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Abstract
Environmental DNA (eDNA) metabarcoding surveys enable rapid, non-invasive identification of taxa
from trace samples with wide-ranging applications from characterising local biodiversity to
identifying food-web interactions. However, the technique is prone to error from two major sources:
i) contamination through foreign DNA entering the workflow, and ii) misidentification of DNA within
the workflow. Both types of error have the potential to obscure true taxon presence or to increase
taxonomic richness by incorrectly identifying taxa as present at sample sites but multiple error
sources can remain unaccounted for in metabarcoding studies.
Here, we use data from an eDNA metabarcoding study designed to detect vertebrate species at
waterholes in Australia’s arid zone to illustrate where and how in the workflow errors can arise, and

This article has been accepted for publication and undergone full peer review but has not been
through the copyediting, typesetting, pagination and proofreading process, which may lead to
differences between this version and the Version of Record. Please cite this article as doi:
10.1111/1755-0998.13170
This article is protected by copyright. All rights reserved

Accepted Article

how to mitigate those errors. We detected the DNA of 36 taxa spanning 34 families, 19 orders and 5
vertebrate classes in water samples from waterholes, demonstrating the potential for eDNA
metabarcoding surveys to provide rapid, non-invasive detection in remote locations, and to widely
sample taxonomic diversity from aquatic through to terrestrial taxa. However, we initially identified
152 taxa in the samples, meaning there were many false positive detections. We identified the
sources of these errors, allowing us to design a stepwise process to detect and remove error, and
provide a template to minimise similar errors that are likely to arise in other metabarcoding studies.
Our findings suggest eDNA metabarcoding surveys need to be carefully conducted and screened for
errors to ensure their accuracy.

Key Words
Arid zone biodiversity, eDNA metabarcoding, false detection, false positive, terrestrial fauna, type I
error

Introduction
Environmental DNA (eDNA) metabarcoding is increasingly being used as a high-throughput
multispecies detection tool (Bohmann et al., 2014, Taberlet, Coissac, Pompanon, Brochmann, &
Willerslev, 2012, Valentini et al., 2016, Yoccoz et al., 2012). eDNA metabarcoding combines sampling
trace DNA from the environment with next-generation sequencing technologies to identify the
source of the DNA. eDNA metabarcoding offers a simple, cost-efficient, non-invasive and highly
sensitive sampling method for rapid assessment of biological diversity from the DNA found in
diverse sources including soil, ice cores and water (Deiner, Fronhofer, Mächler, Walser, & Altermatt,
2016, Dejean et al., 2012, Ji et al., 2013, Shaw, Weyrich, & Cooper, 2016, Smart et al., 2016).
Despite the many advantages of eDNA metabarcoding, the technique is prone to error, which can
arise at various stages in the workflow but can be classified into two major sources: i) contamination,
which occurs when foreign DNA enters the workflow; and, ii) misidentification, which arises from
error generated as a result of the workflow, such as the creation of a novel amplicon during DNA
amplification, the creation of a novel sequence read during sequencing, or assigning a sequence read
to the incorrect taxon (Fig. 1). Contamination can lead to false positive detections (i.e., apparent
detection of a taxon when it is absent from the environment), while misidentification can lead to
either false positive or false negative detections (i.e., failing to detect a taxon when it is present in the
environment), altering estimates of taxonomic richness and diversity (Calderón-Sanou,
Münkemüller, Boyer, Zinger, & Thuiller, 2019).
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Mitigating error in eDNA metabarcoding surveys is important as invalid detections could have
serious implications for conservation decisions and management actions (Yoccoz, Nichols, &
Boulinier, 2001). Currently, no standard approach exists to identify or remove errors from
metabarcoding studies. Technological advances now allow large volumes of data to be generated
from increasingly trace amounts of DNA but the low quantity and quality of DNA typical of
environmental samples also makes eDNA surveys particularly susceptible to both contamination and
misidentification error. These errors can be difficult to identify, especially when surveying previously
uncharacterised systems, or studying taxa with poorly resolved taxonomies such as bacterial or
microbial communities where reads are typically assigned to Molecular Operational Taxonomic Units
(MOTUs) rather than named taxa.
While all surveys are faced with the challenge of false negative error, false positive error remains a
somewhat unique feature of eDNA surveys. In this paper, we predominantly address the issue of false
positive detections, but we acknowledge that a trade-off exists between decreasing the false positive
rate and increasing the false negative rate. This trade-off is discussed in further detail below. One
way to assess the potential for false positive error in eDNA metabarcoding surveys is to survey a
well-characterised system, assigning sequence reads to named taxa where false positive detections
would be apparent. Here we describe the results of an eDNA metabarcoding survey designed to
detect vertebrate taxa using samples collected from waterholes in Australia’s arid zone. Waterholes
provide a useful model system for detecting potential errors for three reasons. First, waterholes in
the arid zone provide a limited, yet valuable resource to wildlife across a wide area, drawing
terrestrial fauna to drink, bathe and feed (Davis, Pavlova, Thompson, & Sunnucks, 2013). This
presents an opportunity for eDNA sampling to provide a snapshot of biodiversity across a much
broader region. Second, Australia’s vertebrate taxonomy is well-characterised, meaning we can
readily differentiate between species. And third, waterholes in Australia’s arid zone are isolated and
in a landscape with relatively little human impact, such that we have a very good idea of the
vertebrate species likely to be present, including a well-documented vertebrate record at several
sites from intensive camera trap surveys (Votto, Dyer, Caron, & Davis, Accepted). These features
should make it easier to identify problems arising from contamination and misidentification, to
pinpoint where in the workflow errors occur, and to identify ways to mitigate those errors.
We first detail the stages in a metabarcoding workflow and the errors that could potentially occur at
each stage. We then use our case study of waterholes to identify where errors can arise and how to
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mitigate those errors by modifying sampling and laboratory protocols. We review the detection
results of our case study and identify multiple occurrences of unexpected taxa (i.e., taxa rarely
encountered or never previously recorded within the study area) as likely errors. We then document
a stepwise process for removal of these errors. We show how other metabarcoding studies
(particularly ones where errors may be less apparent) could benefit from this process, enabling them
to minimise false detections and ensure the results accurately inform management actions.

