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Abstract

Remote polar and deepwater fish faunas are under pressure from ongoing climate change
and increasing fishing effort. However, these fish communities are difficult to monitor for
logistic and financial reasons. Currently, monitoring of marine fishes largely relies on invasive
techniques such as bottom trawling, and on official reporting of global catches, which can be
unreliable. Thus, there is need for alternative and non-invasive techniques for qualitative and
quantitative oceanic fish surveys. Here we report environmental DNA (eDNA) metabarcoding
of seawater samples from continental slope depths in Southwest Greenland. We collected
seawater samples at depths of 188—-918 m and compared seawater eDNA to catch data from
trawling. We used lllumina sequencing of PCR products to demonstrate that eDNA reads
show equivalence to fishing catch data obtained from trawling. Twenty-six families were
found with both trawling and eDNA, while three families were found only with eDNA and two
families were found only with trawling. Key commercial fish species for Greenland were the
most abundant species in both eDNA reads and biomass catch, and interpolation of eDNA
abundances between sampling sites showed good correspondence with catch sizes. Envi-
ronmental DNA sequence reads from the fish assemblages correlated with biomass and
abundance data obtained from trawling. Interestingly, the Greenland shark (Somniosus
microcephalus) showed high abundance of eDNA reads despite only a single specimen
being caught, demonstrating the relevance of the eDNA approach for large species that can
probably avoid bottom trawls in most cases. Quantitative detection of marine fish using
eDNA remains to be tested further to ascertain whether this technique is able to yield credible
results for routine application in fisheries. Nevertheless, our study demonstrates that eDNA
reads can be used as a qualitative and quantitative proxy for marine fish assemblages in
deepwater oceanic habitats. This relates directly to applied fisheries as well as to monitoring
effects of ongoing climate change on marine biodiversity—especially in polar ecosystems.
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Introduction

Among the effects of climate change is an increased northward dispersal of a large number of
marine taxa [1,2]. While a few commercial fish species are relatively well monitored by national
(e.g. GINR—Greenland Institute of Natural Resources) and international agencies (e.g. ICES—
International Council for the Exploration of the Sea, and NAFO—Northwest Atlantic Fisheries
Organization), a large number of taxa and huge areas of ocean are almost never studied. This is
mainly due to a lack of economic interests, great water depths and substrates unsuitable for
bottom trawling, such as steep slopes and deepwater coral cover in Greenland [3]. Existing dis-
tribution data can be combined with climate data and models to predict the future develop-
ment of fish faunas, including the expansion of many boreal species into the Arctic Ocean [4].
Such forecasts are in high demand among managers, decision makers and politicians, but the
models are easily hampered by lack of input data [5]. Lack of input data for marine fishes is
mainly due to i) lack of access to existing data [6], ii) lack of taxonomic expertise on fisheries
surveys [7] and most importantly iii) lack of surveys. As pointed out recently, novel survey
approaches are necessary to follow the fauna development in remote areas [8]. Unfortunately,
such surveys are extremely expensive and only a few countries are currently able to contribute.
Especially deepwater habitats are expensive to survey due to the long setting and hauling time
of the trawls.

Fish and shrimp stocks on the Greenland continental shelf and slope have been monitored
by annual bottom trawl surveys since 1988 [9], and the fish fauna is probably among the more
well-known deepwater fish faunas globally. More than 270 fish species have been recorded
[10], and new species are reported almost annually, due to climate change and as a result of tax-
onomic revisions (e.g. [11]). The main targets of both scientific surveys and commercial fisher-
ies are Greenland halibut (Reinhardtius hippoglossoides), rockfishes (Sebastes spp.), Atlantic
cod (Gadus morhua) and deepwater prawn (Pandalus borealis), but a number of non-commer-
cial deep-sea species are also caught in high quantities in the trawls [12,13]. Both shelf and
slope species are considered in serious decline due to commercial fishing and perhaps also cli-
mate change both in Greenland [9,14] and in nearby Canadian waters [15]. Some species have
not declined [9], perhaps because the part of the Davis Strait that belongs to Greenland is char-
acterized by rocky bottoms unsuitable for bottom trawling and because many of the species are
recruited from outside the commercial fishing areas and brought to the Davis Strait by cur-
rents. While areas with rough bottoms might act as natural Marine Protected Areas, they are
also almost impossible for fisheries biologists to study and monitor with traditional methods.
Thus, alternative efficient and non-invasive techniques for qualitative and quantitative oceanic
fish surveys are needed [16].

A new alternative or supplementary method for monitoring fish communities is sequencing
of environmental DNA (eDNA) from water samples [17-20]. The main advantages of this
approach are i) higher efficiency compared to traditional methods [18,19,21], ii) non-invasive
nature of the methodology, and iii) ease of standardization across study areas and sampling
personnel. However, only a few studies so far have focused on marine eDNA from macroor-
ganisms [19,22-26], and both the quantitative aspect of the eDNA, and deep water (>50 m)
environments have remained almost unexplored. This is despite one of the most obvious
applied perspectives of aquatic eDNA, which lies in the potential assessment of marine fish
stocks [19,20,27]. In freshwater systems, several studies suggest that eDNA can be used quanti-
tatively, but for relative rather that absolute quantification [18,28-30]. The degradation of
eDNA in aquatic systems has been found to occur at a scale of days or weeks [18,19,31,32], ren-
dering long-distance dispersal unlikely. This is particularly important in large open systems
such as the oceans, where sea currents could potentially transport eDNA over large distances.

PLOS ONE | DOI:10.1371/journal.pone.0165252 November 16,2016 2/22



o ®
@ : PLOS | SINE Seawater Environmental DNA and Trawling of Sub-Arctic, Deepwater Fishes

Here we report eDNA metabarcoding of seawater samples from continental slope depths
(188 to 918 m) in the Davis Strait off Southwest Greenland and compare eDNA sequence reads
to parallel catch data from trawling. We discuss the results in light of the perspectives and limi-
tations of using eDNA sequence read abundance as a proxy for marine fish abundance.

Materials and Methods
Trawling survey

Trawling was performed from R/V Paamiut in 2012, as a part of annual bottom-trawl surveys
off SW Greenland (NAFO division 1C-1D (62830’ N-66815' N [0]) [33] conducted by GINR
(Fig 1, Table A in S1 File), which has permission to carry out surveys in all Greenland waters
with small mesh gear. The trawl had 140-mm meshes, with a 30-mm liner in the codend, rock-
hopper ground gear and a wingspread of 20-25 m. Towing time was 30 minutes but towing
times down to 15 minutes were accepted. Towing speed was about 3 knots. Abundance and
biomass estimates were standardized to catch per km? swept area using exact towed distance
and wingspread. For further information about trawl gear, see [33]. The catchability of all spe-
cies was assumed to be 1.

Water sampling

Samples were collected using a Nansen metal water sampler. Twenty-one seawater samples,
each of 2 L, were collected immediately before each bottom trawl at the same position as the

Fig 1. Map of sampling sites. Overview of study site in Greenland (left), and detailed map of sampling sites in the Davis
Strait, SW Greenland (right). Numbers corresponds to the sampling sites as in Table A in S1 File. Map: NASA, Visible
Earth, Blue Marble.

doi:10.1371/journal.pone.0165252.9001
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trawling (Fig 1). The water sampler was cleaned with freshwater between each trawl, but due to
pressure at high depths, the sampler had to stay open on the way down to the chosen collection
depth. This may have resulted in small amounts of water from just above sampling depth being
mixed with the water sampled from the chosen depth. However, we do not currently have a
better solution for sampling deep water. Samples were immediately transferred to 2 L sterile
plastic containers, closed and stored at -20°C until filtering in the laboratory. Samples were col-
lected by OAJ using single-use nitrile gloves.

Water filtration and eDNA extraction

Filtration and DNA extractions were performed in the laboratories at the Centre for GeoGe-
netics, which are dedicated for working with low concentration samples. Regular decontamina-
tion routines are in place, including UV-light, and pre- and post-PCR work is separated.
Samples were thawed at room temperature and shaken thoroughly to increase homogenization
before filtering. For each sample, 1.5 L of seawater were vacuum-filtered onto 47 mm diameter
0.45-pm pore size nylon filters (Osmonics, Penang, Malaysia), and DNA was extracted using
bead beating and the Qiagen DNeasy™ Blood & Tissue Kit as described in [19], with final elu-
tion steps of 2x60 uL AE Buffer for each sample. The filter funnel and associated parts as well
as tweezers and scissors were cleaned using tap water, 10% bleach and 70% ethanol after each
filtration. Tweezers and scissors were moreover de-contaminated using 96% ethanol and burn-
ing. Three filtration and extraction blanks consisting of clean, deionized water samples stored
together with the field samples were filtered and extracted as the first, middle and last sample.

