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Abstract

Conservation of the Atlantic salmon Salmo salar requires to monitor the spatial distri-
bution and abundance of juveniles at a local scale in tributaries. However, tributaries
are rarely accounted for in monitoring programs despite their importance for juve-
nile life stages. This is mainly because inventories of young salmon populations in
tributaries can be technically challenging with traditional methods, as the number of
tributaries in a watershed can be important and their access limited compared to the
main stem. In this study, we tested the use of environmental DNA (eDNA) to quantify
the abundance of juvenile Atlantic salmon in tributaries. We successfully detected
eDNA of juvenile Atlantic salmon in 19 tributaries of three main rivers of the Gaspé
Peninsula (Québec, Canada) using quantitative real-time PCR analyses. By compar-
ing the eDNA approach with electrofishing surveys conducted in parallel to water
sampling, we found that eDNA concentrations positively correlated with juvenile
abundance, total biomass, and body surface area. The use of the allometrically scaled
mass (ASM) instead of abundance improved the correlation. Furthermore, we demon-
strated that the levels of eDNA molecules detected for juvenile Atlantic salmon were
also correlated with water temperature and canopy cover measured in each tributary.
Finally, we tested if eDNA concentrations measured in a tributary could be used as a
reliable indicator of juvenile abundance or biomass in that tributary. We found that our
models slightly better predicted juvenile biomass than juvenile abundance. The use of
ASM did not improve model prediction, suggesting that further refinement would be
required in the future. Our method will facilitate the implementation of conservation

practices appropriate to the ecology of juvenile Atlantic salmon in tributaries.
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1 | INTRODUCTION

The Atlantic salmon Salmo salar has a special place in human soci-
ety as a culturally valuable fish (Verspoor et al., 2008). It historically
supports commercial, sustenance, and recreational fishery activi-
ties, while also bearing an important value for indigenous peoples
for food, social, and ceremonial purposes (Thorstad et al., 2021).
Considerable efforts have been dedicated to its conservation and
management in North America where Atlantic salmon populations
have been decreasing since the early 90s (Verspoor et al., 2008). In
the USA and Canada, Atlantic salmon is listed as endangered under
the US Endangered Species Act and Canada's Species at Risk Act
(Thorstad et al., 2021). This decline has been concomitant with phys-
ical and biological changes in Northwest Atlantic ecosystems. For
example, shift in Atlantic salmon populations appeared to have been
triggered by sequential changes in the North Atlantic Oscillation
(NAO) and in salinity after 1988, which subsequently affected lower
trophic-level biological characteristics (Mills et al., 2013).

Most populations of Atlantic salmon are anadromous, with a
juvenile phase in freshwater, followed by smoltification and a long
migration to the ocean for feeding and growth, and a return mi-
gration to freshwater to spawn (Aas et al., 2010). It has been sug-
gested that human activities could explain stock declines, including
dam construction, pollution, or marine overexploitation (Dadswell
et al., 2022). In its juvenile freshwater phase, the species is highly
sensitive to anthropic disruptions in its habitat quality and quantity,
induced by water regulation with dams, channelization, intensive
agriculture, forestry, or activities causing substrate removal or sedi-
mentation (Thorstad et al., 2021). Finally, it has been proposed that
climate change and water warming might directly and indirectly in-
fluence the abundance and productivity of North American Atlantic
salmon populations (both in their marine adult and freshwater ju-
venile phases), for example, by inducing changes in prey availability
(Mills et al., 2013).

Social-ecological measures have been adopted to counteract
declines in stocks of Atlantic salmon populations, such as miti-
gation measures in recreational fisheries and commercial fishing
closures, and stocking to supplement early life stages (Arlinghaus
et al., 2007). Although these measures facilitated recovery in
some Atlantic salmon stocks, certain populations remain en-
dangered (Cote et al., 2021). While fisheries and global warming
were assumed as main drivers of the decline of fish population,
the influence of environmental factors at a more local scale may
be greater than previously expected (Nicola et al., 2018; Otero
et al., 2011). As such, it has been suggested that Atlantic salmon
population monitoring should take into account local environmen-
tal fluctuations in rivers, as it could be a key to the maintenance
of the species (Friedland et al., 2009; Jonsson & Jonsson, 2017;
Nicola et al., 2018).