Materials and Methods
Metabarcoding workflow and error sources
Metabarcoding is a multi-stage process that involves i) study site selection, ii) sample collection, iii)
laboratory work to capture and extract DNA from the sample, iv) PCR amplification to replicate the
DNA, v) amplicon sequencing, and vi) bioinformatics to assign sequence reads to taxa as either
MOTUs or named taxa (Fig. 1). While this workflow forms the backbone of the vast majority of
metabarcoding studies, we focus on eDNA metabarcoding surveys which use genetic material
obtained from environmental samples (e.g. soil, sediment, water) without any obvious signs of
biological material (Thomsen & Willerslev, 2015).
Two major sources contribute to error in metabarcoding studies: contamination, where foreign DNA
is introduced into the workflow, and misidentification where errors are generated within the
workflow. The high sensitivity of eDNA surveys, which can detect DNA concentrations as low as 0.5
copies/uL (Wilcox et al., 2013), means that samples can be compromised by very low concentrations
of contaminants during any of the field or laboratory stages of the workflow. Misidentification, in
contrast, occurs during the sequencing or bioinformatics stages resulting in DNA molecules present
in a sample being assigned to an incorrect MOTU or species. The frequency of misidentification error
will vary depending on the sequencing platform and DNA amplification methods used, as well as the
taxonomic group and gene region targeted, while assignments to named taxa can introduce
additional errors resulting from the quality of the reference database(s) (Kress, García-Robledo,
Uriarte, & Erickson, 2015, Schloss, Gevers, & Westcott, 2011). Most metabarcoding studies apply a
data filtering step to remove some of these misidentification errors but the stringency of this filtering
varies widely and typically focus on the PCR amplification and amplicon sequencing stages of the
workflow (Coissac, Riaz, & Puillandre, 2012, Morgan, Chariton, Hartley, Court, & Hardy, 2013, Schloss
et al., 2011). Additional sources of misidentification or contamination error often remain
unaccounted for.
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Below, we outline the pathways for error at each stage of the metabarcoding workflow (Fig. 1). We
show how identification of potential error sources can be used to inform the metabarcoding process
to mitigate, remove, and appropriately interpret results.
i)

Study site

An organisms’ DNA may be present in an environmental sample if the organism is not actually
present at the study site due to contamination resulting from DNA transport via water or wind,
release from deceased organisms, or transfer by other living organisms including humans. These
sources of contamination are often difficult, if not impossible, to control. Below we highlight several
pathways for contamination at the study site and emphasise that consideration of the study scope is
critical for accurately interpreting detection results.
Environmental transfer
Environmental processes such as the movement of water or wind can transfer DNA from organisms
living outside the study site (Jerde et al., 2016). For example, flowing streams can transport DNA
several kilometres downstream from the source (Deiner & Altermatt, 2014), surface runoff may lead
to DNA from terrestrial species being transported into waterways, while urban runoff can potentially
transfer DNA from domestic produce (including livestock, pets or animal-based by-products
including food or fertilisers, plant material, microbes etc.). Storm or wind dispersal may transfer
DNA from even further afield with the potential to move soil and small particles of DNA (e.g., skin
cells, feathers, pollen) or entire organisms (e.g., small invertebrates, microbes) across the landscape.
The persistence of DNA fragments in the environment is highly variable (Bylemans, Furlan, Gleeson,
Hardy, & Duncan, 2018), meaning that DNA could arise from recently deceased organisms or (rarely)
organisms that are locally extinct. The rate at which DNA degrades is influenced by exposure to
oxygen, light, heat, pH or water, and the presence of bacteria and fungi (Dejean et al., 2011, Lindahl,
1993, Strickler, Fremier, & Goldberg, 2015). Under certain conditions, such as those experienced in
ice cores or caves, DNA can persist for several thousand years (Willerslev et al., 2007, Willerslev et
al., 2003).
Humans or other animals can be responsible for the direct or indirect transfer of whole organism or
their DNA. Unconsumed food items can be deposited at a site, while faecal deposits will contain DNA
of consumed items as well as a variety of microorganisms (Baker-Austin, Morris, Lowther, Rangdale,
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& Lees, 2009, Martellini, Payment, & Villemur, 2005). Similarly, recent interactions with other
animals, plants or their by-products can inadvertently transfer DNA to novel locations. For example,
recent contact between humans and pets may result in fur being retained on clothing or hands, which
can be inadvertently deposited at a site. These forms of secondary transfer have the potential to
deposit DNA from taxa residing outside the study area and may be from living or deceased
organisms.
In all the above cases, environmental transfer can lead to DNA being present at the study site.
Whether this DNA is interpreted as contamination error will depend on how a study site is defined,
including the spatial and temporal scale of the study. For example, an eDNA metabarcoding study
conducted at isolated waterholes may be interested in detecting only taxa resident at the waterhole
or, alternatively, could use waterholes as a means to survey biodiversity across a much wider area,
including taxa that visit the waterhole but may not be resident.
ii)

Sample collection

Field contamination
During sample collection, researchers can be a source of contamination due to either primary (i.e.,
their own DNA) or secondary transfer. This can be mitigated by excluding foreign DNA sources from
the site as much as possible and wearing dedicated, sterile clothing in the field (e.g. facemask,
hairnet, coveralls).
Cross-contamination
We define cross-contamination to be contaminants transferred between sites or samples as a result
of sample collection or laboratory procedures. We consider how cross-contamination can result from
current and previous samples at multiple stages of the metabarcoding workflow. Re-use of
equipment between sites or samples in the field provides an avenue for field-based crosscontamination. For example, unwashed waders, boats or vehicles can inadvertently transfer DNA
contained in soil or water between sites, while unsterilised sampling equipment can transfer residual
DNA to subsequent samples. This can be mitigated by sterilisation of all equipment and use of
disposable gloves between samples and sites. Where possible, site-dedicated equipment can be used
to remove the opportunity for cross-contamination between sites, while single-use equipment can
remove the opportunity for cross-contamination between samples, enabling collection of
independent samples within a site.
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iii)

Laboratory work

Laboratory contamination
Laboratory personal pose a significant risk of contamination from either primary or secondary DNA
transfer. To mitigate these risks, laboratory personal and their clothing should be clean prior to
entering the laboratory and sterile protective clothing should be worn (e.g., coveralls, facemask,
hairnet, gloves) and any potential source contaminants should be excluded from the laboratory.
DNA contaminants, however, may be inadvertently introduced into reagents or labware during the
manufacturing process, with contamination by domestic animals occurring relatively frequently
(Champlot et al., 2010, Leonard et al., 2007). Indeed, DNA of domestic animals may be used as the
source for stabilising agents such as bovine serum albumin (BSA) (although the purified BSA amino
acid should be free of DNA (Sigma-Aldrich, 2000)). Living organisms may find their way into the
laboratory itself, with the potential for small household pests such as ants, flies, arthropods, or mice
to deposit trace amounts of DNA on benches or equipment. This can be mitigated through regular
decontamination, including UV-irradiation and cleaning benches and equipment with bleach and
ethanol.

