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Abstract

Marine Protected Areas (MPAs) have been adopted globally as a tool to combat biodiversity loss
and restore marine ecosystems. Successful application of MPAs will be predicated on the ability
to monitor biodiversity in a synoptic and non-invasive manner. Environmental DNA (eDNA)
methods have important advantages over traditional biodiversity survey methods for monitoring
conservation areas. To evaluate the efficacy of eDNA metabarcoding for fish biodiversity
monitoring, we sampled 19 coastal eelgrass beds in Canada, as eelgrass beds are known for high
biodiversity and significant conservation value. At each site, beach seines were used to survey fish
and water samples were collected contemporaneously for eDNA metabarcoding. In total, beach
seining caught 32,672 individuals across 59 fish taxa and eDNA detected 129 fish taxa. eDNA
captured site-level variation and detected higher species richness at both site and regional levels
compared to seining. eDNA abundance had a positive association with capture abundance.
Collectively these results highlight how eDNA metabarcoding offers an efficient approach for
monitoring fish biodiversity in coastal eelgrass beds, thus providing a valuable and non-invasive

tool for MPA planning and coastal monitoring.

Keywords: /2S5 ¥rRNA, 16S rRNA, marine protected area, seagrass, seining
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Introduction

Awareness of the implications of global biodiversity loss has increased over the past two decades,
as has acknowledgement that biodiversity conservation should be part of broader economic and
political discussions at both national and international levels (Worm et al. 2006; Cardinale et al.
2012). Indeed, combating biodiversity loss has become a point of international cooperation, with
the Convention on Biological Diversity (CBD) setting various targets to combat and reduce loss
(Thomas et al. 2014; Meehan et al. 2020). Marine Protected Areas (MPAs) have been adopted
globally to conserve and restore marine ecosystems. Successful application and management of
MPAs will be predicated on the ability to monitor and track changes in biodiversity in a synoptic

and preferably non-invasive manner.

Coastal zones are dynamic ecosystems characterized by relatively high fish diversity (Suchanek
1994). They are at the interface of the terrestrial and marine realms and thus receive a wider range
of cumulative impacts from human activities (Murphy et al. 2021). Seagrass beds in the coastal
zone provide nursery, feeding, and foraging habitats for fish (Gillanders 2006), as well as provide
other important ecosystem services including water purification, carbon sequestration, and
shoreline erosion prevention (Cole and Moksnes 2016; Unsworth et al. 2019). Further, in Canada,
eelgrass (Zostera marina) has been recognized as an ecologically significant species and is a key

priority for conservation planning (DFO 2018a, 2019).

The Government of Canada has implemented an ambitious plan to protect marine biodiversity first

by the renewed commitment to Aichi Target 11 (Schram et al. 2019) and later with a commitment

to protect 25% of its ocean estate by 2025 and 30% by 2030. With these commitments comes the
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need to develop and implement biodiversity monitoring programs to inform management.
Monitoring biodiversity of coastal environments in Canada, which has the longest coastline in the
world spanning over 240,000 km across three oceans, poses a significant challenge. The expanse
and complexity of this coastline limits the ability to conduct systematic and comprehensive surveys
to characterize biodiversity within nearshore marine habitats. The need to develop and implement
biodiversity monitoring programs within coastal ecosystems at large spatial scales necessitates
exploration of new approaches that can be deployed in a standardized fashion across Canada’s

expansive coastline.

Environmental DNA (eDNA) metabarcoding is a revolutionary approach for measuring
biodiversity, which can rapidly and reliably characterize species composition from environmental
samples without isolating target organisms (Taberlet et al. 2012; Rodriguez-Ezpeleta et al. 2021).
With the development of improved filtration methods (Spens et al. 2017), more efficient fish-

specific markers (e.g., Miya et al. 2015), and more accurate bioinformatics pipelines (e.g.,

Callahan et al. 2016), eDNA metabarcoding has been increasingly used to survey fish communities.

Compared to traditional fish survey methods, eDNA metabarcoding offers some clear advantages.
First, traditional capture-based and video-based methods generally lack the ability to sample the
full spectrum of species and size classes (Cappo et al. 2004; Stoeckle et al. 2021), whereas the
detection of extra-organismal DNA is less sensitive to the size-structure of sampled
organisms(Taberlet et al. 2012; Rodriguez-Ezpeleta et al. 2021), enabling a much broader
characterization of the fish community. Second, unlike capture-based methods, eDNA sampling is
non-invasive, and itself imposes negligible negative effects on fish or fish habitats (Thomsen and

Willerslev 2015). Third, species identification for eDNA data is based on DNA sequences, which
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can be more accurate than morphology-based taxonomy methods for fish at early life stages (Pegg
et al. 2006) and for morphologically similar but genetically different species when curated
reference libraries are available (Danovaro et al. 2016; Goodwin et al. 2017). Lastly, eDNA
samples are relatively easier and less costly to collect than traditional samples, especially for

remote or otherwise difficult to access areas (Bohmann et al. 2014).