PCR amplification

For the eDNA metabarcoding approach, we used tagged versions of a recently published fish-
specific primer set targeting a small region of the mitochondrial DNA 12S rRNA gene [21].
The primers (teleo_F: 5'~ACACCGCCCGTCACTCT and teleo_R: 5'~-CTTCCGGTACACTTACC
ATG), amplify an approximately 100 bp product, and are used together with a human blocking
primer (teleo_blk: 5'~ACCCTCCTCAAGTATACTTCAAAGGAC-SPC3]). This primer set was
developed for metabarcoding and has proven efficient for the approach. Tags were designed
using the OligoTag program [34], and consisted of six nucleotides with a distance of at least
three bases between any two tags. Tags were preceded by two or three random bases; NNN or
NN [35], and identical tags were used on the forward and reverse primers for a given sample.
PCR reactions were carried out in four replicates per sample, using the same tag for PCR repli-
cates, but a unique tag for each sample. PCR reactions were performed in 25 pL volumes of
3 uL template DNA extract, 10 uL. TagMan Environmental MasterMix 2.0 (Life Technologies),
10 pL ddH,0, 0.5 pL of each primer (10 uM), 0.5 pL human blocking primer (100 uM) and
0.5 pL HL-dsDNase (ArcticZymes) (5U/uL). Before DNA extract was added, the reactions
were stored at 37°C for 15 minutes and 60°C for 15 minutes for activation and inactivation of
the DNase, respectively. The DNase removes any double-stranded DNA (potential contamina-
tion) from the reactions before the target DNA template is added. Thermocycling parameters
were: 95°C for 10 minutes, 40 cycles of 94°C for 30 s, 55°C for 30 s, 72°C for 1 minute, and a
final elongation of 72°C for 5 minutes. PCR products were mixed in four pools each containing
one PCR replicate of each sample (6 pL per replicate), such that the same tag was added only
once to each pool. The pools were then purified using Qiagen’s MinElute PCR purification kit.
A mock sample (positive control) was prepared using tissue-derived DNA from five species
of common Northern European freshwater fish—all absent in the Davis Strait. We used fish
species with distributions and habitats different from the target species, in order to avoid false
positives in the water sample data. Since the primers used here are generic fish primers,
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differences in primer affinity between mock species and target species should not be an issue.
The mock was made so that, based on Qubit fluorometer (Invitrogen) measurements, final
concentrations of DNA ranged between 0.2 and 5.5 ng/uL (Silurus glanis 0.2 ng/uL, Abramis
brama: 1.4 ng/uL, Gobio gobio: 2.7 ng/uL, Tinca tinca: 4.8 ng/uL, and Gymnocephalus cernua
5.5 ng/uL, and). The mock sample was amplified as described above and sequenced along with
the water samples using a unique tag. The four PCR replicates of the mock were distributed
across the four pools of PCR replicates from the water samples. Tissue from Lota lota was
included in the mock, but sequences from this species were removed from the mock results,
since the primers were found to have mismatches to Lota lota, most likely resulting in unequal
amplification. Nevertheless, this species’ DNA as well as the background level of DNA from a
fish contaminant (Oncorhynchus sp.) also found in the mock sample, may imitate a more natu-
ral situation of true and complex eDNA samples, where DNA from several species (target and
non-target) is present.

Two negative PCR controls (blanks) were included for each round of PCR amplification,
using unique tags, and added to the pools of the eDNA PCR replicates.

Fragment sizes were verified on 2% agarose gels stained with GelRed™.

Library preparation and high-throughput sequencing

Library building was performed on the purified pools of PCR products using the TruSeq DNA
PCR-free LT Sample Prep kit (Illumina). A total of four libraries (corresponding to the four
pools) were constructed. Each library thus included one replicate of every sample, two PCR
blanks, and one mock sample replicate. Additionally, each library contained one replicate of
each of eight samples from another research project. The manufacturer’s protocol was followed
with the exception that samples were incubated with the elution buffer over two rounds of
37°C for 10 minutes. Approximately 250 ng of PCR product from each pool was used as input
for the libraries, and a library blank was included. The concentration and fragment size distri-
bution of the libraries were verified on an Agilent 2100 Bioanalyzer. Libraries were pooled in
equimolar concentrations and sequenced on the Illumina MiSeq platform (Y2flow cell) at the
Danish National Sequencing Centre, applying 150 bp Paired-End sequencing. A spike-in of
PhiX was used to increase complexity in the runs.

Reference database

A number of species caught in the trawls as well as some species common to Greenland were
not represented in public databases (European Molecular Biology Laboratory (EMBL),
National Center for Biotechnology Information (NCBI)) for the targeted 12S rRNA gene
region. Tissue samples of 45 fish species from the Natural History Museum of Denmark
(NHMD) fish collection were used to obtain the remaining 12S DNA sequences (Table B in S1
File). Samples had been stored in 96% EtOH at -20°C. DNA was extracted from muscular tissue
using Qiagen’s DNeasy™ Blood & Tissue kit, following the manufacturer’s instructions, in a
room dedicated to DNA extraction.

PCR reactions targeting a ca. 600 bp product of the 12S rRNA gene were performed using
primers teleo_R and VO5F_898 (5’ ~-AAACTCGTGCCAGCCACC). PCRs were performed in
25 pL total reactions of 1 uL template DNA extract, 10 pL TagMan Environmental MasterMix
2.0,13 uL ddH,0 and 0.5 pL of each primer (10 uM). Thermocycling parameters were: 95°C
for 10 minutes, 45 cycles of 94°C for 30 s, 54°C for 30 s, 72°C for 1 minute, and a final elonga-
tion step of 72°C for 5 minutes. Fragment sizes were verified on 2% agarose gel stained with
GelRed™. The PCR products were purified and Sanger sequenced commercially by Macrogen
Europe using primers VO5F_898 and VO5F (5’ ~CTAGAGGAGCCTGTTCTA). Sequences were
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trimmed and quality checked using Geneious v. 7.1.7 (Biomatters Ltd.) and authenticated by
blast algorithm search against the NCBI nucleotide database (Table B in S1 File). Full
sequences were uploaded to Genbank (NCBI Accession no. KX929879-KX929923).

High-throughput sequencing data analyses

Ilumina sequences were analyzed using OBITools [36]. Paired-end reads were initially assem-
bled using the “illuminapairedend” command with a threshold score of minimum 40. Tags and
primer sequences were removed from the reads using “ngsfilter”, reads were compiled using
“obiuniq” and only sequences with a count of at least 10 and a length of 40-300 bp were
retained. Finally, reads were cleaned for variants with a threshold of r = 0.05 using “obiclean”
Final reads were taxonomically assigned by an “ecotag” search against a local ecoPCR database
containing reference 12S rRNA sequences of vertebrates, extracted from the EMBL database
version r128 (June 2016), as well as 45 sequences of Greenlandic marine fishes produced for
this study (Table B in S1 File), and 22 sequences of common Danish marine fishes [21].

To remove errors generated during PCR and sequencing [37-39] from the data, we identi-
fied, in the mock sample of each library, the most abundant sequence that had <100% identity
to a known species added to the mock sample. We then compared the read count of this
sequence to the total read count from the mock sample. We thereby obtained a putative error
rate of between 0.028% - 0.128% across the four libraries. This rate was used to clean the data,
such that sequences occurring at a lower count than the calculated library-specific error thresh-
old were removed from the data. After cleaning, reads were initially categorized as: i) authentic
reads, ii) obvious contaminants and spurious reads, and iii) reads from the mock. This assign-
ment was done in accordance with the recorded occurrences of marine fishes in the seas
around Greenland [10,12] (Table C in S1 File), as well as consideration of common contami-
nants in DNA studies [40] (see Results section). All reads were assigned to taxon based on 90-
100% sequence similarity. Some of the assignments based on eDNA were later reassigned to a
higher or lower taxonomic level based on reference database coverage for the taxon in question
and on knowledge of Greenland’s fish fauna composition and the commonness of different
species (Table 1, Table Cin S1 File).

[lumina MiSeq raw sequence data are available from the Dryad Digital Repository (http://
dx.doi.org/10.5061/dryad.ch576).

Statistical analyses

Due to the relatively low species-level resolution of the primers for some families (e.g. species
in Gadidae), eDNA reads were analyzed both at the family level as well at the level of lowest
possible taxonomic assignment (Table 1). For each family/taxon, final reads were summed
over all four libraries. A linear model was used to test for effects of biomass and abundance on
eDNA read output, while adjusting for the effect of water sampling depth. Both the dependent
and independent variable were log transformed, since initial data deviated from a normal dis-
tribution (left skewed) (Figure A in S1 File). All reported R values were adjusted to the number
of predictors (adjusted R*). Heat maps were constructed in RStudio V. 0.98.1028. Bathymetric
data from the ETOPO1 database hosted on the National Oceanic and Atmospheric Adminis-
tration (NOAA) website (www.noaa.gov) [41] was mapped using the package “marmap” [42]
and map data for land mass was added with the package “mapproj”. Relative eDNA counts
were interpolated between sampling sites using the “akima” package, and eDNA and trawl data
were then plotted with the function “filled.contour” of the “graphics” package. All statistical
analyses were performed in R v. 2.13.1 (R Core Team, 2016), unless otherwise stated.

