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Environmental DNA (eDNA\) is increasingly used to detect animals in aquatic habi-
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tats, but uncertainty remains about the relationship between the present location
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acteristics—such as tides and currents—can influence the distribution of eDNA. In

salmon (Oncorhynchus keta) in nearshore Southeast Alaska to test for dispersion of
eDNA and the effects of tide. Initially, we collected and filtered surface water every
Funding information . . .
NOAA Alaska Regional Office 80m along a 2km transect to test eDNA attenuation over surface distance during
incoming and outgoing tides on a single day. The following year, we sampled at three
depths (Om, 5m, and 10m) every 500m along the same transect as well as along a
perpendicular transect, to understand dispersion by depth and in additional direc-
tions. Chum salmon eDNA was quantified using species-specific gPCR. We found that
surface samples showed a consistent signal of decreasing chum salmon eDNA across
the 2km transect (R2=0.665), with the majority of eDNA detections within 1.5km of
the net pens. Tide had a significant effect, resulting in higher concentrations of chum
DNA throughout the transect during incoming tide and a steeper decline in eDNA
over distance during outgoing tide (R*=0.759). Depth affected chum salmon DNA
concentration, with the majority of eDNA at the surface and a decreasing amount of
DNA with increasing depth. This study addresses one of the critical knowledge gaps
in applying eDNA to marine fisheries management by providing empirical evidence
of eDNA dispersion and demonstrating that most eDNA detections are likely from
nearby individuals that are either currently or recently present. Yet even at close prox-
imity, eDNA signal strength fluctuates and depends on the physical environmental

variables during a given sampling event.
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1 | INTRODUCTION

Environmental DNA (eDNA) has been rapidly adopted for detect-
ing species across diverse habitats. Despite the popularity of this
approach and enthusiasm for integrating eDNA into fisheries man-
agement (Gilbey et al., 2021; Hansen et al., 2018; Lacoursiére-
Roussel, Cété, et al., 2016), interpreting and contextualizing species
detections requires understanding the mechanisms of eDNA trans-
port, degradation, and fate, as well as the way in which different
environments impact these processes (Fukaya et al., 2021; Hansen
et al., 2018). In the ocean, physical variables including temperature,
depth, salinity, currents, and tides have been the subject of eDNA
studies, primarily using metabarcoding (Jensen et al., 2022; Jeunen
et al., 2019; Kelly et al., 2018), with few examples using quantitative
PCR (Collins et al., 2018; Murakami et al., 2019; Shea et al., 2022).
While metabarcoding can provide information about dozens of spe-
cies present, gPCR and digital droplet PCR (ddPCR) are used for
quantifying a smaller number of species with higher precision. Thus,
studies of eDNA fate and transport for a single species benefit from
these quantitative approaches.

Many studies have explored community composition across dis-
crete habitats and/or environmental gradients using metabarcoding.
Most of these studies found that distinct habitats—even in close
proximity—typically harbor some separate species that are readily
identified by eDNA (Larson et al., 2022; Monuki et al., 2021; Port
et al., 2016). Based on these results, eDNA is thought to be most
abundant closest to its point source, despite the potential for rapid
and diffuse transport, especially along open coastlines and in marine
environments with substantial water movement or tidal exchange
(Andruszkiewicz et al., 2019). Logically, eDNA released into the en-
vironment through shedding of cells and biological material would
continually replenish a localized signal; however, longer-distance
transport of those cells is almost certainly also occurring, but swift
dilution diminishes or eliminates the signal.

Different assay characteristics of metabarcoding or qPCR im-
pact the capacity to measure eDNA transport. Because metabar-
coding data is compositional and composition affects the probability
of detection (Shelton et al., 2016), metabarcoding is poorly suited
for quantifying small amounts of eDNA far from its point-of-origin.
Other organisms are typically contributing to eDNA in a more signif-
icant way at this new location, thereby limiting the use of metabar-
coding data to effectively study dispersal. Most useful for studying
dispersal of marine eDNA are the few studies that use a point source
with known position and biomass (Murakami et al., 2019; Shea
et al., 2022) and use species-specific gPCR to identify dispersal dis-
tance that could otherwise be masked by changes in species compo-
sition with metabarcoding.

eDNA signal attenuation is also influenced by degradation of the
cellular and extracellular material, which directly impacts the amount
of DNA available for transport (Harrison et al., 2019). Several studies
have documented rapid degradation over hours to days in temperate
water samples (Andruszkiewicz et al., 2017; Ely et al., 2021; Sigsgaard
et al.,, 2017; Strickler et al., 2015; Yamamoto et al., 2016), with higher

temperatures increasing decay rates (Lamb et al., 2022). Such rapid
degradation also contributes to the localized eDNA signature and
bolsters the general assumption that sampling aquatic environments
provides a contemporary picture of species at a given site.

