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Abstract
Nearshore marine habitats are critical for a variety of commercially important fish 
species, but assessing fish communities in these habitats is costly and time-intensive. 
Here, we leverage eDNA metabarcoding to characterize nearshore fish communities 
near Juneau, Alaska, USA, a high-latitude environment with large tidal swings, strong 
currents, and significant freshwater input. We investigated whether species richness 
and community composition differed across three habitat types (sand beaches, eel-
grass beds, and rocky shorelines) and between high and low tides. Additionally, we 
tested whether replication of field samples and PCR reactions influenced either spe-
cies richness or composition. We amplified a 12S mitochondrial locus in our sam-
ples and identified 167 fish amplicon sequence variants, which were grouped into 
24 unique taxa based on sequence similarity, with approximately half of these taxa 
resolved to single species. Species richness and composition inferred from eDNA 
differed substantially among habitats, with rock habitats containing fewer taxa and 
fewer overall detections than sand and eelgrass habitats. The effect of tide was not 
significant on its own, but a significant habitat-tide interaction was documented, with 
the most pronounced differences in taxa between tides found in sand habitats. Power 
analyses indicated that additional field sampling is useful to detect small changes in 
species richness such as those due to tide. PCR replicates typically identified few 
additional taxa. Our results provide important information that can be used to guide 
future studies, most notably, that the influence of tide on eDNA results appears to 
be minimal and potentially isolated to certain habitats. This suggests that replication 
across tides may not be vital for future eDNA studies and that additional replication 
across space—particularly across heterogeneous environments—likely is a better al-
location of sampling effort.
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1  |  INTRODUC TION

Understanding the distribution of fish species across space and 
time is vital for the development of conservation and management 
strategies to protect these species and promote productive and sus-
tainable fisheries (Baudron et al., 2020; Thorson & Barnett, 2017). 
Assessing fish communities is especially important in nearshore 
marine habitats, as these areas are critical for a variety of commer-
cially valuable species, particularly in their sensitive early life stages 
(Craig et al., 2006). Traditionally, many surveys of fish communities 
in nearshore habitats have been conducted using beach seines or 
similar gear types deployed from either shore or small boats (Grüss 
et al., 2021; Laurel & Rogers, 2020). However, these methods are 
time and resource intensive, requiring substantial infrastructure and 
personnel time (Steele et al., 2006). Alternatively, sampling and then 
analyzing environmental DNA (eDNA) can generate similar datasets 
with substantially less effort (Shelton et al., 2019).

Pioneering research with marine eDNA demonstrated that eDNA 
metabarcoding recovered fish diversity as well or better than con-
ventional methods within a small harbor in Denmark (Thomsen et al., 
2012). More recently, single- and multi-gene approaches have been 
used to address ecological questions such as community changes 
across time (Djurhuus et al., 2020), interannual changes in oceano-
graphic conditions (Closek et al., 2019), and fine-scale community 
variation (West et al., 2020). Importantly, previous studies have used 
marine eDNA metabarcoding to detect differences in fish communi-
ties across habitats at small spatial scales, which is vital for developing 
habitat conservation strategies (Sigsgaard et al., 2020). Differences in 
fish communities were detected at scales ~60 m across a 2.5 km tran-
sect spanning multiple diverse habitats (Port et al., 2016), at <100 m 
(O'Donnell et al., 2017), and across 140 m between the nearshore and 
surf zone associated with 4–5 m changes in depth (Monuki et al., 2021).

Despite the rapid adoption of eDNA as a method for sampling 
marine environments, studies of mechanisms that can influence the 
distribution of eDNA have lagged behind, in part because many mech-
anisms are localized and require empirical studies spread across hab-
itats and latitudes. Although eDNA studies have detected fine-scale 
differences in fish communities, water movement from tidal exchange 
and currents could redistribute eDNA away from the organisms from 
which the DNA originates. At least one study that used regional 
ocean modeling suggested that eDNA in the coastal ocean could be 
transported tens of kilometers in a few days (Andruszkiewicz et al., 
2019). However, the effects of tides and currents are geographically 
constrained. The only eDNA study that investigated the influence of 
tides found that species communities were similar across a ~3 m tidal 
range (Kelly et al., 2018). Specifically, Kelly et al. (2018) sampled eDNA 
from three sites in a natural glacial fjord across a two-day period on 
incoming and outgoing tides and found no substantial differences in 
community structure that could be attributed to tide.

The distribution of eDNA across nearshore habitats is influenced 
by water movement as well as DNA degradation rate (Harrison et al., 
2019). Marine eDNA is degraded by a combination of chemical, 
physical, and biological factors (Holman et al., 2021), and although 

eDNA from different species has been found to decay at different 
rates under the same environmental conditions, multiple studies 
identify changes in eDNA detections after 48 h (Collins et al., 2018; 
Holman et al., 2021).

Given the potential for eDNA to be influenced by large-scale 
water movements, it is surprising that so many previous studies 
detect fine-scale heterogeneity and demonstrate little influence of 
tide. This disconnect highlights the dramatic variation across near-
shore habitats and suggests that additional studies are necessary 
to understand the variables that influence community composition 
data derived from marine eDNA.

