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A B S T R A C T   

Environmental DNA (eDNA) methods are being increasingly used in proof-of-concept studies to detect shark 
species, many populations of which are experiencing severe declines. These methods are widely seen as the 
future of biodiversity monitoring, but they have yet to become established as routine monitoring techniques for 
elasmobranch species. Here, we developed species-specific quantitative PCR assays for the detection of grey reef 
shark (Carcharhinus amblyrhynchos) and silvertip shark (Carcharhinus albimarginatus). We assessed whether 
species-specific eDNA methods could infer the distribution of the two species around the atolls of the Chagos 
Archipelago, which, despite being surrounded by a large marine protected area, experience contrasting levels of 
illegal fishing leading to heterogeneity in shark population densities. We found that eDNA detections were 
significantly reduced and sporadic around the northern atolls, which are under high pressure from illegal fishing. 
By contrast eDNA detections of both species were ubiquitous and consistent around the highly protected atoll 
Diego Garcia. We postulate that current levels of illegal, unreported and unregulated (IUU) fishing is having a 
significant impact on the shark community in the northern atolls and suppressing local reef shark populations. In 
the northern atolls we also employed visual and acoustic telemetry techniques to reveal the distribution of reef 
sharks. We found that despite eDNA samples being taken directly after visual surveys, detection results did not 
correlate, suggesting a need for further optimisation of eDNA methods for detecting sharks. However, both 
species were detected by eDNA in sites where they were not observed, highlighting that the scale of the sampling 
environment must be considered when inferring eDNA results and showing that eDNA methods can be used to fill 
gaps in data from more established monitoring techniques. We conclude that eDNA methods should be used in 
combination with other techniques to provide a complete picture of shark distribution so that threatened species 
can be better protected.   

1. Introduction 

Approximately one-third of elasmobranchs (sharks, skates and rays) 
are threatened with extinction as a result of overfishing and 

overexploitation (Dulvy et al., 2021). Reef sharks are functionally 
important mesopredators (Roff et al., 2016) that have experienced 
population declines across the world (Robbins et al., 2006; Graham 
et al., 2010) and may now be functionally extinct in the waters of at least 
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eight nations (MacNeil et al., 2020). As many elasmobranch species are 
highly mobile and elusive, having a versatile methodological toolkit for 
species monitoring has become increasingly important in the face of 
these declines. 

Established elasmobranch monitoring techniques to identify the 
presence and abundance of species include analyses of fishery- 
dependent data (Nakano and Clarke, 2006) and scientific fishing sur-
veys (Simpfendorfer et al., 2002), baited remote underwater video sys-
tems (BRUVS) (MacNeil et al., 2020; Sherman et al., 2020) and visual 
censuses by divers (Robbins et al., 2006; Graham et al., 2010; Rizzari 
et al., 2014). Additionally, movement and behavioural patterns can be 
revealed through electronic tagging (Andrzejaczek et al., 2022; Espinoza 
et al., 2011; Jewell et al., 2013). However, the effectiveness and logistics 

of applying these approaches for monitoring rare species in marine 
habitats, including marine protected areas (MPAs), can be limited. 
Subsequently, species-specific amplification of environmental DNA 
(eDNA) collected in water samples is being increasingly applied to 
detect elasmobranchs (Sigsgaard et al., 2016; Simpfendorfer et al., 2016; 
Gargan et al., 2017; Weltz et al., 2017; Lafferty et al., 2018; Lehman 
et al., 2020; Postaire et al., 2020; Schweiss et al., 2020; Budd et al., 
2021). By identifying species from these samples, researchers can gather 
information on their presence without the need for direct observation. 
Although the majority of eDNA studies focus on species presence 
(Rourke et al., 2021), recently, eDNA data have been used to produce 
estimates of fish species abundances in certain areas (Doi et al., 2015; 
Lacoursière-Roussel et al., 2016; Spear et al., 2021). 

Fig. 1. Sampling site for the current study. Map (a) shows the islands within the Chagos Archipelago MPA and the location of each region surveyed in this study 
are highlighted in grey. The eDNA sampling sites are shown as white crosses for the 2019 eDNA survey around Diego Garcia (b) and for the 2021 survey in the 
northern atolls (c) where the crosses also represent receiver locations for the acoustic array. The bathymetry data displayed on the main map was downloaded from 
GEBCO (gebco.net). 

N. Dunn et al.                                                                                                                                                                                                                                   

http://gebco.net


Ecological Indicators 154 (2023) 110718

3

As eDNA methods have developed, researchers have found them to 
be more sensitive, more effective and cheaper than ‘traditional’ methods 
for species detection (Fediajevaite et al., 2021). Species-specific eDNA 
methods have been shown to be more effective than established catch- 
based monitoring techniques for both marine (Schmelzle and Kinziger, 
2016; Zhu et al. 2023) and freshwater (Pawlowski et al., 2018) fish 
species. For shark species, eDNA metabarcoding has been shown to 
detect a number of species that were not detected by conventional sur-
veys in the south-western Pacific (Boussarie et al., 2018) and in 
Singapore (Ip et al. 2021). However, the eDNA method also missed 
species that were detected with the other techniques (Boussarie et al., 
2018). The sensitivity of species-specific eDNA methods for monitoring 
sharks compared to more established monitoring techniques has not yet 
been assessed. 

The Chagos Archipelago in the central Indian Ocean is encompassed 
by a large no-take MPA (Sheppard et al., 2012), but continued Illegal, 
Unreported and Unregulated (IUU) fishing activity (Collins et al., 2021; 
Ferretti et al., 2018; Jacoby et al., 2020) has coincided with populations 
of reef sharks experiencing declines (Graham et al., 2010). Presently, 
IUU activity is focused around the northern atolls of the MPA (Collins 
et al., 2021; Ferretti et al., 2018; Hays et al., 2020; Jacoby et al., 2020; 
Tickler et al., 2019), as the presence of a military base on Diego Garcia 
atoll (ca. 200 km from the northern atolls, Fig. 1), effectively deters IUU 
activity in the local vicinity (Collins et al., 2021; Ferretti et al., 2018; 
Jacoby et al., 2020). As a result of long-term exploitation, populations of 
grey reef shark (Carcharhinus amblyrhynchos) and silvertip shark 
(Carcharhinus albimarginatus) around the archipelago are significantly 
below historical baselines (Ferretti et al., 2018). To gain a better un-
derstanding of their spatial and temporal activity in the archipelago, 
individuals from each species have recently been the subject of a multi- 
year acoustic tracking programme (Andrzejaczek et al., 2020; Carlisle 
et al., 2019; Curnick et al., 2020; Jacoby et al., 2020; Tickler et al., 2019; 
Williamson et al., 2021), which has yielded fine-scale insights into how 
they move around the atolls (Carlisle et al., 2019; Jacoby et al., 2020; 
Williamson et al., 2021). This research has estimated that the activity 
spaces of C. amblyrhynchos and C. albimarginatus individuals from the 
northern atolls do not extend to Diego Garcia (Jacoby et al., 2020), 
suggesting that there is little movement between the two areas. 