Overwhelmingly, experiments to understand eDNA transport have
focused on freshwater and rivers. Estimated eDNA transport distance
varied across freshwater study systems, with detectable levels of DNA
within ~250m regardless of flow (Jane et al., 2015), within 400m at low
flows and 100m at high flows (Wood et al., 2021), within 12.3km for
two species of invertebrates (Deiner & Altermatt, 2014), at 5km down-
stream (Laporte et al., 2020), and as far as 1km, but with the majority
of detections within 200m (Spence et al., 2021). In rivers, most studies
only sample downstream of the eDNA source, and no target eDNA was
identified upstream when it was sampled (Laporte et al., 2020).

Freshwater has different transport mechanisms and decay rates
than marine eDNA (Lamb et al., 2022), but the logistical challenges
of designing a transport experiment in the marine environment likely
contributes to a paucity of empirical data about the fate and trans-
port of marine eDNA. Consequently, data have been generated in
mesocosms (Jo et al., 2019; Sassoubre et al., 2016) or modeled (Allan
et al., 2021; Andruszkiewicz et al., 2019). The limited number of ex-
perimental studies in the ocean contribute to uncertainty around
how eDNA transport operates under different physical and environ-
mental conditions, and only a small number of these studies have
integrated hydrodynamic models with marine eDNA data (Fukaya
et al., 2021; Shea et al., 2022).

In this study, we leverage an existing point source to study the
dispersion of eDNA in a coastal marine environment subject to
large tidal swings (13.74 feet mean tidal range) and characterized by
strong currents and significant freshwater input. We evaluated the
dispersion of eDNA from hatchery net pens containing >46 million
juvenile chum salmon (Oncorhynchus keta) in nearshore Southeast
Alaska. At this high latitude, water temperatures are cold (<8°C) and
eDNA degradation should be minimal. Marine eDNA can persist in
nearshore waters for up to 48 hours (Collins et al., 2018), which we
expect should be enough time for eDNA to disperse from the net
pens throughout the study area. Specifically, we evaluated the ef-
fect that distance and tide had on eDNA transport measured with
species-specific gPCR. This study provides empirical evidence for
the attenuation of eDNA from a large point source and the impact of
water movement caused by tides and contributes data for accurately
interpreting eDNA detections for marine fisheries applications.

2 | METHODS
2.1 | Experimental design

Amalga Harbor is a small natural harbor (~2.5km wide) located 39km
north of Juneau, Alaska, USA (at 58.4947° N, 134.7933° W). Amalga
Harbor is located on the east side of Favorite Channel, a natural fea-
ture that runs approximately North/Northwest-to-South/Southeast
in the inside waters of southeast Alaska (Figure 1). Hatchery net
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pens containing >46émillion juvenile chum salmon (Oncorhynchus
keta) are present in Amalga Harbor from February-June, after which
fish are released and pens disassembled and removed. Net pens are
12.2x12.2 meters horizontally and extend vertically in the water col-
umn from the surface to 6m depth. ROV footage has shown salmon
vertically distributed throughout the pens. No natural runs of chum
salmon return to Amalga Harbor in early May, when eDNA samples
were collected, although other species of salmonids (O.mykiss, O. nerka,
O.kisutch, O.gorbuscha, and O.tshawytscha) may be present in small
numbers. The closest natural run of chum salmon is ~25km away.