The evidence is building that eDNA metabarcoding may represent a decisive tool for measuring
biodiversity within coastal environments. For sensitive, three-dimensional habitats, such as
seagrass beds, the non-invasiveness of eDNA is of particular interest. Biodiversity associated with
these ecosystems plays an integral role in their ecosystem function (Blake and Duffy 2012). In the
nearshore where access is generally less restricted, eDNA has already proven an invaluable tool
for evaluating and monitoring biodiversity (Lacoursiere-Roussel et al. 2018; Aglieri et al. 2021).
While studies have demonstrated the potential utility of eDNA as a biodiversity monitoring tool
for eelgrass (Kelly et al. 2017; O’Donnell et al. 2017), its application in these ecosystems is still

in its relative infancy.

The goal of this study was to evaluate the efficacy of eDNA metabarcoding as a fish biodiversity
monitoring tool in eelgrass meadows through direct comparison to traditional fish biodiversity
survey methods. To accomplish this evaluation we sampled 19 coastal sites in Atlantic and Pacific
Canada. At each site, beach seines were used to assess fish diversity and compared to seawater
sampled contemporaneously for eDNA metabarcoding. For eDNA metabarcoding, we used two
fish-specific markers and built reference libraries for these two markers using Canadian fish

species. Fish composition detected by eDNA and seining were compared, as were estimates of
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106  regional (gamma) diversity, local (alpha) diversity, and species turnover (beta diversity) between
107  the two sampling methods. Results were assessed and discussed in the context of the application
108 of eDNA metabarcoding as a biodiversity monitoring tool in support of MPA planning and coastal
109  monitoring in Canada.

110

111 Materials and methods

112 Site selection

113  We sampled 19 coastal sites selected based on the known presence of eelgrass beds and
114 accessibility by boat or road (Fig. 1, Table S1). We sampled ten sites across approximately 2
115  degrees of longitude along the Atlantic coast of Nova Scotia, including four sites within the Eastern
116  Shore Islands Area of Interest (AOI), an area under consideration for MPA establishment (Jeffery
117  etal. 2020). We sampled nine Pacific sites on southern Vancouver Island, British Columbia (BC):
118  seven on the eastern side of the island and two on the southwest end of the island. Five of the 9
119  sites in the Pacific are within the boundary of the proposed Southern Strait of Georgia National
120 Marine Conservation Reserve (https://www.pc.gc.ca/en/amnc-nmca/cnamnc-cnnmea/dgs-
121 ssg/region-area). Sampling on both coasts took place between July and September 2019.

122

123  Seining and fish identification

124  We sampled each site during daytime and within two hours of low tide. In the Atlantic, we used a
125 25 mlong x 2 m high Danish bag seine net (19 mm stretch mesh in the wings and belly and 9 mm
126  stretch mesh in the codend) for collections with 2-3 seine hauls at each site, separated by
127  approximately 25 m. The seine was deployed from shore using a small boat (14’ or 23’ depending

128  on site access and depth) and the net was hauled onshore by hand. The seine sampled from the

© The Author(s) obtheir Institution(s)
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seabed to 2 m above bottom. In the Pacific, a 9.2 m long beach seine with a 4 mm stretch mesh
throughout and a 3.1 m drop in the center was used. The net was deployed from shore and hauled
onshore by hand. The net was set three times (each set adjacent to the previous) along an
approximately 30 m length of eelgrass meadow. Nets used on each coast reflect the most
commonly used seining gear for eelgrass in that region. Given that the objective of the study is to
compare eDNA to traditional methods within each region, slight differences in regional
catchability due to net specifications were not relevant to the analysis, particularly because species

composition for each region is also different and therefore not directly comparable.

Captured fish hauled ashore were immediately transferred into dark totes or 20 L buckets filled
with fresh seawater and aerators and then identified, and counted. Commonly encountered fish
were identified and enumerated on-site before being returned to the capture site; taxa that were not
readily identified to species in the field were also photographed and voucher specimens were
collected for later morphological identification in the lab. After field identification, fish were
transferred to aerated recovery buckets before release back into the ocean. Fish were sampled
under Fisheries and Oceans Canada Scientific License (Pacific: #2018-502-00112; Atlantic:
#332354) and following Animal Use Protocol 19-29 (Fisheries and Oceans Canada Maritimes

Region).

Water collection and eDNA filtration
Three or four 1.0 L water samples were collected at each site prior to seining (to avoid
contamination caused by the net or disturbed sediments). Water samples were collected by the

same boat used for seining or by wading into the water. Adjustable metal hose clamps were used

© The Author(s) or7their Institution(s)
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to secure a cleaned and sterilized (using 6% v/v sodium hypochlorite solution) Nalgene bottle to a
sampling pole made of a T-splitter attached to a 5’ length of 1.5” PVC pipe. The lid was removed
and the bottle was filled and rinsed with seawater at least three times (to ensure no trace bleach
remained). The bottle was then held approximately 30 cm below the surface, filled with seawater,
and closed. Samples were stored on ice in the dark for transport to the lab (Atlantic) or for
immediate on-site filtration (Pacific). One field blank consisting of 1.0 L distilled water was
collected at each site by pouring the water from one bottle into another (Atlantic) or by opening

the bottle at the site for approximately the time required to collect an individual sample (Pacific).