PLOS ONE | DOI:10.1371/journal.pone.0165252 November 16,2016 6/22


http://dx.doi.org/10.5061/dryad.ch576
http://dx.doi.org/10.5061/dryad.ch576
http://www.noaa.gov

@’PLOS | ONE

Seawater Environmental DNA and Trawling of Sub-Arctic, Deepwater Fishes

Table 1. Overview of results. Table shows the fish families detected by trawling and eDNA, respectively, as well as lower taxonomic assignments within
each family. For each taxon, the total catch number of individuals and biomass for trawling, and total number of eDNA reads for water samples is given.
Some taxa were only found with eDNA (') and some were only found with trawling (®). For some eDNA assignments, the initial taxonomic identification was
either downgraded to family level (*) or upgraded to genus/species level (§), based on the taxonomic coverage of the reference database and occurrences
of Greenlandic fish species (Table C in S1 File). The table also shows the number of samples (out of 21) that a family was detected in using trawling and

eDNA, respectively.

Family Species Detection Total catch (family) (per km?) Total eDNA (family) = No. of positive
samples
(family)
Trawl eDNA Biomass (kg) | Number of individuals Number of reads Trawl | eDNA
Alepocephalidae Alepocephalus agassizii X Alepocephalus sp. 33.8 141.6 4408 2 1
Ammodytidae’ Ammodytes sp.' § X NA NA 4668 0 2
Anarchichadidae Anarhichas denticulatus X Anarhichas sp. 725.5 193.7 23976 8 7
Anarhichas minor X
Argentinidae Argentina silus X X 10.5 82.8 2394 2 1
Arhynchobatidae Bathyraja spinicauda X X 1576.9 83.9 63261 3 7
Bathylagidae Bathylagus euryops X X 172.7 44452 26670 1 7
Clupeidae’ Clupea harengus’ § X NA NA 3351 0 1
Cyclopteridae Cyclopterus lumpus X X 6.3 13.6 20329 1 4
Etmopteridae Centroscyllium fabricii X X 1029.5 1116.4 14442 11 8
Gadidae Boreogadus saida X Gadidae 1002.3 2085.0 31309 5 15
Gadus morhua X
Melanogrammus aeglefinus X
Micromesistius poutassou X
Gaidropsaridae Gaidropsarus argentatus X Gaidropsarus sp. 18.2 75.5 25913 2 5
Gaidropsarus ensis X
Gonostomatidae Cyclothone microdon X X 0.2 59.2 2265 3 4
Sigmops bathyphilus X X
Liparidae Paraliparis sp. X Liparidae sp.* 0.1 13.2 24971 1 1
Lotidae Molva dypterygia X X 491 13.6 8055 1 2
Macrouridae Coryphaenoides guentheri X Coryphaenoides sp. 3039.6 17760.6 69667 18 11
Coryphaenoides rupestris X
Macrourus berglax X X
Nezumia bairdif X
Trachyrincus murray? X
Moridae Antimora rostrata X X 170.6 933.4 1775 12 1
Lepidion eques® X
Myctophidae Benthosema glaciale? X 118.7 10143.7 10071 18 7
Lampanyctus crocodilus X Lampanyctus sp.
Lampanyctus intricarius X
Myctophum punctatum X X
Notoscopelus kroyeri X Notoscopelus sp.
Notacanthidae Notacanthus chemnitzii X X 112.6 249.7 69289 9 11
Polyacanthonotus rissoanus’ X
Notosudidae Scopelosaurus lepidus X X 23.4 200.2 848 6 1
Oneirodidae’ Oneirodidae sp." * X NA NA 77 0 1
Osmeridae Mallotus villosus X X 29.1 2793.8 10924 3 6
Paralepididae Arctozenus risso? X Paralepididae sp.* 2.9 46.4 247967 3 7
Magnisudis atlantica X
Platytroctidae® Maulisia maul? x 0.6 12.0 NA 1 0
Pleuronectidae Hippoglossoides platessoides X x§ 19537.6 24083.4 914256 21 20
Hippoglossus hippoglossus' § X
Reinhardtius hippoglossoides X X
Psychrolutidae Cottunculus thomsonii Cottunculus sp.* 0.1 12.0 1456 1 1
(Continued)
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Table 1. (Continued)

Family Species
Rajidae Amblyraja radiata
Rajella fyllae®
Sebastidae Sebastes norvegicus
Sebastes mentella
Serrivomeridae® Serrivomer beanif
Somniosidae Somniosus microcephalus
Stomiidae Borostomias antarcticus
Chauliodus sloan?
Stomias boa

Synaphobranchidae Synaphobranchus kaupii
doi:10.1371/journal.pone.0165252.t001

Detection Total catch (family) (per km?) Total eDNA (family) = No. of positive
samples
(family)
Trawl eDNA Biomass (kg) | Number of individuals Number of reads Trawl | eDNA
X Amblyraja sp. 145.1 377.6 2473 6 4
X
X Sebastes spp. 9664.8 28515.6 264308 14 19
X
X 0.5 12.0 NA 1 0
X x§ 14631.3 34.0 197841 1 18
X X 15.4 303.2 1923 6 3
X
X X
X 36.7 257.4 4151 6 6
Results

Trawling data

A total of 4,412 individuals representing 49 fish species and 28 families were caught by trawling
at water depths ranging from 188-918 m with a mean depth of 671 m (Table 1, Table A in S1
File). The total biomass catch was 2,341 kg.

Qualitative eDNA results

A total of 7,426,375 raw paired-end reads were produced on the Illumina MiSeq platform, of
which approximately 83% belonged to samples from this study. We obtained similar sequenc-
ing depth across the four libraries (PCR replicates): 1,856,594 +/- 61,664 reads (mean +/-
SEM). After data cleaning, a total of 3,551,270 reads were retained from the four libraries. Each
sample had similar sequence depth with 161,421 +/- 21,178 final reads (mean +/- SEM). After
cleaning, some contaminant sequences remained in the data from water samples as well as
from the mock. The most abundant contaminant was Homo sapiens, occurring in all samples
except the mock, despite the use of human blocking primer. Chicken (Gallus gallus) also
occurred in several samples, rock pigeon (Columba livia) occurred in three samples and a duck
(Anatidae, 100% match to Anas spp. and Tadorna tadorna in NCBI) occurred in one sample.
These are all considered lab contaminants. Two critical sample contaminations were the occur-
rence of the tropical lionfish Pterois volitans (Scorpaenidae) in a single sample and the freshwa-
ter fish Phoxinus sp. (Cyprinidae) in two samples. These contaminants are most likely due to
previous work on these species in the same lab. We also retained a very low number (12 copies)
of common carp (Cyprinus carpio), which could also stem from previous work in the lab. We
occasionally observe contamination from commercial consumable fishes (e.g. Salmonidae) in
PCRs targeting fish (unpublished data). From the mock sample, only added fish species were
retained post cleaning except for a single fish contaminant (Oncorhynchus sp.). The occurrence
of this species most likely is a result of contamination of the DNA extract of one of the species
added to the mock. Only the mock sample contained reads from the freshwater fish species
added to the mock. A single authentic species seems to be lost as a result of the cleaning-Lepi-
dion eques (Moridae) (1 sample), which was caught by trawling and could thus be expected in
the eDNA. After removing human and chicken contaminants along with spurious fish reads,
2,053,277 final reads and 357,213 final mock reads remained.
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From the final data, eDNA sequences from 37 taxa in 29 Greenlandic fish families were
obtained (Table 1). Of these, 26 families were also found with trawling, while 3 families were
only found with eDNA (Table 1, Fig 2). There was a positive relationship between the number
of samples a family was detected in when using trawling and when using eDNA (p<0.0005,
R%*=0.34) (Fig 3). 43% of the final authentic reads belonged to a single species (Greenland hali-
but) (Table 1). In addition to fish sequences, we found eDNA from thick-billed murre (Uria
lomvia) in one sample. All PCR and extraction blanks were negative.

Quantitative eDNA results

Opverall, there was a relatively good correspondence between eDNA read abundance and trawl-
ing data (Fig 4). Interpolated eDNA read abundances for Greenland halibut and redfish, the

“Arhynchobatidae

Bathylagidae

=X

Ammodytidae

Myctop hidae Notacanthida

Stomiidae

Fig 2. Overview of results from trawling and eDNA. Venn diagrams showing overlap between the qualitative results obtained from eDNA
metabarcoding of seawater and trawling, respectively. 26 families were detected using both methods, while three families were only detected using
eDNA and two families were only detected using trawling. All drawings by SWK.

doi:10.1371/journal.pone.0165252.9002
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are found using both methods are included. Full list of taxa is given in Table 1.
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(Sebastes spp.). Fish drawings by SWK. Maps: [41,42]

doi:10.1371/journal.pone.0165252.9005

two important commercial species caught in large numbers, showed good accordance with bio-
mass catch data (Fig 5). At the family level, eDNA reads correlated with biomass (p<0.0001,
R? = 0.26) and abundance data (p<0.0001, R? = 0.24) obtained from trawling (Fig 6) (for
results from individual samples see Figures B-C in S1 File). These results were consistent at a
lower taxonomic level (lowest possible of species/genus/family) for both biomass (p<0.005,

R® = 0.10) and abundance (p<0.001, R* = 0.14) (Figure D in S1 File). The effects of biomass
and number of individuals on eDNA read abundance remained significant after adjusting for
the effect of water sampling depth, both at the family level (biomass: p<0.0001, R* = 0.27, indi-
viduals: p<0.0001, R* = 0.26) and at lower taxonomic level (biomass: p<0.01, R* = 0.11, indi-
viduals: p<0.001, R* = 0.16). In no cases did sampling depth have a significant effect on eDNA
abundances (p>0.1). The Greenland halibut was the most abundant species both in terms of
individuals, biomass, and eDNA reads (Fig 4, Table 1). The second highest mean catch of indi-
viduals and biomass in the trawl was obtained for the rockfishes (Sebastes spp.), which were the
third most abundant taxon in terms of eDNA reads, closely following the second most abun-
dant species for eDNA, the Greenland shark (Somniosus microcephalus) (Fig 4). Only a single
individual was caught of the Greenland shark, and the high abundance of the species in the
eDNA is thus an exception to the overall pattern found in the study (see Discussion). Read
abundance results from the positive mock sample with DNA from known fish species in differ-
ent quantities, correlated with calculated initial DNA concentrations (p<0.05, R*=0.81)
(Figure E in S1 File).