To study dispersion of eDNA in the nearshore marine environment,
we used the hatchery net pens as a point source and plotted a 2km
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transect, beginning at the pens, perpendicular to Favorite Channel.
Bottom depth across the transect ranged from 36 m at the net pens
to 185m at the deepest point. In 2021, we collected surface samples
along this perpendicular transect (Figure 1c) at both outgoing and in-
coming tides on a single day (10-May). Preliminary results suggested
that tidal cycle could be confounded with wind-driven surface flow
and/or current, although no current data or hydrodynamic models are
available for the Amalga Harbor area at sufficiently high spatial resolu-
tion to be useful for this study. In order to better evaluate the variables
potentially involved in eDNA transport, in 2022, we conducted a sec-
ond set of field collections. We plotted a second transect parallel to
the shore and perpendicular to the original transect (Figure 1c) to study
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FIGURE 1 Study site of experimental transect from chum salmon hatchery net pens in nearshore Southeast Alaska (a). Amalga Harbor
is located within a network of fjords on the inside waters of Southeast Alaska (b). Sampling occurred every 80 m from the net pens,
perpendicular to the channel, in 2021. In 2022, sampling included the same perpendicular transect with 500m between sampling sites, as

well as a parallel transect (c).
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dispersion in multiple directions and added vertical depth sampling to

both transects to evaluate eDNA stratification.

2.2 | Sample collection

Water samples were collected from the NOAA vessel Sashin dur-
ing May 2021 and 2022. In 2021, three 1-L surface samples were
collected by hand in sterile 1.2 L Whirl-Pak bags every 80m along a
2km transect beginning from the net pens (Figure 1c). Sampling took
place on 10-May and began in the morning, during the incoming tide,
with the entire 2km transect sampled prior to slack tide (Figure S1a).
Afternoon sampling began after the tidal cycle switched to outgo-
ing and was completed prior to slack tide. Temperature, salinity, and
depth measurements were collected at each sampling location using
a CastAway-CTD instrument (SonTek; Table 1).

In 2022, water samples were collected from the surface, 5m and
10m depths along both perpendicular and parallel transects (Table 1;
Figure 1) with distance between sampling locations increased to
500m. Depth samples were collected using a single 8-L Niskin bottle
deployed manually, once to 5m and a second time to 10 m depth. All
samples were collected on a single day (5-May) with sampling begin-
ning in the morning, during the outgoing tide (Figure S1b). Afternoon
sampling began after the tidal cycle switched to incoming and was
completed prior to slack tide. Additionally, background samples,
over five kilometer from Amalga Harbor, were collected at all three
depths to determine whether chum salmon eDNA was present in the
environment, but unrelated to the net pens.

As in 2021, three replicate 1-L surface water samples were col-
lected in sterile Whirl-Pak bags from the same location and stored in
a cooler until filtering (within 18 h). All water samples were filtered
through a 47mm 0.45 pm cellulose nitrate filter (Nalgene) using a
vacuum pump with a three-sample manifold. Filters were stored in
5mL of Longmire's buffer (Renshaw et al., 2015) in a 15mL coni-
cal tube at room temperature until DNA extraction. Field negative
controls consisted of Whirl-Pak bags containing deionized water
brought into the field, opened, and then filtered alongside field sam-

ples, with one negative control per collection day/tide.

2.3 | DNA extractions

DNA was extracted using the Qiagen DNeasy Blood and Tissue kit
modified for eDNA filters stored in Longmire's buffer. Briefly, modi-
fications included the following: samples (filters in buffer) were vor-
texed and 400pL of the Longmire's buffer was added to a 1.5mL
tube before adding 40pL of proteinase K and 400pL of Buffer AL
(following Menning et al., 2020). Samples were incubated at 56°C
for 2h and following incubation, 400uL of 100% ethanol was
added. DNA was eluted with a final volume of 100pL. Laboratory-
grade water was used for extraction blanks and incorporated ap-
proximately every 48 samples. Extracted DNA was stored frozen at
-20°C. Extractions occurred in a UV-sterilized hood in a PCR-free

laboratory to minimize contamination.

2.4 | Quantitative PCR

Samples were analyzed for chum salmon DNA using gPCR following
the protocol from Homel et al. (2021). Each 15pL reaction included
7.5pL TagMan Environmental Master Mix, 300nM forward primer,
900nM reverse primer, 250nM probe, 2L DNA extract, and an in-
ternal positive control (IPC) with forward and reverse primers at
300nM and probe at 200nM. The IPC was designed based on the ex-
tinct broad-billed moa (Euryapteryx curtus) sequence in Ramén-Laca
et al. (2021), and 1000 copies of the IPC were added to each sample
along with 1.2l of PCR-grade water to bring the total reaction vol-
ume to 15uL. For the standard curve, seven dilutions (10° to 10°) of a
gBlock standard (IDT) for both the chum salmon locus and IPC locus
were combined and run in triplicate. Three replicates were run for each
sample (for a total of nine qPCR replicates per location/tide), and three
no-template-controls (negatives) were included on each 96-well plate.
Samples were run on a QuantStudio 12K Flex (Applied Biosystems) in
96-well plates. Thermocycling conditions were 95°C for 10min, and
then 45 cycles of 95°C for 155, 60°C for 1 min.