At a local scale, river tributaries are critical for juvenile stages
as they can provide better feeding conditions than the main riv-
ers (Shustov et al., 2012), refuges against higher water tempera-
ture and flow (Erkinaro et al., 1998; Sutton et al., 2007), as well as

reduced predation risks (Crabbe, 2000). Despite the importance
of tributaries for juveniles, they are rarely considered in moni-
toring programs. This can be explained by the fact that inventory
efforts are often concentrated on large freshwater and marine
sites, for which recreational and commercial fishing activities are
important (Dempson et al., 2004). Also, performing inventories of
young salmon populations in tributaries can be technically chal-
lenging with traditional methods (such as electrofishing or seine),
as the number of tributaries in a watershed can be important and
their access limited compared to the main stem, particularly for
small tributaries at the head of the basin. Furthermore, these
methods are invasive, time-limited (e.g., dependent on hatching
of eggs and season), and time-consuming (Rees et al., 2014). In
this context, there is a need for a noninvasive method that would
allow to counteract all these challenges, and to monitor the spatial
distribution and abundance of juvenile Atlantic salmon at a local
scale in tributaries.

The development of environmental DNA (eDNA) offers new
possibilities to monitor species in ecosystems (Taberlet et al., 2018).
This technology refers to the detection of molecules released by or-
ganisms in their environment soil (Roh et al., 2006), air (Lynggaard
et al., 2022), or water (Ficetola et al., 2008), from skin cells, mucus,
metabolic waste, or gonads (Lodge et al., 2012). Using specific
quantitative real-time PCR (gPCR) primers and probe, it is possible
to assess the presence or absence of a targeted species (Taberlet
etal., 2018). eDNA can also sometimes positively correlate with spe-
cies abundance and/or biomass (Coulter et al., 2019; Gaudet-Boulay
et al., 2023; Lacoursiére-Roussel, Coté, et al., 2016; Lacoursiere-
Roussel, Rosabal, et al., 2016; Pilliod et al., 2013; Yates et al., 2019).
This method was successfully applied in river systems to detect many
fish species (reviewed in Rourke et al., 2022). For Atlantic salmon,
the eDNA gPCR approach was previously used to detect its occur-
rence in marine waters (Shea et al., 2020, 2022) and in rivers (Fossay
et al.,, 2020). In rivers, it has been shown that eDNA concentrations
of adult Atlantic salmon were markedly higher below migration bar-
riers, reflecting the expected higher biomass/abundance of fish at
these places (Fossgy et al., 2020). For juvenile Atlantic salmon, cage
experiments in streams (Wood et al., 2020, 2021) showed that juve-
nile eDNA exhibited predictable plume dynamics downstream from
sources, with eDNA being initially concentrated and transported in
the midstream, but eventually accumulating in stream margins with
time and distance (Wood et al., 2021). Furthermore, a recent study
demonstrated that eDNA of juvenile Atlantic salmon could be de-
tected in a single river, that eDNA was highly correlated with spring
smolt abundance, and that environmental covariates affected eDNA
concentrations (Morrison et al., 2023). To our knowledge, the gPCR
method has not been used yet to detect juvenile Atlantic salmon
eDNA in small tributaries of rivers.

The objective of this study was to evaluate at a local scale the
efficiency of the eDNA method to detect juvenile Atlantic salmon
presence and abundance in river tributaries. The study was con-
ductedin 19 tributaries of three main rivers of the Gaspé Peninsula,
Québec, Canada: The Dartmouth, the York, and the St-Jean rivers.
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The three rivers are popular for their Atlantic salmon recreational
fishing activities. The Dartmouth River is the smallest of the three
rivers (63km long). The York River is 98 km long, while the St-Jean
Riveris 121 km long with 44 km opened to angling. First, we tested
the efficiency of the qPCR eDNA method to quantify the abun-
dance of juvenile Atlantic salmon in tributaries. Second, the results
of the eDNA analysis were compared to abundances obtained by
electrofishing in parallel to water sampling. We aimed at determin-
ing if eDNA concentrations correlated with biotic metrics (juvenile
abundance, total biomass, or body surface area). Third, we tested
if site-specific environmental characteristics could influence the
levels of eDNA molecules we detected. Finally, we tested if eDNA
concentrations measured in one tributary could be used as a reli-

able indicator of juvenile abundance or biomass (Figure 1).

