 330(6010): 1503–1509. 

Hsieh T. C., Ma K. H., Chao, A. (2022) “iNEXT: Interpolation and Extrapolation for Species 

Diversity.” R package version 3.0.0, http://chao.stat.nthu.edu.tw/wordpress/software_download/. 

IPCC (2022a) Impacts, Adaptation, and Vulnerability. Contribution of Working Group II to the Sixth 

Assessment Report of the Intergovernmental Panel on Climate Change. [H.-O. Pörtner, D.C. Roberts, 

M. Tignor, E.S. Poloczanska, K. Mintenbeck, A. Alegría, M. Craig, S. Langsdorf, S. Löschke, V. 

Möller, A. Okem, B. Rama (eds.)]. Cambridge University Press. Cambridge University Press, 

Cambridge, UK and New York, NY, USA, 3056 pp.  

IPCC (2022b) Climate Change 2022: Mitigation of Climate Change. Contribution of Working Group 

III to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change. J. S. P.R. 

Shukla, R. Slade, A. Al Khourdajie, R. van Diemen, D. McCollum, M. Pathak, S. Some, P. Vyas, R. 

Fradera, M. Belkacemi, A. Hasija, G. Lisboa, S. Luz, J. Malley,. Cambridge, UK and New York, NY, 

USA. 

Jaccard, P. (1901) “Distribution de la flore alpine dans le Bassin des Drouces et dans quelques regions 

voisines.” Bulletin de la Société Vaudoise des Sciences Naturelles 37(140): 241–272. 

http://chao.stat.nthu.edu.tw/wordpress/software_download/


Jansen, J., Jansen, J.,  Dean, A. T., Brandle, R., Peacock, D. E., Jones, M. E. (2023) “High-resolution 

mapping of rabbit (Oryctolagus cuniculus) densities for targeted conservation management.” Journal 

of Applied Ecology 60(12) 2602–2612. 

Jenkin, T., White, M., Ackland, L., Scholz, G., Starkey, M. (2011a) “Partnerships in protecting rock-

holes: 2009–2010 cultural and ecological site assessments in the Gawler Ranges. A report to the 

South Australian Arid Lands Natural Resources Management Board.” 

Johnsen, S. I., Strand, D. A., Rusch, J. C., Vrålstad, T. (2020) “Environmental DNA (eDNA) 

monitoring of noble crayfish Astacus astacus in lentic environments offers reliable presence-absence 

surveillance – but fails to predict population density.” Frontiers in Environmental Science 8. 

Johnson, C. N., Isaac, J. L. (2009) “Body mass and extinction risk in Australian marsupials: The 

'Critical Weight Range' revisited.” Austral Ecology 34(1): 35–40.  

Johnson, M. D., Katz, A. D., Davis, M. A., Tetzlaff, S., Edlund, D., Tomczyk, S., Molano-Flores, B., 

Wilder, T., Sperry, J. H. (2023) “Environmental DNA metabarcoding from flowers reveals arthropod 

pollinators, plant pests, parasites, and potential predator–prey interactions while revealing more 

arthropod diversity than camera traps.” Environmental DNA 5(3). 

Kassara, C., Bairaktaridou, K., Maximiadi, M., Akriotis, T., Giokas, S., Psiloglou, B., E. (2023) 

“Water visitation patterns by Eleonora’s falcon at its breeding grounds: a case study using visual 

observations and camera traps.” Ethology Ecology & Evolution 1–18. 

Katoh, K., Misawa, K., Kuma, K.i., Miyata, T. (2002) “MAFFT: a novel method for rapid multiple 

sequence alignment based on fast Fourier transform.” Nucleic Acids Research 30: 3059–3066. 

Klymus, K. E., Ruiz Ramos, D. V., Thompson, N. L., Richter, C. A. (2020) “Development and 

Testing of species-specific quantitative PCR assays for environmental DNA applications.” Journal of 

Visualized Experiments 165: e61825 1–25. 