Samples from both coasts were filtered using a peristaltic pump with L/S 15 or 25 Tygon tubing
with 0.22 um polyvinylidene fluoride (PVDF) Sterivex cartridge filters (Fisher Scientific). In the
Pacific, samples were filtered on-site using an 18V Milwaukee brushless drill attached to a
Masterflex Easy Load II SS pump head. In the Atlantic, samples were transported to the lab and
filtered within 6 hours of collection using bench-top pumps. All tubing and surfaces were bleached
using a 6% v/v sodium hypochlorite solution between samples and rinsed with tap and then
distilled water to remove bleach residue. Additionally, at least 50 mL of seawater was run through
the tubing prior to filtration to remove any remaining bleach solution. Filters were preserved by
injecting approximately 200 uL Longmire buffer (Longmire et al. 1997) in the cartridge inlet using

sterile syringes. Filters were then sealed and stored at -20 °C until DNA extraction.

DNA extraction and eDNA metabarcoding

DNA was extracted using DNeasy Blood & Tissue Kits (Qiagen) based on Spens et al. (2017) with

minor modifications (Supplementary file 1). One DNA extraction control was included for each

© The Author(s) ogtheir Institution(s)
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batch of DNA extraction. In total, DNA was extracted from 87 samples, which consisted of 61
coastal water samples, 19 field controls for each of the 19 sites, one lab control consisting of 1.0

L distilled water filtered in the laboratory, and six DNA extraction controls.

Two markers targeting the mitochondrial DNA /2S5 and /6S rRNA genes were used for fish eDNA
metabarcoding. For 12S, a new forward primer (12S 248F: CGTGCCAGCCACCGCGGTT) was
designed instead of using the Miya et al. (2015) forward primer (MiFish-U-F) as it had higher
sequence complementarity with Elasmobranchs, Osmeridae, and Gadiformes. For design of the
12S 248F primer, approximately 600 mtDNA genomes were downloaded from GenBank and the
128 rRNA regions were extracted and aligned in Geneious 9.1.8 and the new primer location was
selected by eye. The newly-designed forward primer and the reverse primer MiFish-U-
R (CATAGTGGGGTATCTAATCCCAGTTTG) (Miya et al. 2015) amplified ca. 160 bp. The
16S primers (16S Fish F and 16S Fish R) amplified ca. 200 bp (Mclnnes et al. 2017). These
markers were selected by doing an alignment for each of the /25 ¥rRNA and 16S rRNA genes using
sequences from a diverse selection of Canadian fish. Primer regions for three 12S markers (MiFish,
Miya et al. 2015; Teleo, Valentini et al. 2016; and the 12S primer set mentioned above) and three
16S markers (16S fish-specific, Shaw et al. 2016; Acl6S, Evans et al. 2016; and 16S Fish,
Mclnnes et al. 2017) were identified and inspected by eye to select one primer set for each gene
based on highest complementarity to target taxa. For eDNA metabarcoding, a dual-indexing
approach with one-step PCR library preparation was adopted by using fusion primers containing:
an Illumina adapter sequence, an index, a sequencing primer binding region, and a marker-specific
primer sequence. The fusion primer sequences, except for marker-specific primer regions,

followed Lacoursiere-Roussel et al. (2018).

© The Author(s) obtheir Institution(s)
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PCR amplification was performed in 25 pL reactions containing 12.5 pL 2x QIAGEN Multiplex
PCR Master Mix (Qiagen), 8.5 uL water, 0.5 uL of 10 uM forward primer, 0.5 uL of 10 uM
reverse primer, and 3 pL template. PCR thermal cycling for the 12S marker was 95°C for 15 min,
followed by 35 cycles of 94°C for 30 s, 58°C for 90 s and 72°C for 60 s, followed by a final
extension at 72°C for 10 min. The same cycling program was used for the 16S marker except that
40 amplification cycles were used. For each sample, four PCR reactions were performed at each
marker: three with DNA template and one as PCR negative control (i.e., with water as template).
PCR amplifications were checked on a QIAxcel (Qiagen) using the QIAxcel DNA Screening kit
with the 15bp/3kb QX Alignment marker to ensure no amplification in PCR negative controls. The
three PCR amplifications of each sample were pooled and then purified using an AxyPrep Mag™
PCR Clean-up Kit (Axygen). These purified PCR products were quantified using an AccuClear
Ultra High Sensitivity dsSDNA Quantification Kit (Biotium) with a Synergy H1 microplate reader
(BioTek). Purified PCR products for each marker were combined into separate, single-marker
libraries, as follows: 30 ng or 50 ng of purified PCR product from each sample was added to the
multiplexed library for 12S and 16S, respectively. In cases where there was insufficient DNA to
meet the target amount, 10uL of purified PCR product was added. Each library was purified using
the AxyPrep Mag™ PCR Clean-up Kit again and then quantified using a Qubit™ dsDNA HS
Assay Kit (Thermo Fisher Scientific). Separate MiSeq runs were performed for the two markers

using MiSeq v2 (300 cycles) kits (Illumina).