Samples were considered inhibited if the IPC cycle number
shifted >2 cycling threshold (CT) values. Inhibited samples from the
2021 sampling event were diluted 1:10 with PCR-grade water and

TABLE 1 Samples collected from experimental transects in 2021 and 2022.

Year Tide Depth (m) Samples
2021 Incoming 0 78
2021 Outgoing 0 78
2022 Incoming 0 27
2022 Outgoing 0 27
2022 Incoming 5 27
2022 Outgoing 5 27
2022 Incoming 10 27
2022 Outgoing 10 27

Temperature °C Salinity (PSU) Time-of-day
5.98 (4.53-7.26) 28.86 (17.64-31.38) AM
6.07 (4.38-7.97) 28.39 (21.69-31.57) PM
6.07 (5.64-6.63) 29.88(27.97-30.60) PM
5.36 (5.07-5.81) 30.03 (28.96-30.64) AM
5.15(5.14-5.36) 30.60 (30.51-30.63) PM
5.23(5.03-5.31) 30.58 (30.16-30.68) AM
5.22(5.13-5.40) 30.62 (30.61-30.64) PM
5.14 (5.09-5.26) 30.64 (30.60-30.69) AM

Note: Temperature and salinity are mean values across the transect and from within 0.2 m of the depth indicated. The minimum and maximum values

are indicated in parentheses. Note that multiple depths were sampled in 2022, but only surface samples were collected in 2021.
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re-run using the same qPCR conditions described above. All samples
from 2022 were diluted 1:10 prior to gPCR to mitigate inhibition.

The limit of detection (LOD) and limit of quantification (LOQ)
were calculated based on 24 replicates of each gBlock standard
(10°-10°) using the procedure described in Klymus et al. (2020). LOD
is the lowest standard with a minimum of 95% positive replicates,
and LOQ is the lowest standard quantified with a coefficient of vari-
ation (CV) below 35%. DNA copy numbers are provided for samples
above the LOQ, while detections or non-detections are reported for
values below the LOQ and above the LOD.

DNA copies per liter were calculated based on the volume of
DNA extract added to the qPCR reaction (2pL), the original 1L of
filtered seawater, and the 400uL of Longmire's buffer used for the
extraction with an elution volume of 100uL. Each qPCR reaction
represented 1.6 mL of the original seawater sample, while each 10x

diluted qPCR reaction represented 0.16 mL of the original sample.

2.5 | Statistical analyses and models of dispersion

For analyses, we omitted gPCR non-detections, and then eDNA con-
centration was log-transformed (log10) to improve the homogeneity
of variance and data were tested for normality using the Shapiro-
Wilk's method. For the initial question about eDNA dispersion from
the net pens across the perpendicular transect (data from 2021), we
generated linear models using distance and distance + tide, and then
compared the two models using an ANOVA. For testing whether
eDNA was dispersed equally at depth, we used the data from 2022
that was collected at three depths (0, 5, and 10m) at the edge of
the net pens (Om distance) and used a nested ANOVA with tide and
depth. All analyses were performed in R (v 4.2.0).

3 | RESULTS

In 2021, we collected 78 surface water samples on both incoming
and outgoing tide, plus one field blank per tidal cycle. In 2022, we
collected 27 water samples at each tide and depth, plus field blanks
and three replicate water samples per depth for background samples
(Table 1). Background samples collected from >5km away from the
net pens had no amplification of chum salmon, indicating that chum
salmon in the environment would be sporadic if at all present. None
of the field blanks or gPCR non-template controls produced positive

detections for chum salmon.

