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Abstract
The application of environmental DNA technologies is a promising new approach 
to rapidly audit biodiversity across large-scale, remote regions. Here, we examine 
the efficacy of a dual-assay eDNA metabarcoding approach for sessile benthic bi-
oassessments in the turbid waters of the Lalang-garram marine parks, Kimberley, 
north-western Australia. We ask three principal questions: (1) “Is the eDNA released 
by sessile benthic taxa (i.e., hard and soft corals, sponges and tunicates) locally de-
tectable?”, (2) “What level of taxonomic resolution is afforded by eDNA metabarcod-
ing using the ITS2 region?”, and (3) “How well does eDNA metabarcoding compare 
to conventional benthic survey techniques?”. We report that a dual-assay eDNA me-
tabarcoding approach can detect approximately 70% of the local benthic taxa (i.e., 
at a species, genus level). It is, however, not as effective at the individual/population 
level, detecting only approximately 40% of unique amplicon sequence variant (ASV) 
signals released by an array of individual benthic organisms at the surveyed locations. 
In examining the efficacy and resolution of the applied ITS2 metabarcoding markers 
for bioassessments, we report large gaps in the variety of publicly available benthic 
ITS2 reference sequence data, limiting our ability to provide robust taxonomic as-
signments. These findings highlight the need to extend ITS2 databases for greater 
regional representation. Until this is adequately addressed, we recommend that in-
vestigating taxonomic assignments to a genus level is the most robust approach for 
benthic monitoring using eDNA. Lastly, we found eDNA metabarcoding and con-
ventional belt transect surveys each detected numerous unique hard coral genera, 
indicating that a combined approach provides the most effective way to audit ben-
thic biodiversity. This point notwithstanding, eDNA metabarcoding had the power 
to distinguish similar diversity trends between sites to that determined by the belt 
transect methodology, validating the application of eDNA metabarcoding as either a 
stand-alone, or complementary technique for assessing sessile benthic taxa.
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in any medium, provided the original work is properly cited and is not used for commercial purposes.
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1  | INTRODUC TION

Species richness influences ecosystem functioning, resilience, and 
resistance to environmental change. However, for most marine com-
munities, there is a critical shortage of rigorous species-level base-
line data which presents a major challenge for the conservation of 
diversity (Balmford et al., 2005; Richardson & Poloczanska, 2008). 
For reef-building corals, the challenge of collecting species-level 
data is exacerbated by the high level of expertise needed to identify 
corals and assemble reliable biodiversity datasets. In response to 
this, the need has arisen to develop proxy metrics that accurately 
represent trends in biodiversity (Baillie et al., 2008). On coral reefs, 
“reefscape proxies” are commonly used to quantify the condition 
of coral reef habitat, with percent live hard coral cover being the 
most widely used metric. Despite its popularity, preliminary studies 
suggest hard coral cover is not a robust indicator of coral biodiver-
sity (Richards, 2013; Richards & Hobbs, 2014). This is because hard 
coral cover is a poor linear predictor of coral species richness; thus, 
a reef with high coral cover does not necessarily have high coral 
species diversity. As such, there is a need to further optimize the 
data collected in coral reef monitoring programs, and to find effec-
tive alternatives to determine the status of coral biodiversity.

A promising new approach to audit biodiversity and to undertake 
marine biomonitoring is through the application of environmental 
DNA metabarcoding technologies. Environmental DNA (eDNA) de-
scribes the traces of animal or plant DNA naturally shed into the en-
vironment through the loss or excretion of skin cells, mucous, blood, 
or gametes (Taberlet et al., 2012). Environmental DNA metabarcod-
ing has been successfully used to profile community diversity and 
compositions, including disturbed and depleted populations (Bakker 
et al., 2017; Boussarie et al., 2018; DiBattista et al., 2020). In marine 
ecosystems, eDNA metabarcoding is most commonly undertaken on 
water, sediment, or gut samples (Berry et al., 2017; Koziol et al., 2018; 
Port et al., 2016; Takahashi et al., 2020; Thomsen et al., 2012). An 
ever-increasing body of work is examining the power and limitations 
surrounding eDNA as a tool for marine surveys. To date, the influence 
of tides, oceanic movement, depth stratification, and spatial scales 
on site and habitat discrimination (Jeunen et al., 2019, 2020; Lafferty 
et al., 2020; West et al., 2020) have been examined. These studies 
generally concur that eDNA metabarcoding is highly localized and is 
a promising survey tool that can complement existing survey tech-
niques (such as visual surveys, settlement plates, BRUVS), so long 
as care is taken during the sample capture and preservation stages.

For benthic invertebrate taxa, including scleractinian corals, the 
use of eDNA metabarcoding is in its infancy. The first study, under-
taken on a Hawaiian coral community using water collected from 2- 
to 4-m depth, indicated the potential for coral cover to be estimated 
from eDNA read abundance (Nichols & Marko, 2019). The second 

study examined replicated surface water collections and revealed 
fine-scale spatial differentiation in coral assemblages at a diverse 
and isolated atoll reef system (Cocos (Keeling) Islands; Alexander 
et al., 2020). This study, which used visual data to ground-truth the 
eDNA metabarcoding results, indicated that a multi-assay approach 
was necessary to increase the robustness of scleractinian coral de-
tections. It was concluded that the lack of species-level genomic ref-
erence material precludes species-level taxonomic assignments at 
present (Alexander et al., 2020). Hence, while it has been suggested 
that eDNA can inform marine spatial planning decision-making 
(Bani et al., 2020), further studies are needed to examine the level 
of taxonomic resolution that can be reliably obtained using eDNA 
and the viability of eDNA metabarcoding for coral biomonitoring.

The inshore Kimberley, NW Australia, provides an ideal model 
system to examine the applicability of eDNA biomonitoring. 
It is one of the most biologically significant regions of the world 
(Wilson,  2014), featuring extensive and internationally significant 
coral communities (Richards et  al.,  2018; Richards et  al., 2015, 
2019). However, the coral communities are difficult to monitor due 
to a combination of dangerous conditions (turbid water, extreme 
tidal amplitudes, and the presence of saltwater crocodiles). The 
Kimberley is also the traditional homeland of numerous native title 
groups (Austin et al., 2019). In recognition of the need to protect the 
natural and cultural heritage of the Kimberley saltwater country, six 
coastal marine parks have been established across the Kimberley 
over the last decade (North Kimberley, three Lalang-garram marine 
parks, Yawuru Nagulagun/Roebuck Bay, and Eighty Mile Beach).

The Lalang-garram marine parks are a group of three marine 
parks beginning ~ 150 km north of Derby. The Dambimangari peo-
ple's Native Title determination overlies the group of marine parks 
(herein referred to as the Lalang-garram marine parks). The parks in-
clude outstanding geological features such as Yowjab (Montgomery 
Reef) and occurs adjacent to other important geological features 
such as Turtle Reef in Talbot Bay (Wilson et al., 2011). Coral reefs 
are distributed across the marine parks in addition to across in the 
wider inshore Kimberley region. The status of corals is a key per-
formance measure in the Lalang-garram marine parks Management 
Plans, so too is the implementation of a cost-effective marine mon-
itoring methodology. Here, we examine the efficacy of a dual-assay 
eDNA metabarcoding approach for sessile benthic bioassessments 
in the Lalang-garram marine parks and the turbid inshore waters of 
the wider Kimberley region. Firstly, we examine the detectability of 
sessile benthic eDNA by quantifying the detection rate of locally 
sampled and sequenced benthic invertebrates in collected seawater. 
Secondly, we examine the level of resolution that at present can be 
gleaned from eDNA metabarcoding of sessile benthic taxa. Thirdly, 
we compare eDNA-derived hard coral detections with that of belt 
and point intercept transects measured at each site, to examine the 
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efficiency of eDNA metabarcoding as a stand-alone and/or comple-
mentary tool to conventional survey techniques. Taken together, 
this paper seeks to assess the overall applicability and integration 
of eDNA metabarcoding as a bioassessment tool for sessile benthic 
taxa, particularly for the use in remote north-western Australia.

2  | METHODS

2.1 | Field sampling

For this study, seven intertidal reef sites were surveyed in Lalang-
garram marine parks of the Southern Kimberley region in October 
2018 (Figure 1). At each site, 10 × 500 ml surface water replicates 
were sampled in addition to the opportunistic collection of 1–16 
tissue specimens from sessile benthic organisms (Table S1), such 
as hard corals (order Scleractinia), soft corals (order Alcyonacea), 

sponges (phylum Porifera), and tunicates (subphylum Tunicata) 
(Table S4). Tissue specimens were collected at spring low tide and 
stored in 100% ethanol. Water samples were individually filtered 
through 0.45-μm cellulose filter membranes using a Pall Sentino® 
Microbiology pump (Pall Corporation, Port Washington, USA) within 
4–6 hr of collection. Between the filtration of each replicate, all fil-
tering equipment was soaked in 10% bleach for a minimum of 10 min 
and further rinsed with desalinated and filtered water. This was to 
prevent cross-contamination of eDNA between replicates and sites. 
Two bleach and desalinated tap water samples were taken at the end 
of each filtering day to serve as filtration controls.