© The Author(s) o,mheir Institution(s)
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Bioinformatics and statistical analyses

Raw sequence data were imported into QIIME2 using the import plugin (Bolyen et al. 2019).
Gene-specific primer sequences were trimmed using the cutadapt plugin with the parameters --p-
error-rate set to ‘0.11° and --p-discard-untrimmed set to ‘True’ for both markers (Martin 2011).
Trimmed sequences were then processed using the dada2 plugin (Callahan et al. 2016), producing
an amplicon sequence variant (ASV) table and a feature sequence file for each marker. For the
dada2 plugin, the parameters for --p-trunc-len-f, --p-trunc-len-r, and --p-n-threads were setto 116,
108 and 0 for 12S and 125, 125 and 0 for 16S. All other parameters were set to the default value.
We did not do OTU clustering as using ASVs offers some clear benefits relative to OTUs as
outlined in Callahan et al. (2017). In the raw ASV table for each marker, the following was done
to reduce potential false positives caused by unavoidable contamination and tag jumping (Schnell
et al. 2015; Zinger et al. 2019): rare ASVs in each sample were excluded (i.e., the numbers were
changed to 0) if the number of reads of an ASV in a sample was less than 0.1% of the total read
number in that sample or was less than 0.1% of the total read number of that ASV across all
samples. This threshold was used following previous fish eDNA metabarcoding studies (Hénfling

et al. 2016; Stoeckle et al. 2017).

A custom reference library was built for each marker for taxonomy assignment using the fuzzy-
set-theory-based method (Zhang et al. 2012). To build custom reference libraries, a Canadian bony
marine fish species list (Table S2) was generated by the following steps: downloading the

Canadian fish list from Brian Coad’s website (http://www.briancoad.com/); retaining only bony

fish (i.e., Actinopterygii); removing freshwater fish; and adding missing marine fish species with

records in Canada based on OBIS (https://obis.org/). The approach of curating reference libraries

© The Author(s) o,Hheir Institution(s)
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to include only those species known to occur within the focal area potentially limits the detection
of invasive species or newly-occurring range-expanded species; however, it is known to greatly
improve accuracy of taxonomy assignment (Zinger et al. 2019). /2S5 rRNA and 16S rRNA
sequences from all Canadian bony marine fish species were then downloaded from NCBI. These
data were quality screened to minimize the chance of retaining erroneous sequences by discarding
those with very high genetic distances among conspecifics. Furthermore, identical haplotypes
among species from the same family were grouped into species-groups (see details in Tables S3
and S4) and identical haplotypes among species from different families were discarded as likely

CITOIS.

Taxonomy assignments were performed for each marker using the fuzzy-set-theory-based method
(Zhang et al. 2012) with the custom reference library and assignments were secondarily assessed
by comparing them to the BLAST top hit method (using remote BLAST and the NCBI Nucleotide
database). The fuzzy-set-theory-based taxonomy assignments were performed using the FuzzyID2
R package (Shi et al. 2018), and taxonomic status was assigned for ASVs that had a Fuzzy
Membership Function (FMF) value > 0.90 to a single species or species-group (Zhang et al. 2012).
Given the generation of new custom libraries and that FuzzyID2 has not been widely used for
eDNA data, we checked for discrepancies between taxonomy assignment by FuzzylD2 and
BLAST top hit using the NCBI Nucleotide database as a means of flagging potential mis-
assignments. In rare instances (i.e., 3.4% and 0.8% of assignments for 12S and 168, respectively)
for which assignments were different between the two methods, other information was used to

determine taxonomy for these ASVs or the ASVs were removed (see Table S5 for details).
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As one major objective of this study was to compare fish biodiversity between two methods,
unassigned ASVs were discarded. For ASVs found in DNA extraction controls, the number of
reads of that ASV in the control was subtracted from the number of reads of that ASV in samples.
For ASVs with reads in field controls, the numbers of reads of that ASV in the field control was
subtracted from the number of reads in the water samples from that site following Nguyen et al.
(2015). For 128 data, three samples were removed due to suspected contamination from samples
collected on the other coast that likely occurred when adding DNA template for PCR. Detailed

numbers of reads in each sample at each step were provided in Tables S6 and S7.

For gamma and alpha diversity analyses, species richness (i.e., number of taxa detected) was
analyzed at regional and site levels, respectively. Sample-size- and coverage-based species
accumulation curves, with associated confidence intervals, were generated using the R package
INEXT (Hsieh et al. 2016). Here sample-size-based analyses compare species richness at equal
sample sizes while coverage-based analyses compare species richness at equal sampling
completeness (Chao and Jost 2012). For beta diversity analyses, samples from the two coasts were
analyzed separately to compute Bray-Curtis dissimilarity distances, whereby seining data were
used as-is while 12S and 16S ASV tables were collapsed into fish taxa tables and then normalized
using the cumulative sum scaling (CSS) method to address different number of reads among
samples (Paulson et al. 2013). Principal Coordinate Analyses (PCoA), Mantel tests, and adonis
analyses were performed using QIIME2. We conducted Mantel tests to analyze correlations
between Bray-Curtis community dissimilarity distances and geographic distances. We computed
geographic distances as the minimum geographic spanning distance between sites (great circle

distance (gcd)) and the seascape distance which considers the shortest or least cost path (Icp)

© The Author(s) o,{éheir Institution(s)
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between two sites constrained within the marine setting. Distances were calculated in R using the
sf package (Pebesma 2018) for gcd and the gdistance package (Etten 2017) for lcd, with the
distance costs based on landforms developed from the rnaturalearthhires package

(https://github.com/ropensci/rnaturalearth).