Cross-contamination
Poor laboratory practises during sample handling can result in DNA cross-contamination between
samples. To mitigate this, stringent sterile laboratory practices should be maintained (Goldberg et al.,
2016) including use of filter tips for pipetting work, changing tips and gloves between samples and
maintaining separate laboratories for handling high and low quantity DNA samples.
Previously generated PCR amplicons represent a significant source of contamination if the amplified
region corresponds to the region targeted in the current study. Assigning unique multiplex
identification tag (MID tag) combinations to each sample enables any post-PCR amplicon
contamination to be identified as foreign and removed. PCR amplicon contaminants introduced prior
to PCR, however, will be indistinguishable as new MID tags for the current study will be incorporated
during the amplification process. Fortunately, this form of contamination can be mitigated by
physically separating pre- and post-PCR work (King, Read, Traugott, & Symondson, 2008, Murray,
Coghlan, & Bunce, 2015).
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iv)

PCR amplification

Cross-contamination
Foreign DNA or PCR product can be inadvertently introduced into the sample just prior to PCR
amplification. As described above, sterile lab practices and separation of pre- and post-PCR work can
help mitigate this.
Amplification error
The DNA amplification process is imperfect with an incorrect replication rate reported to be ~1.3%
(Sigsgaard et al., 2016). Reducing the number of cycles during PCR can reduce amplification error
and reduce replication of low concentration DNA (typical of contaminates), but will also reduce the
opportunity to amplify true, rare DNA fragments, leading to an increased false negative rate.
Amplification errors occurring early in the PCR process will lead to subsequent replication of that
error as the PCR progresses. Some studies deal with this error by combining rare reads with more
frequently occurring reads if they share a certain level of sequence similarity (Miya et al., 2015), but
this risks removing true sequences, particularly when the abundance between reads classified as
‘rare’ or ‘frequent’ is minimal. Given that erroneous PCR amplicons should occur at a much lower
frequency than the true sequence, taking into account the magnitude of difference between ‘rare’ and
‘frequent’ reads may provide a better approach to identify and remove sequencing error.
Nevertheless, combining similar sequences in this way may obscure true genetic variation arising
from rarer haplotypes or taxa.
v)

Amplicon sequencing

Cross-contamination
Cross-contamination during library preparation or amplicon sequencing can introduce errors. As
described above, sterile lab practices and separation of pre- and post-PCR work can help mitigate
this.

Sequencing error
Amplicons can occasionally be misread during sequencing, generating incorrect sequence reads. The
sequencing error rate can vary greatly in accordance with the location along a fragment (e.g., errors
are more common at homopolymers or at the 3’ end) and the sequencing platform used, with error
rates ranging from 0.21% to 10% (Kobayashi, Tamura, & Aotsuka, 1999, Murray et al., 2015).
Reducing the sequencing depth or discarding reads that occur infrequently (i.e., one to several
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times), can remove detection of rare amplicons (typical of contaminants) (Grealy et al., 2016, Olds et
al., 2016, Port et al., 2016, Valentini, Miquel, Nawaz, & al., 2009) but also risks discarding true
detections, albeit of low concentration. PCR amplification and amplicon sequencing can occasionally
generate similar errors, including low quality reads, chimeras, or rearrangement of MID tags. This
can lead to apparent detection of taxa that are, in fact, absent from a particular sample (Schloss et al.,
2011, Schnell, Bohmann, & Gilbert, 2015). Chimeras can be mitigated by careful MID tag design or
MID tag combinations, or modifying laboratory workflows or PCR elongation time (Coissac, 2012). If
chimeras are suspected, programs such as UCHIME or MOTHUR can assist in their identification and
removal (Edgar, Haas, Clemente, Quince, & Knight, 2011, Schloss et al., 2009).
vi)

Bioinformatics

Poor taxonomic resolution
Sequence reads can be assigned to MOTUs based on variability between sequences or to named taxa
based on sequence similarity with a reference database. The degree of sequence variation between
taxa will differ depending on the taxonomic groups and gene region targeted (Dupuis, Roe, &
Sperling, 2012, Ritchie, Lo, & Ho, 2016). A lack of resolution at the target gene region may preclude
the ability to differentiate between closely related taxa. Programs such as SPIDER and ecoPrimers can
calculate divergence thresholds between taxa (Brown et al., 2012, Riaz et al., 2011), providing a
valuable tool to identify low-divergent taxonomic groups that may be difficult to separate into
distinct taxonomic units. To avoid sequence reads being misassigned to the incorrect species, reads
can be assigned to higher taxonomic levels (e.g. genus) to incorporate all taxa within the database
that provide a close sequence match (ranging between 2-10%, Coghlan et al., 2013, Piñol, San Andrés,
Clare, Mir, & Symondson, 2014, Port et al., 2016). Assigning taxonomic IDs to incorporate sequences
with greater dissimilarity to the best match will increase accuracy at the expense of reduced
resolution.
Errors assigning sequence reads to named taxa:
Poor taxonomic match
While momentum is growing to populate publicly available genetic databases with DNA sequence
information covering the diversity of life on earth [e.g., NCBI’s GenBank (Benson, Karsch-Mizrachi,
Lipman, Ostell, & Sayers, 2009), BOLD (Ratnasingham & Hebert, 2007), EMBL (Kanz et al., 2005)],
these databases remain far from complete. This can result in sequence reads producing an imperfect
match with the database and being incorrectly assigned to whichever species contains the greatest
sequence similarity, be it a conspecific, congeneric or more distant taxon. To avoid incorrect
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taxonomic assignment, bioinformatics bounds can be imposed to only assign a read to the species
level if it provides a near perfect match, while more divergent sequence reads can be assigned to the
genus, family or higher taxonomic level. The level of sequence divergence between species, genera
and families will vary according to the taxonomic group and gene region targeted (Coissac et al.,
2012, Dupuis et al., 2012, Ficetola et al., 2010, Ritchie et al., 2016).
Incomplete reference database
Incomplete databases can also lead to a sequence read being incorrectly assigned to a single species
with perfect (or near perfect) sequence identity and, if no related taxa are present in the database,
the incorrect assignment may go unnoticed (Curry, Gibson, Shokralla, Hajibabaei, & Baird, 2018,
Geiger et al., 2016, Weigand et al., 2019). Utilising an alternate or additional gene region may provide
improved representation or resolution for particular taxonomic groups and reduce misassignment
error (Deagle, Jarman, Coissac, Pompanon, & Taberlet, 2014, Tang et al., 2014). Taxonomic
assignments may be narrowed to consider only taxa found within the study region.
Reference database errors
Publicly available databases are error-prone and may contain inaccurate sequences or incorrect
taxonomic information (Harris, 2003). Although these database errors may be difficult to identify,
anomalies such as sequence similarity among supposedly genetically distant taxa or substantial
sequence differentiation within a genus or species, can provide an obvious indication of error.
Identifying this error relies on careful investigation of taxonomic assignments. Taxonomic revisions
are also relatively common and can lead to reads being assigned based on out-dated nomenclature or
assigned to a higher taxonomic level to incorporate both the old and new nomenclature. Keeping
abreast of such changes and careful investigation of taxonomic matches can help identify these
errors.