Although the majority of shark research in the MPA has been carried 
out in the northern region (Jacoby et al., 2020; Williamson et al., 2021) 
anecdotal reports and accounts suggest that, compared to the more 
protected waters around Diego Garcia, IUU activity is suppressing reef 
shark densities in the area. In this study, we undertook a comprehensive 
eDNA survey around the unfished site of Diego Garcia as well as illegally 
fished sites in the northern atolls of the archipelago, focusing on the 
presence of C. amblyrhynchos and C. albimarginatus. Using the fished and 
unfished sites as reference locations which likely reflect heterogeneity in 
reef shark population densities, we evaluated the likelihood of detecting 
each species using species-specific eDNA methods and compared results 
with concurrent visual survey results and distribution patterns revealed 
through a long-term acoustic telemetry study. 

2. Materials and methods 

2.1. Field sampling 

Water samples were collected across two research expeditions to the 
Chagos Archipelago in September 2019 and May 2021. In 2019, a total 
of 32 samples were taken from 20 sites in a systematic survey around 
Diego Garcia atoll (Fig. 1) at the surface and a depth of 40 m where 
possible on the outside of the atoll, this was to target sampling above and 
below the estimated thermocline for the region for a metabarcoding 
study (Dunn et al., 2022). The sampling sites in 2021 corresponded with 
33 receiver locations in an established acoustic array around Peros 
Banhos Atoll, Salomon Atoll, and Nelson Island, deployed around the 
archipelago between 2013 and 2021 (Carlisle et al., 2019; Jacoby et al., 

2020) (hereafter ‘the northern atolls’, Fig. 1). As Dunn et al. (2022) 
found little difference in metabarcoding detection rates for the two 
target species between the surface and 40 m samples, we chose to sample 
around the northern atolls at 15 m depth to match the depth of the 
acoustic array receivers. At each sample location across both surveys, a 
5-litre (L) Niskin bottle was rinsed with surface water and then deployed 
from the side of a small boat to sample at the desired depth. To minimise 
the effects of temporal degradation, each sample was then decanted into 
5L sterile bottles stored on ice for transport back to the research vessel, 
and filtered within three hours of collection. To avoid contamination, 
gloves were worn when setting the Niskin bottle and decanting into the 5 
L bottles and samples. Filtration on the research vessel was performed in 
three 1L subsamples using vacuum filtration through 0.22 µm Ster-
ivexTM (Merck-Millipore) filter capsules. The 5L bottle was inverted 10 
times to mix the water within and tubing connected to the SterivexTM 

capsule was placed in the bottle, once one litre had been filtered, the 
filter was run dry and then removed from the vacuum tubing. The 
SterivexTM filter capsule was then filled with 2.5 mL of Longmire’s 
buffer (Renshaw et al., 2015). Capsules were capped at both ends and 
the three subsamples were placed in 100 mL WhirlpakTM bags for stor-
age at room temperature and transport. After sample processing, bottles 
and vacuum tubing were soaked in 20% bleach for 20 min and rinsed 
thoroughly to remove any residue and surfaces were wiped with 20% 
bleach followed by absolute ethanol. A negative control of 500 mL 
sterile water was filtered after every wash cycle to test for any cross- 
contamination and gloves were worn throughout the filtration to mini-
mise the potential of sample contamination. 

2.2. DNA extraction 

Before the commencement of any lab work, surfaces were wiped with 
20% bleach followed by absolute ethanol and gloves were worn 
throughout. Extraction of DNA from tissue for assay testing was done 
using the DNeasy Blood & Tissue Kit (Qiagen) following the manufac-
turer’s protocol and eluting the DNA in 100 µL nuclease-free water. DNA 
extraction from the filters followed the protocol described by Spens et al. 
(2017) using the DNeasy Blood & Tissue Kit (Qiagen). The lysis solutions 
from the capsule and buffer components were combined before the 
addition of buffer AL and the continuation of the Blood & Tissue Kit 
protocol. Final DNA elution occurred with 100 µL nuclease-free water 
and negative extraction controls were performed with distilled water in 
place of the buffer. Extracted DNA was quantified with a Qubit 4.0 
fluorometer (Life Technologies) and stored at − 20 ◦C. 

2.3. Quantitative PCR assays 

Species-specific primer regions for the target species were identified 
using mitogenome sequences from 182 elasmobranch species and new 
mitogenome sequences for C. amblyrhynchos and C. albimarginatus (Dunn 
et al., 2020; Johri et al., 2020), aligned using the MUSCLE (Edgar, 2004) 
alignment tool in Geneious Prime (2021.1). The resulting searches 
identified regions within the NAD5 gene that contained sufficient vari-
ation for the design of species-specific primers and hydrolysis probe 
sequences for our target species. Assays for the detection of each species 
from eDNA samples were first tested for specificity in silico in Geneious 
Prime and then in quantitative PCR (qPCR) reactions using non-target 
DNA. 

Non-target tissue samples were obtained from various sources, 
including fin clips stored in absolute ethanol taken during previous ex-
peditions to the archipelago and from seized catches from IUU fishing 
activity around the Chagos Archipelago, additional non-target species 
tissue stored in absolute ethanol was obtained from the sample sharing 
site Otlet (otlet.io). DNA was extracted from the tissue using the Qiagen 
Blood & Tissue Kit, following the manufacturer’s protocol and eluting 
with 100 µL PCR-grade water. To confirm their taxonomy, DNA extracts 
from samples taken from animals within seized IUU catches were 
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amplified using the protocol outlined by Holmes et al. (2009) with the 
FishF1, FishF2, FishR1, FishR2 (Ward et al., 2005) and HCO2198 
(Folmer et al., 1994) primers. The resulting PCR products were 
sequenced using Sanger sequencing, performed by GENEWIZ (UK). The 
species was confirmed from the returned sequences by assigning the top 
hit from the web-based BLASTn in the NCBI nucleotide database with a 
> 97% sequence identity match and 100% query coverage. The non- 
target species used in the specificity testing were sandbar shark 
(Carcharhinus plumbeus), silky shark (Carcharhinus falciformis), bull 
shark (Carcharhinus leucas), spinner shark (Carcharhinus brevipinna), 
spot-tail shark (Carcharhinus sorrah), whitetip reef shark (Triaenodon 
obesus), great hammerhead shark (Sphyrna mokorran), scalloped 
hammerhead shark (Sphyrna lewini), tiger shark (Galeocerdo cuiver) and 
blue shark (Prionace glauca). C. albimarginatus was also tested as a non- 
target species in the C. amblyrhynchos assay and vice versa. 