Linear mixed effects models were used to assess the relationship between relative abundances
obtained by eDNA versus seining using taxa detected by both methods. The relative abundance of
each taxon at each site was calculated in the seining data; the relative abundance of each taxon in
each sample was calculated in the eDNA data and then average relative abundance of each taxon
at each site was calculated; data were then log-transformed. Log-transformed eDNA relative
abundance was set as the response variable, while log-transformed seining relative abundance was
set as a fixed effect and species was set as a random effect for each model using the /mer function
call of the R package Ime4 (Bates et al. 2015). The association between abundances were plotted

using the ggeffects R package (Liidecke 2021).

Results

Summary of seining data

Atlantic coast seining caught a total of 23,672 fish which consisted of 22 taxa (Table S8). Pacific
coast seining caught 9,001 fish, but one was excluded as it was not identifiable, hence the final
number analyzed was 9000, comprising 38 taxa (Table S9). Atlantic herring (Clupea harengus),
sand lance (Ammodytes sp.) and three-spined stickleback (Gasterosteus aculeatus) dominated the
species composition at Atlantic sites, while bay pipefish (Syngnathus leptorhynchus) dominated at

Pacific sites. Three-spined stickleback was the only species caught on both coasts.

© The Author(s) O,Mheir Institution(s)
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Summary of eDNA metabarcoding data

For the 12S marker, 6.44 million raw paired-end reads were generated for 87 samples. In the final
12S ASV table, there were 331 ASVs from a total of 3.36 million reads across 56 samples (Table
S6). These ASVs were assigned to 80 fish species and 17 species-groups, the latter representing
identical sequences shared by multiple fish species, of which 13 contained species from the same

genus and four contained species from different genera within a family (Table S10).

For 16S, 9.39 million raw paired-end reads were generated. In the final 16S ASV table, there were
493 ASVs from a total of 7.48 million reads across 61 samples (Table S7). These ASVs were
assigned to 82 fish species and nine species-groups. Of the species-groups, seven contained species

from the same genus and two contained species from different genera within a family (Table S10).

Comparison between seining and eDNA data

Across all 19 sites, seining detected 59 fish taxa whereas eDNA detected 129 (combining data
from both markers). These taxa were classified to the lowest taxonomic level possible. For seining,
88.1% (52/59) were morphologically identified to species level, 10.2% (6/59) to genus level only,
and 1.7% (1/59) to family level only. For eDNA data, 79.8% (103/129) were assigned to species
level and 20.2% (26/129) were assigned to a species-group. All fish families detected by seining
were also detected by eDNA except Tetraodontidae (pufferfish), with eDNA detecting 44 fish
families and seining detecting 28 (Fig. 2). Considering species level assignments only, the number
of species detected by eDNA was twice that detected by seining (Fig. 2). However, seven of 52

species caught by seining were not similarly detected by eDNA, as follows: four were detected by
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eDNA within a species-group, and three were not detected by eDNA at all. Importantly, only one
or two individuals were netted for each of the three species caught by seines that were not detected
by eDNA (namely, mackerel scad Decapterus macarellus, northern puffer Sphoeroides maculatus,

and rough scad Trachurus lathami).

At the regional level, both eDNA and seining detected more fish taxa in the Pacific than in the
Atlantic region. The 12S detected 42 fish taxa in the Atlantic region and 58 fish taxa in the Pacific
region. The 16S detected 40 fish taxa in the Atlantic region and 54 fish taxa in the Pacific region.
Combining the two genetic markers, eDNA metabarcoding detected 56 fish taxa in the Atlantic
region and 78 fish taxa in the Pacific region. In comparison, seining captured 22 fish taxa in the

Atlantic region and 38 fish taxa in the Pacific region.

Species accumulation curves showed species richness detected by eDNA was much higher than
that detected by seining on both coasts using both rarefaction and extrapolation methods (Fig. 3).
Differences in estimates of species richness between seining and all eDNA-based estimates (i.e.,
using either genetic marker or both) were significant in both the Atlantic and the Pacific, as their
95% ClIs did not overlap. Sample coverage estimates for sampled sites for seining, 12S, 16S, and
two markers combined data were 0.910, 0.934, 0.926 and 0.942 in the Atlantic and 0.928, 0.964,

0.949 and 0.965 in the Pacific. Coverages were higher for eDNA than seining on both coasts.

Seining caught 4-12 fish taxa per site in the Atlantic and 13-19 fish taxa in the Pacific, while using

two markers eDNA detected 19-29 fish taxa per site in the Atlantic and 27-54 fish taxa in the

Pacific (Fig. 4, Fig. S1). For sites within the Atlantic region, eDNA detected 25 + 3 (Mean = SD)
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fish taxa per site and seining caught 8 + 3 fish taxa per site. For sites within the Pacific region,

eDNA detected 37 £ 9 fish taxa per site and seining caught 15 + 2 fish taxa per site.