Controls
Negative controls can play a critical role to help monitor contamination throughout multiple stages of
the metabarcoding process and may include field controls, equipment controls, extraction controls
and DNA amplification controls. Samples are assumed to be similarly exposed to contamination,
meaning that contaminants identified in negative control samples also had the potential to
contaminate experimental samples. Low levels of contamination, however, may arise in experimental
samples despite evading detection in negative control samples. Positive controls, containing known
DNA mixtures, can help monitor misidentification error throughout the PCR amplification, amplicon
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sequencing or the bioinformatics stages and can help determine appropriate thresholds and filters
during analyses (Elbrecht & Steinke, 2019).
Repeatability and reproducibility
To increase confidence in the results, the metabarcoding process can be repeated and detection
results only retained when a consistent outcome is achieved. Two important aspects must be
considered: i) the ability to repeatedly detect DNA present at low concentrations is limited, meaning
that some true positives may be excluded, and ii) the stage of the metabarcoding workflow being
repeated is important as any errors generated upstream will persist. For example, if only the
amplicon sequencing and bioinformatics stages are repeated, false detections arising due to errors
during PCR amplification or earlier stages are likely to remain. Confidence in repeated detections will
be greatest when the study is repeated in its entirety or reproduced by different researchers in a
different laboratory (although this is both time and cost intensive).

Case study
We sampled water from six waterholes in Australia’s arid zone in June 2016 (Table 1). The
waterholes all have a small surface area (5 to 100 m2) but vary greatly in depth (30 to 8800 cm).

Four waterholes (PS, SC pool, WR and GT) are located in Watarrka National Park, and two (TM and
PC) in the Tjoritja/West MacDonnell Ranges National Park. PS, SC and PC are groundwaterdominated waterholes fed by fractured rock aquifers discharging into dry headwater streams and all
except GT are perennial waterbodies. With the exception of TM, all waterholes are isolated and did
not contain fish. The aridity of the region means that all waterbodies have an ecological role that
extends far beyond their limited spatial area (Hunter et al., 2017). Waterholes can act as biological
hotspots, providing refuge for widely dispersed species with a sampling extent likely to depend on
the taxa concerned and nearby resource availability: For example, long-distance migratory birds can
travel upwards of 1000 km in response to resource availability (Kingsford, Roshier, & Porter, 2010),
while large herbivores such as cattle or feral horses have been recorded travelling up to 20 or 55 km
respectively to drink at waterholes (Hampson, De Laat, Mills, & Pollitt, 2010, James, Landsberg, &
Morton, 1999). Macropods will travel several kilometres to water (Montague-Drake & Croft, 2004)
while smaller terrestrial desert mammals, semi-aquatic amphibians and reptiles are much less
mobile and tend to maintain closer proximity to waterpoints (Roe & Georges, 2007, Semlitsch &
Bodie, 2003, Withers, Cooper, & Buttemer, 2004). We have a good idea of the vertebrate species
likely to be encountered across the broad region due to records from previous visual and trapping
encounters (NR Maps nrmaps.nt.gov.au, Atlas of Living Australia www.ala.org.au, Nano, McDonald, &
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Ward, 2016), while intensive camera trap surveys provide detailed records at three waterholes; PS,
WR and GT (J. Davis unpub. data, Votto et al., Accepted).
Prior to sampling, we considered potential error pathways using the metabarcoding workflow above.
We outline our attempts to mitigated these errors below, by modifying our sample collection,
laboratory work, PCR amplification and amplicon sequencing protocols accordingly. We assigned
sequence reads to named taxa to enable comparison to known species distributions. Despite our
deliberate attempts to minimise error, we highlight where metabarcoding errors remain unavoidable
and where contamination may persist. We apply a stepwise process to identify and remove
persistent errors, leading to modified taxonomic assignments (Fig. 2). Finally, we interpret the data
in light of our study scope to arrive at our final dataset (see Supplemental Information for more
detail on methods).
Error mitigation
i)

Study site

Several potential but unavoidable sources of contamination are present at the study site. We describe
and account for these in the interpretation stages, below.
ii)

Sample collection

Between 9 and 12 water samples were collected at each location and filtered on-site through 1.2
micron cellulose nitrate filters until filters clogged (between 250-3450 mL per sample, see
Supplemental Information). Contamination was minimised during sample collection by ensuring only
the sample container made direct contact with the water. All sampling equipment was sterilised
between sites (in a 10% commercial bleach solution) and a fresh pair of disposable gloves were used
at each site, minimising cross-contamination between sites. Sampling equipment was reused within a
site, which could lead to DNA transfer between samples within a site. Consequently, samples
collected within a site are analysed separately and the data combined. Negative field controls and
equipment controls (3 x 1-L samples of UV-sterilised rainwater per site) were used to monitor for
researcher-induced contamination and cross-contamination during sample collection (see
Supplemental Information).
iii)

Laboratory work

All samples were extracted in a designated PCR-free, trace DNA laboratory at the University of
Canberra, ACT, Australia using Qiagen DNeasy Blood and Tissue extraction kit (Qiagen Pty Ltd, Vic.,
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Australia). The trace DNA facility undergoes regular decontamination and labware is routinely
sterilised. Laboratory personal and their clothing are cleaned prior to entering the pre-PCR
laboratory and protective clothing is worn in the laboratory at all times (e.g., disposable laboratory
coat, shoe covers, gloves, face mask). Cross-contamination between sites was minimised by coextracting samples collected from the same sampling site. Negative extraction controls and
amplification controls were used to monitor for contaminates throughout the laboratory work.
iv)

PCR amplification

Appropriate dilutions of DNA extracts were qPCR (quantitative PCR) amplified in duplicate targeting
a 90-110 bp region of the 12S rRNA mitochondrial gene (see Supplemental Information). Pre- and
post-PCR work was spatially separated to ensure no/minimal contamination from previously
amplified DNA into samples pre-PCR. Unique MID tag combinations were used for all samples so we
anticipate no risk of cross-contamination between PCR products post-PCR. Negative amplification
controls were used to monitor cross-contamination from DNA or amplicons.
v)

Amplicon sequencing

Purified amplicons were pooled and sent for sequencing on Illumina’s MiSeq platform (see
Supplemental Information). Cross-contamination was mitigated through sterile laboratory practices
and separation of pre- and post-PCR work.
vi)

Bioinformatics

Reads were imported into Geneious v. 9.1.5 (www.geneious.com; Kearse et al., 2012) and were
assigned to relevant samples according to their unique index combinations (see Supplemental
Information). Reads were dereplicated and unique sequences were compared to NCBI’s GenBank
(Benson et al., 2009). This dataset likely contained multiple errors due to misidentification and
contamination. These errors were systematically identified and removed as indicated below.