In qPCR, a gradient of annealing temperatures between 57 and 62 ◦C 
was run to determine the optimum temperature for the assay with target 
DNA. The amplification of DNA from each non-target species (ca. 10 ng/ 
µL per species) was then tested at this temperature. If there was no non- 
target amplification, the assay was accepted as species-specific. Each 
assay was optimized for primer and probe concentration for 15 µL re-
actions by performing concentration gradient experiments. For both 
assays, the final volumes of each element of the qPCR were as follows: 
7.5 µL Taqman environmental master mix 2.0 (Thermo Fisher), 0.5 µL of 
each primer (10 µM) (final concentration 333 nM), 0.5 µL hydrolysis 
probe 2.5 µM (final concentration 83.3 nM), 1 µL PCR grade water and 5 
µL template DNA and the thermal profile of the qPCR assays were: 95 ◦C 
for ten minutes followed by 45 cycles of 95 ◦C for 15 s followed by 60 ◦C 
for one minute. All reactions were run on a Roche LightCycler 96 
(Roche). 

G-blocks of each respective amplicon were obtained from Integrated 
DNA Technologies (IDT) so that accurate copy number calculations 
using qPCR could be produced. These were resuspended following the 
manufacturer’s protocol and their concentration was confirmed using a 
Qubit 4.0 fluorometer. The copy number of each G-block was calculated 
using the ThermoFisher Scientific online calculator. A dilution series 
standard curve consisting of ten replicates per dilution was run for each 
assay to determine the limit of detection (LOD) and the limit of quan-
tification (LOQ) in copies of amplicon per reaction. We defined the LOD 
for each reaction as the lowest value with at least one positive replicate 
being amplified before 45-cycles following Hobbs et al. (Hobbs et al., 
2019) and the LOQ values were calculated statistically using the 
eLowQuant script (Lesperance et al., 2021). 

Amplification of extracted DNA from the three field subsamples was 
run in triplicate, therefore resulting in nine PCR reactions per site. Re-
actions were run on 96-well plates with a standard curve of a 10-fold 
dilution series ranging from 100 copies/reaction to 1 copy/reaction to 
act as a positive control, and three non-template negative controls (NTC) 
on each plate. Only values above the LOD for their respective assay were 
retained for further analysis and only detections above the LOQ were 
used for quantitative analysis. A linear model of logged copy number 
and cycle-threshold value (Cq) was produced for all standard curve 
values above the LOQ and these models were used to calculate the 
quantity of DNA in the field samples from their Cq values, allowing 
concentrations to be standardised across reaction plates. 

There was no amplification in any negative control from the 2021 
samples (n = 9) but there was amplification in three of the negative 
controls taken during the 2019 samples (n = 8) (range 0.2 – 1.4 copies/ 
reaction). Subsequently, the calculated concentration in the negative 
was subtracted from the concentration of the affected samples to result 
in a corrected concentration for that sample, if the corrected concen-
tration for the sample was lower than the LOD for the reaction, it was 
considered negative. This resulted in the removal of five ‘detections’ in 
the C. amblyrhynchos samples and two in the C. albimarginatus samples. 
Non-parametric Mann-Whitney U tests were then run in R version 4.0.3 
(R Core Development team, 2020) to test for significant differences 

between the average concentration of detections above the LOQ be-
tween northern atolls and Diego Garcia and z-tests were used to test for 
statistical significance in the differences in probabilities of detection. As 
the samples were taken across two expeditions in different years and 
there is little evidence to show that sharks move from one region to the 
other (Jacoby et al., 2020), we believe that the assumptions of inde-
pendence for these statistical tests are met in our data. 

2.4. Acoustic receiver data and visual survey 

During the 2021 survey of the northern atolls, immediately prior to 
water sampling, divers on SCUBA collected each receiver from its 
mooring (15–25 m depth) and performed a stationary-point-count (SPC) 
survey for 10 min recording the number of individuals of any shark 
species. This order of sampling and surveys allowed water samples to be 
taken and processed as quickly as possible to avoid degradation. 
C. amblyrhynchos individuals were identified through distinctive black 
markings along the caudal fin and C. albimarginatus individuals were 
identified by white tips to their dorsal and pelvic fins. It was not possible 
to carry out visual surveys during the 2019 survey of Diego Garcia. 

The receiver array dataset from the northern atolls consisted of re-
cords from 33 VEMCO VR2W receivers and all acoustic tags deployed 
were VEMCO V16 4H coded transmitters (69 kHz) with tagged in-
dividuals from C. amblyrhynchos (n = 88) and C. albimarginatus (n =
103). Data was manipulated using “dplyr” (Wickham et al., 2021) and 
visualised with “ggplot2” (Wickham, 2016) in R v4.0.3 to investigate the 
historical hotspots of C. amblyrhynchos and C. albimarginatus activity in 
previous years. To avoid the potential of false detections (Simpfendorfer 
et al., 2015), only detections from animals with known ID codes were 
used for the analyses following Williamson et al. (2021) and any repeat 
detections from the same ID code at the same receiver within the min-
imum repeat time (30–125 s) were removed from the dataset. To remove 
any seasonal artefacts in the data, we removed detections from outside 
March, April and May to reflect activity during our eDNA sampling 
period and standardised these detections by the number of days across 
all years that receivers were active in these months. The remaining data 
were then taken forward for statistical analyses and for visualising shark 
hotspots in the northern atolls. We used generalised linear models in R 
v4.0.3 to investigate the relationships between eDNA detection and non- 
detection and either visual detection or historical receiver pings at a site 
using a binomial error distribution. Finally, the relationship between 
visual detections and historical receiver pings was investigated using a 
similar approach, but with a Gaussian error distribution. 