31 | gPCR

Based on the gBlock standards for the gPCR data, the LOD was 10
copies/reaction and the LOQ was 38 copies/reaction. Using these
thresholds, there were 240 sample replicates above the LOD for
2021 and 52 for 2022 (48% and 10%, respectively; Figure S2). Of
these, 83% were above the LOQ in 2021, while 40% were above

Open Acce
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the LOQ in 2022. All observations above the LOQ in 2022 were
within 1000 m of the net pens, whereas 17% of detections above
the LOQ in 2021 were between 1000 and 2000 m (83% were be-
tween 0 and 1000m). The dataset for 2021 also included more
detections below the LOD (41), all of which were between 720 and
1920m from the pens. Given that there was no amplification in
the extraction blanks and non-template controls, although these
samples fell below the experimental LOD, they were likely true

detections.

3.2 | Inhibition

For the 2021 dataset, 63 of the 166 samples were inhibited (IPC shift
>2cycles). After diluting samples 1:10, four samples remained inhib-
ited, but in all four samples, the IPC was less than 1 CT value greater
than the expected IPC range (within <3 CT values) and so these sam-
ples were included without further dilution. Inhibited samples were
primarily from the outgoing tide (40/63; 63.5%) within 750 m of the
net pens (26/40; 65%; Figure 2a). Most of these samples were col-
lected from within the freshwater lens of a nearby creek emptying
into Amalga Harbor (Figure S3).

Based on inhibition data from 2021, all samples from 2022 were
diluted 1:10 prior to gPCR analysis. Eighteen samples remained in-
hibited, even with the 1:10 dilution; however, no spatial or temporal
pattern was apparent in these samples and 72% (13/18) were within

less than 1 CT value of the expected IPC range.

3.3 | Models of dispersion

Using just the 2021 dataset, the proportion of replicate samples
with positive detections and DNA copy number decreased with in-
creasing distance from the net pens (Figures 2b, c). While the pro-
portion of detections was generally high until ~1200m on incoming
tide, on outgoing tide, the proportion of detections showed more
variation beginning at ~500m (Figure 2b). Of those samples with
positive detections, the DNA copy number was negatively corre-
lated with distance from the net pens (Figure 2c) with increasing
variance. The linear model using both tide and distance from net
pens (F=423.6, p<0.001, adjusted R?=0.759) outperformed the
model using just distance (F=532.7, p<0.001, adjusted R?=0.665;
AIC=87.93, Table S1). The rate at which the concentration of chum
salmon eDNA decreased was more rapid during the outgoing tide
compared to the incoming tide.

The parallel transect sampled in 2022 produced relatively few
positive eDNA detections of chum salmon (Figure 3), which pre-
cluded quantitative analysis or modeling to compare locations and
tidal influence. There were only 14 positive detections across the
three depths along the parallel transect at 1000m from the net
pens (~5% of samples), with 50% of those at the surface and 86%
(6/7) of those surface samples collected during incoming tide. The
distribution of eDNA detections at depth was more similar during
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FIGURE 2 PCRinhibition (a), proportion of eDNA detections for chum salmon (b), and DNA quantity (c) over the 2km transect distance
from the hatchery pens sampled in 2021. Each point represents one gPCR replicate and each distance includes three field samples and three
gPCR replicates (nine replicates at each distance/tide). Non-detections are not displayed. Inhibited samples exhibited a shift of >2 cycles of
the internal positive control (IPC) in the initial gPCR reaction. One field sample at Om from the pens on incoming tide and its three replicate

qPCR samples produced no detectable amplification.

outgoing tide, with one detection at the surface, four detections at
5m, and two detections at 10 m. For both the incoming and out-
going tides, positive detections occurred both NW and SE of the
original transect, although more detections occurred at 500m to
the SE during incoming tide. All samples with DNA concentration
above the LOQ were at the surface and Om from the net pens,
with the exception of one sample collected at 500m to the SE
on incoming tide. The average DNA concentration was over 3x
greater on outgoing tide vs. incoming tide for samples collected at
the surface at Om from the net pens (outgoing = 1.6 x 10° copies/L,
incoming=4.7 x 10* copies/L [values not log-scaled]).

3.4 | Depth

Although samples from the 2022 dataset produced relatively few
positive detections, these data allowed us to examine the distri-
bution of eDNA throughout the upper part of the water column
(0-10m). The highest concentration of DNA and largest number of
positive detections occurred in surface samples (63.5%), with de-
creasing concentrations and detections with increasing depth (25%
of detections at 5m and 11.5% at 10 m; Figure 3). At Om from the net
pens, depth impacted eDNA detections, with a smaller proportion of
detections with increasing depth (Figure 4).
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FIGURE 4 eDNA detections across samples from three depths
collected at Om from the net pens in 2022. The proportion of
positive detections decreased as depth increased on both incoming
and outgoing tides. There are nine technical replicates per depth/
tide. Surface samples are designated as Om depth.