Koziol, A., Stat, M., Simpson, T., Jarman, S., DiBattista, J. D., Harvey, E. S., Marnane, M., 

McDonald, J., Bunce, M. (2019) “Environmental DNA metabarcoding studies are critically affected 

by substrate selection.” Molecular Ecology Resources 19(2): 366–376. 

Kuehne, L. M., Ostberg, C. O., Chase, D. M., Duda, J. J., Olden, J. D. (2020) “Use of environmental 

DNA to detect the invasive aquatic plants myriophyllum spicatum and Egeria Densa in Lakes.” 

Freshwater Science 39(3): 521–533. 

Kutt, A. S. (2012) “Feral cat (Felis catus) prey size and selectivity in north-eastern Australia: 

Implications for mammal conservation.” Journal of Zoology 287(4): 292–300. 



Leempoel, K., Hebert, T., Hadly, E. A. (2020) “A comparison of eDNA to camera trapping for 

assessment of terrestrial mammal diversity.” Proceedings of the royal society B - Biological Sciences 

287(1918): 20192353. 

Lozupone, C., Lladser M. E., Knights, D., Stombaugh, J., Knight, R. (2011) “UniFrac: an effective 

distance metric for microbial community comparison.” The ISME Journal 5(2): 169–72. 

Lyet, A., Pellissier, L., Valentini, A., Dejean, T., Hehmeyer, A., Naidoo, R. (2021) “eDNA sampled 

from stream networks correlates with camera trap detection rates of terrestrial mammals.” Scientific 

Reports 11: 1–14. 

Mas‐Carrió, E., Schneider, J., Nasanbat, B., Ravchig, S., Buxton, M., Nyamukondiwa, C., Stoffel, C., 

Augugliaro, C., Ceacero, F., Taberlet, P., Glaizot, O. (2022) “Assessing environmental DNA 

metabarcoding and camera trap surveys as complementary tools for biomonitoring of remote desert 

water bodies.” Environmental DNA 4(3): 580–595. 

McDonald, R., Bateman, P. W., Cooper, C., van der Heyde, M., Mousavi-Derazmahalleh, M., 

Hedges, B. A., Guzik, M. T., Nevill, P. (2023) “Detection of vertebrates from natural and artificial 

inland water bodies in a semi-arid habitat using eDNA from filtered, swept, and sediment samples.” 

Ecology and Evolution 13 e10014. 

McKenzie, N. L., Burbidge, A. A., Baynes, A., Brereton, R. N., Dickman, C. R., Gordon, G., Gibson, 

L. A., Menkhorst, P. W., Robinson, A. C., Williams, M. R., Woinarski, J. C. Z. (2007) “Analysis of 

factors implicated in the recent decline of Australia's mammal fauna.” Journal of Biogeography 34(4): 

597–611. 

Microsoft AI for Earth (2020) MegaDetector. 

Miya, M., Gotoh, R. O., Sado, T. (2020) “MiFish metabarcoding: a high-throughput approach for 

simultaneous detection of multiple fish species from environmental DNA and other samples.” 

Fisheries Science 86(6): 939–970. 

Moseby, K. E., Hill, B. M., Read, J. L. (2009) “Arid Recovery - A comparison of reptile and small 

mammal populations inside and outside a large rabbit, cat and fox-proof exclosure in arid South 

Australia.” Austral Ecology 34(2): 156–169. 

Moseby, K. E., Read, J. L., Andersen, G. E. (2021) “Goat movement patterns inform management of 

feral goat populations in semiarid rangelands.” Wildlife Research 48(1): 44–54. 

Mousavi-Derazmahalleh, M., Ellis, R. J., D’Rozario, B. L., Berry, T. E., Peverley, G., Dawkins, K. L., 

Campbell, M., White, N. E., Allentoft, M. E. (2023) “Rock pools as a source of environmental DNA 



for the detection of the threatened Pilbara olive python (Liasis olivaceus barroni).” Frontiers in 

Environmental Science 11: 1187545. 