3. Results 

3.1. qPCR assays 

Primers and probes for each species were designed to amplify spe-
cific regions of the NAD5 gene (Table 1). The assays were found to be 
specific to the target species (Fig. S1) and both showed optimal ampli-
fication with a 60 ◦C annealing/extension temperature in qPCR. The 
LOD was calculated to be 0.1 copies per reaction for both assays. This 
sensitivity suggests that if the target is present at a concentration of one 
copy per 50 µL of extracted DNA, there will be amplification in one out 
of ten PCR reactions. We therefore defined detection at a site as positive 
if one of the nine PCR replicates per site (total 45 µL DNA template 
across nine PCR reactions) achieved amplification above the cycle- 
threshold value of the LOD. The LOQ was 0.8 copies per reaction for 
the C. amblyrhynchos assay (Fig. S2) and 3.1 copies per reaction for the 
C. albimarginatus assay (Fig. S3), similar to those calculated with the 
eLowQuant code previously (e.g. Matthias et al., 2021). 

3.2. Differences in eDNA detection across atolls 

Around Diego Garcia, eDNA from C. amblyrhynchos was detected in 
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24 of the 32 samples, showing widespread distribution around the atoll 
(Fig. 2). There were 102 positive replicates in 276 reactions (37.0%) and 
there was just one site where all PCR replicates amplified (see Table S1 
for full table of detections by site). There were 56 reactions that 
exceeded the LOQ for the assay, the highest recorded concentration was 
84.9 copies per reaction and the mean of the quantifiable reactions was 
10.4 (standard error ± 2.9) copies per reaction. There was no significant 
difference between the proportion of positive replicates and sampling 
depth. In the northern atolls, C. amblyrhynchos was detected in 5 of the 
33 water samples with no sample achieving consistent amplification 
across all nine PCR replicates. There were seven positive reactions out of 
a total of 297 (2.4%), five exceeded the LOQ for the reaction and the 
highest concentration of 3.11 copies per reaction was detected in site 
SA03, the mean concentration for the quantifiable reactions was 1.76 
(±0.4) copies per reaction. The proportion of detections around Diego 
Garcia was significantly greater than the proportion of detections in the 
northern atolls (χ 2 = 108.6, p < 0.001) but the difference in average 
concentration between the detections above the LOQ between the two 
locations was not found to be significantly different. 

C. albimarginatus was detected in 29 of the eDNA samples taken 
around Diego Garcia (Fig. 2) with 100% of the technical replicates 
amplifying in six samples and no significant difference between the 
proportion of positive replicates and sampling depth. There were 147 
positive replicates in 276 reactions (53.3%) and 95 of these exceeded the 

LOQ for the assay. The highest recorded concentration was 248.3 copies 
per reaction with a mean of 34.6 (±6.7) copies per reaction. In the 
northern atoll samples, C. albimarginatus was detected at five sites, in 
just six reactions (2.0%). No samples achieved 100% amplification in 
the PCR replicates and two reactions exceeded the LOQ for the assay, 
with a mean of 3.36 (±0.2) copies per reaction. The proportion of de-
tections around Diego Garcia was significantly greater than the pro-
portion of detections in the northern atolls (χ 2 = 188.7, p < 0.001) and 
the average concentration was significantly higher in the samples from 
Diego Garcia compared to the northern atolls (W = 181.5, p < 0.05). 

3.3. Telemetry 

In the northern atolls of the archipelago, from February 2013 to 
March 2021, the number of acoustic detections for C. amblyrhynchos was 
942,692, of which 171,178 were from March, April and May. The 
maximum number of detections from a single individual was 13,657, the 
minimum was one and the median was 323 (Q1: 37, Q3: 1889). There 
was a total of 1,519,050 detections from the tagged cohort of 
C. albimarginatus, of which 40,188 were from March, April and May. The 
maximum number of detections from a single individual was 6,087, the 
minimum was one and the median was 197 (Q1: 53, Q3: 562.25). There 
were clear hotspots for acoustic detections in the northwest of Peros 
Banhos atoll for tagged C. amblyrhynchos (Fig. 3a) which has remained 

Table 1 
Sequence and melting temperature for each oligonucleotide used in the qPCR assays for grey reef shark (Carcharinus amblyrhynchos) and silvertip shark 
(C. albimarginatus) detection.  

Species Oligo type Sequence 5′-3′ Melting temperature (◦C) 

C. amblyrhynchos Forward primer CACCAACTCTCACTTCAAAATTAATCCTAT 55.5 
Reverse primer CAGATCGATTAGATGTGTTGAGACATG 55.4 
Probe [6FAM]-TAGTTACAATCATAGGTCTTCTCCTAGCT-[BHQ]  56.3 

C. albimarginatus Forward primer ATTGCCGGCCTAATCATTACTCTC 56.9 
Reverse primer GTGAGGATGGAGTGTGGGG 57.6 
Probe [6FAM]-AGCCCTCTTAGTCACAATTTCAGGCCTCCT-[BHQ]  64  

Fig. 2. Detection of each species around Diego Garcia from eDNA samples. Samples with detection of at least one species are denoted by green crosses and 
samples with no detection are shown as red triangles. The proportion of positive technical replicates for Carcharhinus amblyrhynchos (dark blue) and Carcharhinus 
albimarginatus (light blue) in each eDNA sample taken around Diego Garcia atoll in surface water (A) and at 40 m depth (B). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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consistent across years (Fig. S4), and in the southwest of Salomon Atoll 
for C. albimarginatus (Fig. 3b) which is also consistently identified across 
years (Fig. S5). No eDNA for these species was detected in these areas 
but there was detection around high-activity receivers in the northwest 
of Salomon Atoll for C. amblyrhynchos (Fig. 3a) and the west of Peros 
Banhos for C. albimarginatus (Fig. 3b). However, there were no signifi-
cant relationships between the average daily acoustic detections and 
eDNA detection at a receiver site (Fig. S6). Across all active years, the 
number of acoustic detections of C. albimarginatus at each receiver shows 

a general trend of peaking in June, particularly around Salomon Atoll 
(Fig. S8). For C. amblyrhynchos, this trend was less evident (Fig. S9). 