High latitudes warrant additional work to understand mech-
anisms influencing eDNA because these cold, productive waters 
support some of the most important fisheries in the world and are 
often influenced by strong currents, high tidal swings, and substan-
tial storm activity (Skern-Mauritzen et al., 2018; Weingartner et al., 
2009). One high-latitude area where eDNA studies could be highly 
beneficial for assessing species diversity is within Alaska waters. 
Alaska supports some of the most valuable fisheries in the world and 
includes 66,640  miles (107,247 km) of coastline (Beaudreau et al., 
2019). However, Alaska's vast geography with diverse coastal habi-
tats makes conducting representative sampling logistically challeng-
ing. These challenges can result in fisheries being managed based 
on limited data, particularly in nearshore habitats (Newman et al., 
2015). eDNA represents a powerful method to rapidly increase data 
availability for diverse species across Alaska (see Liu et al., 2019; 
Stoeckle et al., 2020 for examples outside Alaska), but to date no 
studies using eDNA metabarcoding to characterize marine fish com-
munities have been conducted in this region.

Here, we conduct the first marine eDNA metabarcoding study 
focused on fish communities in Alaska with the goal of validating 
this method in a high-latitude nearshore marine environment. We 
sampled eDNA from three habitat types at nine sites (three sites per 
habitat type) near Juneau in Southeast Alaska (Figure 1), a region 
characterized by high tidal swings, strong currents, and significant 
freshwater input from rivers and rainfall. Our specific objectives were 
to (1) investigate potential differences in species richness and fish 
community composition among habitat types, (2) evaluate the effect 
of sampling at different tidal stages, and (3) investigate the influence 
of sample replication on inferences of species richness. This study 
provides important information on factors influencing estimates of 
community composition derived from eDNA that can be generalized 
beyond this study and also presents a standardized workflow that 
can serve as the foundation for future eDNA sampling in Alaska.

2  |  METHODS

2.1  |  Study location and sample collection

We sampled eDNA from shore at nine sites near Juneau in Southeast 
Alaska, USA, during a single week in early fall of 2020 (Figure 1, 
Table 1, Table S1). These sites were all within 50 km of each other and 
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were chosen based on data from the Nearshore Fish Atlas (Johnson 
et al., 2012), which integrates habitat and biological survey data from 
multiple sources. Sites were chosen to encompass the major habitat 
types in the region: sand/gravel, kelp/bedrock, and eelgrass. Sand/
gravel beaches (hereafter referred to as sand) are composed largely 
of sand and small gravel with few larger rocks or macroalgae, kelp/
bedrock areas (hereafter referred to as rock) are composed of large 
boulders and bedrock, which can be seasonally (spring to summer) 
covered in large macroalgae such as bull kelp (Nereocystis luetkeana) 
but were not during the study period, and eelgrass (Zostera marina) 
beds, which are important habitat for small fish and generally found 
near sandy beaches (Hogrefe et al., 2014). Sand and eelgrass envi-
ronments are often gradually sloping, with large sections of beach 
exposed at low tide, whereas rock environments are often charac-
terized by abrupt drop-offs into waters >10 m deep.

We collected nine 1-L water samples and a negative control from 
each of the nine sites during a single high- and low-tide cycle (Juneau 

has mixed semidiurnal tides), for a total of 180 samples (162 water 
samples and 18 field negative controls). All samples were taken 
within 30  minutes of slack tide, the time of minimum tidal water 
movement (Table S1). Sand and eelgrass sites were sampled at the 
surface in approximately 1 m of water using waders, while rock sites 
were sampled just below the surface from shore without entering 
the water. The nine replicate samples for each site/tide combination 
were collected in an approximately 100 m2 area. High- and low-tide 
samples from each site were collected on the same day to minimize 
temporal changes in species communities not caused by tide, and 
samples were taken between 8 am and 8 pm to minimize diurnal spe-
cies community changes.

Collection, filtration, and decontamination methods generally 
followed those of Gehri et al. (2021). Each 1-L Nalgene collection 
bottle was decontaminated for 10  min in 20% chlorine bleach 
solution and then rinsed at least three times with deionized water. 
Field negatives consisted of 1-L bottles filled with laboratory grade 

F I G U R E  1  Map of the nine nearshore 
sampling locations around Juneau, 
Alaska, sampled for eDNA in early fall of 
2020. Pictures illustrate the typical sand 
and rock habitats encountered during 
sampling. Eelgrass habitats are composed 
of eelgrass growing on a sandy substrate 
and are visually similar to sand. See Table 
1 and S1 for more information on sampling 
sites and see the Methods section for 
more detailed habitat descriptions
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water, brought to the field, opened for 30 s during sample collec-
tion, and subsequently handled like all other samples. All samples 
were filtered through disposable 47  mm diameter, 0.45  µm pore 
nitrocellulose Nalgene analytical test filter funnels. Non-sterile fil-
tering supplies and instruments were sterilized by soaking in a 20% 
chlorine bleach solution for at least 10 min and then rinsed at least 
three times with deionized water. Filters were preserved in ~95% 
ethanol in 2-ml tubes and stored at room temperature as in Sard 
et al. (2019).