Additionally, hard coral (order Scleractinia) biodiversity was re-
corded on three replicate 15 m × 1 m belt transects at each of the 
seven intertidal reef sites (at low tide), to serve as a detection com-
parison to the eDNA data. Hard coral percentage was also recorded 
on three replicate 25-m point intercept transects (100 points per 
transect) at each of the seven intertidal reef sites.

F I G U R E  1   Location of sampling sites (n = 7) in the Lalang-garram marine parks, Southern Kimberley. Ten × 500 ml seawater samples and 
sessile benthic organisms were sampled at each site (see Table S1 for more information). The blue dotted line outlines the Lalang-garram 
(Camden Sound) Marine Park, while the yellow dotted line outlines the Lalang-garram (Horizontal Falls) Marine Park. Map data: Google 
Earth, SIO, NOAA, U. S. Navy, NGA, GEBCO; image: Landsat/Copernicus
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2.2 | Laboratory processing

Seawater-borne DNA was extracted from half of each respective 
membrane (including filtration controls) using a DNeasy Blood and 
Tissue Kit (Qiagen; Venlo, The Netherlands) following the manu-
facturer's protocol and additional modifications as described in 
Alexander et al. (2020). Benthic tissue samples were also extracted 
using a DNeasy Blood and Tissue Kit; however, with the following 
modifications: 270 μl of buffer ATL and 30 μl of proteinase K were 
added to each tissue sample and incubated at 56°C for at least 12 hr 
prior to the remainder of the DNA extraction procedure. Seawater 
and tissue DNA were eluted off silica membranes in 100 μl and 200 μl 
of buffer AE, respectively. Each round of daily extractions contained 
an extraction control. DNA extracts were then stored at −20°C.

Two PCR metabarcoding assays targeting the nuclear ribosomal 
internal transcribed spacer 2 (ITS2) region were employed for this 
study: CoralITS2 (Brian et al., 2019) which amplifies a range of scler-
actinian taxa (exempting the genus Acropora), and CoralITS2_acro 
(Alexander et al., 2020) to amplify Acropora (Table 1). The two as-
says have additionally been found to amplify Actiniaria, Zoantharia, 
Alcyonacea, and Porifera (Alexander et al., 2020). Quantitative PCR-
based (qPCR) quantification was used to screen the quality and op-
timize levels of input DNA with the following dilutions: 1/5, 1/10, 
and 1/100 for seawater extracts and 1/500, 1/1000, and 1/2000 
for benthic tissue extracts. Each qPCR was carried out in 25 μl con-
taining the following concentrations: 1X AmpliTaq Gold® PCR buffer 
(Life Technologies, Massachusetts, USA), 2 mM MgCl2 (Fisher Biotec, 
Australia), 0.4μM dNTPs, 0.1mg BSA (Fisher Biotec, Australia), 0.4 μM 
each of forward and reverse primers (Integrated DNA Technologies, 
Australia), 0.6 μl of 5X SYBR® Green (Life Technologies), 1U AmpliTaq 
Gold® DNA Polymerase (Life Technologies), 2 μl of eDNA template 
(at optimized dilution), and made to volume with Ultrapure™ Distilled 
Water (Life Technologies). Additional qPCRs were conducted for fil-
tration, extraction, and PCR controls.

All qPCRs were prepared in dedicated clean room facilities at 
the TrEnD Laboratory, Curtin University, and amplified with the 
following PCR cycling conditions: initial denaturation at 95°C for 
5 min, followed by 40 cycles of 95°C for 30 s, 55°C for 30 s, and 
72°C for 45  s, with a final extension of 72°C for 10  min. Each 
sample was amplified in duplicate in a single-step process via the 
use of fusion-tagged primer architecture that contains a unique 
6–8  bp multiplex identifier tag (MID-tag). MID-tagged PCR am-
plicons were pooled at equimolar ratios based on qPCR ΔRn val-
ues and quantified concentrations with the Qubit 3 (Invitrogen; 
Carlsbad, USA) and QiaExcel (Qiagen; Venlo, Netherlands) in-
struments. Therefore, each sample was represented in equim-
olar for sequencing. Three final libraries were constructed and 
size-selected (160–600  bp) using a Pippin-Prep (Sage Science, 
Beverly, USA). Size-selected libraries were then purified using 
the QIAquick PCR Purification Kit (Qiagen, Venlo, Netherlands), 
quantified using a Qubit 4.0 Fluorometer (Invitrogen, Carlsbad, 
USA), and diluted to 2 nM for loading onto 500 cycle MiSeq® V2 
Standard Flow Cells. Paired-end sequencing was conducted on an TA
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Illumina MiSeq platform (Illumina, San Diego, USA), housed in the 
TrEnD Laboratory at Curtin University, Western Australia.

2.3 | Bioinformatics

Sequences were demultiplexed into the respective samples based 
on their MID-tags using the insect package (Wilkinson et al., 2018), 
and quality filtered (minimum length  =  60, maximum expected 
errors  =  2, no ambiguous nucleotides), dereplicated, denoised 
(pool = TRUE), merged (20bp overlap, no mismatches), and filtered 
for chimeras using the DADA2 pipeline (Callahan et al., 2016) in 
RStudio (v1.1.423; R Core Team, 2015). Because of the multicopy 
nature of ITS2 and variable length of the gene, no strict trim-
ming was performed as recommended by the developers pipeline 
(Callahan et al., 2016). Resulting amplicon sequence variants (ASVs) 
for each assay, that is, unique sequences that can be separated by 
one or more nucleotide differences (Callahan et  al.,  2017), were 
then queried against NCBI’s GenBank nucleotide database (Benson 
et al., 2005; accessed in 2020) and the addition of a custom coral 
ITS2 database (Dugal et al. under review, GenBank accession num-
bers MW473514-MW473666) using BLASTn (minimum percent-
age identity of 90, maximum target sequences of 10, reward value 
of 1) via Zeus, an SGI cluster, based at the Pawsey Supercomputing 
Centre in Kensington, Western Australia. Taxonomic assignments 
of ASVs were curated using a lowest common ancestor (LCA) ap-
proach (https://github.com/mahsa​-mousa​vi/LCA_taxon​omyAs​
signment; Mousavi-Derazmahalleh et al., 2021), which compared 
the top ten hits for each query and collapsed to the LCA if the 
percentage identity between each consecutive hit differed by less 
than one (based on 100% query coverage). In order to compare 
assignments on both an ASV and taxonomic level (e.g., species and 
genus), ASVs that shared the exact same taxonomy assignment 
were merged using the phyloseq “tax_glom” function (McMurdie 
& Holmes, 2013) in RStudio.

2.4 | Statistics

To investigate the local detectability of sessile benthic eDNA signals 
from seawater, that is, whether seawater can detect the presence of 
the locally sampled benthic organisms, we conducted a series of ASV 
and taxa accumulation analyses. Each benthic tissue sample pro-
vided multiple ASVs and subsequent taxa assignments representing 
the host and also a community of organisms harbored by corals and 
other sessile benthic invertebrates. Therefore, for each respective 
site, we produced four accumulation curves by calculating the per-
cent proportion of (1) all tissue ASVs; (2) the top tissue ASVs (i.e., the 
ASV with the highest read count in each tissue sample and thus pre-
sumably the host ASV); (3) all tissue taxa and; and (4) the top tissue 
taxa (i.e., the taxa with the highest read count in each tissue sample 
and thus presumably the host taxa) detected in the surrounding sea-
water, by the addition of sampling replicates at each site.

To examine the resolution of the ITS2 gene region and therefore 
its ability to accurately distinguish taxa, we calculated the propor-
tion of assignments confidently matched at various taxonomic levels 
(i.e., species, genus, and family) and investigated the utility of cus-
tom reference databases to resolve species-level assignments. We 
also compared the morphologically identified benthic tissue sam-
ples with their corresponding genetic assignments (resulting from 
both the CoralITS2 and CoralITS2_acro assays). This allowed us to 
calculate the percent of correct genetic to morphological assign-
ments, tissue samples that did not amplify with the applied primer 
assays, those that could not be genetically resolved because of in-
adequate interspecific variation or lack of reference sequences, and 
tissue samples that were incorrectly assigned based on purported 
incorrect GenBank reference sequences. The latter was determined 
by aligning the sequenced ITS2 region from each morphologically 
identified tissue sample with the respective species reference se-
quence on GenBank; those that exhibited 5% or more identity vari-
ation (with 100% query coverage) were flagged as being potentially 
incorrect GenBank submissions as a result of misidentification.