Discussion

Marine fishes remain one of the most debated groups of organisms, not least due to the tre-
mendous importance of fisheries for global economy and human health [43]. Nonetheless, fish
species and populations worldwide are declining due to over-exploitation, destruction of
marine habitats and pollution of the seas [44-47].
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The present study demonstrates that sampling of eDNA using basic water samplers can be a
useful supplement to scientific deepwater trawling and commercial deep-sea fish stock assess-
ments. Such a non-invasive approach could become highly useful for better estimation of dis-
tribution and stocks of commercial as well as non-commercial fishes.

Trawl vs. eDNA

The two sampling methods showed good overlap altogether (Fig 2). Out of the 28 fish families
caught by trawling, 93% were also found with eDNA. The fact that the two families not recov-
ered with eDNA—Platytroctidae and Serrivomeridae—were among the lowest catches in terms
of total biomass and were each caught as one individual in a single sample, suggests that eDNA
from these families was likely rare or simply non-existent in the water samples (Table 1). Mau-
lisia mauli (Platytroctidae) is rare in the area, whereas Serrivomer beanii (Serrivomeridae) is a
more common, but primarily pelagic species [10]. Pelagic species are generally expected to be
very rare in the trawl, which mainly catches fish near the bottom. The three taxa/families
detected with eDNA, but not caught in trawls, are either mostly pelagic such as the Atlantic
herring (Clupea harengus—Clupeidae) and/or primarily occur on shallow banks, like Ammo-
dytidae, or at very low densities as is the case for Oneirodidae [10]. Some of the most apparent
incongruences between eDNA read abundance and biomass was seen for Greenland shark and
Barracudinas (Paralepididae) (Figs 3 and 4). The Greenland shark was detected in several
eDNA samples despite only being caught as a single individual with trawling. This species,
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which probably easily avoids trawls, still leaves significant traces of eDNA (see below). Barracu-
dinas are common in the area, but are pelagic species, which likely explains the abundance of
the family in eDNA but not in trawling.

The eDNA obtained from thick-billed murre in one sample, demonstrates the versatility of
the approach to obtain information from other taxa than the ones primarily under study
[18,19]. The thick-billed murre is a common breeding bird in Greenland.

It has been demonstrated that detection of rare taxa with the eDNA approach is greatly
improved by filtering larger water volumes (up to 100 L) and performing more PCR replicates
[21], than applied here. We expect that a larger water volume and/or more PCR replicates or
higher sequencing depth might allow for detection of the few families and species not detected
in the current study.

Greenland halibut

Our eDNA results confirm that Greenland halibut is the most abundant species in the study
area in terms of biomass, as demonstrated from trawl data for many years [48]. The offshore
trawl fishery for Greenland halibut in the Davis Strait has been going on since the early 1960’s,
and has grown from less than 500 tons/year in the late 1980’s to more than 7,000 tons/year, so
far without any decline in stock biomass [9]. It seems fair to conclude that the fishery on the
targeted species is sustainable, although the average size of individuals has declined slightly [9].

Rockfish

Four species of rockfish (Sebastes spp.) are known from West Greenland waters, but the outer
shelf and slope areas are heavily dominated by deepwater redfish (Sebastes mentella). Rock-
tishes were the second most abundant taxon in the trawls after Greenland halibut. The eDNA
results confirmed this, as Sebastes spp. occurred as the third most abundant sequence in eDNA
reads, just after the Greenland shark (see below). Deepwater redfish is an important commer-
cial species in the North Atlantic including Greenland waters [49]. The West Greenland popu-
lation has declined from a level of more than 1 billion individuals in 1996 to less than 100
million in 2009 [14]. In the Western Atlantic off Newfoundland northern populations are clas-
sified as "Threatened" [50].

Greenland Shark

Our eDNA results indicate that the abundance of Greenland sharks in the study area is much
higher than calculated from the trawling data, where only one shark was caught (although this
specimen of 430 kg makes it one of the most abundant species in terms of total biomass). The
abundance of Greenland sharks in Greenland and Arctic waters was recently considered “most
likely highly abundant” or “most likely abundant” [51]. Catches were reported in 1.3% of the
hauls off Southwest Greenland, but it seems that the sharks—despite slow swimming speed
[52]—are able to avoid the trawls to some extent. Also supporting a high biomass, ca. 44,000
sharks were caught annually from 1890-1938 without obvious decline in catch-rates over this
period [53], and catch-rates on longlines deployed on the Northeast Greenland slope are high
[51]. Greenland sharks are taken as by-catch in the trawl and longline fishery, but the amount
is presently unknown.

Atlantic cod

A major shortcoming of our study is the fact that the primers used [21] do not allow for spe-
cies-level taxonomic assignment of fishes in the Gadidae family. Specific primers or alternative
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generic primers are needed to solve this issue. Both Atlantic cod and polar cod (Boreogadus
saida) are very common in the study area [14], and given the importance of both species in the
ecosystem and economically, we consider it a high priority to develop primers that can separate
these two species as well as other species in Gadidae.

Primers in eDNA metabarcoding studies

The major inadequacy of the current eDNA metabarcoding approach is the failure of short
primers to resolve some groups at the species level, which hinders sufficient biological interpre-
tation of data. The primers used in this study perform well in resolving most taxa considering
the short amplicon size [21]. However, especially for Gadidae and Sebastidae (Sebastes spp.),
the taxonomic resolution is low, with 11 species from each group having identical sequences in
our reference database. Also, for Anarhichadidae, all three Anarhichas species in the database
have identical sequences. In all of the above instances, many of the species co-occur in the
study area in SW Greenland, so the taxonomical assignment needs to be at the family or genus
level (Table Cin S1 File). In other cases, species with exotic distributions could be excluded.
This was the case e.g. for Greenland shark (Sommniosus microcephalus) which shared a 100%
identical sequence with Pacific sleeper shark (S. pacificus), but where the latter species could be
excluded due to a North Pacific distribution. Similarly, for Atlantic halibut (Hippoglossus hip-
poglossus), which shares a 100% identical sequence with Pacific halibut (Hippoglossus stenole-
Dpis), the latter species was excluded due to a North Pacific distribution. In these two cases, the
initial assignment was thus corrected to species level (Table 1). For Clupeidae and Ammodyti-
dae, which were only found with eDNA, identifications were upgraded to Clupea harengus and
Ammodytes sp., respectively, since no other species in those families occur in Greenland

(Table 1, Table Cin S1 File).

Correlation of eDNA reads with fish abundance and biomass

Perhaps the most apparent potential application of aquatic eDNA is the monitoring of marine
fish stocks [19,20,23,25,27]. Traditional monitoring of marine fish stocks remains dependent
on invasive techniques such as trawling, and the official reporting of global catches, which are
essential for future estimation of sustainable fish quotas, might be off by as much as 50% [54].
Furthermore, a large number of, mainly non-commercial, fish taxa and vast areas of ocean are
almost never surveyed. The current study should not be regarded as evidence that eDNA moni-
toring of marine fish stocks can now be initiated, but rather as a proof-of-concept that this
could be future practice. This study is one of the first to demonstrate quantitative relationships
between marine fish density and eDNA in a natural oceanic setting. Kelly et al. (2014) demon-
strated in a large seawater tank that rank abundance of recovered eDNA correlated with abun-
dance of corresponding species’ biomass [23], and Yamamoto et al. (2016) investigated
Japanese jack mackerel (Trachurus japonicus) in a coastal bay area using echo sounder technol-
ogy, and found a positive association between estimated eDNA concentrations and echo inten-
sity, suggesting that eDNA concentration can reflect local biomass [26]. A relationship
between eDNA and biomass has been demonstrated previously in freshwater systems for ani-
mals [18,28-30] and in terrestrial systems for plants and animals [55,56].