2.2  |  Sequencing library preparation

DNA was extracted within 2 months of collection following Gehri 
et al. (2021) with Qiagen DNeasy Blood & Tissue Kits and the 
Purification of Total DNA from Animal Tissues Spin-Column Protocol 
(Thermo Fisher). Extractions were performed in a UV light sterilized, 
HEPA filtered, laminar air flow hood system, in which surfaces were 
frequently treated with 20% bleach solution to reduce the risk of 
contamination. Eluted DNA (200 μl total elution) was treated with 
Zymo OneStep PCR Inhibitor Removal columns (Zymo Research).

PCR was performed on extracted DNA with primers that amplify 
a ~142 bp region of the 12S mitochondrial genome including primers 
(primer 12S-V5 in Riaz et al., 2011). Primer sequences are as follows 
with Illumina tails in bold: Forward: 5′-CGACAGGTTCAGAGTTCTA
CAGTCCGACGATCACTGGGATTAGATACCCC-3′, Reverse: 5′-GTG
ACTGGAGTTCAGACGTGTGCTCTTCCGATCTTAGAACAGGCTCC
TCTAG-3′. We chose this primer because it has been shown to be ef-
fective for assessing fish communities in both freshwater and marine 
systems (Euclide et al., 2021; Kelly et al., 2014; Sard et al., 2019). PCR 
reactions were performed in 10 μl volumes using 3 μl of template 
eDNA and 7 μl of PCR master mix. The PCR master mix consisted of 
per reaction volumes of: 1 μl of New England Biolabs 10X Standard 
Taq Reaction Buffer, 0.2 μl of 10 mM dNTPs, 0.8 μl of 25 mM MgCl2, 
0.5 μl of 20 mg/ml bovine serum albumin, 0.3 μl of 1.25 U/µl NEB 
Taq, 2.6 μl of molecular grade water, and 0.8 μl of 10 μM forward and 
reverse primer. Thermal cycling was performed as follows: 95°C for 
2 min, followed by 35 cycles of 95°C for 30 s, 57°C for 30 s, 72°C for 
45 s, and then a single 72°C extension for 5 min.

One PCR negative control, four extraction negative controls, 
and a positive control were included on each 96-well PCR plate. 
PCR negative controls consisted of 3 μl of laboratory grade water. 
Extraction negative controls consisted of an unused Nalgene filter 
that was extracted alongside, and in the same manner as, eDNA 
samples. We used walleye (Sander vitreus), a freshwater fish from 
the midwestern USA and Canada that is not present in Alaska, as a 
positive control. Finally, to estimate variation in species detection 
across DNA aliquots from the same extraction, we included eight 
PCR replicates for 11 samples (9 total PCR reactions per sample) and 
an additional four PCR negative controls, and four positive controls.

Sequencing libraries were prepared using the Genotyping-in-
Thousands by Sequencing (GT-seq) protocol (Campbell et al., 2015). 
PCR products were indexed in a barcoding PCR, normalized using 

SequalPrep plates (Invitrogen) and each 96-well plate was subse-
quently pooled. Next, a double-sided bead size selection was per-
formed using AMPure XP beads (Beckman Coulter), using ratios of 
beads to library of 0.5× to remove non-target larger fragments and 
then 1.2× to retain the desired amplicon. Libraries were sequenced 
on a MiSeq (Illumina) using a single 150-cycle lane run with 2 × 75 bp 
paired-end (PE) chemistry.

2.3  |  Data filtering and quality control

Methods for data filtering and quality control were similar to those 
described in Gehri et al. (2021). Primers were trimmed from PE reads 
with Cutadapt (Martin, 2011). PE reads for each individual were then 
joined with FLASH2 (Magoč & Salzberg, 2011; https://github.com/
dstre​ett/FLASH2) with default settings except for the maximum 
overlap was set to 10 (based on an amplicon length of 142 bp includ-
ing primers and 2 × 75 bp chemistry). We then used the program 
DADA2 (Callahan et al., 2016) to quality filter reads (specifying a 
total length of 106 bp and a maximum number of expected errors 
= 2), remove chimeras (with the consensus method), and export 
amplicon sequence variants (ASVs) and the number of times they 
occurred in each sample. ASVs were compared with all sequences 
in the National Center for Biotechnology Information (NCBI) nucleo-
tide database using BLASTn (Altschul et al., 1990). We then parsed 
aligned ASVs with custom R scripts (available from https://github.