The detections of hard corals from eDNA metabarcoding (sea-
water replicates merged by site) were then compared with the belt 
transect data at each respective sampling site in the Lalang-garram 
marine parks. All comparisons were made at a genus level to ac-
count for species gaps in the coral ITS2 reference sequence data-
bases. Observed hard coral genus diversity between the eDNA and 
belt transect approaches was calculated and graphed using ggplot2 
(Wickham, 2016) and tested for significance by an ANOVA in RStudio. 
Environmental DNA (read count) and belt transect (specimen count) 
abundance data were then standardized to relative composition at 
each site and converted to a Bray–Curtis similarity matrix in PRIMER 
v7 (Clarke & Gorley, 2015). Community composition was visualized 
by nonmetric multidimensional scaling (nMDS) and tested for vari-
ation between survey approaches (eDNA versus. belt transect) and 
between sites using a permutational multivariate analysis of variance 
(PERMANOVA) in the PERMANOVA + add-on (Anderson et al., 2008) 
of PRIMER v7. Additionally, these ordination and statistical analyses 
were also conducted for the presence–absence of eDNA (read count) 
and belt transect (specimen count) abundance data, which was then 
converted to a Jaccard similarity matrix in PRIMER v7. To assess 
whether the abundance of eDNA metabarcoding reads can be used 
as a proxy for population abundance in the field, we plotted the rela-
tive abundance of hard coral eDNA metabarcoding reads against the 
relative abundance of belt transect hard coral counts at each site and 
fitted a linear model regression line using the ggplot2 “geom_smooth” 
function (Wickham, 2016) and “lm” function in RStudio. This was also 
conducted on the log-transformed relative abundance data for each 
survey approach. Finally, hard coral coverage (%) was plotted against 
hard coral genus diversity detected by the eDNA metabarcoding and 
belt transects at each of the seven sampled sites to examine conti-
nuity between the two survey approaches. A linear model was ad-
ditionally fitted to determine whether the two survey approaches 
significantly differed in their measure of hard coral genus diversity 
across the levels of observed hard coral coverage.
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3  | RESULTS

3.1 | Local detectability of sessile benthic eDNA

The two eDNA metabarcoding assays yielded a total of 23,482,066 
sequencing reads. The mean number of filtered sequences (post-
quality, denoising, and chimera filtering) was 63,817 ± 45,311 per 
tissue and seawater replicate sample for the CoralITS2 assay; and 
50,302 ± 32,413 per replicate sample for the CoralITS2_acro assay 
(Table S2). ASVs that were detected in the filtration, extraction, 
and PCR controls were flagged as potential cross-contaminants and 
completely removed from subsequent analyses. This included ASVs 
that produced detection hits (in low abundance, <50 reads) for the 
following cnidarian (Palythoa yoron), sponge (Hyrtios erectus and 
Spheciospongia solida), and hard coral species (Acropora digitifera, A. 
millepora, A. muricata, A. robusta, Cynarina lacrymalis, Cyphastrea ja-
ponica, Duncanopsammia axifuga, Lobophyllia radians, and Plesiastrea 
versipora).

The ASV accumulation analyses indicated that on average, the 
CoralITS2 assay detected 28.7% ± 12.6 and the CoralITS2_acro 
19.0% ± 15.0 of all tissue ASVs in the surrounding seawater at each 

respective site (Figure 2a). When examining only the top tissue ASVs 
(i.e., the most abundant ASV per tissue sample), the CoralITS2 assay 
detected on average 43.5% ± 34.2 and the CoralITS2_acro 42.4% ± 
37.2 (Figure 2b). Detection was also analyzed on a taxonomic level 
by collapsing ASVs that share the same genetically assigned tax-
onomy. The taxa accumulation analyses indicated that on average, 
the CoralITS2 assay detected 71.5% ± 19.4 and the CoralITS2_acro 
69.4% ± 14.8 of all tissue taxa in the surrounding seawater at each 
respective site (Figure  2c). When examining only the top tissue 
taxa (i.e., the most abundant taxa assignment per tissue sample), 
the CoralITS2 assay detected on average 68.6% ± 19.3 and the 
CoralITS2_acro 72.6% ± 20.5 (Figure 2d).

3.2 | Resolution of the Coral ITS2 markers

A total of 214 genetically assigned taxa comprised of 1,817 ASVs 
were detected in the collected water and tissue samples using the 
CoralITS2 assay (Figure 3a; Table S3). Predominant families were the 
hard corals Merulinidae (24 taxa), Acroporidae (20), Lobophylliidae 
(14), Poritidae (13), and Dendrophylliidae (8). The majority of the 

F I G U R E  2   ASV accumulation analysis of (a) of all tissue ASVs and (b) top tissue ASVs (i.e., the most abundant ASV per tissue sample), and 
taxa accumulation analysis of (c) of all tissue taxa and (d) top tissue taxa (i.e., the most abundant taxonomic assignment per tissue sample) 
in the surrounding seawater, by the addition of seawater replicates, averaged across all sites. Site trend lines are depicted in blue with 95% 
confidence intervals in gray
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40  |     WEST et al.

detected taxa were assigned (applying the LCA algorithm) at a spe-
cies level (136), followed by genus only (51), family (14), order (9), class 
(1), phylum (2), and domain (2) (Figure 3b). These taxonomic assign-
ments are the result of blasting against publicly accessible reference 
sequences in GenBank (accessed in 2020) and a recently developed 
coral ITS2 database (Dugal et al. under review); the use of the lat-
ter resolved six species-level assignments than the use of GenBank 

on its own. For the CoralITS_acro assay, a total of 136 genetically 
assigned taxa were detected in the collected water and tissue sam-
ples, comprised of 1,386 ASVs (Figure 3a; Table S3). Predominant 
families were the hard corals Acroporidae (23 taxa), Merulinidae (11), 
Poritidae (8), and Fungiidae (8). The majority of the detected taxa 
were assigned (applying the LCA algorithm) at a species level (91), 
followed by genus only (28), family (7), order (5), class (2), domain (1), 

F I G U R E  3   (a) Classes detected across water and benthic tissue samples in the Lalang-garram marine parks. The percentage of total 
DNA reads for each detected class indicates that the CoralITS2 and CoralITS2_acro assays largely target hard corals (Class Anthozoa, 
Order Scleractinia), soft coral (Class Anthozoa, Order Alcyonacea), and sponges (Class Demospongiae, Order Axinellida). A small selection 
of benthic specimens genetically detected in this study and photographed onsite are illustrated (Photos by Zoe Richards). (b) Proportion of 
genetic assignments at various taxonomic levels for the CoralITS2 and CoralITS2_acro detections (both water and benthic tissue samples) in 
the Lalang-garram Marine Park
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and phylum (0) (Figure 3b). The use of the coral ITS2 database (Dugal 
et al. under review) resolved 10 species-level assignments more than 
the standard GenBank.

In comparing the morphologically identified benthic tissue samples 
with their corresponding genetic assignments, we report that only a 
small proportion were correctly genetically identified (18% and 9% 
applying the CoralITS2 and CoralITS2_acro assays, respectively; see 
Figure  4; Table S4). While the CoralITS2 and CoralITS2_acro assays 
target slightly different coral taxa (the latter optimized for Acropora), 
both assays were unable to amplify 42% of the benthic tissue assem-
blage collected in this study (Figure 4; Table S4). Through mismatches 
in the forward and/or reverse primer, the CoralITS2 assay was unable 

to amplify select hard coral taxa, which included Acropora (9 species), 
Isopora (1), and Caulastraea (1). The CoralITS2_acro assay was addition-
ally unable to amplify select hard coral taxa; this included Acropora (2 
species), Duncanopsammia (2), Moseyleya (1), Caulastraea (1), Alveopora 
(1), Catalaphyllia (1), Cynarina (1), and Pectinia (1). Both the CoralITS2 
and CoralITS2_acro assays were unable to amplify the soft coral tis-
sues from Octocorallia (1) and Subergorgia (1), the sponge tissues from 
Carteriospongia (1) and Porifera (3, 4, respectively), and lastly tissue 
from a hydroid (1) and tunicate (1). The remaining genetic assignments 
were ambiguous, either because there were no ITS2 reference se-
quences (with 100% query coverage) for the morphologically identi-
fied species (25% and 31% applying the CoralITS2 and CoralITS2_acro 

F I G U R E  4   Resolution of the genetic 
assignments attributed to the benthic 
tissue samples collected in the Lalang-
garram marine parks. The smaller donut 
graphs depict the proportion of benthic 
taxa that were un-amplifiable with the 
respective coral metabarcoding assays. 
Only taxa that represent more than 10% 
of the total unamplified assemblage were 
transcribed in these graphs
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assays, respectively), there were incorrect GenBank ITS2 reference se-
quences resulting from misidentification (11% and 16%, respectively), 
or there was not enough resolution within the ITS2 region to distin-
guish closely related species (4% and 2%, respectively; see Figure 4; 
Table S4).