3.4. Visual surveys 

In the visual surveys around the northern atolls, a total of 46 
C. amblyrhynchos individuals were observed in the visual surveys, with 
the species detected in 13 of the 33 sites. Ten C. albimarginatus in-
dividuals were seen across two sites but the species was not seen in the 

Fig. 3. Activity hotspots from acoustic telemetry. The log mean number of acoustic detections per day in March, April and May for all active years of the acoustic 
array around the northern atolls of the Chagos Archipelago MPA for (a) Carcharhinus amblyrhynchos and (b) Carcharhinus albimarginatus and the position of each 
receiver shown by the detection (green cross) or non-detection (red triangle) of eDNA for the species in the 2021 survey. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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remaining 31 sites. There were sightings of C. amblyrhynchos in the 
northwest Peros Banhos acoustic telemetry activity hotspot (Fig. 4a), but 
there were no observations of C. albimarginatus around the telemetry 
hotspots around Salomon Atoll (Fig. 4b). There was just one occasion 
where a given species was observed and that same species was detected 
in the eDNA sample at that site (Fig. 4a), there was no relationship be-
tween the number of individuals seen in a visual survey and eDNA 
detection at that site for either species (Figs. S6 and S7). 

4. Discussion 

As many shark populations experience declines that threaten their 
existence (Dulvy et al., 2021), improved management and conservation 
practices are required (Birkmanis et al., 2020). The use of eDNA 

methods for species detection has the potential to revolutionise biodi-
versity monitoring by providing vast amounts of data from sampling 
techniques that can be replicated across the globe. Here, highly sensitive 
and specific assays were developed for the detection of two ecologically 
important reef-associated shark species from eDNA. The assays were 
used to assess distributions across the Chagos Archipelago by sampling 
eDNA in the upper water column in areas of high and low instances of 
IUU fishing. Around Diego Garcia, where there is no documented evi-
dence of IUU fishing for sharks, probabilities of eDNA detection were 
significantly higher for both species compared to the northern region of 
Peros Banhos, Salomon Atoll, and Nelson Island, where the species are 
under greater threat from IUU fishing (Jacoby et al., 2020) which is 
potentially suppressing populations (Graham et al., 2010). There was 
little correlation between eDNA detections and concurrent visual 

Fig. 4. Visual survey results. The number of individuals seen in the 10-minute stationary point count visual surveys in the northern atolls of the Chagos Archi-
pelago for (a) Carcharhinus amblyrhynchos and (b) Carcharhinus albimarginatus. The area of the circle relates to the number of individuals seen and the position of each 
sampling site is shown by the detection (green cross) or non-detection (red triangle) of eDNA for the species in the 2021 survey. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 
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surveys or historical acoustic telemetry detection hotspots in the 
northern atoll region. Overall, these results indicate that species-specific 
eDNA methods can be used to assess broad-scale patterns of shark dis-
tributions and that they should be utilised in combination with more 
established monitoring methods to produce a complete picture of shark 
distributions in an area. 

In our comparison of eDNA detection between Diego Garcia and the 
northern atolls region, we found significant differences in detection 
probability for both C. amblyrhynchos and C. albimarginatus. Whilst 
eDNA snapshots such as these cannot be used to quantify population 
abundances, it is likely that the continued IUU fishing is driving differ-
ences in population densities across the two regions and that this is being 
reflected in our eDNA results. Hydrodynamic modelling in the region 
suggests that wave energy around Peros Banhos is similar to that around 
Diego Garcia (Wu et al., 2021), suggesting that the observed pattern is 
not caused by differential current speeds driving differences in the 
dispersion of eDNA. This indicates that eDNA methods have the poten-
tial to assess broad-scale patterns of shark distributions. Repeated site 
visits should be considered so that robust occupancy estimates can be 
generated for each species across sites and this study should be followed 
up with a systematic, standardised, and multidisciplinary survey to 
further investigate shark populations across the archipelago. As there 
was a significant interval between the two surveys (September 2019 for 
Diego Garcia and March 2021 for the northern atolls), the differences 
could be due to interannual variation in shark distributions in the ar-
chipelago. However, this seems unlikely as the estimated activity spaces 
of the cohort of sharks tagged in the northern atolls do not extend to 
Diego Garcia (Jacoby et al., 2020). Differences in oceanographic con-
ditions and water currents across the atolls may result in variability in 
localised eDNA retention. Yet, the fine-scale hydrodynamic data needed 
to investigate this is not currently available for the area, as the required 
oceanographic analysis has not yet been undertaken in the archipelago. 

There is evidence to suggest that species monitoring using eDNA can 
be used to provide managers with localised distributions of target spe-
cies (Jeunen et al., 2019; Lacoursière-Roussel et al., 2016; Larson et al., 
2022; Yamamoto et al., 2016), enabling targeted and effective conser-
vation measures to be put in place. In this study, individuals of 
C. amblyrhynchos were detected at 13 sites in the northern atolls during 
the visual surveys and five sites in the eDNA survey, and there was just 
one site where the species was detected by both methods. It is important 
to note that due to the logistics of sampling on a multidisciplinary 
expedition, only one sample per site was taken to provide a snapshot of 
shark distribution through both visual surveys and eDNA. Repeated 
sampling may have resulted in more agreement between the methods. 
However, there are a number of reasons that could have caused the 
mismatch, including stochasticity of sampling a large expanse of a het-
erogeneous environment with relatively small water volumes and po-
tential disparity between individual presence and eDNA presence in an 
area, related to the shedding rates of the individuals and degradation 
rates of eDNA, which would be expected to degrade rapidly in the study 
area where surface water is around 30 ◦C (Sigsgaard et al., 2016; Jo 
et al., 2019). On the other hand, C. albimarginatus was detected in more 
sites from eDNA (five) than in visual surveys (two). This difference may 
be due to the species’ tendency to inhabit pelagic waters and spend more 
time away from the reef (Curnick et al., 2019; Williamson et al., 2021) 
resulting in few sightings, which highlights that visual surveys can also 
be subject to biases. There is also potential that these detections were 
due to eDNA being transported to the site artificially by boats and divers. 
However, we believe that this is unlikely, as such a contamination event 
would likely have resulted in far more than the five positive detections 
for the species. As eDNA can move with water current, the eDNA par-
ticles we detected may have been advected to the site from their origin 
off the reef. Taken together, the inconsistency between the two methods 
emphasises the potential for eDNA methods to complement visual sur-
veys for reef shark detection but highlights that further methodological 
optimisation may be required for consistent detection of sharks in eDNA 