TA B L E  1  Sampling sites, habitat type, and the number of unique 
taxa detected at each site during high and low tides. See Table S1 
and Figure 1 for additional information about sampling sites. A 
detailed description of each habitat type is found in the Methods 
section

Site Habitat type Tide
Number 
of taxa

Auke Eelgrass Low tide 14

Eelgrass High tide 12

Bridget Eelgrass Low tide 13

Eelgrass High tide 13

Echo Eelgrass Low tide 12

Eelgrass High tide 11

Bridget Rock Low tide 17

Rock High tide 11

Cascade south Rock Low tide 7

Rock High tide 8

Cascade north Rock Low tide 10

Rock High tide 10

Auke Sand Low tide 13

Sand High tide 13

Huizer Sand Low tide 11

Sand High tide 13

Eagle Sand Low tide 13

Sand High tide 14

https://github.com/dstreett/FLASH2
https://github.com/dstreett/FLASH2
https://github.com/AFSC-Genetics/eDNA
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com/AFSC-Genet​ics/eDNA _NearshoreMarine, repository to be 
made public upon acceptance) and retained matches with greater 
than or equal to 98% sequence identity and alignment lengths 
greater than 104 bp. At this stage, we removed all ASVs that did not 
align to fish or that did not contain a match that passed our minimum 
thresholds. These removed ASVs generally aligned to non-fish spe-
cies or appeared to be sequencing artefacts such as primer dimer; 
however, a portion of these ASVs were fish species lacking repre-
sentation within the NCBI database. ASVs with a single match that 
met our parameters or that had multiple matches to a single species 
(unambiguous) were assigned to that species. However, many ASVs 
matched multiple species with sequence similarity greater than our 
98% threshold. In these cases, we iteratively increased taxonomic 
levels (i.e., genus, family, order) until matches were unambiguous. 
We also used species distribution information from FishBase (http://
www.fishb​ase.org/) to exclude matches that were outside of the 
geographic range of our study area (i.e., Northeast Pacific) but ge-
netically similar to species found within it. ASVs assigned to the 
same taxonomic unit were collapsed to form a dataset containing the 
number of reads for each taxonomically distinct ASV in each sample.

To control for contamination, from each water sample we sub-
tracted the maximum number of reads of each ASV detected in the 
negative and positive controls. We then transformed this read count 
data into binary presence/absence data, with ASVs having >4 reads 
in a given sample considered a positive detection.

2.4  |  Statistical analysis

We used a variety of data visualization techniques, univariate, and 
multivariate analyses to investigate whether habitat and tide influ-
enced species richness and community composition inferred from 
our eDNA samples. For the species richness analysis, the number of 
taxa detected was summed for each sample, whereas for commu-
nity composition analysis, data were coded as the number of sam-
ples with positive detections for a given taxon at a given site, with 
nine maximum detections possible per site. First, to visually assess 
differences in species detections across different habitats and tide 
stages, we generated a heatmap of the number of detections of each 
ASV at each site and tide stage. We also calculated average species 
(taxon) richness by habitat and tide stage as well as taxon-specific 
differences in detection rates among habitats and tide stages.

Next, to assess the influence of tide and habitat on community 
composition, we conducted distance-based redundancy analysis 
(db-RDA), with dissimilarity determined by the highest rank-order 
similarity, in the R package vegan (Oksanen et al., 2020). The db-RDA 
hypothesis testing framework allows testing for habitat and tide in-
teraction effects (Legendre & Anderson, 1999). The significance of 
each environmental term (i.e., their influence on variation in commu-
nity composition) was assessed with ANOVA-like permutation tests.

To test for the effects of tide and habitat on species richness, 
we used a generalized linear mixed-effects model (GLMM; fam-
ily = Poisson, α = 0.05) implemented in the R package lme4 (Bates 

et al., 2015), with sampling replicates within the same habitats 
treated as random effects. An ANOVA was used to compare the full 
model, with tide and habitat interaction terms, to reduced models 
and model selection was based on AIC. The suitability of the Poisson 
error distribution family in GLMM was verified using the Poissonness 
plot method (Hoaglin, 1980) in the R package vcd (Meyer et al., 
2006). We also conducted a power analysis to determine the effect 
of the number of replicate samples per site required to detect differ-
ences in species richness associated with tide and habitat. We did 
this by drawing between 3 and 9  samples with replacement from 
each site and conducting the GLMM analysis as described above. 
After 1000 bootstrapped iterations of our simulated sampling, we 
calculated the probability of detecting a significant effect (α = 0.05) 
for each sample size. This method allowed us to determine whether 
fewer replicate samples per site would have been sufficient to de-
tect the trends observed.

Finally, we used species accumulation curves to determine how 
many replicates were required to obtain the maximum number of 
taxa for a given sample using the 11  samples for which we per-
formed PCR replication (i.e., the taxon was detected in at least one 
PCR with >4 reads).