Error identification and removal
1. Sequencing error removal
We identified and removed errors generated in the amplicon sequencing stage by filtering reads
based on quality (average quality score <Q30) and size (<80 bp). We removed chimeras (identified in
MOTHUR; Schloss et al., 2009) and reads occurring only once (i.e., singletons) as they account for

approximately half the remaining unique reads and the vast majority likely arose due to error. All
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remaining unique sequence reads were assigned to taxa according to the single best match in NCBI’s
GenBank using BLAST (Johnson et al., 2008) (Fig. 2).
2. Amplification error removal
To identify and remove possible amplification errors, we ran all unique reads on pre.cluster in
MOTHUR taking into account the abundance of each sequence (Schloss et al., 2009).

We combine

sequence reads with more abundant reads if they vary by  2 SNPs and use the default settings for all
other parameters. All remaining sequence reads were assigned to taxa according to the single best
GenBank match using BLAST (i.e., the top sequence match) (Johnson et al., 2008) (Fig. 2).
3. Poor taxonomic resolution accounted for
To reduce error due to poor resolution, sequence reads were aligned to the top 50 sequence matches
in GenBank using BLAST (Johnson et al.). Results were analysed in MEGAN v. 6.5.3 (http://ab.inf.unituebingen.de/software/megan6/; Huson et al., 2016) with taxonomies assigned to incorporate all
taxa with bit-scores within 4% of the best match. This predominately incorporated taxa within one
SNP of the best match.
4. Imperfect taxonomic matches accounted for
To reduce error due to a poor sequence match, BLAST results were reanalysed in MEGAN v. 6.5.3
(http://ab.inf.uni-tuebingen.de/software/megan6/; Huson et al., 2016) with a threshold for bitscores of alignments set to 130. Thresholds for assigning taxa to species were set at 99% identity,
genus at 97% identity, family at 95% identity, and order at 90% identity for alignments (Huson &
Weber, 2013).
5. Reference database expanded and omissions accounted for
To reduce error associated with an incomplete reference database, information on congeneric or
confamilial species occurring in the study area was obtained as described previously (NR Maps
nrmaps.nt.gov.au, Atlas of Living Australia www.ala.org.au, Nano et al., 2016, Votto et al., Accepted).
Where congeneric or confamilial species were present but unrepresented in the sequence database,
we conservatively assigned the read to a higher taxonomic level to incorporate this diversity (see
Supplemental Information).
6. Reference database errors corrected or removed

This article is protected by copyright. All rights reserved

Accepted Article

BLAST results were reviewed for the top 50 matches assigned to sequences. Anomalies in taxonomic
assignments were further investigated for possible database errors. Where database entries were
found to contain sequence errors or misassignment, these were removed from the analyses. Where
changes to nomenclature were identified, database records were updated to reflect current
classifications (see Supplemental Information).
7. Negative control contaminants removed
Any sequence reads matching those detected in control samples were excluded from corresponding
experimental samples as suspected contaminants, regardless of read abundance.
8. Unrepeatable results removed
The taxonomic list was reviewed to identify possible contaminants. Repeatability in suspect samples
was assessed by re-amplifying fresh DNA aliquots with unique MID tags and newly generated PCR
amplicons sequenced and analysed (see Supplemental Information and Table S1). Any contaminants
arising prior to the DNA extraction stage likely remained.
Interpretation
Study scope
We aimed to use waterholes to survey vertebrate biodiversity across a broad area. Consequently, we
were interested in detecting both local, resident taxa and transient taxa that only use waterholes
occasionally. Rapid DNA degradation in aquatic environments (typically within days or weeks) and
exposure to high UV and extreme heat in the study environment means that any DNA detected is
likely to have been recently deposited or recently transferred (Dejean et al., 2011, Foote et al., 2012,
Maruyama, Nakamura, Yamanaka, Kondoh, & Minamoto, 2014, Piaggio et al., 2014, Takahara,
Minamoto, Yamanaka, Doi, & Kawabata, 2012). We therefore interpreted detection of taxa in our
study to indicate the recent (i.e., within ~1 month) presence of living vertebrates. To increase
confidence in our eDNA detections, we took a conservative approach by removing any suspected
contaminants from our final dataset.
9. Possible environmental transfer contaminants identified
Sites TM, GT and PC have human visitors on a frequent, regular or occasional basis, respectively.
While the remaining study sites are quite remote, they are significant cultural sites for the local
aboriginal community and experience intermittent visitation. Several vertebrate predators (dingoes,
birds of prey) are commonly encountered within the study area and have the potential to transfer the
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DNA of other species. We considered the potential for humans or predators to introduce
contamination through vertebrate food or prey items and excluded these detections.
10. Possible field contaminants identified
Researchers could have inadvertently contaminated samples by depositing their own DNA at a site or
through secondary-transfer from vertebrate food sources.
11. Possible cross-contaminants identified
There is a risk of cross-contamination between sites in the DNA extraction process. Vertebrate DNA
originating from previous laboratory studies could also result in cross-contamination.
12. Possible laboratory contaminants identified
Laboratory personal (i.e., human DNA) or contaminated laboratory reagents could lead to laboratory
contamination.

Results

Of the 57 water samples collected, 45 contained detectable levels of DNA following qPCR
amplification of the target 12S rRNA mitochondrial gene region, with between four and nine positive
samples per waterhole. Eight samples collected in shallow, flowing water near the spring head at site
PS failed to amplify indicating low quantities of vertebrate DNA at this location. Optimal qPCR
amplification curves were most frequently obtained from neat samples (N = 25), followed by a 1/10
dilution (N = 17) and finally a 1/100 dilution (N = 3). Three negative amplification controls recorded
detectable levels of DNA and were included in the final library for sequencing. DNA was not detected
in any other negative control samples. Next-generation sequencing generated in excess of 3.21
million reads assigned to samples, averaging 67,670 reads per sample (Table S2).
Below, we indicate the effect of each error removal step on the total number of taxa detected in this
study. For a complete list of taxa identified and removed at each step, please see Table S3.
1. Sequencing error removal
Filtering to exclude low quality, short fragments and chimeras removed a total of 170,448 reads.
Each sample contained an average of 392 unique reads, excluding singletons (Table S2). Taxonomic
assignment of unique sequences to the best match on NCBI’s GenBank (Benson et al., 2009) identified
152 taxa across all samples, comprising five classes, 29 orders and 71 families. All reads were
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resolved to genus level (N = 119 genera) with 144 species identified among them. A high proportion
of assigned taxa (121 taxa) were unexpected, being either extremely rare or unknown from the study
area (Table S3.1).
2. Amplification error removal
Combining rare reads with more abundant reads where they differed by 2 SNPs reduced the dataset
to 116 taxa and removed 34 unexpected taxa. As an example, all sequence reads initially assigned to
the foreign Japanese gizzard shard (Nematalosa japonica) were reassigned to the commonly
occurring bony bream (N. erebi). All reads were resolved to genus level (N = 100 genera) with 110
species identified. A high proportion of assigned taxa were still not expected to occur within the
study area (87 taxa) (Table S3.2).
3. Poor taxonomic resolution accounted for
Incorporating all taxa with bit-scores within 4% of the best match reduced error due to poor
resolution and altered the taxonomic assignment of many reads. For example, reads previously
assigned to three species of Australasian robin absent from the study area (Petroica boodang, P.
macrocephala and P. phoenicea) were reassigned to the genus Petroica, which incorporates P.
goodenovii, which is common in the study area. Overall, this reduced the number of taxa in the
dataset to 48. Taxonomic resolution was somewhat reduced with all reads resolved to family level (N
= 44 families) with 34 genera and 22 species identified. The number of unexpected taxa was reduced
to 12 (Table S3.3).
4. Imperfect taxonomic matches accounted for
Implementing thresholds for assigning taxonomic rank led to a similar number of taxa being
identified (N = 46 taxa) representing the same 44 families but with fewer sequences assigned to
genus (N = 32) or species level (N = 14). This led to the removal of several errors across the dataset
(e.g., Artamus cyanopterus, dusky woodswallow, was reassigned to genus-level which incorporates
the common A. cinereus, black-faced woodswallow) but resolution was also reduced for some species
known to occur in the study area (e.g., Neobatrachus sudelli, Sudell’s frog was reassigned to genus
level). Overall, this step reduced the number of rare or unexpected taxa detected to seven (Table
S3.4).