3.3 | Comparison to conventional transect survey

Hard coral genus-level detections were significantly higher 
using eDNA metabarcoding (combined use of the CoralITS2 and 
CoralITS2_acro assays produced an average of 39.6 genera ± 14.2 
per site) than a belt transect approach (24.1 ± 5.7 per site) across the 
seven intertidal sites (p <.001; Table S5, Figure 5a). In total, eDNA 
metabarcoding produced 57 genus-level assignments of hard coral 
taxa compared with 48 genus-level assignments using a belt transect 
survey (Figure 5a). Both eDNA metabarcoding and the belt transect 
survey detected 31 shared genera (Figure 5b), which included hard 
corals such as Acropora, Montipora, Goniopora, Porites, Platygyra, 
Isopora, and Cyphastrea. The belt transect survey detected 17 genera 
that were not detected by eDNA metabarcoding (Figure 5b), and this 
included hard corals such as Caulastraea, Astreopora, and Pectinia 
(see Table S6 for the belt transect detection list). Likewise, eDNA 
metabarcoding detected 26 genera that were not detected by the 
belt transect (Figure 5b), and this included hard corals such as Favia, 
Cynarina, Alveopora, and Plesiastrea (see Table S3 for the complete 
eDNA metabarcoding detection list). The hard coral community 
composition detected by the two survey approaches is significantly 
distinct, as visualized in both the relative abundance and presence–
absence nMDS ordinations (Figure 5c and Figure 5d) and confirmed 
by PERMANOVA (p =.002; Table 2).

The linear regression analysis between the relative abundance 
of belt transect hard coral counts and relative abundance of eDNA 
metabarcoding hard coral sequencing reads demonstrated a weak 
correlation (R2 = 0.016; Figure 6a; Table S7). A log-linear regression 
analysis using log-transformed relative abundance data only slightly 
improved this correlation (R2 = 0.128; Figure 6b; Table S8). In exam-
ining trends in observed diversity between the eDNA metabarcod-
ing and belt transect surveys, a linear regression analysis indicated 
that the two survey approaches did not significantly differ in their 
measure of hard coral genus diversity across the levels of observed 
hard coral coverage (Figure 7; p =.369; Table S9). This signifies con-
tinuity between the two survey approaches in detecting patterns of 
genus diversity across the surveyed sites.

4  | DISCUSSION

4.1 | How locally detectable are sessile benthic 
eDNA signals?

The application of eDNA metabarcoding for rapid sessile benthic 
bioassessment holds considerable potential (Alexander et al., 2020; 

Dugal et al. under review; Nichols & Marko, 2019). However, there 
remain a number of questions regarding the localization of benthic 
eDNA signals, and the efficiency and accuracy of eDNA metabar-
coding as a bioassessment tool compared with conventional benthic 
surveying techniques. In this study, we firstly investigated the de-
tectability of sessile benthic eDNA signals from seawater by quan-
tifying the eDNA detection rate of locally sampled and sequenced 
benthic invertebrates. We report that sessile benthic eDNA is not 
highly (locally) detectable on an ASV (individual/population) level, 
detecting only approximately 40% of unique ASV signals released 
by individual local benthic organisms. This relatively low ASV detec-
tion rate is at odds with another eDNA seawater haplotype analysis, 
albeit with whale shark (Rhincodon typus), that reported that eDNA 
detected all haplotypes from collected tissue samples and were at 
similar frequencies to the population (Sigsgaard et al., 2016). Given 
our relatively low ASV detection rate, we do not at present rec-
ommend using eDNA-derived ASV data for potential population 
haplotype analyses of sessile benthic taxa, as demonstrated for 
other taxonomic groups (Aylward et al., 2018; Elbrecht et al., 2018; 
Parsons et al., 2018; Sigsgaard et al., 2016; Stat et al., 2017).

Even with a limited number of seawater samples per site, eDNA 
metabarcoding presented a high detection rate of sessile benthic 
taxa at a taxonomic (e.g., species, genus) level (~70%). Moreover, our 
accumulation curves suggested that increasing this sample number 
would not detect significantly more taxa. This rate is comparable to a 
recent assessment of eDNA metabarcoding and visual surveys (wide 
and point intercept transects) of coral taxa at the Cocos (Keeling) 
Islands (Alexander et  al.,  2020). The applied ITS2 assays detected 
58% of the genus assemblage identified visually along the transects. 
However, it should be noted that both eDNA metabarcoding and the 
visual surveys also detected several additional genera not detected 
by the other method (Alexander et al., 2020). A further comparison 
of the ITS2 assays at the Rowley Shoals, north-western Australia, 
determined that eDNA metabarcoding only detected 53% of the 
visually identified coral genus assemblage, although again both ap-
proaches detected additional genera (Dugal et al. under review).

These relatively high levels of detectability, however, are at 
odds with a recent eDNA survey that compared molecular oper-
ational taxonomic units (MOTUs; equivalent to ASVs) retrieved 
from benthic scrapes with those from replicate water samples at 
four distances from rocky-substrate benthic communities (Antich 
et al., 2020). The authors found that only 7.5% of detected MOTUs 
were shared between the benthos and water samples; only 5.1% of 
which were identified as benthic taxa, indicating a very low level of 
benthic DNA that was locally detectable in the adjacent water. This 
level of detectability rapidly decreased with distance (up to 20 m) 
from the benthic source communities (Antich et al., 2020). Another 
benthic macroinvertebrate assessment, applying short COI me-
tabarcoding of sediment collected along the Basque coast, indicated 
that metabarcoding was only able to retrieve, on average, 20% of 
the morphologically identified macroinvertebrate taxa across the 
sampled sites (Aylagas et al., 2018). The authors note, however, that 
PCR bias caused by variable primer-template mismatches with the 
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applied assay, in addition to variable resolution within the targeted 
marker, may have compromised the eDNA metabarcoding detection 
rate in this study.

Unlike the Aylagas et al., (2018) study however, we were able to 
assess the recovery and local detectability of eDNA signals by iso-
lating the influence of primer biases. This was because we directly 
applied the same ITS2 assays to both the seawater and collected 
sessile benthic tissue samples, and we only assessed the presence of 
successfully amplified benthic tissue taxa in the corresponding sea-
water samples. Our study indicates that irrespective of PCR assay 
choice, there is a relatively high detectability rate of eDNA signals 

in seawater from sessile benthic taxa. However, the selection of a 
suitable primer assay that minimizes primer biases is critical to max-
imize the recovery of local benthic eDNA signals. This was demon-
strated by the application of a gene enrichment approach (which 
eliminates PCR bias) that subsequently proved more efficient in the 
detection of macroinvertebrates in comparison with COI amplicon 
metabarcoding of the same eDNA samples (Dowle et al., 2016). The 
contrasting level of local detectability between this study and the 
Antich et al. (2020) study, however, both of which followed a similar 
approach in quantifying benthic signals in adjacent water, indicates 
that at present, we should be cautious in widely applying eDNA 

F I G U R E  5   (a) Hard coral genus diversity as detected by belt transects and eDNA metabarcoding (CoralITS2 and CoralITS2_acro 
combined) at each surveyed site and total combined sites. Site abbreviations are as follows: Turtle Reef, TR; Molema Island, MI; Kingfisher 
Island (Mooloogoob) West, KI (W); Kingfisher Island (Mooloogoob) East, KI (E); Montgomery Reef (Yowjab), MR; Traverse Island Group, TI; 
and the Iron Islands, II. (b) Venn diagram of the number of unique hard coral genera detected by belt transects and eDNA metabarcoding, 
and the number of shared hard coral genus detections using these survey approaches. (c) Nonmetric multidimensional scaling (nMDS) 
ordination plot of relative abundance hard coral genus-level community compositions, color coded by survey approach. Relative abundance 
of eDNA reads and belt transect counts per site was converted to a Bray–Curtis similarity matrix and plotted in a nMDS ordination space. 
(d) Nonmetric multidimensional scaling (nMDS) ordination plot of presence–absence hard coral genus-level community compositions, color 
coded by survey approach. The presence–absence of eDNA reads and belt transect counts per site was converted to a Jaccard similarity 
matrix and plotted in a nMDS ordination space
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metabarcoding as a stand-alone technique for benthic surveying. 
Further comparative research with conventional benthic surveying 
in various environments is required.

4.2 | What level of resolution can (at present) be 
gleaned from eDNA approaches?

The application of the ITS2 assays to collected seawater samples 
in the Lalang-garram marine parks produced over 200 taxonomic 
assignments—the majority of which were assigned at a species 
level using an LCA algorithm (Mousavi-Derazmahalleh et al., 2021). 
Sixteen of these assignments were resolved to a species level by 

blasting against a locally curated database for Western Australian 
corals (Dugal et al. under review). This highlights the importance of 
barcoding regional specimens for reference databases. However, 
not all of these species-level assignments had a high percentage 
identity match (i.e., over 98%), but were accepted at a species level 
because there were no other hits within a close percentage match 
(i.e., at or within 1% difference) that additionally satisfied the criteria 
of 100% query coverage. This indicates that despite a high level of 
observed resolution within the ITS2 markers, the resulting genetic 
assignments/community compositions could be further refined with 
additional reference databases for ITS2.