3  |  RESULTS

3.1  |  Sequencing, taxonomic assignment, and 
quality control

We obtained a total of 11,083,644 PE reads from 250  samples 
with an average of 44,334 reads per sample. After primer trimming, 
PE assembly, filtering, merging, and chimera removal in DADA2, 
1,223,400 reads remained (22.08%). These reads corresponded 
to 317 ASVs, eleven of which failed to align to a sequence within 
NCBI, 45 were filtered out because they matched sequences with 
low similarity (<98%) or were short sequences (<104 bp), 70 ASVs 
matched non-fish organisms, 18 ASV blasted to freshwater species 
not found in Alaska, and 6 matched the positive control S. vitreus. 
Of the 45 ASVs that were filtered out by similarity and length, 24 
appeared to be fish. Most of these 24 ASVs belonged to species that 
we detected but likely failed to meet alignment parameters due to 
sequencing errors or other artefacts. We retained 24 unique taxa 
after collapsing ASVs into taxonomic groups that could be distin-
guished reliably based on sequence variation, one of which was 
found in only a single PCR replicate (Aulorhynchus flavidus) (Tables 
S2–S4). Some taxa were easily identified to species (e.g., Oxylebius 
pictus [painted greenling], Ophiodon elongatus [lingcod]), whereas it 
was necessary to group other taxa into higher taxonomic levels such 
as genus (Hexagrammos), family (e.g., Gasterosteidae), or suborder 
(e.g., Cottioidei).

Contamination that occurred during sampling in the field or 
in the laboratory was generally low, with fewer than 10 reads per 
taxon except in a few cases. However, we did detect >1000 reads 
for Salmoninae and Pleuronectidae in a two field negative samples 

https://github.com/AFSC-Genetics/eDNA
http://www.fishbase.org/
http://www.fishbase.org/
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(Table S2). Both PCR and extraction negative controls had minimal 
contamination (<50 reads for a single taxa), indicating that the small 
amounts of contamination in our study were likely introduced either 
in the field or during the filtering process. Over 99.99% of the reads 
in positive controls assigned to walleye, while reads from this species 
were rare in other samples (average proportion of walleye reads in 
water samples was 5% and 77% of the samples had <5% of reads 
from walleye).

3.2  |  Influence of habitat and tide

Taxa identified in our study can be divided into three primary 
categories: (1) common taxa detected at all or nearly all sites, (2) 
taxa detected at moderate levels in some but not all sites, and 
(3) rarely detected taxa (Figure 2). The most common taxon was 
Salmoninae (salmon), which was detected at all sites and tides. 
Other common taxa included Clupea pallasii (Pacific herring), 
Pleuronectidae (flatfish), Cottioidei (sculpin, pricklebacks, and 
gunnels), and Leptocottus armatus (Pacific staghorn sculpin). Taxa 
that were detected at some but not all sites included Gadidae 
(cods), Anoplopomatidae (sablefish), and Osmeriformes (smelt). 
Notable rarer taxa included Sebastinae (rockfish), and Ophiodon 
elongatus (lingcod).

On average, six taxa were detected per sample. After pooling the 
nine water samples for each sampling event, the average number of 
taxa detected was 12, with the highest number (17) detected at the 
Bridget rock low tide site and the lowest (7) at the Cascade south 
rock low tide site (Table 1). The number of taxa detected differed by 
habitat, with 13 taxa on average detected at sand and eelgrass sites 

and 11 detected at rock sites. The number of taxa detected at high 
and low tide sites was the same with an average of 12.

In general, rock habitats contained fewer species, different spe-
cies, and fewer positive detections for each species compared with 
sand and eelgrass habitats (Tables 1 and 2; Figures 2–4). However, 
the influence of tide was less pronounced (Tables 1 and 2; Figures 
2, 3, and 5). RDA was performed with Bray-Curtis distances, as it 
had the largest rank correlation between dissimilarity indices and 
gradient separation. The permutation tests based on db-RDA with 
a tide and habitat interaction showed a significant habitat effect 
(p  <  0.001), but no significant effect for tide (p  =  0.633), or tide 
and habitat interaction (p  =  0.669). Visualization of db-RDA re-
sults without the non-significant interaction variable demonstrated 
a clear separation of rock sites from both sand and eelgrass sites, 
but no apparent clustering by tide (Figure 3). The habitat rock vari-
able displayed high loadings on RDA1, which explained 23% of the 
variation, while the habitat sand and tide variable displayed high 
loadings on RDA2, which explained only 4% of the variation when 
the non-significant interaction term was removed. Results from the 
mixed-effects model were concordant with the RDA. The full model 
was preferred over a model with a habitat term (ΔAIC  =  10.82). 
There was high support for an effect of habitat on species richness 
(p < 0.001), but little support for a tidal effect (p = 0.76; Table 2). 
However, the mixed-effects model did indicate support for an in-
teraction effect between habitat and tide (p  <  0.001), suggesting 
that tide may influence species richness differently depending on 
habitat, with some habitats showing no differences between tides 
(see below).

The primary taxa driving differences between habitats were 
Leptocottus armatus, Pleuronectidae, Anoplopomatidae, Clinocottus 

F I G U R E  2  Heatmap of the number of detections (out of 9 samples) for each taxon and sampling site
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acuticeps, and Salmoninae, with all of these taxa being less common 
in rock habitats (Figures 2–4). Taxon composition was relatively sim-
ilar across tides except for in sand habitats, where small pelagic fish 
were more commonly detected at high tide (Figure 5). Specifically, 
Gasterosteidae, Osmeriformes, and Clupea pallasii were all detected 
much more frequently at high- versus low tides. Tide appeared to 
influence species composition in sand habitats, but not in either rock 
or eelgrass. The fixed effect of low tide in sand habitats was signifi-
cant in the mixed effect model (p = 0.001), whereas the fixed effect 
of low tide on habitat rock was not (p = 0.657).