5. Reference database expanded and omissions accounted for
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One taxon was identified as having congeneric species present in the area but absent from the
database (reads were assigned to Ptilonorhynchus violaceus, satin bowerbird, which is only found in
eastern Australia, while P. guttata, the western bowerbird, is common in the study area but absent
from the reference database). Reassignment of sequence reads to the genus-level reduced the
number of unexpected taxa to six (Table S3.5).
6. Reference database errors removed
Closer inspection of read assignments identified one database error – database information for
Phalacrocorax melanoleucos, little cormorant, omitted the species name from the relevant subheading meaning that perfectly matched reads assigned to the genus-level only. Furthermore, the
genus Phalacrocorax was recently reclassified to Microcarbo. Reads previously assigned to
Phalacrocorax were now manually assigned to M. melanoleucos. This change increased the number of
species level identifications by one (Table S3.6).
7. Negative control contaminants removed
Of the three control samples included in the final library, two retained reads following quality
filtering. Reads assigned to Homo sapiens, most likely arising from researchers, and Canis lupus,
which potentially arose from cross-contamination of DNA handled in the laboratory or via secondary
transfer from pets. Any sequences assigning to either of these taxa were excluded from experimental
samples as possible contaminants (Table S3.7).
8. Unrepeatable results removed
PCR amplification and amplicon sequencing of fresh DNA aliquots failed to produce repeated
detections for several taxa. These included three unexpected taxa (Trichosurus vulpecula,
Oncorhynchus and Lonchura) and one taxa, Felis, which could have arisen via contamination (see
Supplemental Information). Several other taxa (i.e., Bos, Sus scrofa, and Gallus) were inconsistently
detected in repeated samples, leading to uncertainty over their presence at the study site. Sarcophilus
harrisii (Tasmanian devil) remained the only unexpected taxon to be consistently detected, albeit in
only a single sample and with a low number of sequence reads on each occasion (11 or 27 reads)
(Table S3.8).
9. Possible environmental transfer contaminants identified
Three taxa were identified as potentially arising via contamination through environmental transfer:
Bos, Sus scrofa and Gallus. All three taxa are common food items in the form of milk/cheese/beef,
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ham/salami/pork, or chicken meat/eggs respectively. Significantly, eggshells from chicken eggs were
observed adjacent to two sites during sampling (sites GT and SC), indicating recent human visitation
and the potential for DNA transfer from food sources. The opportunity for human-induced
contamination from these products is greater at sites with elevated human visitation, fitting with
detection of all three taxa at sites TM and PC. All reads assigned to Bos, Sus scrofa and Gallus were
removed from the final dataset (Table S3.9).
10. Possible field contaminants identified
None of the remaining taxa were identified as possible field contaminants (Table S3.10).
11. Possible cross-contamination identified
Concurrent DNA work performed in the laboratory included research on Tasmanian predator scats
(Modave, MacDonald, & Sarre, 2017). DNA from Sarcophilus harrisii, Tasmanian devil, was isolated at
relatively high concentrations and was identified as a likely cross-contaminant and hence excluded
from the dataset (Table S3.11).
12. Possible laboratory contaminants identified
None of the remaining taxa were identified as possible laboratory contaminants (Table S3.12).

Final taxonomic list
This study reliably detected five classes of taxa across the six study sites: Actinopterygii, Amphibia,
Reptilia, Aves and Mammalia. In total, 36 taxa were identified, spanning 19 orders, 34 families, 22
genera (Fig. 3). Aves were the only class detected across all six sites while Amphibia were detected at
five sites and Mammalia at four sites. Reptilia were only detected at a single site (site SC), as were
Actinopterygii (site TM - the only site known to contain fish) (Table S4, Fig. S1).

Discussion
eDNA metabarcoding has the potential to be a powerful tool to detect biodiversity. The simplicity of
non-invasive environmental sampling makes this technique particularly suitable for surveying
remote locations. Arid zone waterholes are a useful system to test the potential for metabarcoding to
detect species because waterholes act as a focal point for animals across the broader landscape
meaning they are likely to capture the DNA of a wide range of terrestrial vertebrate species. We
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demonstrate the capacity for eDNA surveys conducted at arid zone waterholes to successfully detect
vertebrate species in a range of taxonomic groups spanning aquatic, terrestrial and avian systems.
Our waterhole study sites were in locations where we had a good idea of the species expected to be
present, providing an opportunity to test the accuracy of an eDNA metabarcoding survey. Taking into
consideration the spatial and temporal scope of our study (i.e., detection of recent living vertebrate
presence across the broader catchment area), the preliminary list of taxa we detected had a much
wider taxonomic richness and diversity than expected, which was due to multiple error sources
leading to the detection of unexpected taxa. Despite our efforts to mitigate error throughout the
metabarcoding workflow including sterile sampling and stringent laboratory practices, there were
several sources of error that appeared unavoidable. The twelve step error-checking process
developed here allows for identification and removal of error at each stage of the eDNA
metabarcoding process. We found that misidentification errors contributed to the majority of
unexpected taxa in our study - mainly generated throughout the sequence and amplification stages of
the workflow or misassigned due to poor taxonomic resolution. Simple bioinformatics steps were
able to remove the bulk of these errors, while a more time-intensive approach was required to
identify the limited number of errors due to omissions or inaccuracies in the reference database.
Negative control samples enabled identification of two contaminants (Homo sapiens and Canis lupus)
but additional contaminants arising throughout either the field or the laboratory stages were likely
to have contributed to the detection of several unexpected taxa. Removal of these errors can also be
time-intensive as it requires manual scrutiny of all taxa detected. Fortunately, these results suggest
that the bioinformatics steps employed in most metabarcoding studies to filter PCR amplification and
sequencing error are likely to remove the bulk of misidentification errors, although multiple
misassignment or contamination errors are likely to persist. Failure to account for these errors can
produce misleading or inaccurate results.
Following the twelve step error-checking process, the final dataset showed reliable detection of 36
taxa across the six study sites. As expected, the eDNA survey was well-suited to detecting fish fauna,
detecting all eight families known to occur at site TM – the only site containing fish (Davis, 1996).
Unfortunately, two pairs of taxa known to occur in the area, Craterocephalus eyresii and C. centralis,
and Leiopotherapon unicolor and Amniataba percoides, lack any variation at the target 12S gene
region meaning that the presence of each individual species could not be confirmed. Metabarcoding
at an alternate gene region could improve delineation of these taxa. The eDNA surveys also
performed well at detecting semi-aquatic, terrestrial and avifauna, improving on conventional