Principle Coordinate Analysis (PCoA) of Bray-Curtis dissimilarity distances showed that eDNA
replicates from the same site clustered together for most sites, and eDNA metabarcoding clearly
captured the site-level variation in species composition and diversity (Fig. 5). Adonis analyses
showed that site explained 83%, 83%, 79% and 75% of variation in Bray-Curtis distance in the
Atlantic 12S, Atlantic 16S, Pacific 12S and Pacific 16S datasets, respectively (Table S11). Mantel
tests showed that species turnover based on beach seine data significantly correlated with
geographic distances (gcd and Icp) in the Pacific (correlation coefficient of 0.66 and 0.48
respectively), whereas the correlations were not significant between geographic distances and
Bray-Curtis dissimilarity distances in the Atlantic based on seining data (Table S11). For eDNA
data, correlations between geographic distances (gcd and Icp) and Bray-Curtis distances were
significant for all four eDNA datasets (i.e., Atlantic 12S, Atlantic 16S, Pacific 12S and Pacific
16S) with coefficients ranging between 0.19 and 0.33 (Table S11). Overall, there was a significant
relationship between relative abundances of fish per taxon obtained by the two methods for each
marker in each region (Fig. 6, Table S12), and the relationship was stronger in the Pacific than in
the Atlantic for both markers, as the fixed factor explained more proportion of variance (i.e., the

marginal R? were bigger) for the former (Table S12).

Assessing other available data to substantiate species detections by eDNA

As we detected many fish taxa by eDNA that were not caught by seining, species detected by

eDNA in each region were checked using public databases to help understand whether these
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detections are plausible or if they may be errors. The species were first checked using FishBase to
determine if they occur in that region; when it was not clear, the species were further checked
using OBIS records. Only four species detected by eDNA were not associated with an occurrence
record in their respective region in at least one of these databases: giant wrymouth
(Cryptacanthodes giganteus) (detected by both markers), longfin gunnel (Pholis clemensi)
(detected by 12S), and the species-groups AM2 16S and AM3 16S. Both AM2 16S and
AM3 16S include Ammodytes hexapterus and Ammodytes personatus, both of which are
commonly referred to as Pacific sand lance. The detection of the four taxa in Atlantic samples was
surprising as the two species are Pacific species, and the two species-groups have more records
from the Pacific coast than the Atlantic coast. The ASVs assigned to giant wrymouth were identical
to or had 1 bp difference from giant wrymouth sequences in the NCBI database. Although
assignments for these ASVs had high confidence, the true identity of the ASVs could be from
another species wrymouth (Cryptacanthodes maculatus) that has been observed in the area and for
which no 12S or 16S sequences were available. Longfin gunnel is a Pacific species and has not
been recorded in the Atlantic region; the 12S ASV we detected may be from a species whose
sequence is not in the reference database. Although A4. hexapterus is recorded in all three Canadian
Oceans, it occurs much less frequently in the Atlantic according to OBIS. The assignments of 16S
ASVs to AM2 16S and AM3 16S may be due to not having complete understanding of the 16S
sequence diversity of the Atlantic Ammodytes genus (e.g., northern sand lance A. dubius, and

American sand lance A. americanus).

The majority of fish taxa detected by eDNA were region-specific, with a few exceptions. Using

the 12S marker, one species and two species-groups were detected at both coasts: three-spined
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stickleback (also detected by seining on both coasts), CL1 125, and GA1 12S. CL1 128 includes
American shad (4losa sapidissima) and twaite shad (4losa fallax): American shad is native to the
Atlantic region and was introduced to the Pacific and subsequently spread. Twaite shad is recorded
in Canada, although records of this species are rare. The GA1 128 includes Pacific cod (Gadus
macrocephalus), Atlantic cod (G. morhua), and Alaska pollock (G. chalcogrammus); the
occurrence of GA1 12S on both coasts was not surprising as it includes both Pacific and Atlantic
species. Similarly, one species and two species-groups were detected at both coasts using the 16S
marker: three-spined stickleback, AM2 16S, and PL5 16S. Detection of AM2 16S in the Atlantic
region was a bit surprising as we mentioned above. PL5 16S includes six species in the family

Pleuronectidae (Table S10) and its occurrence in both regions was not surprising.

Discussion

Expanding marine conservation measures to combat biodiversity loss has brought a clear need for
monitoring approaches that can develop baselines and track change. eDNA holds promise as a key
tool for addressing this growing need by providing a non-invasive and comprehensive approach to
monitoring biodiversity (Thomsen and Willerslev 2015). We evaluated the efficacy of eDNA
metabarcoding for monitoring fish biodiversity in eelgrass meadows, a habitat sensitive to
disturbance that supports high fish diversity and of high conservation value. We compared fish
composition and relative abundance of fishes surveyed by beach seining and eDNA metabarcoding
at 19 coastal eelgrass beds along the Pacific Northeastern and Atlantic Northwestern coasts in
Canada. We found eDNA metabarcoding provided a more comprehensive assessment of fish
species composition and characterization of both alpha and gamma fish diversity in coastal

environments compared to traditional beach seining, and clearly captured site-level variation.
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These results highlight the potential of eDNA metabarcoding as an effective, non-invasive
approach for monitoring coastal fish biodiversity, including in sensitive ecosystems like eelgrass

meadows, thus representing a promising tool for monitoring coastal conservation areas.

Many studies have demonstrated the utility of eDNA metabarcoding for characterizing fish
diversity in marine ecosystems (e.g., Stat et al. 2019; Aglieri et al. 2021; Gold et al. 2021; Stoeckle
etal. 2021), and it has been shown to accurately reflect known or observed patterns of community

composition and species turnover at fine spatial and temporal scales (Lacoursiére - Roussel et al.