3.3  |  Investigating the effects of replication

The bootstrapped GLMM mixed-effects power analysis showed 
the larger effect of habitat than tide on species composition. Three 

samples would have been sufficient to detect significant effects of 
habitat (probability of detection >0.7), with significant effects de-
tected more consistently with an increasing number of replicates 
(probability of detection >0.9 with six replicates). However, finding 
a significant tide-habitat interaction effect appeared dependent on 
adequate sampling, requiring four replicates to obtain a probability 
of detection greater than 0.5 and seven replicates to obtain a prob-
ability greater than 0.9 (Table 3). Tide was rarely found to be sig-
nificant (probability of detection ≤0.1) suggesting that the effect size 
of tide was too small to detect with nine replicate samples or that 
there was no difference between samples taken at different tides 
(Table 3).

Species accumulation curves showed that additional taxa 
were detected in some of the PCR replicates for the subset of 
samples tested (Figure S1). Four PCR replicates were required to 
detect greater than 90% of the taxa observed in all but one sam-
pling location (Echo eelgrass high; Figure S1). Common taxa, such 
as Salmoninae and Cottioidei, were detected in the majority of 
PCR replicate samples in which they were present’. However, de-
tections of rarer taxa were more sporadic across PCR replicates. 
For example, Gadidae was often detected in <20% of replicates. 
Finally, we detected one additional taxon (Aulorhynchus flavidus, 
tube-snout) in PCR replicates that was not detected in the rest of 
the study; this detection occurred in the Auke eelgrass low tide 
sample.

TA B L E  2  Analysis of deviance from generalized linear mixed-
effects model investigating the influence of tide and habitat on 
species richness

Terms Χ2 DF p value

Tide 0.09 1 0.76

Habitat 23.36 2 <0.0001

Tide:Habitat 16.57 2 0.0003

F I G U R E  3  Distance-based redundancy analysis (db-RDA) illustrating the influence of habitat and tide on species composition across 
nearshore marine sites. Numbers represent sites in Table 1. Only the 10 taxa with the highest scores (gray text) were included in the plot to 
facilitate visualization. In the permutation tests, the habitat term was significant (p = 0.004), whereas tide and interaction terms were not (p 
= 0.429 and 0.722 respectively)
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4  |  DISCUSSION

4.1  |  Influence of habitat and tide on community 
composition

Habitat had a significant effect on fish species richness and com-
munity composition inferred from eDNA, while the influence of 
tide was less obvious. In particular, fish communities differed sig-
nificantly between rock habitats and the other two habitats that we 
sampled, sand and eelgrass. Tide also influenced fish community 
composition, although the impact of tide was habitat dependent, 
with sand being the only habitat displaying substantial differences 
in the fish community between tides.

eDNA samples taken in rock habitats may be subject to greater 
water stratification than sand or eelgrass habitats. Bottom depths at 
sampling locations in rock habitats were often deeper, with slopes 
that descend rapidly from the collection location, sometimes reach-
ing 100 m within just a few meters from shore. In contrast, sand and 
eelgrass environments are characterized by more gradual slopes. 
Since many of the taxa that we detected are strongly associated 
with the benthos (e.g., Pleuronectidae and Leptocottus armatus), it 
is possible that the lower detection rates for these species in rock 
habitats are a function of sampling farther from the benthic habitat 

in locations where water is not well-mixed from surface to benthos. 
Additionally, we speculate that in rock habitats, the halocline may 
act as a barrier to eDNA movement, effectively trapping surface 
and benthic sourced eDNA in their respective layers. The halocline 
may be especially pronounced in coastal southeast Alaska due to 
large freshwater inputs from rivers, glaciers and precipitation. Our 
sampling protocol did not collect information about the tempera-
ture or salinity of the water mass sampled, but deploying a CTD 
during future sampling would provide more information to test this 
hypothesis.

Multiple eDNA studies have identified differences in com-
munity composition in samples taken at different depths 
(Andruszkiewicz et al., 2017; Monuki et al., 2021) or water layers 
(Littlefair et al., 2021). In particular, a recent study detected ex-
tremely fine-scale differences in community composition inferred 
from eDNA at scales of less than 3 m in a kelp forest in California, 
USA (Monuki et al., 2021). This and other empirical studies, in-
cluding ours, provide evidence that eDNA transport is likely 
more limited than suggested by previous modeling studies (e.g., 
Andruszkiewicz et al., 2019). However, our study system differs 
substantially from the complex and highly structured kelp forest 
habitats that have illustrated fine-scale heterogeneity in nearshore 
eDNA results (Monuki et al., 2021; Port et al., 2016). Instead, the 

F I G U R E  4  Change in the detection 
rate of each taxon in sand and rock habitat 
compared with eelgrass (the habitat type 
with the greatest number of taxa) across 
both tide stages. Positive values indicate 
that the taxon was detected more often in 
sand or gravel compared with eelgrass and 
negative values indicate that the taxon 
was detected less often
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general species composition in our study system appears to be 
similar across habitats, but the detection rates of these species 
appear to be influenced by habitat features (i.e., slope, depth). 
Furthermore, our study highlights how the species community de-
rived from eDNA can be influenced by depth even when samples 
are taken at the same depth (surface) and at approximately the 
same distance from shore.