studies. 
When producing telemetry hotspots to compare eDNA and visual 

detections against, we did not have acoustic telemetry data from the 
time of sampling available. Instead, we used detection data from the 
historical dataset to identify hotspots of activity for the populations. 
Tagging locations were spread widely across the northern atolls (see 
Jacoby et al., 2020 Fig. 1) and analysis has shown that individuals move 
frequently between receiver sites (Jacoby et al., 2020) with no evidence 
of site residency. The mean number of detections per day at each 
receiver was used as a proxy for activity and it was hypothesised that if 
these hotspots remained stable across years, the mean number of de-
tections at each site would directly correlate with eDNA concentration at 
that site. This was not the case. For example, there was a stable hotspot 
for C. amblyrhynchos detections in the northwest of Peros Banhos atoll, a 
location where we also observed individuals of the species but there was 
no eDNA detection at the site. As these two data series were not taken at 
the same time, there are many factors that could have resulted in the 
mismatch between detection results. For example, the behavioural 
(Tickler et al., 2017) and biological (Heupel and Simpfendorfer, 2014) 
factors may have influenced the distribution of sharks at receiver sites 
during the sampling period in a contrasting manner to previous years. 
The ephemeral nature of eDNA would also have contributed to a 
mismatch if eDNA had been shed and then degraded or advected away 
from the site before we sampled. We also do not know how the ongoing 
IUU fishing activity has impacted the behaviour of sharks in the region 
and how many individuals from the tagged cohort remain in the area 
(Tickler et al., 2019). However, the comparison of acoustic data and 
eDNA detection has great potential for developing our understanding of 
the sensitivity and reliability of eDNA in the field and should be further 
explored. 

The ability to monitor fine-scale ecological patterns of species dis-
tributions is essential for the development of effective conservation 
strategies and when assessing and monitoring biodiversity, the scale of 
inference from the sampling method being employed is an essential 
consideration. Acoustic telemetry is often highly valuable for assessing 
fine-scale distribution and movement patterns of sharks (Jacoby et al., 
2020; Williamson et al., 2021) and visual surveys can be performed 
consistently over long timeframes to build pictures of how population 
densities change over time (Robbins et al., 2006). In this study, eDNA 
methods revealed the presence of highly mobile and elusive reef shark 
species. Importantly, shark eDNA detection rates were also congruent 
with postulated reef shark population densities driven by well docu-
mented illegal fishing activity. Thus, this paper provides the first 
quantifiable evidence of the negative impact of IUU fishing on reef 
sharks around the Chagos Archipelago and its associated MPA. There-
fore, monitoring via eDNA offers a simple and effective route towards 
long-term monitoring of species presence and population dynamics 
which can reinforce outputs from established monitoring techniques and 
allow researchers to gain a greater understanding of the distribution of 
sharks in an area. 

CRediT authorship contribution statement 

Nicholas Dunn: Conceptualization, Methodology, Investigation, 
Visualization, Writing – original draft, Writing – review & editing. 
David J. Curnick: Conceptualization, Methodology, Supervision, 
Writing – review & editing. Chris Carbone: Conceptualization, Super-
vision, Writing – review & editing. Aaron B. Carlisle: Methodology, 
Writing – review & editing. Taylor K. Chapple: Methodology, Writing – 
review & editing. Rosalie Dowell: Methodology, Writing – review & 
editing. Francesco Ferretti: Methodology, Writing – review & editing. 
David M.P. Jacoby: Methodology, Writing – review & editing. Robert 
J. Schallert: Methodology. Margaux Steyaert: Methodology, Writing – 
review & editing. David M. Tickler: Methodology. Michael J. Wil-
liamson: Writing – review & editing. Barbara A. Block: Methodology, 
Writing – review & editing. Vincent Savolainen: Conceptualization, 

N. Dunn et al.                                                                                                                                                                                                                                   



Ecological Indicators 154 (2023) 110718

9

Supervision, Writing – review & editing. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgments 

This work was funded by the Bertarelli Foundation through the 
Marine Science Programme and the UK Natural Environment Research 
Council through the Science and Solutions for a Changing Planet (SSCP) 
DTP. The authors would also like to thank Dr Julia Spaet for supplying 
several tissue samples for the specificity testing. CC, DC, DJ, MS, MW, 
ND, and RD were supported through Research England. We would like 
to thank the three anonymous reviewers for their time and constructive 
feedback throughout the process. 

Funding 

Bertarelli Foundation. 
Natural Environment Research Council. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ecolind.2023.110718. 

References 

Andrzejaczek, S., Chapple, T.K., Curnick, D.J., Carlisle, A.B., Castleton, M., Jacoby, D.M. 
P., Peel, L.R., Schallert, R.J., Tickler, D.M., Block, B.A., 2020. Individual variation in 
residency and regional movements of reef manta rays Mobula alfredi in a large 
marine protected area. Mar. Ecol. Prog. Ser. 639, 137–153. 

Andrzejaczek, S., Curnick, D.J., et al., 2022. Diving into the vertical dimension of 
elasmobranch movement ecology. Sci. Adv. 8 (33), eabo1754. https://doi.org/ 
10.1126/sciadv.abo1754. 

Birkmanis, C.A., Partridge, J.C., Simmons, L.W., Heupel, M.R., Sequeira, A.M., 2020. 
Shark conservation hindered by lack of habitat protection. Glob. Ecol. Conserv. 21, 
e00862. 

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., 2018. Environmental 
DNA illuminates the dark diversity of sharks. Sci. Adv. 4 (5), eaap9661. Vancouver.  

Budd, A.M., Cooper, M.K., Port, A.L., Schils, T., Mills, M.S., Deinhart, M.E., 
Huerlimann, R., Strugnell, J.M., 2021. First detection of critically endangered 
scalloped hammerhead sharks (Sphyrna lewini) in Guam, Micronesia, in five decades 
using environmental DNA. Ecol. Indic. 127, 107649. 

Carlisle, A.B., Tickler, D., Dale, J.J., Ferretti, F., Curnick, D.J., Chapple, T.K., Schallert, R. 
J., Castleton, M., Block, B.A., 2019. Estimating space use of mobile fishes in a large 
marine protected area with methodological considerations in acoustic array design. 
Front. Mar. Sci. 6, 256. https://doi.org/10.3389/fmars.2019.00256. 

Collins, C., Nuno, A., Broderick, A., Curnick, D.J., De Vos, A., Franklin, T., Jacoby, D.M., 
Mees, C., Moir-Clark, J., Pearce, J., Letessier, T.B., 2021. Understanding persistent 
non-compliance in a remote, large-scale marine protected area. Front. Mar. Sci. 8, 
650276. https://doi.org/10.3389/fmars.2021.650276. 

Core Development, R., team, 2020. R: A language and environment for statistical 
computing. Foundation for Statistical Computing, Vienna, Austria. Available at: 
https://www.R-project.org/.  