4 | DISCUSSION

Understanding the dispersion of DNA in the marine environment
is a critical factor for accurate interpretation of species detections
from eDNA. In this study, we measure the attenuation of eDNA
from salmon hatchery net pens across a perpendicular surface tran-
sect, an orthogonal transect horizontally from the midpoint of the

perpendicular transect, and at up to 10 meters depth. The majority
of DNA detections were within 1.5km of the pens and in samples
collected at the surface. DNA concentrations decreased with in-
creasing distance from the point source and with increasing depth,
and tide had a strong and significant effect in both of these dimen-
sions. Tide also dramatically impacted the distribution of PCR in-
hibitors in samples. The interaction between tide and PCR inhibition
represents an unexpected source of temporal and environmental
variation impacting eDNA detection and reinforcing the value of ex-
perimental studies to characterize marine eDNA.

Although only a small number of studies have used qPCR
to track the dispersion of marine eDNA from a known, station-
ary point source (Murakami et al., 2019; Shea et al., 2022), these
studies both measured higher DNA concentrations at closer prox-
imity to the point source and more non-detections with increas-
ing distance, consistent with our findings (Figure 2). Beyond this
basic pattern, characteristics of each experiment influence the
actual dispersal distance, DNA concentration, and presence of
eDNA at depth. Fish biomass or abundance interacts with mul-
tiple environmental variables (Lacoursiére-Roussel, Rosabal, &
Bernatchez, 2016; Ogonowski et al., 2023) that generally differ
among studies and almost certainly impact eDNA fate and trans-
port. For example, eDNA degradation in the Sea of Japan (21.4°C)
exceeded the exponential decay predicted by tank experiments
with temperatures in a comparable range (18.7 + 1°C t0 22.0+ 1°C)
(Murakami et al., 2019). In our study in Southeast Alaska, tempera-
tures ranged from 6.5-8.2°C at the surface to 4.4-5.2°C at 10m
depth, corresponding to much lower rates of degradation caused
by temperature-mediated decay (Tsuji et al., 2017). Given the lim-
ited eDNA degradation at these cold temperatures, we expect

850807 SUOWIWOD 8A1Ie81D 3|dedldde auy Aq peueAob afe Saolle YO ‘8SN JO SaINJ Joj Ak 8UlUO A1 UO (SUOIPUOD-PUR-SWBIW0D A8 | 1M AleIq | Ul UO//:SANY) SUOIPUOD pue swie | 8 88S *[7202/50/82] UO A%eiq18ulluo 48|/ ‘@0UBIos SeLBUSH 1S9MULION AQ ££5°€UPS/Z00T 0T/I0p/W0D A8 | ImAeIq Ul Uo//:SAnY Wo.j pepeolumod ‘Z ‘7202 ‘er6rZ£92



BAETSCHER ET AL.

8of 11 ;
Environmental DNA
—l—Wl LE Y | smmmmmmmmmrm—"

dispersion identified in our study to be primarily influenced by

water movement.

4.1 | Influence of tide

For coastal marine environments, tides and currents tend to domi-
nate water movement over short time periods. Empirical studies are
particularly important in these areas because particle models often
predict longer-distance dispersal than has been observed in nature
(Andruszkiewicz et al., 2019) and hydrodynamic models that include
coastal processes at the scale of eDNA sampling are only available
for a limited number of geographic regions (Fukaya et al., 2021; Shea
et al,, 2022). Although no high-resolution oceanographic models
were available for our study area, sampling experimental transects
during both incoming and outgoing tides provided clear data about
the impact of tidal water movement. Specifically, tide influenced the
relationship between eDNA concentration and distance from the
net pens, with a more rapid decrease in eDNA concentration on the
outgoing tide (Figure 2).