The substantial tidal exchanges near Juneau, Alaska, suggest that 
water masses would be mixed and replaced frequently. However, 

our results provide evidence that eDNA transport may be limited, 
despite this daily water movement. Monuki et al. (2021) also pro-
vided evidence that eDNA transport may be limited in a dynamic 
system with much greater wave action than is present in the near-
shore environments sampled in our study. They suggest that eDNA 
from local sources may dominate due to high and continuous shed-
ding rates from local individuals. It seems likely that the dilution of 
eDNA in the ocean coupled with the frequent shedding of eDNA 
from local individuals leads to a dominant signature of local sources 
in eDNA samples.

Although we found a large effect of habitat on fish community 
composition, the effect of tide was only significant when tested as a 
tide-habitat interaction. Pronounced differences between tides were 
primarily found in sand habitats and were largely driven by higher de-
tection rates of small pelagic fish such as Gasterosteidae (sticklebacks), 
Osmeriformes (smelts) and Clupea pallasii (Pacific herring) at high tide. 
This trend was especially apparent in the Eagle Beach samples. Eagle 
beach differs from other beaches in our study because it is part of a 
large glacial alluvial fan formed by the Eagle/Herbert River complex. 
This beach is characterized by different bathymetry than other sites 
as well as a large freshwater influx. We hypothesize that the increased 
detections of small pelagic fish at high tide were a reflection of move-
ment of these fish to either (1) seek shelter from predators, (2) exploit 
a food source, or (3) other tide-associated movement into freshwater.

The only previous study that explicitly tested the effects of tide 
found no consistent differences between tidal cycles in the Puget 
Sound, Washington, and concluded that sampling location influ-
enced eDNA results more substantially than tidal stage (Kelly et al., 

F I G U R E  5  Differences in detection rate of each taxon by tide for each habitat type. Positive values indicate that the taxon was detected 
more often at high tide and negative values indicate that the taxon was detected more often at low tide
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TA B L E  3  Results of generalized linear mixed-effects models 
conducted on bootstrapped data sets (1000 iterations) with 
3–9 samples selected with replacement per sampling event. 
The N samples column is the number of samples included in the 
bootstrapped data sets, and the other columns are the proportion 
of bootstrap replicates where the model produced a significant 
p value (p < 0.05) for a given term (i.e., power of the test), which 
corresponds to the probability of detection. For example, nearly 
all bootstrap replicates (0.973) were significant for the tide-habitat 
interaction with nine samples

N samples Tide Habitat Tide-Habitat

3 0.018 0.732 0.482

4 0.020 0.823 0.645

5 0.021 0.880 0.776

6 0.021 0.919 0.840

7 0.036 0.934 0.903

8 0.034 0.935 0.948

9 0.034 0.948 0.973
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2018). Our results, that habitats affect fish community more than 
tides, generally match this conclusion but also highlight the ability 
for eDNA to detect temporary movements of vagile organisms in 
response to different tidal stages. Taken together, the results of our 
study and Kelly et al. (2018) suggest that the majority of species 
in the fish community will be detected with eDNA regardless of 
tidal stage but that habitat or species-specific differences may exist 
between tides.

4.2  |  Replication and optimization of 
sampling effort

Optimizing sampling effort is a key logistical consideration for 
eDNA studies. For example, is it better to sample more sites with 
less replication or fewer sites with more replication when attempt-
ing to characterize nearshore fish communities? Species accumu-
lation curves for fish communities sampled with eDNA suggest 
that filtering >>10 L of water is necessary to detect most species 
present in a system (Gehri et al., 2021; Sard et al., 2019), with an 
in-depth study of filtering volumes by Cantera et al. (2019) recom-
mending between 34 and 68 L. However, many studies have been 
able to detect fine-scale heterogeneity using volumes as small as 
3 L, filtered in either three 1-L replicates (Gehri et al., 2021; Kelly 
et al., 2018; Monuki et al., 2021), or in one 3-L replicate (Port et al., 
2016). A goal of our study was to determine whether increasing 
replication from the more typical three 1-L replicates to nine 1-L 
replicates would affect our results. Our power analysis suggested 
that large effects such as the differences between rock habitat 
and the other habitats in our study could be identified consist-
ently with lower replication, but that detecting less pronounced 
effects such as the habitat-tide interaction likely require addi-
tional sampling.