Curnick, D.J., Andrzejaczek, S., Jacoby, D.M., Coffey, D.M., Carlisle, A.B., Chapple, T.K., 
Ferretti, F., Schallert, R.J., White, T., Block, B.A., Koldewey, H.J., 2020. Behavior 
and ecology of silky sharks around the Chagos Archipelago and evidence of Indian 
Ocean wide movement. Front. Mar. Sci. 7, 596619. https://doi.org/10.3389/ 
fmars.2020.596619. 

Curnick, D.J., Carlisle, A.B., Gollock, M.J., Schallert, R.J., Hussey, N.E., 2019. Evidence 
for dynamic resource partitioning between two sympatric reef shark species within 
the British Indian Ocean Territory. J. Fish Biol. 94 (4), 680–685. 

Doi, H., Uchii, K., Takahara, T., Matsuhashi, S., Yamanaka, H., Minamoto, T., 2015. Use 
of droplet digital PCR for estimation of fish abundance and biomass in 
environmental DNA surveys. PloS one 10 (3), e0122763. https://doi.org/10.1371/ 
journal.pone.0122763. 

Dulvy, N.K., Pacoureau, N., Rigby, C.L., Pollom, R.A., Jabado, R.W., Ebert, D.A., 
Finucci, B., Pollock, C.M., Cheok, J., Derrick, D.H., Herman, K.B., Sherman, C.S., 
VanderWright, W.J., Lawson, J.M., Walls, R.H.L., Carlson, J.K., Charvet, P., 
Bineesh, K.K., Fernando, D., Ralph, G.M., Matsushiba, J.H., Hilton-Taylor, C., 
Fordham, S.V., Simpfendorfer, C.A., 2021. Overfishing drives over one-third of all 
sharks and rays toward a global extinction crisis. Curr. Biol. 31 (21), 4773–4787.e8. 

Dunn, N., Savolainen, V., Weber, S., Andrzejaczek, S., Carbone, C., Curnick, D., 2022. 
Elasmobranch diversity across a remote coral reef atoll revealed through 
environmental DNA metabarcoding. Zool. J. Linn. Soc. 196 (2), 593–607. https:// 
doi.org/10.1093/zoolinnean/zlac014. 

Dunn, N., Johri, S., Curnick, D., Carbone, C., Dinsdale, E.A., Chapple, T.K., Block, B.A., 
Savolainen, V., 2020. Complete mitochondrial genome of the gray reef shark, 
Carcharhinus amblyrhynchos (Carcharhiniformes: Carcharhinidae). Mitochondrial 
DNA Part B 5 (3), 2080–2082. https://doi.org/10.1080/23802359.2020.1765208. 

Edgar, R.C., 2004. MUSCLE: Multiple sequence alignment with high accuracy and high 
throughput. Nucl. Acids Res. 32 (5), 1792–1797 [Preprint].  

Espinoza, M., Farrugia, T.J., Webber, D.M., Smith, F., Lowe, C.G., 2011. Testing a new 
acoustic telemetry technique to quantify long-term, fine-scale movements of aquatic 
animals. Fish. Res. 108 (2-3), 364–371. 

Fediajevaite, J., Priestley, V., Arnold, R., Savolainen, V., 2021. Meta-analysis shows that 
environmental DNA outperforms traditional surveys, but warrants better reporting 
standards. Ecol. Evol. 11 (9), 4803–4815. 

Ferretti, F., Curnick, D., Liu, K., Romanov, E.V., Block, B.A., 2018. Shark baselines and 
the conservation role of remote coral reef ecosystems. Sci. Adv. 4 (3), eaaq0333. 

Folmer, O., et al., 1994. DNA primers for amplification of mitochondrial cytochrome c 
oxidase subunit I from diverse metazoan invertebrates. Mol. Mar. Biol. Biotechnol. 3 
(5), 294–299. 

Gargan, L.M., Morato, T., Pham, C.K., Finarelli, J.A., Carlsson, J.E., Carlsson, J., 2017. 
Development of a sensitive detection method to survey pelagic biodiversity using 
eDNA and quantitative PCR: a case study of devil ray at seamounts. Mar. Biol. 164, 
1–9. 

Graham, N.A., Spalding, M.D., Sheppard, C.R., 2010. Reef shark declines in remote atolls 
highlight the need for multi-faceted conservation action. Aquat. Conserv.: Mar. 
Freshw. Ecosyst. 20 (5), 543–548. 

Hays, G.C., Koldewey, H.J., Andrzejaczek, S., Attrill, M.J., Barley, S., Bayley, D.T.I., 
Benkwitt, C.E., Block, B., Schallert, R.J., Carlisle, A.B., Carr, P., Chapple, T.K., 
Collins, C., Diaz, C., Dunn, N., Dunbar, R.B., Eager, D.S., Engel, J., Embling, C.B., 
Esteban, N., Ferretti, F., Foster, N.L., Freeman, R., Gollock, M., Graham, N.A.J., 
Harris, J.L., Head, C.E.I., Hosegood, P., Howell, K.L., Hussey, N.E., Jacoby, D.M.P., 
Jones, R., Sannassy Pilly, S., Lange, I.D., Letessier, T.B., Levy, E., Lindhart, M., 
McDevitt-Irwin, J.M., Meekan, M., Meeuwig, J.J., Micheli, F., Mogg, A.O.M., 
Mortimer, J.A., Mucciarone, D.A., Nicoll, M.A., Nuno, A., Perry, C.T., Preston, S.G., 
Rattray, A.J., Robinson, E., Roche, R.C., Schiele, M., Sheehan, E.V., Sheppard, A., 
Sheppard, C., Smith, A.L., Soule, B., Spalding, M., Stevens, G.M.W., Steyaert, M., 
Stiffel, S., Taylor, B.M., Tickler, D., Trevail, A.M., Trueba, P., Turner, J., Votier, S., 
Wilson, B., Williams, G.J., Williamson, B.J., Williamson, M.J., Wood, H., Curnick, D. 
J., 2020. A review of a decade of lessons from one of the world’s largest MPAs: 
conservation gains and key challenges. Mar. Biol. 167 (11), 1–22. 

Heupel, M.R., Simpfendorfer, C.A., 2014. Importance of environmental and biological 
drivers in the presence and space use of a reef‑associated shark. Mar. Ecol. Prog. Ser. 
496, 47–57. 

Hobbs, J., Round, J.M., Allison, M.J., Helbing, C.C., 2019. Expansion of the known 
distribution of the coastal tailed frog, Ascaphus truei, in British Columbia, Canada, 
using robust eDNA detection methods. Plos one 14 (3), e0213849. https://doi.org/ 
10.1371/journal.pone.0213849. 