2 | MATERIALS AND METHODS
2.1 | Collection of water samples
Water samples were collected in the tributaries of three river

networks: the Dartmouth River (48° 52’ 51”7 N, 64° 33’ 20” O),
the York River (49° 00’ 38” N, 65° 26’ 07" O), and the St-Jean

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

River (48° 54’ 27" N, 65° 33’ 13" O) in Gaspé, Québec, Canada. A
total of 19 tributaries from these three rivers were sampled over
2years: Six tributaries were sampled in July and August of 2019,
while 13 tributaries were sampled in July and August of 2020
(Figure 2, Table 1). Each year, sampling was performed after the
expected period of fry emergence from the river bed (Bernatchez
& Giroux, 2000). We therefore expected sampling sites to be po-
tentially occupied by fry and parr juveniles, which are known to
stay between two and 5years in rivers before performing their
first migration to saltwater (Bernatchez & Giroux, 2000). In each
tributary, six bottles of 2 L water were collected on the tributary as
close as possible from its confluence with the main river (Figure 1).
At each location, water temperature, and pH were recorded just
after water sampling using a Hanna HI 98130 pH meter. Bottles
were stored (<12h) in a refrigerated backpack with ice away from
light to avoid DNA degradation. Water filtration using a vacuum
pump with 1.2 pm GF/C glass microfiber filter (Whatman, 47 mm)
was performed within 12 h directly in the field. In addition, a field
negative control using demineralized treated water was processed
in the same way as the real samples for each filtration batch, for
a total of 19 field negative controls. Bottles and all filtration in-
struments had been previously bleached with 10% chlorine during
30min, rinsed with demineralized treated water, and UV-treated.
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FIGURE 1 Sampling design applied to 19 tributaries of three rivers in Gaspé (Québec, Canada) to explore four research objectives: (1)
Testing the efficiency of the gPCR eDNA method to quantify the abundance of juvenile Atlantic salmon in tributaries. (2) Determining if
eDNA concentrations correlated with juvenile abundance, total biomass or body surface area. (3) Testing if site-specific environmental
characteristics influenced the levels of eDNA detected molecules. (4) Testing if we could predict juvenile abundance or biomass from

eDNA measured in tributary. In each tributary, six bottles of two liters of water were sampled for eDNA analyses (red circles) at a transect
located close the confluence with the main river. After water sampling, electrofishing was immediately conducted in a 50 m-long x wetted
width-wide closed-plot located just upstream from the eDNA sampling location. Fishing was performed three times, with a 15 minute pause
between each pass. Images were taken from IAN Symbol libraries (references for images Salmo salar: Claire Sbardella, Tree: Tracey Saxby,
Integration and Application Network, https://ian.umces.edu/media-library/).
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FIGURE 2 Location of the 19 tributaries sampled by eDNA and electrofishing in 2019 and 2020 in the Gaspé area (Québec, Canada).
Six tributaries were sampled in 2019 and 13 tributaries were sampled in 2020. Number of each tributary refers to the ID of Table 1. The
connection of the river with the Gulf of St Lawrence is indicated in yellow.

In total, 133 filters were stored individually in a 5mL tube and
frozen at -20°C until DNA extraction.

2.2 | Electrofishing surveys

Immediately after eDNA sampling, a three-pass electrofishing (Apex
Backpack Electrofisher, Smith-Root Inc.) removal strategy was
used to estimate juvenile salmon abundance in a 50 m-long x wet-
ted width-wide closed-plot located just upstream from the eDNA
sampling location (Figure 1). Juvenile salmon caught in each pass
were used to estimate abundance using the Leslie depletion method
(Leslie & Davis, 1939). After each pass, water temperature was meas-
ured in the center of the plot, juvenile Atlantic salmon were counted,
and individuals were measured to the nearest 0.01cm (fork length)
and weighed to the nearest 0.01 g. All fish were then released in the

tributary, outside of the sampled plot.

2.3 | Habitat characteristics of sampled plots

After fish sampling was completed and blocking nets removed, physi-

cal habitat characteristics were measured at each plot. Water depth D

(m) (n=50) and mean flow velocity V (m/s) (n=30) were measured at
a regular grid spanning the length and width of the plot, with a meter
stick and an electromagnetic flow velocity meter (Marsh-McBirney
Flo-mate), respectively. Median bed particle size D50 (cm) was ob-
tained from a minimum of 100 particles sampled using the Wolman
pebble count method (Wolman, 1954). Relative submergence D/D50
was calculated from mean water depth and D50 values. Mean width
W was obtained from five equally spaced measures of wetted width.