Mulero, S., Toulza, E., Loisier, A., Zimmerman, M., Allienne, J. F., Foata, J., Quilichini, Y., Pointier, 

J. P., Rey O., Boissier, J. (2021) “Malacological survey in a bottle of water: A comparative study 

between manual sampling and environmental DNA metabarcoding approaches.” Global Ecology and 

Conservation 25. 

Murphy, B. P., Davies, H. F. (2014) “There is a critical weight range for Australia's declining tropical 

mammals.” Global Ecology and Biogeography 23(9): 1058–1061. 

Nature Foundation. (2023) “Hiltaba Nature Reserve.” 2023, from 

https://www.naturefoundation.org.au/what-we-do/nature-reserves/hiltaba-nature-reserve. 

Ndehedehe, C. E., Ferreira, V. G., Agutu, N. O., Onojeghuo, A. O., Okwuashi, O., Kassahun, H. T., 

Dewan, A. (2021) “What if the rains do not come?” Journal of Hydrology 595. 126040. 

Neice, A. A., McRae, S. B. (2021) “An eDNA diagnostic test to detect a rare, secretive marsh bird.” 

Global Ecology and Conservation 27: e01529. 

Noy-Meir, I. (1973) “Desert ecosystems: Environment and producers.” Annual Review of Ecology and 

Systematics 4: 25–51. 

Parker, S. S., Zdon, A., Christian, W. T., Cohen, B. S., Palacios Mejia, M., Fraga, N. S., Curd, E. E., 

Edalati, K., Renshaw, M. A. (2021) “Conservation of Mojave Desert springs and associated biota: 

status, threats, and policy opportunities.” Biodiversity and Conservation 30(2): 311–327. 

Pielou, E. C. (1966) “The Measurement of Diversity in Different Types of Biological Collections.” 

Journal of Theoretical Biology 13: 131–144. 

Piggott, M. P., Banks, S. C., Broadhurst, B. T., Fulton C. J., Lintermans, M. (2021) “Comparison of 

traditional and environmental DNA survey methods for detecting rare and abundant freshwater fish.” 

Aquatic Conservation: Marine and Freshwater Ecosystems 31(1): 173–184. 

Porporato, A., D’Odorico, P., Laio, F., Ridolfi L., Rodriguez-Iturbe, I. (2002) “Ecohydrology of 

water-controlled ecosystems.” Advances in Water Resources 25(8–12): 1335–1348. 

Price, M. N., Dehal, P. S., Arkin, A. P. (2010) “FastTree 2 - Approximately maximum-likelihood 

trees for large alignments.” PLoS ONE 5(3). 

Prié, V., Valentini, A., Lopes-Lima, M. Froufe, E., Rocle, M., Poulet, N., Taberlet, P., Dejean, T. 

(2021) “Environmental DNA metabarcoding for freshwater bivalves biodiversity assessment: methods 

and results for the Western Palearctic (European sub-region).” Hydrobiologia 848: 2931–2950. 

https://www.naturefoundation.org.au/what-we-do/nature-reserves/hiltaba-nature-reserve


RCoreTeam (2013) R: A Language and Environment for Statistical Computing, R Foundation for 

Statistical Computing: Vienna, Austria. 

Rishan, S. T., Kline, R. J., Rahman, M. S. (2023) “Applications of environmental DNA (eDNA) to 

detect subterranean and aquatic invasive species: A critical review on the challenges and limitations 

of eDNA metabarcoding.” Environmental Advances 12. 

Rodgers, T. W., Dysthe, J. C., Tait, C., Franklin, T. W., Schwartz, M. K., Mock, K. E. (2020) 

“Detection of 4 imperiled western North American freshwater mussel species from environmental 

DNA with multiplex qPCR assays.” Freshwater Science 39(4): 762–772. 

Sales, N. G., Kaizer, M. D. C., Coscia, I., Perkins, J. C., Highlands, A., Boubli, J. P., Magnusson, W. 

E., Da Silva, M. N. F., Benvenuto, C., McDevitt, A. D. (2020a) “Assessing the potential of 

environmental DNA metabarcoding for monitoring Neotropical mammals: a case study in the 

Amazon and Atlantic Forest, Brazil.” Mammal Review 50(3): 221–225. 