2018; Jeunen et al. 2019; West et al. 2020; Stoeckle et al. 2021). While some studies have
demonstrated that eDNA detected greater fish diversity than direct sampling methods (e.g., Gehri
et al. 2021; Gold et al. 2021; Stoeckle et al. 2021), other studies have found eDNA detected
comparable (e.g., Shaw et al. 2016) or even fewer fish taxa (e.g., Thomsen et al. 2016; DiBattista
et al. 2017). In this study, the number of fish taxa detected by eDNA metabarcoding was
approximately twice the number captured by beach seining across all samples, and nearly all fish
taxa captured by seining were also detected by eDNA. Similarly, species richness detected by
eDNA was much higher than by seining at both the site (alpha diversity) and regional (gamma

diversity) levels.

Species captured only by seining were rare (one or two individuals captured) and relatively small
in size, suggesting that eDNA concentrations for these species in the environment were too low to
detect with our sampling method. In contrast, eDNA captured numerous species that were not
observed in nets and are primarily considered rare in Canada. For example, eDNA from the

Atlantic revealed the presence of two semi-tropical species spotfin butterflyfish (Chaetodon
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ocellatus) and queen triggerfish (Balistes vetula); both of which were likely carried into northern
waters via the northward flowing Gulf Stream, mirroring similar patterns of warm water species
increasingly observed offshore on the Scotian Shelf (DFO 2018b; O’Neill 2021). On the Pacific
coast, eEDNA was able to detect several taxa of conservation interest that were not captured in the
beach seines, including five species of Pacific salmon. For example, Chinook salmon
(Onchorynchus tshawytscha) was detected by eDNA at eight of nine sites but not captured in seines
at any site. This is particularly important because Chinook salmon populations in the Salish Sea
have declined 60% since 1984 (Pacific Salmon Commission 2019), so the use of non-invasive
eDNA to better understand juvenile habitat use in coastal areas could greatly increase our ability
to monitor the spatial distribution of this species without causing any capture mortality. Finally,
Pacific results are corroborated with other eelgrass associated fish diversity studies in BC. For
example, Iacarella et al. (2018) sampled 89 eelgrass meadows across the coast of BC by beach
seines, covering a much larger geographic area than this study. Our eDNA metabarcoding results
from just 9 sites detected 54 of 64 species (84%) captured by lacarella et al. (2018). This
comparison highlights the efficiency of eDNA metabarcoding for surveying eelgrass-associated

fish communities.

When comparing methods it is important to consider both capture efficiency and sampling bias.
Beach seining can be biased by the capture efficacy of the net and size of the mesh, which is often
predicated on the size of the fish. Similarly, eDNA metabarcoding for fish diversity can also be
biased due to template competition during PCR (Zinger et al. 2019), differing accuracies of
taxonomy assignment methods (Hleap et al. 2021), and lack of resolution in the genetic markers

for some species. Here we demonstrate that eDNA metabarcoding captured a broader spectrum of
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species than seining, with the difference in selectivity even more pronounced when multiple
markers were used: two markers detected 33% and 42% more species than 12S and 16S markers
alone, respectively. Although the two markers lack of species identification for specific genera
(e.g., rockfish, cod species), it was not specifically a concern because our study was trying to test
whether eDNA can capture fish diversity in a comparison to direct sampling methods and not
necessarily surprising given that there lack of markers available that can characterize fish diversity
across many taxa, especially in temperate ecosystems. This highlights that eDNA metabarcoding

can provide a more comprehensive overview of fish biodiversity than traditional seining.

Although eDNA metabarcoding has been widely used to survey fish biodiversity, there is currently
no consensus for a standardized eDNA metabarcoding protocol and bioinformatic pipelines (Spens

et al. 2017; Prodan et al. 2020; Zaiko et al. 2021). Results can be affected by changes at one or

more of the many steps in the protocol: sample collection, water filtration, DNA extraction, genetic
marker selection, library preparation, sequence quality control, feature (e.g., ASV vs. OTU) table
construction, and taxonomy assignment. Among those steps, taxonomy assignment is especially
critical for eDNA metabarcoding that is strongly affected by the reference library and assignment

method used. Accurate taxonomy assignment to species level is more challenging than to higher

taxonomic levels (Hleap et al. 2021), but it is critical and often the target of biodiversity monitoring.

Here we minimized erroneous assignments by building custom reference libraries and using two
taxonomy assignment methods, leading to what we argue to be confident taxonomic assignment
of fish metabarcoding reads to species level or species-group. The protocol used in this study

provides an important basis for fish biodiversity monitoring in coastal ecosystems.
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Quantifying spatial patterns in species assemblage and turnover is an important aspect for
biodiversity monitoring. These patterns help to reveal the commonness or rarity of species or
assemblages and changes in these patterns can help to understand how ecosystem function
responds to environmental (i.e., climate change) and management (e.g., conservation regulations)
contexts. We found that eDNA captured spatial variation in species assemblages, with fidelity
among site-level replicates clustered in PCoA analyses. PCoA and adonis analyses showed strong
site effects on eDNA-based species composition and abundance, supporting the validity of the
eDNA approach to characterize patterns in beta (turnover) diversity. For both the Pacific and
Atlantic coasts, correlations of compositional dissimilarly and geographic distance were overall
weak, suggesting that factors other than geography contributed to site-level variation. Given the
relatively limited geographic extent of sampling (< 110 km and 175 km of coastline for the Pacific
and Atlantic coasts, respectively) this result is not necessarily surprising, but importantly eDNA
did capture variation associated with common physical attributes including clustering of sites that
were more exposed and not sheltered by headlands or islands on the Atlantic Coast (i.e., PLS, CAB,
RSE). Collectively, these results indicate that eDNA is a sensitive tool to capture patterns in beta

diversity for coastal monitoring and conservation planning.