Canopy cover was visually estimated to the nearest 10% by
two observers standing alongside the plot (Watz et al., 2019). Four
classes of shading cover percentage above the tributary (Table 2)
served as a proxy to estimate the potential impacts of UV lights on
eDNA presence into the water.

The length (m) of salmon habitat upstream of each plot was cal-
culated as the distance measured along the tributary between the
location of the plot and the upstream limit of salmon dispersal iden-
tified on each tributary from electrofishing surveys conducted by
our team in 2018 and 2019 to identify such limit. This variable was
added to account for a possible contribution of upstream salmon
population to the level of eDNA measured at the downstream end
of the tributary. It has indeed been reported in the literature that
eDNA can be detected as far as 12-60km from its source (Deiner &
Altermatt, 2014; Pont et al., 2018).
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TABLE 1 Listof the 19 tributaries that were sampled with eDNA and electrofishing in Gaspé (Québec, Canada) during summer 2019 and

2020.
Catch (n)
Total estimated
ID Tributary Main river Latitude Longitude Year Fry Parr Total abundance (n)
1 Chesnaye St Jean 48.76864 -64.546461 2019 0 27 27 33
2 Sirois St Jean 48.721898 -65.066143 2019 42 63 105 157
3 Mississippi York 48.827761 -64.884594 2019 0 3 3 4
4 Watering Dartmouth 48.899766 -64.601813 2019 0 37 37 59
5 Salmon Hole Dartmouth 48.948991 -64.672034 2019 24 107 131 209
6 Jean Louis Dartmouth 49.055640 -64.814334 2019 18 49 67 95
7 Island St Jean 48.725429 -64.999709 2020 0 29 29 34
8 0S3d_os3_1 St Jean 48.727587 -65.001866 2020 120 4 124 235
9 La Petite Fourche York 48.823288 -64.740582 2020 14 94 108 131
rfp
10 Baillargeon York 48.814389 -64.797827 2020 7 57 64 70
11 Pine Hill York 48.859033 -65.078222 2020 0 14 14 30
12 0S5 _0s2_11 York 48.868713 -65.087574 2020 0 8 8 8
13 0S5_0s2_15 York 48.926749 -65.138362 2020 0 22 22 26
14 Du Basque York 48.927366 -65.143953 2020 0 35 35 42
15 OS3f_0s3_1 York 48.909404 -65.172985 2020 0 53 53 55
16 Oatcake York 48.819499 -65.255625 2020 221 67 288 530
17 La Petite Fourche pf ~ Dartmouth 48.923508 -64.627268 2020 23 67 90 145
18 0S5_os1_15 Dartmouth 48.991582 -64.693228 2020 54 33 87 90
19 Bechervais Dartmouth 48.997346 -64.702725 2020 1 3 4 4

Note: For each tributary is indicated its main river, GPS coordinates and sampling year. The number of catch (fry, parr, and total) as well as the total

estimated abundance is indicated for each tributary.

TABLE 2 Definition of four classes to estimate the level (%) of
shade above each tributary.

Shade on the Potential impact of UV lights
Class tributary (%) on eDNA detection
0 0 Very high
1 1-25 High
2 26-50 Moderate
3 51-75 Low
4 76-100 None

Note: Shade on each tributary was determined visually with the help of
two observers according to a method developed by Watz et al., 2019.

2.4 | eDNA extraction

eDNA extraction was performed using a QlAshredder and DNeasy
Blood and Tissue Kit (Qiagen) according to a previously developed
protocol (Goldberg et al., 2011). To avoid external DNA contami-
nation, extractions were performed under a UV hood with the
surface washed with DNA away and exposed to UV light during
30min before each extraction batch. Instruments were steri-
lized with 10% sodium hypochlorite and exposed to UV light for
30min before use. The extracted eDNA was stored at ~20°C until

amplification by the qPCR method. For each extraction batch, an
extraction negative laboratory control was added to account for

possible contamination.