Sales, N. G., McKenzie, M. B., Drake, J., Harper, L. R., Browett, S. S., Coscia, I., Wangensteen, O. 

S., Baillie, C., Bryce, E., Dawson, D. A., Ochu, E., Hänfling, B., Lawson Handley, L., Mariani, S., 

Lambin, X., Sutherland C., McDevitt, A. D. (2020b) “Fishing for mammals: Landscape-level 

monitoring of terrestrial and semi-aquatic communities using eDNA from riverine systems.” Journal 

of Applied Ecology 57(4): 707–716. 

Salis, R. K., Brennan, G. L., Hansson, L-A. (2023) “Successful invasions to freshwater systems 

double with climate warming.” Limnology and Oceanography 68: 953–962. 

Scheele, B. C., Legge, S., Blanchard, W., Garnett, S., Geyle, H., Gillespie, G., Harrison, P., 

Lindenmayer, D., Lintermans, M., Robinson N., Woinarski, J. (2019) “Continental-scale assessment 

reveals inadequate monitoring for threatened vertebrates in a megadiverse country.” Biological 

Conservation 235: 273–278. 

Senior, A. F., Böhm, M., Johnstone, C. P., McGee, M. D., Meiri, S., Chapple, D. G., Tingley R. 

(2021) “Correlates of extinction risk in Australian squamate reptiles.” Journal of Biogeography 48(9): 

2144–2152. DOI: 10.1111/jbi.14140 

Shannon, C. E., Weaver, W. (1949) “The mathematical theory of communication.” Urbana: 

University of Illinois Press. 

Short, J., Smith, A. (1994) “Mammal decline and recovery in Australia.” Journal of Mammalogy 

75(2): 288–297. 

Stobo-Wilson, A. M., Murphy, B. P., Legge, S. M., Caceres-Escobar, H., Chapple, D. G., Crawford, 

H. M., Dawson, S. J., Dickman, C. R., Doherty, T. S., Fleming, P. A., Garnett, S. T., Gentle, M., 

Newsome, T. M., Palmer, R., Rees, M. W., Ritchie, E. G., Speed, J., Stuart, J. M., Suarez-Castro, A. 



F., Thompson, E., Tulloch, A., Turpin J. M., Woinarski, J. C. Z. (2022) “Counting the bodies: 

Estimating the numbers and spatial variation of Australian reptiles, birds and mammals killed by two 

invasive mesopredators.” Diversity and Distributions 28(5): 976–991. 

Timms, B. V. (2013b) “Geomorphology of pit gnammas in southwestern Australia.” Journal of the 

Royal Society of Western Australia 96(1): 7–16. 

Tingley, R., Macdonald, S. L., Mitchell, N. J., Woinarski, J. C. Z., Meiri, S., Bowles, P., Cox, N. A., 

Shea, G. M., Böhm, M., Chanson, J., Tognelli, M. F., Harris, J., Walke, C., Harrison, N., Victor, S., 

Woods, C., Amey, A. P., Bamford, M., Catt, G., Clemann, N., Couper, P. J., Cogger, H., Cowan, M., 

Craig, M. D., Dickman, C. R., Doughty, P., Ellis, R., Fenner, A., Ford, S., Gaikhorst, G., Gillespie, G. 

R., Greenlees, M. J., Hobson, R., Hoskin, C. J., How, R., Hutchinson, M. N., Lloyd, R., McDonald, 

P., Melville, J., Michael, D. R., Moritz, C., Oliver, P. M., Peterson, G., Robertson, P., Sanderson, C., 

Somaweera, R., Teale, R., Valentine, L., Vanderduys, E., Venz, M., Wapstra, E., Wilson, S., Chapple, 

D.G. (2019) “Geographic and taxonomic patterns of extinction risk in Australian squamates.” 

Biological Conservation 238. DOI: 10.1016/j.biocon.2019.108203 

Turcu, M. C., Paștiu, A.I., Bel, L.V., Pusta, D.L. (2023) “A comparison of feathers and oral swab 

samples as DNA sources for molecular sexing in companion birds.” Animals 13: 525. 