To examine the accuracy of the applied ITS2 assays for fu-
ture bioassessment surveys, we directly compared the resulting 

Data
Source of 
variation df

Sum of 
squares

Mean 
Sq Pseudo-F p

Relative 
abundance

Site 6 11,943 1990.5 1.2696 .185

Survey approach 1 10,074 10,074 6.4253 .002**

Residuals 6 9,407.2 1567.9

Total 13 31,424

Presence– 
absence

Site 6 6,179.9 1,030 1.3128 .081

Survey approach 1 8,013 8,013 10.213 .002**

Residuals 6 4,707.4 784.57

Total 13 18,900

Note: The survey approaches are comprised of belt transects and eDNA metabarcoding of 
seawater samples at respective sites. A PERMANOVA was conducted for both relative abundance 
and presence–absence of belt transect (specimen count) and eDNA (read count) hard coral 
abundance data. Number of permutations: 999. Significant p value codes are as follows: 0 < .001 
“***”, .001 < .01 “**”, .01 < .05 “*”.

TA B L E  2   Permutational multivariate 
analyses of variance (PERMANOVA) 
of hard coral genus-level community 
compositions testing for variation across 
sites and survey approaches

F I G U R E  6   Scatterplots illustrating a weak relationship between the (a) relative abundance of hard coral (order: Scleractinia) counts 
from belt transects with the relative abundance of hard coral sequencing reads from eDNA metabarcoding, and (b) log-transformed relative 
abundance data. Each black circle represents a genus detection at a site. The fitted linear model is depicted by the blue line with a 95% 
confidence interval in gray. The fitted linear model function and R-squared value are provided in the top right-hand corners, respectively. 
Regression statistics are provided in Tables S7 and S8
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metabarcoding and morphological assignments of the collected 
sessile benthic tissue samples. This analysis revealed several issues 
in correctly assigning taxonomies and characterizing sessile ben-
thic community composition using the applied ITS2 assays. A large 
proportion (42%) of the benthic tissue sample assemblage could 
not be directly amplified. This included some hard corals (such as 
Caulastraea sp. and Acropora millepora), but largely compromised 
soft corals (such as Subergorgia sp. and Octocorallia), sponges (such 
as Carteriospongia foliascens), a tunicate, and hydroid. Therefore, it 
may be beneficial to create a separate assay optimized for soft coral, 
sponge, tunicate, and hydroids. Moreover, up to 31% of the genetic 
identifications of the benthic tissue sample assemblage had no ITS2 
reference sequences (with 100% query coverage) for morphologi-
cally identified species. At present, there are still large gaps in ITS2 
reference material for sessile benthic data on publicly accessible 
databases, such as NCBI’s GenBank. Furthermore, many of these 
submitted ITS2 sequences on GenBank do not completely cover 
the ITS2 gene region and are thus redundant when applying 100% 
query coverage with these assays. We therefore highly recommend 
extending ITS2 databases for greater regional representation, in this 
case north-western Australian corals. Until this is adequately ad-
dressed, it may be more appropriate to collapse species assignments 
to a genus level, as implemented in our comparison to the conven-
tional transect survey.

Another issue that broadly plagues all eDNA metabarcoding re-
search is the considerable number of unidentified, misidentified, and 
outdated synonyms of specimens on GenBank (Strasser,  2008). In 
this study, we identified that up to 16% of the benthic tissue samples 
were incorrectly assigned based on purported incorrect GenBank 
reference sequences. Unfortunately, with the potential implemen-
tation of eDNA metabarcoding as a stand-alone monitoring tech-
nique it will become incredibly difficult to flag incorrect GenBank 
sequences. To minimize the effect of incorrect GenBank sequences, 

we suggest ignoring taxonomic hit outliers, for example, if 9/10 
BLAST hits are for the same species, and 1/10 is for another species, 
then we suggest ignoring the latter. However, we recognize that this 
does induce selection bias. To completely circumvent the issue of 
unidentified or misidentified specimens on GenBank, we highly rec-
ommend using curated reference databases, preferable local, which 
will additionally help to ensure that phylogeographic variation is ac-
counted for.

Lastly, the multicopy nature of the internal transcribed spac-
ers (ITS1 and ITS2) may present issues in correctly assigning ben-
thic taxonomies using targeted ITS assays. These ITS regions act 
as regulators, situated between nuclear ribosomal DNA (rDNA) 
genes that encode ribosomal RNA subunits across all eukaryotic 
genomes. The rDNA genes and associated spacers are arranged 
in one of more large arrays that occur in tandem repeats between 
hundreds and thousands of copies long. These multicopy genes 
typically evolve simultaneously through “concerted evolution” and 
are homogenized through recombinant processes, such as unequal 
crossover and gene conversion (Elder & Turner, 1995). However, 
they can vary from introgression via hybridization and evolution 
at different chromosomal positions (Hillis & Dixon,  1991; Muir 
et al., 2001). Notably, the high rate of mutation across these ar-
rays has promoted the use of ITS1 and ITS2 above other mito-
chondrial markers for species-level discrimination in scleractinian 
corals (Chen et  al.,  2004; Marquez et  al.,  2003). In phylogenetic 
reconstructions, multicopy variation is largely dealt with by only 
analyzing the consensus ITS sequence from a single-source sample 
(Wang et al., 2017). It is anticipated, however, that an environmen-
tal sample will contain a myriad of these copies, which may be dif-
ficult to delineate whether they represent intragenomic variability 
(i.e., multiple ITS sequences from the same individual), intrapop-
ulation variation (between individuals from the same colony), 
and interpopulation variation (between colonies). Importantly, 

F I G U R E  7   Line plot depicting the 
relationship between hard coral genus 
detection and hard coral coverage (%) at 
the surveyed sites (black circles) in Lalang-
garram marine parks. The belt transects 
and eDNA metabarcoding approaches 
show continuity in hard coral genus 
detection across varying levels of hard 
coral coverage, the latter obtained in the 
point intercept transects
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significant variation may affect robust taxonomic assignments of 
multicopy ITS sequences to a reference sequence.

Pairwise comparisons of ITS intragenomic variability were found 
to differ on average by 0.56% ± 0.49% in a study of scleractinian 
corals (Forsman et  al.,  2006). This was lower than intrapopula-
tion variation (0.95% ± 0.51%), interpopulation variation (1.18% ± 
0.45%), and lastly, interspecific variation (22.55% ± 1.99). Based on 
these estimates which indicate that intraspecies variation is within 
2%, we do not anticipate that the multicopy nature of the ITS re-
gions will adversely impact species-level taxonomic assignments 
(typically ≥ 98%) from metabarcoding data. The multicopy nature of 
the ITS regions will, however, lead to the amplification of multiple 
ASVs from the same individual, confounding estimates of popula-
tion variability. As previously discussed, we do not recommend using 
eDNA-derived ASV data for potential population haplotype analy-
ses. Ultimately, ITS intragenomic variability, amidst other intra- and 
interpopulation variation, highlights the need for greater regional 
representation in databases to achieve robust taxonomic assign-
ments from eDNA metabarcoding.

4.3 | How does eDNA compare to the conventional 
transect survey?

While the local detectability analyses indicated that we can only 
reliably glean ~70% of the sessile benthic taxa diversity at a local-
ity with eDNA, the applied ITS2 markers on the collected water 
samples detected slightly more hard coral genera than that of the 
belt transects in this study. Nonetheless, both survey approaches 
detected numerous unique genera and have significantly different 
community compositions as visualized in the ordination plots. This 
suggests that a combined approach would provide a higher level of 
biodiversity coverage for future bioassessments, as previously ad-
vocated for corals (Alexander et al. 2020; Dugal et al. under review) 
and other taxonomic groups (Kelly et al., 2017; Port et al., 2016; Stat 
et al., 2019).

A current limitation of eDNA metabarcoding in comparison with 
conventional transect surveys is the inability to reliably provide 
quantitative data, such as population abundance or biomass/cover-
age. There are a number of eDNA studies that have examined the 
use of raw sequencing reads or relative proportion of sequencing 
reads as a proxy for abundance and/or biomass/coverage (Atkinson 
et  al.,  2018; Turner et  al.,  2014; Ushio et  al.,  2018). However, the 
majority of these quantification studies have focused on individ-
ual species using species-specific primers as eDNA shedding rates 
vary between both species and taxonomic groups (Sassoubre 
et  al.,  2016). The use of multispecies primers for eDNA metabar-
coding applications, however, may compromise quantification esti-
mates. Firstly, it is incredibly difficult to incorporate various species 
shedding rates, particularly when examining a large community 
composition; secondly, the introduction of PCR bias, whereby DNA 
from a species that presents perfect homology (or no mismatches) 
to the primers is preferentially amplified over another species that 

presents mismatches (Schloss et al., 2011), will subsequently skew 
downstream read abundance data. PCR bias can only be circum-
vented if all target taxa present the same homology to the primers, 
which may be challenging to achieve.