2.5 | gPCR amplification

To analyze samples, we used specific primers and probe that tar-
geted a 205 base pair sequence within the cytochrome oxidase | mi-
tochondrial DNA (COI mtDNA) region that is specific to the Atlantic
salmon Salmo salar (Supp Table 1). Primers and probe specificity and
efficiency had been previously validated (Hernandez et al., 2020). To
quantify Atlantic salmon DNA in each sample, we used the TagMan
gPCR method with the addition of SPUD to the reaction. SPUD is
a universal system to control for the presence of inhibitors in the
gPCR reaction (Nolan et al., 2006). The amplification was performed
in a final volume reaction of 20pL including 10pL of Environmental
Master Mix 2.0 (Life Technologies), 1.8 uL of each Atlantic salmon
primer (10pM), 0.5uL of Atlantic salmon probe (10pM), 1.2uL of
each SPUD primer (10 uM), 0.5 uL of SPUD probe, 1L of SPUD tem-
plate, and 2 uL of extracted DNA following these conditions: 2min at
50°C, 10min at 95°C, 50cycles of 15s at 95°C, and 60s at 60°C. A
standard curve of known DNA quantities was added on each plate,
which allowed us to quantify positive PCR amplification in number of
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molecules. For each sample as well as field and extraction controls,
the DNA presence of the Atlantic salmon was tested on six technical
replicates. Following amplification, all negative values were removed

from further analyses.

2.6 | Statistical analyses

All statistical analyses were conducted with the R software version
4.2.2.Potential differences between tributaries based on local envi-
ronmental conditions at the time of sampling were assessed using a
principal component analysis (PCA) biplot of individuals (nine tribu-
taries) and explanatory variables (temperature (°C), water depth (m),
flow velocity (m/s), plot area (m?), sediment size D50 (cm), vegetation
cover (classes defined in Table 2), pH, tributary width (m), relative
submergence (m), and the length of the tributary known to be used
by salmons upstream of the sampled plot (m)).

The juvenile Atlantic salmon total biomass (g) in each tributary
was obtained by calculating the weight sum of all salmon juve-
niles caught in the plot. The mean body surface area (cm?) of cap-
tured juveniles in each tributary was calculated using the formula:
5=0.72L1%8 with L=fork length (O'Shea et al., 2006). We used the
nlme package to create linear mixed models and test if the eDNA
levels detected in each tributary correlated with (1) salmon abun-
dance (Leslie) (2) total biomass (g) (3) mean body surface area (cm?)
and (4) ASM or allometrically scaled mass (ASM) of juveniles. The
last metric was developed by Yates, Glaser et al. (2021) to account
for the relative decline in mass-specific eDNA production rates
typically observed as individual organismal mass increases. We
wanted to test if ASM could improve our model of abundance and
eDNA concentrations. For ASM, we used the formula: Z(Juvenile
mass measured in one tributary (g)°7%)/tributary width (m). We
created four distinct Ime models, using either “salmon abundance,”

» o«

“total biomass,” “mean body surface area,” or “ASM” as a fixed fac-
tor, and “tributary” and “bottle” as random effects. For each anal-
ysis, we checked homoscedasticity by plotting residuals and fitted
data. We checked for homogeneity of variances using a Levene
Test. We tested normality of residuals using graphical assessment
(QQ-plot and normal distribution histogram) and a Shapiro-Wilk
test. eDNA data were log transformed to fit assumptions.

To test for the potential effects of environmental factors on
detected eDNA concentrations, we performed model selection
with the help of the Akaike's information criterion (AIC). Using the
AlCcmodavg package, we first included all environmental variables,
then removed redundant variables and tested a subset of models.
We ran Ime analyses using the parameters identified during model
selection. eDNA data were log transformed to fit assumptions as
previously.

To evaluate the performance of the model(s) selected, we mea-
sured how well the eDNA level predictions made by the model(s)
matched the eDNA levels detected. We used the caret package with
the leave-one-out cross-validation (LOOCV) method.

Finally, we determined to which extent the selected model(s)
could be used to predict fish abundance or biomass, based on known
eDNA concentrations. We also tested if the model(s) could more
accurately predict ASM compared to fish abundance. We first gen-
erated predicted values (respectively for abundance, biomass, and
ASM) based on the model(s) previously selected using the ggeffects
package from R. We then checked the correlation between predicted
and observed values in this study using a Spearman Correlation.

All data generated are available in article supplementary material.

3 | RESULTS
3.1 | Electrofishing and abundance estimates

The number of juvenile salmon caught by electrofishing was highly
variable between tributaries, with a mean of 68 juveniles/site across
sites, a minimum of three fish at site Mississippi (ID: 3, York River) and
a maximum of 288 fish at site Oatcake (ID: 16, York River) (Table 1).
Overall, parr (n=772) were more abundant than fry (n=524). At
least one parr was caught at each site compared to fry being caught
in only 10 of the 19 sites. At three sites, fry represented a higher
proportion of fish caught than parr: 97% at site OS3d_os3_1 (ID:8,
St-Jean River), 77% at site Oatcake (ID:16, York River), and 62% at
site OS5_os1_15 (ID: 18, Dartmouth River).