The prospects of this study go beyond establishing a correlation between eDNA reads and
biomass for fish assemblages. Interpolated eDNA read abundance data showed good overlap
with catch data for highly abundant commercial species (Greenland halibut and rockfish) (Fig
5). Such data can be incorporated into more elaborate models with long-term data to test esti-
mation of fish stocks in more detail, or to monitor the continuous northward dispersal of a
marine taxa due to global change [1,2].
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Influences from other factors

It is obvious that an initial relationship between fish density and eDNA sequence abundance
can be obscured by several sources of error. The final number of eDNA sequences recovered
for each taxon is a representation of the unknown original number of eDNA sequences in the
water, which is again only (supposedly) a representation of the actual density (individuals and
biomass) of that taxon [57]. The relationship between fish density and eDNA abundance
depends on e.g. taxon- and age-specific shedding rates, specific eDNA degradation rates in the
given environment, and non-local eDNA transported with sea currents. Furthermore, biotic
and abiotic factors such as microbial activity, temperature, salinity and pH can influence
eDNA survival and availability [58,59]. Assuming that the eDNA in an area is a reasonable
representation of the fish density in the same area, this relationship is not necessarily retained
in the final eDNA data [57]. The relation between true on-site eDNA abundance and final
eDNA read abundance will be influenced by i) the water volume sampled and area covered, ii)
the amount of eDNA captured on the filter and the proportion of this eDNA subsequently
obtained from DNA extraction, iii) the primer affinity for each taxon present, iv) stochasticity
in PCR and/or sequencing, v) errors generated during PCR and/or sequencing [60], and vi)
bioinformatic data cleaning and assignment of sequence reads to taxa, and as a significant part
of the latter, the taxonomic coverage of the reference database. Minimizing false negatives and
false positives in eDNA results will be essential for making defensible ecological inferences
[61,62]. The former depends on increasing sampling intensity, PCR replicates and sequencing
depth [21,63], while the latter depends on serious precautions taken to avoid field- and labora-
tory-based contamination as well as bioinformatic cleaning of PCR and sequencing errors
[38,60,62]. In this study, only usual lab contaminants as well as a few more serious point con-
taminations with fish was observed. Only more stringent sampling and lab practices can
exclude these incidences in eDNA studies, but it is unlikely that studies using high-throughput
sequencing will be completely free of spurious reads. This underpins the importance of taxo-
nomic expertise and careful consideration when analyzing and presenting eDNA results.

For marine eDNA, oceanic currents are probably one of the greatest influences to take into
account if inferences are to be made on the proximity of target organisms to their eDNA traces.
Transport of eDNA within ecosystems remains a challenge in flowing waters [29,64-66] and
marine environments [19,24], where long-distance transport is possible, even from terrestrial
sources [67]. Several studies, however, have documented rapid degradation of aquatic eDNA
fragments beyond detectability within days to weeks [18,19,31,32,59], and Foote et al. (2012)
showed that an eDNA signal from harbour porpoise (Phocoena phocoena) was evident only
within short distances (metres) of animals [22]. These results suggest that at least the strongest
eDNA signals come from individuals that were in close proximity to where the water sample
was taken. Nevertheless, only one study directly investigates degradation rates in seawater [19]
and influences from sea currents remain to be studied. Hence, degradation rates as well as
eDNA dispersal through sea currents should be a high priority in future research on seawater
eDNA. The hydrographic conditions in the study area are dominated by the West Greenland
current (WGC) that runs northward along the west coast of Greenland. The WGC is a mixture
of cold water from the East Greenland Current, which is found near the coast of SW Green-
land, and of water from the warmer Irminger current—a branch of the Golf Stream [68], which
is found at greater depths and further off shore. The two currents gradually mix as the WGC
runs northward. The hydrographic conditions in the study area are mainly influenced by
Irminger water coming from the south. This is in concordance with our eDNA results, where
we do not detect any truly arctic fish species such as Arctogadus glacialis, which is found north
of the sampling site.
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The above influences may also partly explain the incongruence between the two methods
for some fish families (Figs 2 and 4A). Obviously, the two methods are different in what species
they primarily target. As mentioned above, some of the most apparent incongruences may be
explained by the taxon being very rare and therefore easily missed by eDNA or trawling (Platy-
troctidae, Serrivomeridae, Oneirodidae etc.), by the ability of the taxon to avoid trawls (Som-
niosidae), or by the taxon being pelagic (Clupeidae, Paralepididae) and therefore not efficiently
targeted with bottom trawling. Nonetheless, there was good overall resemblance between
eDNA and trawling results when comparing the total number of sites that a family was
detected in (Fig 3). This is important for making qualitative assessments of marine biota using
water samples. However, a larger number of samples are needed to test this further.

Future directions

“Catchability” is a central concept in fish stock assessments [69], and refers to the relationship
between the true abundance of the fish resource and the efficiency of the fishing method (e.g.
trawling). In other words, the catch is not necessarily representative of the true abundance and
biomass of fish present in a surveyed area of the ocean [70,71]. This is central to the results
obtained using eDNA approaches, since a perfect correlation between eDNA read abundance
and fish catch cannot necessarily be expected. It is well known that using several different mon-
itoring methods simultaneously yields an overall better qualitative estimation of marine fish
faunas [16], and at a coastal site the eDNA approach has been shown to outperform each of
nine traditional monitoring methods with respect to the number of fish species detected
[19,21]. Making quantitative inferences from eDNA represents a bigger challenge since more
factors influence both the catch using traditional monitoring methods as well as the amount of
recovered eDNA sequence reads, as described above. Hence, if eDNA 1is to become a supple-
mentary or alternative approach in fish stock assessment and monitoring of marine resources
in general, the challenges described above need to be further investigated. Particularly, the rela-
tionship between the abundance of fish in an area and the corresponding eDNA in the sur-
rounding water, at different spatial and temporal scales [26,57]. An obvious next step would be
comparative stratified random bottom trawl surveys in parallel with dense water samplings
analyzed with deep high-throughput sequencing of minimum 12 PCR replicates per sample
[21,63], in order to exhaustively detect rare taxa. Direct sequencing techniques independent of
initial taxon-specific PCR to avoid amplification bias also represent an appealing approach.

Conclusion

We here present results that suggest a correspondence between fish density (abundance and
biomass) and marine eDNA sequence reads produced from Illumina high-throughput
sequencing. These are some of the first proof-of-concept studies that show a possibility for
marine fish stock assessment using water samples. We stress that a direct application of this
would still require that several factors are more rigorously investigated. However, applying
eDNA to stock assessment could potentially be very fruitful not only for biodiversity surveys of
marine fishes and other organisms, but also for science, society and the global economy.

Supporting Information

S1 File. This file contains all Supporting Figures (A-E) and Tables (A-C). Figure A in S1
File. Histograms of input data before (above) and after (below) log transformation, showing
left skewed data and approximation to normal distribution after transformation. Figure shows
data for eDNA, biomass and number of individuals, respectively. Figure B in S1 File. Relation-
ship between eDNA reads and biomass for each sample individually for all families. One
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sample (davis14) has been removed since there are no corresponding points. This figure corre-
sponds to Fig 6, but partitioned into samples. Figure C in S1 File. Relationship between eDNA
reads and number of individuals for each sample individually for all families. One sample
(davis14) has been removed since there are no corresponding points. This figure corresponds
to Fig 6, but partitioned into samples. Figure D in S1 File. Relationship between eDNA read
frequencies and biomass (A) as well as number of individuals (B) at lowest possible taxonomic
level. Results are shown for all fish taxa detected using both methods across all samples.

Figure E in S1 File. Correlation of eDNA read abundance and tissue derived DNA concentra-
tions added to the mock sample. Table A in S1 File. Information on sampling sites for this
study. Table shows sample names, geographical position and depths. Table B in S1 File. Mito-
chondrial 12S rRNA gene (partial) target sequences generated from tissue samples of Green-
land fish species for the local reference database of the current study. Table C in S1 File.
Greenlandic fish species. Table shows all fish species recorded in Greenland within the 31 fami-
lies found in this study, along with information on general abundance (expectance of finding
the species) (based on Moller et al. 2010, [10]) and coverage in local 12S rRNA gene database.
This information is used for adjusting the taxonomic assignments given to eDNA reads

(Table 1).

(PDF)

Acknowledgments

The authors would like to thank the crew on R/V Paamiut for their support during the cruises.
Peter Frandsen is thanked for a valuable and heroic effort on board. We thank the Natural His-
tory Museum of Denmark and the Danish National Sequencing Centre for support in carrying
out the work. Pernille Selmer Olsen is thanked for help with the lab work. Marcus Anders Krag
is thanked for help with tissue samples. We thank Prof. Pierre Taberlet for design of and per-
mission to use the primer VO5F_898. We would like to thank Greenland Institute of Natural
Resources, Greenland Self-government, Department for Education and Research for financial
support. We thank the Danish National Research Foundation for funding.

Author Contributions
Conceptualization: PFT PRM OAJ EW.
Data curation: PFT PRM OA] EES.
Formal analysis: PFT PRM OAJ EES SWK.
Funding acquisition: PFT PRM OAJ EW.
Investigation: PFT PRM OA]J.
Methodology: PFT PRM OA]J.

Project administration: PFT PRM OAJ EW.
Resources: PFT PRM OAJ] EES SWK EW.
Software: PFT EES SWK.