The ability of eDNA metabarcoding to estimate relative or absolute species abundance remains a
key question with high value in fisheries and conservation science. The relative abundances of fish
captured by the two methods in this study exhibit a positive, yet variable relationship. Potential
factors leading to this weak correlation include that eDNA read abundances per species within
samples are affected by technical variation during library preparation and sequencing as well as

the taxonomic complexity of the sample. The amount of eDNA in a sample is also impacted by
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environmental factors (e.g., Buxton et al. 2017), fish biomass, and life-stage (e.g., Maruyama et
al. 2014) and thus may not show a simple relationship with fish capture abundance. Despite several
factors influencing the relationship between eDNA and capture abundance, studies including ours
have shown metabarcoding can generate a significant, and in some cases strong, association
between read counts and biomass (Stoeckle et al. 2021; Russo et al. 2021). It remains possible that
eDNA read counts could be used to quantify fish numbers and our results suggest that at minimum,
eDNA could be used to evaluate relative differences in abundance among sites or sampling events,

but further research is needed to better understand this relationship and factors affecting it.

The relative ease with which eDNA water samples can be collected without damaging or
disturbing sensitive ecosystems makes eDNA metabarcoding a promising tool to characterize
species composition and distribution at large temporal and spatial scales. This is especially
applicable within complex and/or sensitive areas, like eelgrass beds that are of key conservation
concern for their roles in providing fish habitat and blue carbon storage. Because eDNA collection
can be standardized in different ecosystems and geographic locations, unlike conventional capture-
based methods (as gear types vary across habitat types), eDNA based biomonitoring holds
significant promise to be deployed at scale (e.g., within the Canadian Coastal Conservation
Network). Overall, our results suggest that eDNA can be a useful tool for rapidly assessing fish
diversity in the coastal zone and within sensitive three-dimensional habitats, where data
availability is relatively poor; in Canada there are few comprehensive, annual coastal biodiversity
surveys performed on a broad scale compared to the offshore environment, where fisheries-
dependent and -independent surveys are regularly carried out. Our study provides an important

empirical basis to demonstrate the application of eDNA for biodiversity characterization and on
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which to apply eDNA metabarcoding as a tool to characterize alpha, beta, and gamma fish
biodiversity in temperate coastal ecosystems and marine conservation areas in Canada. With the
continued development of fish reference libraries, and the standardization of eDNA metabarcoding
protocols and bioinformatics pipelines, eDNA metabarcoding can provide a key tool to support

monitoring of Canadian marine conserved and coastal areas.
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Fig. 1 Map of the 19 coastal eelgrass beds sampled in the Pacific (a) and Atlantic (b) regions of
Canada. Site abbreviations are defined in Table S1. The Eastern Shore Islands Area of Interest, an
area of high eelgrass bed density and a potential future Marine Protected Area, is shown in blue in
the Atlantic region (source: Fisheries and Oceans Canada). Map projections are NAD 1983 CSRS
Statistics Canada Lambert (national), NAD 1983 CSRS BC Environment Albers (Pacific), and
NAD 1983 UTM 20N (Atlantic region). Coastlines are the Statistics Canada 2011 Census
Boundary File (national, Atlantic), and Canadian Hydrographic Service 2015 high water line

(Pacific).

Fig. 2 Venn diagrams comparing the fish taxa detected by eDNA and seining at family and species

levels. For the lower panel, only taxa identified to the species level were considered.

Fig. 3 Sample-size- (left plots) and coverage-based (right plots) species accumulation curves for
seining, 125, 16S, and the two markers combined eDNA data using interpolation (solid line) and
extrapolation (dashed line) methodologies. Data were formatted to the incidence-frequency

datatype and the curves were generated using the INEXT R package.

Fig. 4 Combined species richness for seining, 12S, 16S, and the two markers combined eDNA

data for Atlantic coast (a) and Pacific coast (b).

Fig. 5 Principal Coordinate Analyses (PCoA) of Bray-Curtis dissimilarity distances to analyze site

differences based on seining and eDNA data for each marker and each coast. Plots a, ¢ and e share

the same color legend, as do plots b, d and f.
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Fig. 6 Relationship between relative abundances obtained by seining and eDNA metabarcoding.
For seining data, relative abundances of each taxon at each site were calculated. For eDNA data,
relative abundances of each taxon in each sample were calculated and then averaged for each site.
Linear regression analyses between log-transformed relative abundances were performed using
the Ime4 R package and predictions of eDNA data were generated using the ggeffects R package.
Blue points are actual log-transformed relative abundances. The solid lines show estimates of

eDNA relative abundance based on seining relative abundance.
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