Abundance estimates obtained with the Leslie method ranged
from 4 to 530 juveniles/site with a mean of 103 juveniles/site
(Table 1).

3.2 | Negative controls

All field and laboratory extraction negative controls showed no
positive amplification indicating the absence of contamination dur-
ing sample preparation, extraction, and amplification. During qPCR,
SPUD controls confirmed the absence of inhibitors in nucleic acid
preparations, except for one sample (ruisseau Bechervais bottle 5)
that was removed. The results could therefore be taken with confi-

dence for further analyses.

3.3 | Assay sensitivity

To evaluate assay sensitivity, a standard curve experiment was
previously performed for Salmo salar (Hernandez et al., 2020).
Briefly, a synthetic DNA template (Integrated DNA Technologies
Inc.) including the target amplicon sequence was designed from
the COI, and used to estimate by serial dilution the detection limit
of the primer pair SASA_COIF and SASA_COIR, that is, until the
fluorescence signal corresponding to one molecule is reached
(Forootan et al., 2017). From the stock, diluted at 1.00E + 10 cop-
ies/pL, a nine-level dilution series (2000, 1000, 500, 100, 20, 8,

85UB017 SUOWWOD aAIKe.D 3(gedldde ayy Aq peusenob ale sajone YO ‘8sn JO Sa|NnJ 10} AeIq1T 8UIUO 8|1 UO (SUO N IPUOD-PUe-SWLBIW0D" A8 M AReq U [UO//:SdhL) SUORIPUOD pue sWe 1 841 88S *[7202/50/62] U0 A%iqiTauliuo AB|IMm ayoieyder e1ad [euoieN Iminsu| A £55'EUPS/Z00T 0T/I0p/Wo A8 | Im Al jeul|uo//Sdny Wouy pepeojumod ‘s ‘v202 ‘Svei/£92



BERGER ET AL.

Environmental DNA

4, 2, and 1 copies per reaction) was prepared in a sterile yeast
tRNA (10 pug/pL) solution. Ten replicates of each dilution were run
to determine, for the pair of primers and probe, the amplification
efficiency and the limit of detection (LOD) defined as the lowest
standard concentration at which 95% of technical replicates am-
plify (Bustin et al., 2009; Klymus et al., 2020). This standard curve
approach demonstrated that the amplification efficiency for Salmo
salar assay was 98.7% and that the LOD was two copies by reac-
tion with a R? of 0.969 (Hernandez et al., 2020).

To confirm the LOD threshold, we applied on our dataset the
statistical method developed by Klymus et al., 2020, using the Ct
(Cycle threshold) and SQ (expected standard concentration) val-
ues of all the standard curves we generated. The R Script used
is available at: https://github.com/cmerkes/ (Klymus et al., 2020).
The concentration ranged between 100,000 and 10 copies per re-
action, with three replicate standards per concentration. Analysis
was performed with the curve-fitting modeling approach, and the
specific criteria for LOD probability of detection was applied at
95. Using this approach, we found that the LOD was <10 cop-
ies by reaction, which corresponds to the lowest concentration
tested. In accordance with previous finding, the LOD value was
set at two copies by reaction. In our dataset, two sample eDNA
values were below the LOD: mississipi-2 (Mississippi tributary,
York River, bottle 2) at 0.4 copies and Bechervais-4 (Bechervais
tributary, Dartmouth River, bottle 4) at 0.9 copies. For these two
samples, there is less than a 95% chance of detecting the target
DNA sequence even if it is present at this low concentration.
We therefore decided to keep these two samples for qualitative
analysis (presence/absence) of Salmo truta, but to remove them
from all quantitative, statistical analyses, as suggested by Klymus
et al., 2020.