Supervision: PFT PRM OAJ EW.
Validation: PFT PRM EES SWK.
Visualization: PFT PRM EES SWK.

PLOS ONE | DOI:10.1371/journal.pone.0165252 November 16,2016 18/22



@° PLOS | ONE

Seawater Environmental DNA and Trawling of Sub-Arctic, Deepwater Fishes

Writing - original draft: PFT PRM OA]J.

Writing - review & editing: PFT PRM OAJ EW EES SWK.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

MacKenzie BR, Payne MR, Boje J, Hayer JL, Siegstad H. A cascade of warming impacts brings bluefin
tuna to Greenland waters. Glob Change Biol. 2014; 20: 2484-2491. doi: 10.1111/gcb.12597 PMID:
24824677

Fossheim M, Primicerio R, Johannesen E, Ingvaldsen RB, Aschan MM, Dolgov AV. Recent warming
leads to a rapid borealization of fish communities in the Arctic. Nat Clim Change. 2015; 5: 673-677.
doi: 10.1038/nclimate2647

Kenchington E, Yashayaev |, Tendal OS, Jergensbye H. Water mass characteristics and associated
fauna of a recently discovered Lophelia pertusa. Polar Biol. 2016; 1-17. doi: 10.1007/s00300-016-
1957-3

Wisz MS, Broennimann O, Grenkjeer P, Mgller PR, Olsen SM, Swingedouw D, et al. Arctic warming
will promote Atlantic-Pacific fish interchange. Nat Clim Change. 2015; 5: 261-265. doi: 10.1038/
nclimate2500

Ingvaldsen RB, Bogstad B, Dolgov AV, Ellingsen KE, Gjgsaeter H, Gradinger R, et al. Sources of
uncertainties in cod distribution models. Nat Clim Change. 2015; 5: 788—789. doi: 10.1038/
nclimate2761

Wisz MS, Broennimann O, Grenkjeer P, Mgller PDR, Olsen SM, Swingedouw D, et al. Reply to
“Sources of uncertainties in cod distribution models.” Nat Clim Change. 2015; 5: 790-791. doi: 10.
1038/nclimate2762

Daan N. The IBTS database: a plea for quality control. ICES CM. 2001; 3: 1-5.

Christiansen JS, Bonsdorff E, Byrkjedal |, Fevolden S-E, Karamushko OV, Lynghammar A, et al.
Novel biodiversity baselines outpace models of fish distribution in Arctic waters. Sci Nat. 2016; 103: 1—-
6. doi: 10.1007/s00114-016-1332-9 PMID: 26757930

Jorgensen OA, Bastardie F, Eigaard OR. Impact of deep-sea fishery for Greenland halibut (Reinhard-
tius hippoglossoides) on non-commercial fish species off West Greenland. ICES J Mar Sci J Cons.
2014; 71: 845-852. doi: 10.1093/icesjms/fst191

Mgller PR, Nielsen JG, Knudsen SW, Poulsen JY, Siinksen K, Jargensen OA. A checklist of the fish
fauna of Greenland waters. Zootaxa. 2010; 1-84.

Mgller PR, Feld TK, Poulsen IH, Thomsen PF, Thormar JG. Myxine jespersenae, a New Species of
Hadfish (Myxiniformes: Myxinidae) from the North Atlantic Ocean. Copeia. 2005; 2005: 374—-385.

Jorgensen OA, Hvingel C, Mgller PR, Treble MA. Identification and mapping of bottom fish assem-
blages in Davis Strait and southern Baffin Bay. Can J Fish Aquat Sci. 2005; 62: 1833—1852. doi: 10.
1139/f05-101

Jorgensen OA, Hvingel C, Mgller PR. Bottom fish assemblages at the shelf and continental slope off
East Greenland. J Northwest Atl Fish Sci. 2015; 47: 37-55. doi: 10.2960/J.v47.m706

Nygaard R, Jergensen OA. Biomass and Abundance of Demersal Fish Stocks off West and East
Greenland estimated from the Greenland Institute of Natural resources Shrimp Fish Survey, 1988—
2014.2015.

Devine JA, Baker KD, Haedrich RL. Fisheries: Deep-sea fishes qualify as endangered. Nature. 2006;
439: 29-29. doi: 10.1038/439029a PMID: 16397489

Murphy HM, Jenkins GP. Observational methods used in marine spatial monitoring of fishes and asso-
ciated habitats: a review. Mar Freshw Res. 2010; 61: 236-252.

Ficetola GF, Miaud C, Pompanon F, Taberlet P. Species detection using environmental DNA from
water samples. Biol Lett. 2008; 4: 423-425. doi: 10.1098/rsbl.2008.0118 PMID: 18400683

Thomsen PF, Kielgast J, Iversen LL, Wiuf C, Rasmussen M, Gilbert MTP, et al. Monitoring endangered
freshwater biodiversity using environmental DNA. Mol Ecol. 2012; 21: 2565-2573. doi: 10.1111/j.
1365-294X.2011.05418.x PMID: 22151771

Thomsen PF, Kielgast J, Iversen LL, Mgller PR, Rasmussen M, Willerslev E. Detection of a Diverse
Marine Fish Fauna Using Environmental DNA from Seawater Samples. Lin S, editor. PLoS ONE.
2012; 7: e41732. doi: 10.1371/journal.pone.0041732 PMID: 22952584

Kelly RP, Port JA, Yamahara KM, Martone RG, Lowell N, Thomsen PF, et al. Harnessing DNA to
improve environmental management. Science. 2014; 344: 1455—-1456. doi: 10.1126/science.1251156
PMID: 24970068

PLOS ONE | DOI:10.1371/journal.pone.0165252 November 16,2016 19/22


http://dx.doi.org/10.1111/gcb.12597
http://www.ncbi.nlm.nih.gov/pubmed/24824677
http://dx.doi.org/10.1038/nclimate2647
http://dx.doi.org/10.1007/s00300-016-1957-3
http://dx.doi.org/10.1007/s00300-016-1957-3
http://dx.doi.org/10.1038/nclimate2500
http://dx.doi.org/10.1038/nclimate2500
http://dx.doi.org/10.1038/nclimate2761
http://dx.doi.org/10.1038/nclimate2761
http://dx.doi.org/10.1038/nclimate2762
http://dx.doi.org/10.1038/nclimate2762
http://dx.doi.org/10.1007/s00114-016-1332-9
http://www.ncbi.nlm.nih.gov/pubmed/26757930
http://dx.doi.org/10.1093/icesjms/fst191
http://dx.doi.org/10.1139/f05-101
http://dx.doi.org/10.1139/f05-101
http://dx.doi.org/10.2960/J.v47.m706
http://dx.doi.org/10.1038/439029a
http://www.ncbi.nlm.nih.gov/pubmed/16397489
http://dx.doi.org/10.1098/rsbl.2008.0118
http://www.ncbi.nlm.nih.gov/pubmed/18400683
http://dx.doi.org/10.1111/j.1365-294X.2011.05418.x
http://dx.doi.org/10.1111/j.1365-294X.2011.05418.x
http://www.ncbi.nlm.nih.gov/pubmed/22151771
http://dx.doi.org/10.1371/journal.pone.0041732
http://www.ncbi.nlm.nih.gov/pubmed/22952584
http://dx.doi.org/10.1126/science.1251156
http://www.ncbi.nlm.nih.gov/pubmed/24970068

@° PLOS | ONE

Seawater Environmental DNA and Trawling of Sub-Arctic, Deepwater Fishes

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

a1,

Valentini A, Taberlet P, Miaud C, Civade R, Herder J, Thomsen PF, et al. Next-generation monitoring
of aquatic biodiversity using environmental DNA metabarcoding. Mol Ecol. 2016; 25: 929-942. doi: 10.
1111/mec.13428 PMID: 26479867

Foote AD, Thomsen PF, Sveegaard S, Wahlberg M, Kielgast J, Kyhn LA, et al. Investigating the poten-
tial use of environmental DNA (eDNA) for genetic monitoring of marine mammals. PloS One. 2012; 7:
e41781. doi: 10.1371/journal.pone.0041781 PMID: 22952587

Kelly RP, Port JA, Yamahara KM, Crowder LB. Using Environmental DNA to Census Marine Fishes in
a Large Mesocosm. PLoS ONE. 2014; 9: e86175. doi: 10.1371/journal.pone.0086175 PMID:
24454960

Port JA, O’Donnell JL, Romero-Maraccini OC, Leary PR, Litvin SY, Nickols KJ, et al. Assessing verte-
brate biodiversity in a kelp forest ecosystem using environmental DNA. Mol Ecol. 2016; 25: 527-541.
doi: 10.1111/mec.13481 PMID: 26586544

Miya M, Sato Y, Fukunaga T, Sado T, Poulsen JY, Sato K, et al. MiFish, a set of universal PCR primers
for metabarcoding environmental DNA from fishes: detection of more than 230 subtropical marine spe-
cies. R Soc Open Sci. 2015; 2: 150088. doi: 10.1098/rso0s.150088 PMID: 26587265