In this study, we assessed the potential quantification of hard 
coral abundance, by fitting a linear model regression between the 
relative abundance of hard coral ITS2 reads and relative abun-
dance of belt transect hard coral counts at each site. This was also 
conducted for log-transformed relative abundance data. Both ap-
proaches, however, demonstrated only a weak correlation, indicat-
ing that the use of relative abundance reads (as obtained from the 
ITS2 assays) is unsuitable as a proxy for hard coral counts. This is in 
contrast to a recent eDNA coral cover survey at Oahu, Hawaii, that 
demonstrated that visual estimates of log-transformed hard coral 
coverage highly correlated with log-transformed coral sequencing 
reads of 16S rDNA and COI (Nichols & Marko, 2019). This discrep-
ancy could potentially be attributed to a higher diversity and thus 
complexity of hard coral eDNA signals at the Lalang-garram marine 
parks compared with the sampled sites in Hawaii; the latter study 
only detecting up to six genera compared with 57 hard coral genera 
in this study. Given the results of this study, we cannot at present 
recommend the use of relative abundance sequencing reads as a 
proxy for hard coral abundance.

Nonetheless, we did detect continuity between eDNA metabar-
coding and the belt transect surveys in detecting trends in genus 
diversity across varying levels of hard coral coverage at the surveyed 
sites. This indicates that eDNA metabarcoding can distinguish diver-
sity trends between sites as a conventional technique would. This 
further validates the application of eDNA metabarcoding either as a 
stand-alone or complementary monitoring technique for hard corals, 
and more broadly, sessile benthic organisms.

5  | CONCLUSION

This study adds to a growing body of evidence that suggests eDNA 
metabarcoding is an auspicious approach for undertaking rapid ses-
sile benthic bioassessments, and it holds considerable potential for 
application in remote, turbid, and dangerous locations such as the in-
shore Kimberley. This study also provides the foundation from which 
a regional eDNA-based benthic monitoring program can be devel-
oped. At present, reporting at the level of genera is recommended; 
however, the likelihood of enhancing the accuracy of species-level 
assignments is expected to grow in tandem with an increase in local 
reference sequences. Combining eDNA metabarcoding with other 
survey techniques is the most effective way to provide a more ho-
listic representation of benthic biodiversity, and we anticipate such 
combined approaches will greatly increase the scope of benthic 
monitoring in complex ecosystems such as the inshore Kimberley.

ACKNOWLEDG MENTS
This work was supported by ARC Linkage project LP160101508. 
We would like to thank the Dambimangari Aboriginal Corporation 

 26374943, 2022, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/edn3.184 by N

H
M

R
C

 N
ational C

ochrane A
ustralia, W

iley O
nline L

ibrary on [06/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



     |  47WEST et al.

for support and collaboration. Thanks also to staff at the 
Department of Biodiversity, Conservation and Attractions for fi-
nancial, logistics, and field assistance. We would like to thank Mike 
Bunce and the TrEnD laboratory members for support throughout 
this project. Thanks also to Laurence Dugal, Luke Thomas, Shaun 
Wilkinson, and James Gilmour for access to unpublished sequence 
data from Dugal et al., (under review). Finally, we would like to 
thank the Pawsey Supercomputing Centre (Kensington, WA) for 
access to the Zeus supercomputer, which sped up much of our bio-
informatic processing.

CONFLIC T OF INTERE S T
The authors have no conflict of interest to declare.

AUTHOR CONTRIBUTIONS
ZTR, KW, and AA conceived the study; ZR secured project funding; 
WR, DB, AL, ZR, and AA fieldwork logistics; AA, ZR, WR, DB, and AL 
participated in fieldwork; AA contributed to laboratory work, KW 
contributed to statistical analysis; KW, ZR, and AA wrote the manu-
script; all authors edited the manuscript.

DATA AVAIL ABILIT Y S TATEMENT
The ITS2 sequencing data have been uploaded to GenBank acces-
sion numbers MW473514-MW473666. Demultiplexed (unfiltered) 
fastq sequencing data and ASV/taxonomic (read abundance) matri-
ces for both the ITS2 and ITS2_acro assays are available for down-
load on Dryad Digital Repository (https://doi.org/10.5061/dryad.
xksn02vdx).

[Correction added on 1 March 2021, after first online publica-
tion: Data Availability Statement has been modified.]

ORCID
Zoe T. Richards   https://orcid.org/0000-0002-8947-8996 

R E FE R E N C E S
Alexander, J. B., Bunce, M., White, N., Wilkinson, S. P., Adam, A. A. S., 

Berry, T., Stat, M., Thomas, L., Newman, S. J., Dugal, L., & Richards, 
Z. T. (2020). Development of a multi-assay approach for monitoring 
coral diversity using eDNA metabarcoding. Coral Reefs, 39(1), 159–
171. https://doi.org/10.1007/s0033​8-019-01875​-9

Anderson, M., Gorley, R. N., & Clarke, R. K. (2008). Permanova+ for 
Primer: Guide to Software and Statistical Methods. Primer-E Limited.

Antich, A., Palacín, C., Cebrian, E., Golo, R., Wangensteen, O. S., & Turon, 
X. (2020). Marine biomonitoring with eDNA: Can metabarcoding of 
water samples cut it as a tool for surveying benthic communities? 
Molecular Ecology, 1–14. https://doi.org/10.1111/mec.15641

Atkinson, S., Carlsson, J. E. L., Ball, B., Egan, D., Kelly-Quinn, M., Whelan, 
K., & Carlsson, J. (2018). A quantitative PCR-based environmental 
DNA assay for detecting Atlantic salmon (Salmo salar L.). Aquatic 
Conservation: Marine and Freshwater Ecosystems, 28(5), 1238–1243.

Austin, B. J., Robinson, C. J., Mathews, D., Oades, D., Wiggin, A., Dobbs, 
R. J., Lincoln, G., & Garnett, S. T. (2019). An Indigenous-led approach 
for regional knowledge partnerships in the Kimberley region of 
Australia. Human Ecology, 47(4), 577–588. https://doi.org/10.1007/
s1074​5-019-00085​-9

Aylagas, E., Borja, Á., Muxika, I., & Rodríguez-Ezpeleta, N. (2018). 
Adapting metabarcoding-based benthic biomonitoring into routine 

marine ecological status assessment networks. Ecological Indicators, 
95, 194–202. https://doi.org/10.1016/j.ecoli​nd.2018.07.044

Aylward, M. L., Sullivan, A. P., Perry, G. H., Johnson, S. E., & Louis, E. E. Jr 
(2018). An environmental DNA sampling method for aye-ayes from 
their feeding traces. Ecology and Evolution, 8(18), 9229–9240. https://
doi.org/10.1002/ece3.4341

Baillie, J. E. M., Collen, B., Amin, R., Akcakaya, H. R., Butchart, S. H. M., 
Brummitt, N., Meagher, T. R., Ram, M., Hilton-Taylor, C., & Mace, G. M. 
(2008). Toward monitoring global biodiversity. Conservation Letters, 
1(1), 18–26. https://doi.org/10.1111/j.1755-263X.2008.00009.x

Bakker, J., Wangensteen, O. S., Chapman, D. D., Boussarie, G., Buddo, 
D., Guttridge, T. L., Hertler, H., Mouillot, D., Vigliola, L., & Mariani, S. 
(2017). Environmental DNA reveals tropical shark diversity in con-
trasting levels of anthropogenic impact. Scientific Reports, 7(1), 1–11. 
https://doi.org/10.1038/s4159​8-017-17150​-2

Balmford, A., Crane, P., Dobson, A., Green, R. E., & Mace, G. M. (2005). 
The 2010 challenge: Data availability, information needs and extra-
terrestrial insights. Philosophical Transactions of the Royal Society B: 
Biological Sciences, 360(1454), 221–228. https://doi.org/10.1098/
rstb.2004.1599

Bani, A., De Brauwer, M., Creer, S., Dumbrell, A. J., Limmon, G., Jompa, 
J., Beger, M. (2020). Informing marine spatial planning decisions with 
environmental DNA. Advances in Ecological Research, 62, 375–407.

Benson, D. A., Karsch-Mizrachi, I., Lipman, D. J., Ostell, J., & Wheeler, D. 
L. (2005). GenBank. Nucleic Acids Research, 33(Database Issue), D34–
D38. https://doi.org/10.1093/nar/gki063

Berry, T. E., Osterrieder, S. K., Murray, D. C., Coghlan, M. L., Richardson, A. 
J., Grealy, A. K., & Bunce, M. (2017). DNA metabarcoding for diet anal-
ysis and biodiversity: A case study using the endangered Australian sea 
lion (Neophoca cinerea). Ecology and Evolution, 7(14), 5435–5453.

Boussarie, G., Bakker, J., Wangensteen, O. S., Mariani, S., Bonnin, L., 
Juhel, J.-B., Kiszka, J. J., Kulbicki, M., Manel, S., Robbins, W. D., 
Vigliola, L., & Mouillot, D. (2018). Environmental DNA illuminates the 
dark diversity of sharks. Science. Advances, 4(5), eaap9661. https://
doi.org/10.1126/sciadv.aap9661

Brian, J. I., Davy, S. K., & Wilkinson, S. P. (2019). Elevated Symbiodiniaceae 
richness at Atauro Island (Timor-Leste): A highly biodiverse reef sys-
tem. Coral Reefs, 38(1), 123–136. https://doi.org/10.1007/s0033​8-
018-01762​-9

Callahan, B. J., McMurdie, P. J., & Holmes, S. P. (2017). Exact sequence 
variants should replace operational taxonomic units in marker-
gene data analysis. The ISME Journal, 11(12), 2639. https://doi.
org/10.1038/ismej.2017.119

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. 
A., & Holmes, S. P. (2016). DADA2: High-resolution sample inference 
from Illumina amplicon data. Nature Methods, 13(7), 581. https://doi.
org/10.1038/nmeth.3869

Chen, C. A., Chang, C.-C., Wei, N. V., Chen, C.-H., Lein, Y.-T., Lin, H.-E., & 
Wallace, C. C. (2004). Secondary structure and phylogenetic utility 
of the ribosomal internal transcribed spacer 2 (ITS2) in scleractinian 
corals. Zoological Studies, 43(4), 759–771.