This article is protected by copyright. All rights reserved

Accepted Article

surveys for the detection of nocturnal (e.g., Chiroptera, bats) or cryptic taxa (e.g., Neobatrachus,
burrowing frogs), and species that are difficult to differentiate morphologically (e.g., Litoria caerulea
and L. gilleni cannot easily be discriminated from black and white camera trap images) (Latz,
Johnson, & Gillam, 1985). The eDNA survey also showed the utility of sampling in an ephemeral pool
(site GT) and, although fewer taxa were detected at this site, those identified included the cryptic
burrowing frogs, Neobatrachus. The final taxa list provides important information for managers
because we detected several feral species in these remote locations: horses and camels were
detected at site PC and are a major conservation concern (Norris & Low, 2005, Storrs & Finlayson,
1997), while failure to detect these species within Watarrka National Park is consistent with their
absence due to removal and exclusion since the 1980s (Parks and Wildlife Commission of the
Northern Territory, 2018).
While eDNA can be a highly sensitive detection technique, false negatives remain a concern. The
sensitivity of the eDNA survey as well as the amplification efficiency and any amplification bias can
heavily influence detectability (Xiong, Li, & Zhan, 2016). In other instance, a species’ DNA may be
sampled and amplified but a lack of sequence resolution can contribute to a failure to identify that
species. For example, while our eDNA survey detected a large diversity of avian taxa, there is likely to
be much more genus- and species-level diversity contained in the eDNA samples that remains hidden
due to a lack of variation at the target 12S gene region. Zebra finches (Taeniopygia guttata) and
white-plumed honeyeaters (Ptilotula penicillata) commonly occur at the study sites but were likely
assigned to the order (Passeriformes) or family level (Meliphagidae) respectively due to low
sequence variation at the target 12S gene region. Many avian species common in the study area are
also poorly represented in the reference database at the 12S gene region, limiting our ability to
confidently identify individual species. Fortunately, as genetic sequence records continue to grow,
misassignment due to an incomplete database is likely to decline (O'Leary et al., 2016).
Metabarcoding data can even be reassessed years or decades later and compared to updated
databases to provide improved taxonomic assignments. Alternatively, targeting an additional gene
region can greatly improve detection results for certain taxa (e.g., ND4 for Aves).
Reptiles were poorly represented in our eDNA survey despite the high abundance and richness of
reptiles known to occur throughout the study area (Latz et al., 1985). This detection failure is
unlikely to be a result of poor primer match (see Supplemental Information) and, while failed
detection may reflect the recent absence of reptiles from the site, it is also possible that these taxa do
not shed DNA as readily as other terrestrial vertebrates because of water conservation adaptations
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and strategies evolved to cope with arid conditions (Mayhew, 1968). Indeed, other studies have
recorded similarly low eDNA detection rates among reptiles (Adams, Hoekstra, Muell, & Janzen,
2019b, Raemy & Ursenbacher, 2018).
Several taxa that were initially detected in our eDNA survey but later removed as suspected errors,
may, in fact, have been present the area. These include Bos (Taurus), Felis (catus) and Canis lupus
(dingo) (Latz et al., 1985). A trade-off occurs between decreasing the false positive rate and