Unexpectedly, tide also impacted the presence of PCR inhibitors
in surface samples, with elevated levels of inhibition during the out-
going tide (Figure 3a). One explanation for this phenomenon could be
increased concentrations of tannins in nearshore surface water from
Peterson Creek, which empties into Amalga Harbor (Jane et al., 2015);
(Figure 1; Figure S4). A freshwater surface lens is evident in the CTD
data, and salinity values were lowest in the surface water during out-
going tide (Figure S3; Table 1). The extent of this low-salinity surface
water coincides with the pattern of PCR inhibited samples to ~750m
from the hatchery net pens (Figure 2a). Accounting for, and mitigating,
inhibition in eDNA samples prevents underestimating DNA concen-
tration (McKee et al., 2015). In our study, inhibited samples primarily
occurred on outgoing tide, which would have created a tide-specific
bias had we not identified and corrected for the inhibition. This result
also highlights the interactions between freshwater and coastal envi-
ronments that can impact eDNA collections.

Previous studies that examined the impact of tides on nearshore
eDNA found little to no evidence of tidal patterns influencing the spe-
cies community (Kelly et al., 2018; Larson et al., 2022). However, these
studies used DNA metabarcoding, which may have masked tidal sig-
natures because of the compositional nature of metabarcoding data.
Metabarcoding could obscure changes in the absolute eDNA concen-
tration of one or more taxa—particularly if the overall species com-
munity remains relatively consistent, or alternatively, if the community
composition changes over short time periods unrelated to tide (Jensen
et al., 2022). Our experimental transect in 2021 was well suited to
detect differences in chum salmon eDNA because of short sampling
intervals; however, the increased distance between sampling sites in
2022 produced fewer positive gPCR detections and an overall more
limited dataset for identifying the impact of tide.

Although we treat incoming and outgoing tide as binary in this
study, sampling during each of these tides occurred over multiple
hours (i.e., Figure S1). Water movement varies across tidal stage

and can be enhanced by the complex coastline and narrow straits
throughout the study area in SE Alaska. Tide also interacts with
existing nontidal currents and can increase or decrease the prevail-
ing current velocity (Haight, 1926). The nontidal current in Favorite
Channel, adjacent to Amalga Harbor, is from North-to-South/
Southeast (Haight, 1926).Thus, it seems likely that during the slow-
est periods of tidal water movement, North-to-South would be the
dominant flow direction, corresponding to movement perpendicular

to our primary transect.

4.2 | eDNA distribution across depth

Our dataset from 2022 provided evidence for significant depth
stratification of salmon eDNA at our study site. We found the high-
est concentration of eDNA in surface samples, with decreasing con-
centration and detections at both 5m and 10m (Figures 3 and 4).
This vertical distribution mirrors findings from the mackerel cage
experiment in the Sea of Japan (Murakami et al., 2019), yet is coun-
ter to results from Atlantic salmon farms in British Columbia, where
sampling at 8 m depth corresponded to higher DNA concentrations
(Shea et al., 2022). However, the Atlantic salmon farm net pens can
be 40-50m deep—much deeper than the chum salmon pens in our
study (which extended to 6 m below the surface) or the mackerel
cage, which was ~2m below the surface (Murakami et al., 2019).
Thus, is seems plausible that eDNA associated with larger particles
in close proximity to the pens will settle out of the water column
quickly, leaving only more neutrally buoyant eDNA corresponding
to the relative depth layer and water mass where the organism is
present (Allan et al., 2021; Shelton et al., 2022). The substantial dif-
ference in eDNA concentration between the surface and 5m depth
in our study could be caused by surface-oriented behavior of chum
salmon in net pens (i.e., due to surface feeding) and water stratifica-
tion in the study area (Figure S3).

Although fundamentally a different sampling technique than
gPCR, eDNA metabarcoding studies have also detected vertical
stratification, diel migration, and other depth patterns indicating
that eDNA does not disperse freely between water masses or depth
layers (Easson et al., 2020; Jensen et al., 2022; Jeunen et al., 2019).
Consistent with these studies, models indicate that vertical displace-
ment by advection, dispersion, and settling has limited influence on
eDNA distribution, and the depth at which eDNA is found is gen-
erally within tens of meters of the depth at which the eDNA was
originally shed from the organism (Allan et al., 2021).