Clarke, K. R., & Gorley, R. N. (2015). PRIMER v7: User Manual/Tutorial. 
Plymouth.

DiBattista, J. D., Reimer, J. D., Stat, M., Masucci, G. D., Biondi, P., De 
Brauwer, M., Wilkinson, S. P., Chariton, A. A., & Bunce, M. (2020). 
Environmental DNA can act as a biodiversity barometer of anthropo-
genic pressures in coastal ecosystems. Scientific Reports, 10(1), 1–15. 
https://doi.org/10.1038/s4159​8-020-64858​-9

Dowle, E. J., Pochon, X., C. Banks, J., Shearer, K., & Wood, S. A. (2016). 
Targeted gene enrichment and high-throughput sequencing for envi-
ronmental biomonitoring: A case study using freshwater macroinver-
tebrates. Molecular Ecology Resources, 16(5), 1240–1254. https://doi.
org/10.1111/1755-0998.12488

Dugal, L., Thomas, L., Wilkinson, S. P., Richards, Z. T., Alexander, J. B, 
Adam, A. S., Kennington, J. W., Ryan, N. M., Bunce, M., & Gilmour, J. 

 26374943, 2022, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/edn3.184 by N

H
M

R
C

 N
ational C

ochrane A
ustralia, W

iley O
nline L

ibrary on [06/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

info:x-wiley/peptideatlas/MW473514
info:x-wiley/peptideatlas/MW473666
https://orcid.org/0000-0002-8947-8996
https://orcid.org/0000-0002-8947-8996
https://doi.org/10.1007/s00338-019-01875-9
https://doi.org/10.1111/mec.15641
https://doi.org/10.1007/s10745-019-00085-9
https://doi.org/10.1007/s10745-019-00085-9
https://doi.org/10.1016/j.ecolind.2018.07.044
https://doi.org/10.1002/ece3.4341
https://doi.org/10.1002/ece3.4341
https://doi.org/10.1111/j.1755-263X.2008.00009.x
https://doi.org/10.1038/s41598-017-17150-2
https://doi.org/10.1098/rstb.2004.1599
https://doi.org/10.1098/rstb.2004.1599
https://doi.org/10.1093/nar/gki063
https://doi.org/10.1126/sciadv.aap9661
https://doi.org/10.1126/sciadv.aap9661
https://doi.org/10.1007/s00338-018-01762-9
https://doi.org/10.1007/s00338-018-01762-9
https://doi.org/10.1038/ismej.2017.119
https://doi.org/10.1038/ismej.2017.119
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/s41598-020-64858-9
https://doi.org/10.1111/1755-0998.12488
https://doi.org/10.1111/1755-0998.12488


48  |     WEST et al.

P. (2018). Coral monitoring in northwest Australia with environmen-
tal DNA metabarcoding using a curated reference database for opti-
mized detection. (Under Review with Environmental DNA, February, 
2021).

Elbrecht, V., Vamos, E. E., Steinke, D., & Leese, F. (2018). Estimating intra-
specific genetic diversity from community DNA metabarcoding data. 
PeerJ, 6, e4644. https://doi.org/10.7717/peerj.4644

Elder, J. F. Jr, & Turner, B. J. (1995). Concerted evolution of repetitive 
DNA sequences in eukaryotes. The Quarterly Review of Biology, 70(3), 
297–320. https://doi.org/10.1086/419073

Forsman, Z. H., Hunter, C. L., Fox, G. E., & Wellington, G. M. (2006). 
Is the ITS region the solution to the “species problem” in cor-
als? Intragenomic variation and alignment permutation in Porites, 
Siderastrea and outgroup taxa. In Y. Suzuki (Ed.), Proceedings of the 
10th international coral reef symposium (Vol. 1, pp. 14–23). Japanese 
Coral Reef Society.

Hillis, D. M., & Dixon, M. T. (1991). Ribosomal DNA: Molecular evolution 
and phylogenetic inference. The Quarterly Review of Biology, 66(4), 
411–453. https://doi.org/10.1086/417338

Jeunen, G.-J., Knapp, M., Spencer, H. G., Lamare, M. D., Taylor, H. R., Stat, 
M., Bunce, M., & Gemmell, N. J. (2019). Environmental DNA (eDNA) 
metabarcoding reveals strong discrimination among diverse marine 
habitats connected by water movement. Molecular Ecology Resources, 
19(2), 426–438. https://doi.org/10.1111/1755-0998.12982

Jeunen, G.-J., Lamare, M. D., Knapp, M., Spencer, H. G., Taylor, H. R., Stat, 
M., Bunce, M., & Gemmell, N. J. (2020). Water stratification in the 
marine biome restricts vertical environmental DNA (eDNA) signal 
dispersal. Environmental DNA, 2(1), 99–111. https://doi.org/10.1002/
edn3.49

Kelly, R. P., Closek, C. J., O’Donnell, J. L., Kralj, J. E., Shelton, A. O., & 
Samhouri, J. F. (2017). Genetic and manual survey methods yield dif-
ferent and complementary views of an ecosystem. Frontiers in Marine 
Science, 3, 283. https://doi.org/10.3389/fmars.2016.00283

Koziol, A., Stat, M., Simpson, T., Jarman, S., DiBattista, J. D., Harvey, E. S., 
Marnane, M., Mcdonald, J. & Bunce, M. (2018). Environmental DNA 
metabarcoding studies are critically affected by substrate selection. 
Molecular Ecology Resources, 19(2), 366–376.

Lafferty, K. D., Garcia-Vedrenne, A. E., McLaughlin, J. P., Childress, J. 
N., Morse, M. F., & Jerde, C. L. (2020). At Palmyra Atoll, the fish-
community environmental DNA signal changes across habitats but 
not with tides. Journal of Fish Biology, 1–11. https://doi.org/10.1111/
jfb.14403

Marquez, L. M., Miller, D. J., MacKenzie, J. B., & van Oppen, M. J. H. 
(2003). Pseudogenes contribute to the extreme diversity of nu-
clear ribosomal DNA in the hard coral Acropora. Molecular Biology 
and Evolution, 20(7), 1077–1086. https://doi.org/10.1093/molbe​v/
msg122

McMurdie, P. J., & Holmes, S. (2013). phyloseq: An R package for re-
producible interactive analysis and graphics of microbiome cen-
sus data. PLoS One, 8(4), e61217. https://doi.org/10.1371/journ​
al.pone.0061217

Mousavi-Derazmahalleh, M., Stott, A., Lines, R., Peverley, G., Nester, G., 
Simpson, T., Christophersen, C. T. (2021). eDNAFlow, an automated, 
reproducible and scalable workflow for analysis of environmental DNA 
(eDNA) sequences exploiting Nextflow and Singularity. Molecular 
Ecology Resources. (In review).

Muir, G., Fleming, C. C., & Schlötterer, C. (2001). Three divergent rDNA 
clusters predate the species divergence in Quercus petraea (Matt.) 
Liebl. and Quercus robur L. Molecular Biology and Evolution, 18(2), 
112–119. https://doi.org/10.1093/oxfor​djour​nals.molbev.a003785

Nichols, P. K., & Marko, P. B. (2019). Rapid assessment of coral cover 
from environmental DNA in Hawai’i. Environmental DNA, 1(1), 40–53. 
https://doi.org/10.1002/edn3.8

Parsons, K. M., Everett, M., Dahlheim, M., & Park, L. (2018). Water, water 
everywhere: Environmental DNA can unlock population structure 

in elusive marine species. Royal Society Open Science, 5(8), 180537. 
https://doi.org/10.1098/rsos.180537

Port, J. A., O’Donnell, J. L., Romero-Maraccini, O. C., Leary, P. R., Litvin, S. 
Y., Nickols, K. J., & Kelly, R. P. (2016). Assessing vertebrate biodiver-
sity in a kelp forest ecosystem using environmental DNA. Molecular 
Ecology, 25(2), 527–541. https://doi.org/10.1111/mec.13481

R Core Team (2015). RStudio: Integrated development for R. RStudio Inc.
Richards, Z. T. (2013). A comparison of proxy performance in coral 

biodiversity monitoring. Coral Reefs, 32(1), 287–292. https://doi.
org/10.1007/s0033​8-012-0963-3

Richards, Z., Bryce, M., & Bryce, C. (2018). The composition and struc-
ture of shallow benthic reef communities in the Kimberley, north-
west Australia. Records of the Western Australian Museum Supplement, 
85, 103.