Yamamoto S, Minami K, Fukaya K, Takahashi K, Sawada H, Murakami H, et al. Environmental DNA
as a “Snapshot” of Fish Distribution: A Case Study of Japanese Jack Mackerel in Maizuru Bay, Sea of
Japan. PLOS ONE. 2016; 11: e0149786. doi: 10.1371/journal.pone.0149786 PMID: 26933889

Kelly RP. Making environmental DNA count. Mol Ecol Resour. 2016; 16: 10-12. doi: 10.1111/1755-
0998.12455 PMID: 26768195

Takahara T, Minamoto T, Yamanaka H, Doi H, Kawabata Z‘ichiro. Estimation of Fish Biomass Using
Environmental DNA. PLoS ONE. 2012; 7: €35868. doi: 10.1371/journal.pone.0035868 PMID:
22563411

Pilliod DS, Goldberg CS, Arkle RS, Waits LP, Richardson J. Estimating occupancy and abundance of
stream amphibians using environmental DNA from filtered water samples. Can J Fish Aquat Sci. 2013;
70: 1123-1130. doi: 10.1139/cjfas-2013-0047

Evans NT, Olds BP, Renshaw MA, Turner CR, Li Y, Jerde CL, et al. Quantification of mesocosm fish
and amphibian species diversity via environmental DNA metabarcoding. Mol Ecol Resour. 2016; 16:
29-41.doi: 10.1111/1755-0998.12433 PMID: 26032773

Dejean T, Valentini A, Duparc A, Pellier-Cuit S, Pompanon F, Taberlet P, et al. Persistence of Environ-
mental DNA in Freshwater Ecosystems. Gilbert JA, editor. PLoS ONE. 2011; 6: €23398. doi: 10.1371/
journal.pone.0023398 PMID: 21858099

Pilliod DS, Goldberg CS, Arkle RS, Waits LP. Factors influencing detection of eDNA from a stream-
dwelling amphibian. Mol Ecol Resour. 2014; 14: 109—116. doi: 10.1111/1755-0998.12159 PMID:
24034561

Jorgensen OA. Surveys for Greenland Halibut in NAFO Division 1C-1D. NAFO Scientific Document
No. 25, Serial No. N3010. 26 p. 1998.

Coissac E. OligoTag: A Program for Designing Sets of Tags for Next-Generation Sequencing of Multi-
plexed Samples. In: Pompanon F, Bonin A, editors. Data Production and Analysis in Population Geno-
mics. Humana Press; 2012. pp. 13-31. Available: http://dx.doi.org/10.1007/978-1-61779-870-2_2

De Barba M, Miquel C, Boyer F, Mercier C, Rioux D, Coissac E, et al. DNA metabarcoding multiplexing
and validation of data accuracy for diet assessment: application to omnivorous diet. Mol Ecol Resour.
2014; 14: 306-323. doi: 10.1111/1755-0998.12188 PMID: 24128180

Boyer F, Mercier C, Bonin A, Le Bras Y, Taberlet P, Coissac E. obitools: a unix-inspired software pack-
age for DNA metabarcoding. Mol Ecol Resour. 2016; 16: 176—182. doi: 10.1111/1755-0998.12428
PMID: 25959493

Ficetola GF, Pansu J, Bonin A, Coissac E, Giguet-Covex C, De Barba M, et al. Replication levels, false
presences and the estimation of the presence/absence from eDNA metabarcoding data. Mol Ecol
Resour. 2015; 15: 543-556. doi: 10.1111/1755-0998.12338 PMID: 25327646

Murray DC, Coghlan ML, Bunce M. From Benchtop to Desktop: Important Considerations when
Designing Amplicon Sequencing Workflows. PLOS ONE. 2015; 10: e0124671. doi: 10.1371/journal.
pone.0124671 PMID: 25902146

Olds BP, Jerde CL, Renshaw MA, Li Y, Evans NT, Turner CR, et al. Estimating species richness using
environmental DNA. Ecol Evol. 2016; 6: 4214-4226. doi: 10.1002/ece3.2186 PMID: 27516876

Leonard JA, Shanks O, Hofreiter M, Kreuz E, Hodges L, Ream W, et al. Animal DNA in PCR reagents
plagues ancient DNA research. J Archaeol Sci. 2007; 34: 1361-1366. doi: 10.1016/j.jas.2006.10.023

Amante C, Eakins B. ETOPO1 1 Arc-Minute Global Relief Model: Procedures, Data Sources and Anal-
ysis. NOAA Technical Memorandum NESDIS NGDC-24. National Geophysical Data Center, NOAA.
[Internet]. 2009. Available: 10.7289/V5C8276M

PLOS ONE | DOI:10.1371/journal.pone.0165252 November 16,2016 20/22


http://dx.doi.org/10.1111/mec.13428
http://dx.doi.org/10.1111/mec.13428
http://www.ncbi.nlm.nih.gov/pubmed/26479867
http://dx.doi.org/10.1371/journal.pone.0041781
http://www.ncbi.nlm.nih.gov/pubmed/22952587
http://dx.doi.org/10.1371/journal.pone.0086175
http://www.ncbi.nlm.nih.gov/pubmed/24454960
http://dx.doi.org/10.1111/mec.13481
http://www.ncbi.nlm.nih.gov/pubmed/26586544
http://dx.doi.org/10.1098/rsos.150088
http://www.ncbi.nlm.nih.gov/pubmed/26587265
http://dx.doi.org/10.1371/journal.pone.0149786
http://www.ncbi.nlm.nih.gov/pubmed/26933889
http://dx.doi.org/10.1111/1755-0998.12455
http://dx.doi.org/10.1111/1755-0998.12455
http://www.ncbi.nlm.nih.gov/pubmed/26768195
http://dx.doi.org/10.1371/journal.pone.0035868
http://www.ncbi.nlm.nih.gov/pubmed/22563411
http://dx.doi.org/10.1139/cjfas-2013-0047
http://dx.doi.org/10.1111/1755-0998.12433
http://www.ncbi.nlm.nih.gov/pubmed/26032773
http://dx.doi.org/10.1371/journal.pone.0023398
http://dx.doi.org/10.1371/journal.pone.0023398
http://www.ncbi.nlm.nih.gov/pubmed/21858099
http://dx.doi.org/10.1111/1755-0998.12159
http://www.ncbi.nlm.nih.gov/pubmed/24034561
http://dx.doi.org/10.1007/978-1-61779-870-2_2
http://dx.doi.org/10.1111/1755-0998.12188
http://www.ncbi.nlm.nih.gov/pubmed/24128180
http://dx.doi.org/10.1111/1755-0998.12428
http://www.ncbi.nlm.nih.gov/pubmed/25959493
http://dx.doi.org/10.1111/1755-0998.12338
http://www.ncbi.nlm.nih.gov/pubmed/25327646
http://dx.doi.org/10.1371/journal.pone.0124671
http://dx.doi.org/10.1371/journal.pone.0124671
http://www.ncbi.nlm.nih.gov/pubmed/25902146
http://dx.doi.org/10.1002/ece3.2186
http://www.ncbi.nlm.nih.gov/pubmed/27516876
http://dx.doi.org/10.1016/j.jas.2006.10.023
http://dx.doi.org/10.7289/V5C8276M

@° PLOS | ONE

Seawater Environmental DNA and Trawling of Sub-Arctic, Deepwater Fishes

42,

43.
44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Pante E, Simon-Bouhet B. marmap: A Package for Importing, Plotting and Analyzing Bathymetric and
Topographic Data in R. PLOS ONE. 2013; 8: €73051. doi: 10.1371/journal.pone.0073051 PMID:
24019892

FAQ. The State of World Fisheries and Aquaculture 2014. Rome. 223 pp. 2014.

Hutchings JA. Collapse and recovery of marine fishes. Nature. 2000; 406: 882—-885. doi: 10.1038/
35022565 PMID: 10972288

Jackson JBC, Kirby MX, Berger WH, Bjorndal KA, Botsford LW, Bourque BJ, et al. Historical Overfish-
ing and the Recent Collapse of Coastal Ecosystems. Science. 2001; 293: 629-637. doi: 10.1126/
science.1059199 PMID: 11474098

Pauly D, Christensen V, Guénette S, Pitcher TJ, Sumaila UR, Walters CJ, et al. Towards sustainability
in world fisheries. Nature. 2002; 418: 689-695. doi: 10.1038/nature01017 PMID: 12167876

Halpern BS, Walbridge S, Selkoe KA, Kappel CV, Micheli F, D’Agrosa C, et al. A Global Map of Human
Impact on Marine Ecosystems. Science. 2008; 319: 948-952. doi: 10.1126/science.1149345 PMID:
18276889

Jorgensen OA. Survey for Greenland Halibut in NAFO Divisions 1C-1D, 2014. 2015.

Pedersen SA. Shrimp trawl catches and stomach contents of redfish, Greenland halibut and starry ray
from West Greenland during a 24-hour cycle. Polar Res. 1994; 13: 183-19. doi: 10.1111/j.1751-8369.
1994.tb00448.x

Lorance P, Cook R, Herrera J, de Sola L, Papaconstantinou C, Florin A. Sebastes mentella. The IUCN
Red List of Threatened Species 2015: e.T154816A45859855. Downloaded on 26 June 2016. 2015.