Ushio, M., Fukuda, H., Inoue, T., Makoto, K., Kishida, O., Sato, K., Murata, K., Nikaido, M., Sado, 

T., Sato, Y., Takeshita, M., Iwasaki, W., Yamanaka, H., Kondoh, M., Miya, M. (2017) 

“Environmental DNA enables detection of terrestrial mammals from forest pond water.” Molecular 

Ecology Resources 17(6): e63–e75. 

Valentini, A., Taberlet, P., Miaud, C., Civade, R., Herder, J., Thomsen, P. F., Bellemain, E., Besnard, 

A., Coissac, E., Boyer, F., Gaboriaud, C., Jean, P., Poulet, N., Roset, N., Copp, G. H., Geniez, P., 

Pont, D., Argillier, C., Baudoin, J. M., Peroux, T., Crivelli, A. J., Olivier, A., Acqueberge, M., Le 

Brun, M., Møller, P. R., Willerslev, E., Dejean, T. (2016) “Next-generation monitoring of aquatic 

biodiversity using environmental DNA metabarcoding.” Molecular Ecology 25(4): 929–942. 

van der Heyde, M., Bunce, M., Wardell-Johnson, G., Fernandes, K., White, N. E., Nevill, P. (2020) 

“Testing multiple substrates for terrestrial biodiversity monitoring using environmental DNA 

metabarcoding.” Molecular Ecology Resources 20: 732–745. 

van der Heyde, M., Alexander, J., Nevill, P., Austin, A. D., Stevens, N., Jones, M., & Guzik, M. T. 

(2023) “Rapid detection of subterranean fauna from passive sampling of groundwater 

eDNA.” Environmental DNA, 5(6), 1706-1719. 

Votto, S. E., Schlesinger, C., Dyer, F., Caron, V., Davis, J. (2022) “The role of fringing vegetation in 

supporting avian access to arid zone waterholes.” Emu 122(1): 1–15. 



West, K. M., Heydenrych, M., Lines, R., Tucker, T., Fossette, S., Whiting, S., Bunce,M. (2021) 

“Development of a 16S metabarcoding assay for the environmental DNA (eDNA) detection of aquatic 

reptiles across northern Australia.” Marine and Freshwater Research. 

White, N. E., Guzik, M. T., Austin, A. D., Moore, G. I., Humphreys, W. F., Alexander J., Bunce, M. 

(2020) “Detection of the rare Australian endemic blind cave eel (Ophisternon candidum) with 

environmental DNA: implications for threatened species management in subterranean environments.” 

Hydrobiologia 847(15): 3201–3211. 

Wickham, H. (2016) ggplot2: Elegant graphics for data analysis, Springer-Verlag New York. 

Woinarski, J. C. Z., Burbidge, A. A., Harrison, P. L. (2015) “Ongoing unraveling of a continental 

fauna: Decline and extinction of Australian mammals since European settlement.” Proceedings of the 

National Academy of Sciences of the United States of America 112(15): 4531–4540. 

Woinarski, J. C., Legge, S. M., & Garnett, S. T. (2024) “Extinct Australian birds: numbers, 

characteristics, lessons and prospects.” Emu 124(1): 8–20. DOI: 

https://doi.org/10.1080/01584197.2023.2240345 

Woinarski, J. C. Z., Legge, S., Fitzsimons, J. A., Traill, B. J., Burbidge, A. A., Fisher, A., Firth, R. S. 

C., Gordon, I. J., Griffiths, A. D., Johnson, C. N., McKenzie, N. L., Palmer, C., Radford, I., 

Rankmore, B., Ritchie, E. G., Ward, S., Ziembicki, M. (2011) “The disappearing mammal fauna of 

northern Australia: Context, cause, and response.” Conservation Letters 4(3): 192–201. 

Zhang, S., Zhao, J., Yao, M. (2023) “Urban landscape-level biodiversity assessments of aquatic and 

terrestrial vertebrates by environmental DNA metabarcoding.” Journal of Environmental 

Management 340. 