Richards, Z. T., Garcia, R., Moore, G., Fromont, J., Kirkendale, L., Bryce, 
M., Bryce, C., Hara, A., Ritchie, J., Gomez, O., Whisson, C., Allen, 
M., & Wilson, N. G. (2019). A tropical Australian refuge for photo-
symbiotic benthic fauna. Coral Reefs, 38(4), 669–676. https://doi.
org/10.1007/s0033​8-019-01809​-5

Richards, Z. T., Garcia, R. A., Wallace, C. C., Rosser, N. L., & Muir, P. 
R. (2015). A diverse assemblage of reef corals thriving in a dy-
namic intertidal reef setting (Bonaparte Archipelago, Kimberley, 
Australia). PLoS One, 10(2), e0117791. https://doi.org/10.1371/journ​
al.pone.0117791

Richards, Z. T., & Hobbs, J.-P.-A. (2014). Predicting coral species rich-
ness: The effect of input variables, diversity and scale. PLoS One, 9(1), 
e83965. https://doi.org/10.1371/journ​al.pone.0083965

Richardson, A. J., & Poloczanska, E. S. (2008). Under-resourced, under 
threat. Ocean Science, 320(5881), 1294.

Sassoubre, L. M., Yamahara, K. M., Gardner, L. D., Block, B. A., & Boehm, 
A. B. (2016). Quantification of environmental DNA (eDNA) shed-
ding and decay rates for three marine fish. Environmental Science 
& Technology, 50(19), 10456–10464. https://doi.org/10.1021/acs.
est.6b03114

Schloss, P. D., Gevers, D., & Westcott, S. L. (2011). Reducing the effects 
of PCR amplification and sequencing artifacts on 16S rRNA-based 
studies. PLoS One, 6(12), e27310. https://doi.org/10.1371/journ​
al.pone.0027310

Sigsgaard, E. E., Nielsen, I. B., Bach, S. S., Lorenzen, E. D., Robinson, 
D. P., Knudsen, S. W., Pedersen, M. W., Jaidah, M. A., Orlando, L., 
Willerslev, E., Møller, P. R., & Thomsen, P. F. (2016). Population char-
acteristics of a large whale shark aggregation inferred from seawater 
environmental DNA. Nature Ecology & Evolution, 1(1), 1–5. https://doi.
org/10.1038/s4155​9-016-0004

Stat, M., Huggett, M. J., Bernasconi, R., DiBattista, J. D., Berry, T. E., 
Newman, S. J., Harvey, E. S., & Bunce, M. (2017). Ecosystem biomon-
itoring with eDNA: Metabarcoding across the tree of life in a trop-
ical marine environment. Scientific Reports, 7(1), 12240., https://doi.
org/10.1038/s4159​8-017-12501​-5

Stat, M., John, J., DiBattista, J. D., Newman, S. J., Bunce, M., & Harvey, 
E. S. (2019). Combined use of eDNA metabarcoding and video sur-
veillance for the assessment of fish biodiversity. Conservation Biology, 
33(1), 196–205. https://doi.org/10.1111/cobi.13183

Strasser, B. J. (2008). GenBank—Natural History in the 21st Century? 
Science, 322(5901), 537–538.

Taberlet, P., Coissac, E., Hajibabaei, M., & Rieseberg, L. H. (2012). 
Environmental DNA. Molecular Ecology, 21, 1789–1793. https://doi.
org/10.1111/j.1365-294X.2012.05542.x

Takahashi, M., DiBattista, J. D., Jarman, S., Newman, S. J., Wakefield, C. 
B., Harvey, E. S., & Bunce, M. (2020). Partitioning of diet between 
species and life history stages of sympatric and cryptic snappers 
(Lutjanidae) based on DNA metabarcoding. Scientific Reports, 10(1), 
1–13. https://doi.org/10.1038/s4159​8-020-60779​-9

Thomsen, P. F., Kielgast, J., Iversen, L. L., Møller, P. R., Rasmussen, M., & 
Willerslev, E. (2012). Detection of a diverse marine fish fauna using 

 26374943, 2022, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/edn3.184 by N

H
M

R
C

 N
ational C

ochrane A
ustralia, W

iley O
nline L

ibrary on [06/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.7717/peerj.4644
https://doi.org/10.1086/419073
https://doi.org/10.1086/417338
https://doi.org/10.1111/1755-0998.12982
https://doi.org/10.1002/edn3.49
https://doi.org/10.1002/edn3.49
https://doi.org/10.3389/fmars.2016.00283
https://doi.org/10.3389/fmars.2016.00283
https://doi.org/10.3389/fmars.2016.00283
https://doi.org/10.1093/molbev/msg122
https://doi.org/10.1093/molbev/msg122
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1093/oxfordjournals.molbev.a003785
https://doi.org/10.1002/edn3.8
https://doi.org/10.1098/rsos.180537
https://doi.org/10.1111/mec.13481
https://doi.org/10.1007/s00338-012-0963-3
https://doi.org/10.1007/s00338-012-0963-3
https://doi.org/10.1007/s00338-019-01809-5
https://doi.org/10.1007/s00338-019-01809-5
https://doi.org/10.1371/journal.pone.0117791
https://doi.org/10.1371/journal.pone.0117791
https://doi.org/10.1371/journal.pone.0083965
https://doi.org/10.1021/acs.est.6b03114
https://doi.org/10.1021/acs.est.6b03114
https://doi.org/10.1371/journal.pone.0027310
https://doi.org/10.1371/journal.pone.0027310
https://doi.org/10.1038/s41559-016-0004
https://doi.org/10.1038/s41559-016-0004
https://doi.org/10.1038/s41598-017-12501-5
https://doi.org/10.1038/s41598-017-12501-5
https://doi.org/10.1111/cobi.13183
https://doi.org/10.1111/j.1365-294X.2012.05542.x
https://doi.org/10.1111/j.1365-294X.2012.05542.x
https://doi.org/10.1038/s41598-020-60779-9


     |  49WEST et al.

environmental DNA from seawater samples. PLoS One, 7(8), e41732. 
https://doi.org/10.1371/journ​al.pone.0041732

Turner, C. R., Miller, D. J., Coyne, K. J., & Corush, J. (2014). Improved meth-
ods for capture, extraction, and quantitative assay of environmental 
DNA from Asian bigheaded carp (Hypophthalmichthys spp.). PLoS 
One, 9(12), e114329. https://doi.org/10.1371/journ​al.pone.0114329

Ushio, M., Murakami, H., Masuda, R., Sado, T., Miya, M., Sakurai, S., & 
Kondoh, M. (2018). Quantitative monitoring of multispecies fish en-
vironmental DNA using high-throughput sequencing. Metabarcoding 
and Metagenomics, 2, e23297.

Wang, X., Chen, X., Yang, P., Wang, L., & Han, J. (2017). Barcoding the 
Dendrobium (Orchidaceae) species and analysis of the intragenomic 
variation based on the internal transcribed spacer 2. BioMed Research 
International.

West, K. M., Stat, M., Harvey, E. S., Skepper, C. L., DiBattista, J. D., 
Richards, Z. T., Travers, M. J., Newman, S. J., & Bunce, M. (2020). 
eDNA metabarcoding survey reveals fine-scale coral reef commu-
nity variation across a remote, tropical island ecosystem. Molecular 
Ecology, 29, 1069–1086. https://doi.org/10.1111/mec.15382

Wickham, H. (2016). ggplot2: Elegant graphics for data analysis. Springer.
Wilkinson, S. P., Davy, S. K., Bunce, M., & Stat, M. (2018). Taxonomic 

identification of environmental DNA with informatic sequence clas-
sification trees. PeerJ Preprints. https://doi.org/10.7287/peerj.prepr​
ints.26812v1

Wilson, B. (2014). Kimberley marine biota. History and environment. 
Records of the Western Australian Museum Supplement, 84, 1–18.

Wilson, B., Blake, S., Ryan, D., & Hacker, J. (2011). Reconnaissance 
of species-rich coral reefs in a muddy, macro-tidal, enclosed 
embayment,-Talbot Bay, Kimberley, Western Australia. Journal of the 
Royal Society of Western Australia, 94(2), 251.

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: West KM, Adam AAS, White N, et al. 
The applicability of eDNA metabarcoding approaches for 
sessile benthic surveying in the Kimberley region, north-
western Australia. Environmental DNA. 2022;4:34–49. https://
doi.org/10.1002/edn3.184

 26374943, 2022, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/edn3.184 by N

H
M

R
C

 N
ational C

ochrane A
ustralia, W

iley O
nline L

ibrary on [06/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1371/journal.pone.0041732
https://doi.org/10.1371/journal.pone.0114329
https://doi.org/10.1111/mec.15382
https://doi.org/10.7287/peerj.preprints.26812v1
https://doi.org/10.7287/peerj.preprints.26812v1
https://doi.org/10.1002/edn3.184
https://doi.org/10.1002/edn3.184