Nielsen J, Hedeholm RB, Simon M, Steffensen JF. Distribution and feeding ecology of the Greenland
shark Somniosus microcephalus. Polar Biol. 2013; 37: 37—46. doi: 10.1007/s00300-013-1408-3

Watanabe YY, Lydersen C, Fisk AT, Kovacs KM. The slowest fish: Swim speed and tail-beat frequency
of Greenland sharks. J Exp Mar Biol Ecol. 2012; 426—427: 5-11. doi: 10.1016/j.jembe.2012.04.021

Anon. Beretninger vedr. Grgnlands Styrelse. Sammendrag af Statistiske Oplysninger om Grgnland
1942; 1:647-652 (In Danish).

Pauly D, Zeller D. Catch reconstructions reveal that global marine fisheries catches are higher than
reported and declining. Nat Commun. 2016; 7: 10244. doi: 10.1038/ncomms10244 PMID: 26784963

Yoccoz NG, Brathen KA, Gielly L, Haile J, Edwards ME, Goslar T, et al. DNA from soil mirrors plant tax-
onomic and growth form diversity. Mol Ecol. 2012; 21: 3647-3655. doi: 10.1111/j.1365-294X.2012.
05545.x PMID: 22507540

Andersen K, Bird KL, Rasmussen M, Haile J, Breuning-Madsen H, Kjaer KH, et al. Meta-barcoding of
“dirt” DNA from soil reflects vertebrate biodiversity. Mol Ecol. 2012; 21: 1966—1979. doi: 10.1111/j.
1365-294X.2011.05261.x PMID: 21917035

Shelton AO, O’'Donnell JL, Samhouri JF, Lowell N, Williams GD, Kelly RP. A framework for inferring
biological communities from environmental DNA. Ecol Appl. 2016; n/a-n/a. doi: 10.1890/15-1733.1
PMID: 27755698

Strickler KM, Fremier AK, Goldberg CS. Quantifying effects of UV-B, temperature, and pH on eDNA
degradation in aguatic microcosms. Biol Conserv. 2015; 183: 85-92. doi: 10.1016/j.biocon.2014.11.
038

Barnes MA, Turner CR, Jerde CL, Renshaw MA, Chadderton WL, Lodge DM. Environmental Condi-
tions Influence eDNA Persistence in Aquatic Systems. Environ Sci Technol. 2014; 48: 1819—-1827. doi:
10.1021/es404734p PMID: 24422450

Coissac E, Riaz T, Puillandre N. Bioinformatic challenges for DNA metabarcoding of plants and ani-
mals. Mol Ecol. 2012; 21: 1834—1847. doi: 10.1111/j.1365-294X.2012.05550.x PMID: 22486822

Darling JA, Mahon AR. From molecules to management: Adopting DNA-based methods for monitoring
biological invasions in aquatic environments. Environ Res. 2011; 111: 978-988. doi: 10.1016/j.envres.
2011.02.001 PMID: 21353670

Goldberg CS, Turner CR, Deiner K, Klymus KE, Thomsen PF, Murphy MA, et al. Critical consider-
ations for the application of environmental DNA methods to detect aquatic species. Methods Ecol
Evol. 2016; n/a-n/a. doi: 10.1111/2041-210X.12595

Biggs J, Ewald N, Valentini A, Gaboriaud C, Dejean T, Griffiths RA, et al. Using eDNA to develop a
national citizen science-based monitoring programme for the great crested newt ( Triturus cristatus).
Biol Conserv. 2015; 183: 19-28. doi: 10.1016/j.biocon.2014.11.029

Deiner K, Altermatt F. Transport Distance of Invertebrate Environmental DNA in a Natural River. PLoS
ONE. 2014; 9: e88786. doi: 10.1371/journal.pone.0088786 PMID: 24523940

PLOS ONE | DOI:10.1371/journal.pone.0165252 November 16,2016 21/22


http://dx.doi.org/10.1371/journal.pone.0073051
http://www.ncbi.nlm.nih.gov/pubmed/24019892
http://dx.doi.org/10.1038/35022565
http://dx.doi.org/10.1038/35022565
http://www.ncbi.nlm.nih.gov/pubmed/10972288
http://dx.doi.org/10.1126/science.1059199
http://dx.doi.org/10.1126/science.1059199
http://www.ncbi.nlm.nih.gov/pubmed/11474098
http://dx.doi.org/10.1038/nature01017
http://www.ncbi.nlm.nih.gov/pubmed/12167876
http://dx.doi.org/10.1126/science.1149345
http://www.ncbi.nlm.nih.gov/pubmed/18276889
http://dx.doi.org/10.1111/j.1751-8369.1994.tb00448.x
http://dx.doi.org/10.1111/j.1751-8369.1994.tb00448.x
http://dx.doi.org/10.1007/s00300-013-1408-3
http://dx.doi.org/10.1016/j.jembe.2012.04.021
http://dx.doi.org/10.1038/ncomms10244
http://www.ncbi.nlm.nih.gov/pubmed/26784963
http://dx.doi.org/10.1111/j.1365-294X.2012.05545.x
http://dx.doi.org/10.1111/j.1365-294X.2012.05545.x
http://www.ncbi.nlm.nih.gov/pubmed/22507540
http://dx.doi.org/10.1111/j.1365-294X.2011.05261.x
http://dx.doi.org/10.1111/j.1365-294X.2011.05261.x
http://www.ncbi.nlm.nih.gov/pubmed/21917035
http://dx.doi.org/10.1890/15-1733.1
http://www.ncbi.nlm.nih.gov/pubmed/27755698
http://dx.doi.org/10.1016/j.biocon.2014.11.038
http://dx.doi.org/10.1016/j.biocon.2014.11.038
http://dx.doi.org/10.1021/es404734p
http://www.ncbi.nlm.nih.gov/pubmed/24422450
http://dx.doi.org/10.1111/j.1365-294X.2012.05550.x
http://www.ncbi.nlm.nih.gov/pubmed/22486822
http://dx.doi.org/10.1016/j.envres.2011.02.001
http://dx.doi.org/10.1016/j.envres.2011.02.001
http://www.ncbi.nlm.nih.gov/pubmed/21353670
http://dx.doi.org/10.1111/2041-210X.12595
http://dx.doi.org/10.1016/j.biocon.2014.11.029
http://dx.doi.org/10.1371/journal.pone.0088786
http://www.ncbi.nlm.nih.gov/pubmed/24523940

@° PLOS | ONE

Seawater Environmental DNA and Trawling of Sub-Arctic, Deepwater Fishes

65.

66.

67.

68.

69.

70.

71.

Jane SF, Wilcox TM, McKelvey KS, Young MK, Schwartz MK, Lowe WH, et al. Distance, flow and
PCR inhibition: eDNA dynamics in two headwater streams. Mol Ecol Resour. 2015; 15: 216-227. doi:
10.1111/1755-0998.12285 PMID: 24890199

Jerde CL, Olds BP, Shogren AJ, Andruszkiewicz EA, Mahon AR, Bolster D, et al. Influence of Stream
Bottom Substrate on Retention and Transport of Vertebrate Environmental DNA. Environ Sci Technol.
2016; 50: 8770-8779. doi: 10.1021/acs.est.6b01761 PMID: 27409250

Deiner K, Fronhofer EA, Méachler E, Walser J-C, Altermatt F. Environmental DNA reveals that rivers
are conveyer belts of biodiversity information. Nat Commun. 2016; 7: 12544. doi: 10.1038/
ncomms12544 PMID: 27572523

Buch E. A monograph on the physical oceanography of the Greenland waters. Danish Meteorological
Institute (DMI). Copenhagen. Scientific Report No. 0012, 405 pp. 2000.

Arreguin-Sanchez F. Catchability: a key parameter for fish stock assessment. Rev Fish Biol Fish.
1996; 6: 221-242. doi: 10.1007/BF00182344

Fraser HM, Greenstreet SPR, Piet GJ. Taking account of catchability in groundfish survey trawls: impli-
cations for estimating demersal fish biomass. ICES J Mar Sci J Cons. 2007; 64: 1800—1819. doi: 10.
1093/icesjms/fsm145

Harley SJ, Myers RA. Hierarchical Bayesian models of length-specific catchability of research trawl
surveys. Can J Fish Aquat Sci. 2001; 58: 1569—-1584. doi: 10.1139/f01-097

PLOS ONE | DOI:10.1371/journal.pone.0165252 November 16,2016 22/22


http://dx.doi.org/10.1111/1755-0998.12285
http://www.ncbi.nlm.nih.gov/pubmed/24890199
http://dx.doi.org/10.1021/acs.est.6b01761
http://www.ncbi.nlm.nih.gov/pubmed/27409250
http://dx.doi.org/10.1038/ncomms12544
http://dx.doi.org/10.1038/ncomms12544
http://www.ncbi.nlm.nih.gov/pubmed/27572523
http://dx.doi.org/10.1007/BF00182344
http://dx.doi.org/10.1093/icesjms/fsm145
http://dx.doi.org/10.1093/icesjms/fsm145
http://dx.doi.org/10.1139/f01-097