increasing the false negative rate when determining amplification and sequencing methods, and
when setting thresholds for the inclusion/exclusion of data during the bioinformatics stages.
Subsequent detections should be carefully interpreted with this in mind. When determining methods
and bioinformatic cut-offs, consideration should be given to the research question and the
implications of the results: the greater the potential impact of a species’ presence, the greater
scrutiny will be placed on the validity of the detection results (e.g., Battelle Memorial Institute, 2010).
The stringent criteria used in our study likely increased reliability in our final dataset at the expense
of foregoing several true positive detections.
Public databases can also harbour a substantial amount of error. Identifying these errors can be
challenging, time-intensive, and requires keeping up-to-date with changes in nomenclature. In this
study, database records for Microcarbo melanoleucos were only assigned to the genus-level as the
species details were omitted from the relevant database location (GenBank accession number
AY009333). Furthermore, this database record was initially assigned to the former classification of
Phalacrocorax. Creating a customised reference database can circumvent some of these issues by
including an accurate reference for all taxa known to occur within the study area, but generating a
comprehensive database can be extremely time and resource-intensive, and may be impractical in
some circumstances (e.g., poor access to representative specimens, lack of knowledge of species
occurrence, or undescribed or cryptic species). Alternatively, for taxa where the overwhelming
majority of diversity remains to be genetically characterised (e.g., microorganisms), assigning MOTUs
provides an alternative means of identify taxonomic richness (Zepeda Mendoza, Sicheritz-Pontén, &
Gilbert, 2015). MOTUs do not require a reference database but rather cluster reads into units based
on their sequence similarity. Particular care must be taken however, as errors can be easily
overlooked and species diversity overestimated (Zhang, Lv, Yi, Zhu, & Bu, 2017). Several
programmes are available to help denoise amplicons and minimise error in MOTU assignments
(Morgan et al., 2013).
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Increasing confidence in detections
The high sensitivity and generality of the eDNA metabarcoding technique can lead to detection of
greater taxonomic richness than traditional survey methods (Olds et al., 2016, Port et al., 2016,
Valentini et al., 2016). The absence of physical evidence for species presence and high potential for
false positive detections, however, makes interpretation of eDNA metabarcoding results challenging
– especially when rare or unexpected taxa are detected (see Supplemental Information). Inaccurate
detections have the potential to lead to misguided management action with associated economic,
environmental and social cost. Various methods have been employed to increase confidence in eDNA
detections: some studies choose to only accept a detection result if it is replicated across multiple
PCR replicates or multiple samples (e.g., Ficetola et al., 2015, Port et al., 2016), while others suggest a
gradient of evidence for live species presence exists, increasing in confidence with multiple
detections across multiple sampling occasions (Jerde, Mahon, Chadderton, & Lodge, 2011).
Confidence may be further informed by incorporating the likelihood of secondary spread, where a
major range expansion or significant potential for extensive spread will increase the likelihood of live
species presence (Tucker et al., 2016).
Other eDNA metabarcoding studies take a more conservative approach, focusing on only the most
common species, or most common DNA sequences, as these will likely provide a more repeatable and
robust assessment of community composition (Shelton et al., 2016). In a similar vein, some studies
only accept data on species that are known to be present or compare eDNA results with
unambiguous data (e.g., visual observations) to provide an estimate of the false positive error rate
(Miller et al., 2011). Limiting the database in this way can have its benefits, leading to an increased
proportion of sequences assigned to lower taxonomic levels and avoiding errors in assigning reads to
taxa from outside the study area. But these approaches will overlook some of the key advantages of
the highly sensitive eDNA method to detect rare or unexpected species. In addition, false positive
detections of known species presence may be overlooked and can lead to an unwarranted sense of
complacency around the accuracy of detection results and the status of native species.
Despite rapid advances in the field of eDNA enabling detection beyond just species presence [inc.
species absence, abundance or spawning activity (Bylemans et al., 2017, Furlan, Gleeson, Wisniewski,
Yick, & Duncan, 2019, Lacoursière-Roussel, Côté, Leclerc, & Bernatchez, 2016)], traditional surveys
will continue to rival this DNA-based method in their capacity to provide unambiguous evidence of
live species presence as well as additional information on demographic and physical characteristics
of individuals or populations (Hoffmann, Schubert, & Calvignac-Spencer, 2016), which may prove
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fundamental to their management. Detection success in traditional surveys, however, often relies on
a species being present at a reasonable density. This means that false negatives (i.e., failure to detect
a species when it is present) are a much greater concern for traditional methods, and significant
investment of time and effort will be required to confidently detect species at low-densities. eDNA
surveys can complement traditional surveys by guiding subsequent unambiguous surveys in a
targeted, site-specific, species-specific and cost-efficient manner (e.g., Borrell et al., 2017).
Future directions
The high error rate encountered in metabarcoding requires particular consideration as the eDNA
field moves towards delineating increasingly low levels of variation at an intraspecific-level [inc.
single nucleotide polymorphisms or mitochondrial haplotypes (Adams et al., 2019a, Elbrecht, Vamos,
Steinke, & Leese, 2018, Sigsgaard et al., 2016)]. Undetected error can lead to an overestimate of
population-level diversity, while simply excluding low frequency sequence variants or merging them
with similar but more abundant sequences may underestimate true genotypic variation.
Furthermore, some sequence errors are more likely to occur than others (Sigsgaard et al., 2016),
which can falsely increase the apparent abundance of certain genotypes. Extreme care must be taken
to mitigate, identify and remove error, and appropriately interpret results.
As we have shown in this study, the majority of metabarcoding error is generated throughout the
PCR stages. PCR-free technologies are generating considerable appeal as they have the potential to
remove a substantial amount amplification and sequencing error, can eliminate bias through
indiscriminate sequencing, and can substantially decrease the taxonomic resolution issues associated
with short amplicons (Bista et al., 2018, Coissac, Hollingsworth, Lavergne, & Taberlet, 2016,
Shokralla, Spall, Gibson, & Hajibabaei, 2012). Unfortunately, these approaches can also produce vast
amounts of uninformative data, are costly and are less likely to detect rare taxa, making them less
useful for routine biodiversity assessments (Srivathsan, Sha, Vogler, & Meier, 2015, Zhan & MacIsaac,
2015, Zhou et al., 2013).

Conclusion
Knowing where and how to invest often small survey budgets for biodiversity monitoring is
challenging. While eDNA metabarcoding surveys have been shown to provide value in terms of cost
savings and sheer volume of data collection, ensuring the reliability of results is critical. We show
that error can be encountered at any stage of the eDNA metabarcoding workflow due to various
contamination and misidentification issues. We advocate a three-pronged approach to address error
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in eDNA metabarcoding studies including i) mitigate error, ii) identify and remove errors, and iii)
appropriately interpret the results. While we provide a comprehensive review of potential error
sources, the opportunity for error at each stage will differ between studies. We encourage
researchers to tailor their approaches to error-removal according to their particular study, taking
into consideration their study scope, the environmental substrate sampled, the taxonomic group
targeted and gene region amplified. Increasing accuracy around the results and interpretation of
eDNA metabarcoding surveys will greatly benefit researchers and practitioners alike as this field
continues to expand in popularity and application.
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Table 1. Sample site and collection data
Site

Code

National Park

Water

Surface

Depth

Latitude

Longitude

Mean sample

division

regime

area

(max

volume (range)

samples

(max

cm)

mL

collected

m2)

Giles Track

GT

Watarrka

Pool

Tanami-

Number of

(analysed)

Ephemeral

10

30

-24.260607

131.582617

439 (250-600)

9 (7)

Perennial

5

30

-24.278836

131.584352

9750 (600-1300)

12 (4)

Perennial

10

30

-23.645920

132.880940

2650 (2000-3450)

9 (9)

Perennial

30

8800

-24.349087

131.758552

2378 (1600-3000)

9 (9)

Perennial

100

1500

-23.673844

132.670499

1056 (800-1400)

9 (9)

Perennial

70

4000

-24.324475

131.665828

783 (600-900)

9 (7)

Timor Sea

Penny Springs

PS

Watarrka

TanamiTimor Sea

Portal Canyon

PC

Tjoritja/West

Lake Eyre

MacDonnell

Basin

Ranges

Stokes Creek

SC

Watarrka

TanamiTimor Sea

Two Mile

TM

Waterhole1

Tjoritja/West

Lake Eyre

MacDonnell

Basin

Ranges

Wanya
Rockhole

1Fish

Drainage

WR

Watarrka

TanamiTimor Sea

present
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Figure 1. Metabarcoding workflow and potential avenues for contamination or misidentification error in an environmental DNA study.
Figure 2. Stepwise process to identify and remove error in metabarcoding studies and appropriately interpret results. Technical examples of how to
implement each step, as applied in this study, are provided. The final column indicates the total number of end-point taxa detected in this study (expected
and unexpected) following each error removal step.
Figure 3. Final list of taxa confidently detected from environmental DNA metabarcoding surveys across six waterholes in central Australia.
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