Holmes, B.H., Steinke, D., Ward, R.D., 2009. Identification of shark and ray fins using 
DNA barcoding. Fish. Res. 95 (2-3), 280–288. 

Ip, Y.C.A., Chang, J.J.M., Lim, K.K., Jaafar, Z., Wainwright, B.J., Huang, D., 2021. Seeing 
through sedimented waters: environmental DNA reduces the phantom diversity of 
sharks and rays in turbid marine habitats. BMC Ecol. Evol. 21 (1), 1–14. https://doi. 
org/10.1186/s12862-021-01895-6. 

Jacoby, D.M.P., Ferretti, F., Freeman, R., Carlisle, A.B., Chapple, T.K., Curnick, D.J., 
Dale, J.J., Schallert, R.J., Tickler, D., Block, B.A., Russell, D., 2020. Shark movement 
strategies influence poaching risk and can guide enforcement decisions in a large, 
remote marine protected area. J. Appl. Ecol. 57 (9), 1782–1792. 

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. Mol. 
Ecol. Resour. 19 (2), 426–438. 

Jewell, O.J., Johnson, R.L., Gennari, E., Bester, M.N., 2013. Fine scale movements and 
activity areas of white sharks (Carcharodon carcharias) in Mossel Bay, South Africa. 
Environ. Biol. Fish. 96, 881–894. 

Jo, T., Murakami, H., Yamamoto, S., Masuda, R., Minamoto, T., 2019. Effect of water 
temperature and fish biomass on environmental DNA shedding, degradation, and 
size distribution. Ecol. Evol. 9 (3), 1135–1146. 

Johri, S., Dunn, N., Chapple, T.K., Curnick, D., Savolainen, V., Dinsdale, E.A., Block, B.A., 
2020. Mitochondrial genome of the Silvertip shark, Carcharhinus albimarginatus, 
from the British Indian Ocean Territory. Mitochondrial DNA Part B 5 (3), 
2085–2086. 

Lacoursière-Roussel, A., Rosabal, M., Bernatchez, L., 2016. Estimating fish abundance 
and biomass from eDNA concentrations: variability among capture methods and 
environmental conditions. Mol. Ecol. Resour. 16 (6), 1401–1414. 

Lafferty, K.D., Benesh, K.C., Mahon, A.R., Jerde, Lowe, C.G., 2018. Detecting southern 
California’s white sharks with environmental DNA. Front. Mar. Sci. 5, 355. https:// 
doi.org/10.3389/fmars.2018.00355. 

N. Dunn et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/j.ecolind.2023.110718
https://doi.org/10.1016/j.ecolind.2023.110718
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0005
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0005
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0005
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0005
https://doi.org/10.1126/sciadv.abo1754
https://doi.org/10.1126/sciadv.abo1754
http://refhub.elsevier.com/S1470-160X(23)00860-9/optyIPJsEf6hh
http://refhub.elsevier.com/S1470-160X(23)00860-9/optyIPJsEf6hh
http://refhub.elsevier.com/S1470-160X(23)00860-9/optyIPJsEf6hh
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0010
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0010
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0010
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0015
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0015
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0015
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0015
https://doi.org/10.3389/fmars.2019.00256
https://doi.org/10.3389/fmars.2021.650276
https://www.R-project.org/
https://doi.org/10.3389/fmars.2020.596619
https://doi.org/10.3389/fmars.2020.596619
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0040
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0040
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0040
https://doi.org/10.1371/journal.pone.0122763
https://doi.org/10.1371/journal.pone.0122763
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0050
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0050
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0050
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0050
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0050
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0050
https://doi.org/10.1093/zoolinnean/zlac014
https://doi.org/10.1093/zoolinnean/zlac014
https://doi.org/10.1080/23802359.2020.1765208
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0065
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0065
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0070
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0070
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0070
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0075
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0075
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0075
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0080
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0080
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0085
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0085
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0085
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0090
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0090
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0090
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0090
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0095
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0095
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0095
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0100
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0100
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0100
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0100
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0100
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0100
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0100
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0100
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0100
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0100
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0100
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0100
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0100
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0100
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0105
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0105
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0105
https://doi.org/10.1371/journal.pone.0213849
https://doi.org/10.1371/journal.pone.0213849
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0115
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0115
https://doi.org/10.1186/s12862-021-01895-6
https://doi.org/10.1186/s12862-021-01895-6
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0130
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0130
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0130
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0130
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0135
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0135
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0135
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0135
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0140
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0140
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0140
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0145
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0145
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0145
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0150
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0150
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0150
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0150
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0155
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0155
http://refhub.elsevier.com/S1470-160X(23)00860-9/h0155
https://doi.org/10.3389/fmars.2018.00355
https://doi.org/10.3389/fmars.2018.00355


Ecological Indicators 154 (2023) 110718

10

Larson, W.A., Barry, P., Dokai, W., Maselko, J., Olson, J., Baetscher, D., 2022. Leveraging 
eDNA metabarcoding to characterize nearshore fish communities in Southeast 
Alaska: Do habitat and tide matter? Environ. DNA 4 (4), 868–880. 

Lehman, R.N., Poulakis, G.R., Scharer, R.M., Schweiss, K.E., Hendon, J.M., Phillips, N.M., 
2020. An environmental DNA tool for monitoring the status of the Critically 
Endangered Smalltooth Sawfish, Pristis pectinata, in the western Atlantic. Conserv. 
Genet. Resour. 12, 621–629. 

Lesperance, M.L., Allison, M.J., Bergman, L.C., Hocking, M.D., Helbing, C.C., 2021. 
A statistical model for calibration and computation of detection and quantification 
limits for low copy number environmental DNA samples. Environ. DNA 3 (5), 
970–981. 

MacNeil, M.A., Chapman, D.D., Heupel, M., Simpfendorfer, C.A., Heithaus, M., 
Meekan, M., Harvey, E., Goetze, J., Kiszka, J., Bond, M.E., Currey-Randall, L.M., 
Speed, C.W., Sherman, C.S., Rees, M.J., Udyawer, V., Flowers, K.I., Clementi, G., 
Valentin-Albanese, J., Gorham, T., Adam, M.S., Ali, K., Pina-Amargós, F., Angulo- 
Valdés, J.A., Asher, J., Barcia, L.G., Beaufort, O., Benjamin, C., Bernard, A.T.F., 
Berumen, M.L., Bierwagen, S., Bonnema, E., Bown, R.M.K., Bradley, D., Brooks, E., 
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