Notably, our study did not investigate potential temporal 
changes across sampled habitats. Previous eDNA studies have 
shown that community composition can vary dramatically across 
relatively short time periods (Beentjes et al., 2019; Berry et al., 
2019; Monuki et al., 2021). However, temporal sampling adds lo-
gistical considerations, especially increased personnel hours. One 
technological innovation that can facilitate temporal sampling is an 
eDNA autosampler, which could be stationed at monitoring loca-
tions and take samples at a set frequency (monthly, weekly, daily, 
hourly, etc.). Multiple efforts are underway to develop affordable 
autosamplers that could facilitate efficient temporal monitoring in 
the near future.

For evaluating our laboratory procedure, we investigated the 
utility of PCR replicates for increasing species detections. Our re-
sults are similar to those documented by Beentjes et al. (2019) and 
Shirazi et al. (2021), who found that PCR replicates were able to 
identify some new species but that general inferences of commu-
nity composition did not change with the addition of PCR replicates. 
Unfortunately, the PCR replicates in this study received fewer se-
quencing reads than the primary (“NonRep”) samples (Table S2; 

likely caused by imprecise quantification when pooling libraries), 
and a comparable number of sequencing reads for replicate sam-
ples would provide more conclusive evidence to test the effects of 
PCR replication. Logistically, PCR replicates increase the laboratory 
costs (reagents, personnel time) and sequencing costs required to 
achieve sufficient coverage for all samples, but this additional cost 
may be warranted depending on study goals, especially for detect-
ing rare taxa. In our case, collecting additional field samples was rel-
atively straightforward, which should provide more opportunities 
to sample the dominant fish community at each site. For detecting 
rare taxa, additional strategies may need to be employed, either 
using PCR replication, targeted primers, or deeper sequencing to 
compensate for low initial DNA copy numbers in the sample.

4.3  |  Low taxonomic resolution of 12S primer: 
toward a multi-primer approach

One clear result in our study was that the 12S primer that we used 
(Riaz et al., 2011) lacked taxonomic resolution for many local spe-
cies. Despite this 12S primer providing relatively high resolution 
for many study regions including freshwater lakes in the midwest-
ern USA (Euclide et al., 2021; Gehri et al., 2021; Pukk et al., 2021; 
Sard et al., 2019), it was unable to provide species-level resolu-
tion for some of the most important taxa in Alaska waters includ-
ing Salmoninae (salmon, also documented by Gehri et al., 2021), 
Gadidae (cods), Sebastinae (rockfish, also documented by Gold 
et al., 2021 with a different 12S marker), and Pleuronectidae (flat-
fish). Using broadly targeted 12S fish primers can efficiently assess 
the presence of diverse fish taxa with a single metabarcoding primer 
set; however, primers targeted for specific taxa such as Gadidae or 
Salmoninae should provide higher resolution and potentially more 
precise estimates of which species from those families are present 
and their relative abundance. PCR can lead to deviations between 
true community composition and eDNA results due to differences 
in primer efficiencies across species and variation in starting DNA 
concentrations that can be exacerbated by PCR (Kelly et al., 2019). 
Therefore, if the primary goal of an eDNA study is to assess im-
portant species from multiple taxa, a multi-primer approach with 
primers targeting specific taxa should produce more accurate re-
sults than screening one or a few broadly-targeted primers. This 
multi-primer approach would require additional effort to design 
and test primers, but targeted primer sets already exist for many of 
the relevant taxa in southeast Alaska, including salmon (Menning 
et al., 2020) and rockfish (Min et al., 2021).

5  |  CONCLUSIONS AND 
RECOMMENDATIONS

We used eDNA to investigate nearshore fish communities across 
habitats at high and low tides in a high-latitude environment 
and found that communities vary substantially by habitat, with 
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differences between tides specific to certain habitats. We suspect 
that differences in the fish community across habitats were largely 
driven by habitat characteristics that influenced how species were 
detected rather than by differences in species communities them-
selves. Most notably, we hypothesize that the steep slope of rock 
habitats led to fewer species detections than more gradually sloping 
sand and eelgrass habitats. This result provides further evidence of 
limited eDNA transport in marine systems, with most taxon detec-
tions derived from locally abundant species. The effect of tide was 
less pronounced than habitat, with differences in species composi-
tion between tides potentially due to movement of small pelagic fish 
into nearshore sand habitats at high tide. Additional field samples 
increased the probability of detecting significant differences across 
habitats and habitat-tide interactions.

Mounting evidence from our study and many others suggests 
that marine eDNA reflects diversity at local horizontal and verti-
cal (depth) scales. Future studies could build upon the results pre-
sented here by attempting to determine the horizontal or vertical 
scale over which an eDNA signal dissipates in the nearshore envi-
ronment, and the extent to which 12S or more targeted species-
specific primers might influence the detection range. Further 
studies could also focus on sampling across tidal stages to detect 
temporal changes that could be ecologically meaningful. However, 
our findings indicate that sampling effort is likely better spent by 
expanding the number of sampling locations rather than sampling 
across tides.
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