4.3 | Biomass/abundance and dispersion

Perhaps the most obvious source of variation across experimental
studies of eDNA dispersion is fish biomass/abundance. lllustrating
this point, this study produced a much stronger eDNA signa-
ture (both in DNA concentration and detection distance) from
>46 million juvenile chum salmon than a cage with 49 mackerel.
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For reference, at Om from the net pens, this study measured be-
tween 10° and 10” DNA copies/L, whereas the study of mackerel
measured <10* copies/L at Om from the pens. Similarly, a study
of eDNA from four Atlantic salmon farms, raising adult fish, de-
tected eDNA farther than 5km from the nearest farm—consistent
with the substantially larger biomass among the Atlantic salmon
farms (Shea et al., 2022). More broadly, the relationship between
biomass/abundance and eDNA concentration has been correlated
with trawl catches (Kasmi et al., 2023; Maes et al., 2023; Salter
et al,, 2019), acoustic data (Shelton et al., 2022), beach seines
(Shelton et al., 2019), and angling catches (Ogonowski et al., 2023).
These studies generally identify a positive relationship between
biomass and DNA concentration, presumably due to increased
DNA shed by more individuals.

4.4 | Non-detections

Patterns of gPCR non-detections varied such that even samples
collected within a short distance of the hatchery net pens did not
always yield chum salmon. The same was true in the Sea of Japan
cage experiment, where, although 79% of samples collected within
30m of the cage amplified, the remaining 21% did not, despite close
proximity to the DNA source. This phenomenon of stochastic non-
detections is likely heightened when there is lower biomass of target
species—as noted in the literature linking abundance and/or biomass
to eDNA concentration (see above). In the case of our study of chum
salmon, we expect the distribution of fish within the hatchery net
pens to be more homogeneous than the distribution of 49 mack-
erel in the experimental cage study. If this is indeed true, we would
expect fewer non-detections of chum salmon in close proximity to
the net pens. In fact, surface samples collected at the edge of the
hatchery net pens amplified consistently, as did samples up to sev-
eral hundred meters away (Figure 3). However, increasing the sam-
pling distance (500 m intervals) and direction (SE, NW) in the second
year (2022) increased the number of non-detections (Figure 3).
Unfortunately, no current data or hydrodynamic models are avail-
able for Amalga Harbor at relevant spatial resolution, and nearshore
oceanography includes complex interactions between tides, wind,
freshwater input, and currents. Thus, variation between 2021 and
2022 could be caused by a number of untested environmental con-
ditions that impact the distribution of chum salmon eDNA. Our
sampling sites that overlapped between 2021 and 2022 show how
eDNA dispersion distance may not be consistent, even in the same

location (Figure S5).
4.5 | Applications to fisheries management
Importantly, our data provide some bounds that may be useful

for modeling efforts to estimate the distribution and abundance

of important fisheries species (Shelton et al., 2022). Many such

Dedicated to the study and use of environmental DNA for basic and appl

species—especially in the northeast Pacific—form incredibly large
schools that represent biomass on the scale of the >46million
salmon in our net pen experiment. Large schools of fish will pro-
duce a strong eDNA signal with DNA concentration decreasing
and detections becoming more sporadic, and then absent, as dis-
tance increases. Based on studies of marine eDNA transport, this
detection radius decreases with smaller biomass. Therefore, eDNA
samples from a spatially explicit sampling design could be used to
estimate the biomass/proximity of target species. Modeling these
types of processes is complex, but this study represents an impor-
tant step toward accurately parameterizing models that could be
integrated into management.

5 | CONCLUSIONS

Patterns of eDNA dispersion in the coastal ocean indicate high
fidelity of elevated DNA concentrations near a point source,
but with variable detections with increasing distance influenced
by fish biomass/abundance and environmental factors. Even
with very large sources of eDNA (i.e., rearing pens for hatchery
salmon), dispersal distance is within just a few kilometers, and the
bulk of eDNA remains much closer. Thus, eDNA detections of ma-
rine fishes are likely representative of present or recent proxim-
ity of those species, especially in environments with significant
water movement (i.e., tidal swings, currents). It is possible that the
nearshore represents a more complex system for eDNA dispersal
than deeper offshore waters, in which case, hydrodynamic models
may be of greater benefit to studies of eDNA transport offshore.
Future studies that explicitly test offshore dispersal would add
valuable context to eDNA collections geared toward characteriz-
ing the distribution of fishery species. Here, we provide empirical
data on the transport of eDNA in high-latitude, cold-water marine
systems, which often coincide with productive fishery regions
where managers are eager to incorporate eDNA into their portfo-
lio of management tools.
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