3.4 | Habitat characteristics

Using PCA biplot, we found significant differences between tribu-
taries of each sampled river (Dartmouth, York and St-Jean) based on
local environmental conditions at the time of sampling (Figure 3).
Based on water temperature, pH, water flow, and vegetation
cover, the tributaries from the Dartmouth River tended to cluster
apart from the tributaries of the York and Saint-Jean rivers, which
were more similar to each other. Generally, tributaries from the
Dartmouth River were characterized by warmer water temperature
and lower pH levels at the time of sampling, as opposed to tribu-
taries of the York and St-Jean rivers. Sirois tributary (ID: 2, St-Jean
River) was mostly characterized by higher flow velocities at the time
of sampling, which were the fastest measured in this study. OS5_
os1_15 tributary (ID: 18, Dartmouth River) was mostly defined by its
abundant vegetation cover. All other environmental variables (water
depth, plot area, sediment size, tributary width, relative submer-
gence, and upstream length of salmon habitat) did not contribute

significantly to site differentiation.

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

3.5 | Detection of juvenile Atlantic salmon using
eDNA in tributaries

Using gPCR, we detected eDNA molecules from juvenile Atlantic
salmon in all tributaries sampled (Figure 4, Supp Table 2). The high-
est detection was measured in 2020 in the Dartmouth River, at the
La Petite Fourche pf tributary (ID: 17, Dartmouth River), while the
lowest detection was measured in 2019 in the York River, at the
Mississippi tributary (ID: 3, York River). Tributaries for which high
levels of eDNA molecules were detected tended to geographically
cluster: Island (ID: 7, St-Jean River) with OS3d_os3_1 (ID: 8, St-Jean
River) sampled in the St Jean River in 2020, La Petite Fourche rfp
(ID: 9, York River) with Baillargeon (ID: 10, York River) sampled in
the York River in 2020, and La Petite Fourche pf (ID: 17, Dartmouth
River) with OS5_os1_15 (ID: 18, Dartmouth River) sampled in the
Dartmouth River in 2020.

Using four distinct Ime models, we found that eDNA of ju-
venile Atlantic salmon positively correlated with fish abundance
(Leslie Method) (R=0.65, p=0.04%), fish total biomass (g) (R=0.82,
p=0.002**), body surface area (cm?) (R=0.81, p=0.007**), and ASM
or allometrically scaled mass (ASM) (R=0.88, p=0.009**) (Figure 5).
The weakest, but still significant, positive relationship was detected
between eDNA concentrations and abundance (Figure 5a), while a
strong positive relationship was detected between eDNA concen-
trations and juvenile biomass (Figure 5b) and surface area (Figure 5c).
Using ASM allowed improving the model fit for abundance and
eDNA concentrations. As such, the strongest positive relationship

was observed between eDNA concentrations and ASM (Figure 5d).

3.6 | Influence of environmental factors on the
levels of eDNA molecules detected

Following model selection with the AIC criterion, we found that two
models were best-fitted, carrying, respectively, 52% and 31% of the
cumulative model weight. The first model included “ASM,” “temper-
ature,” and “vegetation” as fixed factors, and “tributary” and “bottle”

» o«

as random effects. The second model included “biomass,” “tempera-
ture,” and “vegetation” as fixed factors, and “tributary” and “bottle”
as random effects (Table 3). Using Ime analyses, results from the first
model suggested that detected eDNA concentrations were mostly
influenced by temperature (p=0.03*) (Table 3 model 1), while results
from the second model highlighted the influence of both tempera-
ture (p=0.049*) and vegetation cover (p=0.01*) on detected eDNA
concentrations (Table 3 model 2). For all models, temperature and
vegetation cover both positively influenced the levels of eDNA mol-
ecules detected.

We evaluated the performance of the two selected models
by measuring how well the eDNA level predictions made by the
models matched the eDNA levels detected using a leave-one-out
cross-validation approach. For each model, we found a good cor-

relation between the eDNA predictions made by the model and the
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FIGURE 3 Tributaries from the Dartmouth River tended to cluster apart from the tributaries of the York and St-Jean rivers. They were
characterized by warm water and low pH at the time of sampling, as opposed to the tributaries of the St-Jean and York rivers. Principal
component analysis (PCA) biplot was performed using individuals (nine tributaries) and four explanatory variables (temperature (°C), pH,
water flow (m/s), and vegetation cover (four classes)) that best explained differences between sampled tributaries. All other environmental

variables did not contribute significantly to site differentiation.

actual eDNA observations (model 1: R?=0.4, root mean squared
error RMSE=1.57 and mean absolute error MAE=1.27; model 2:
R?=0.54, RMSE=1.38 and MAE=1.07).

Finally, we tested if the sampling year could have affected the
eDNA concentrations measured. To do so, we included year as an
additional parameter in the two selected models. For both models,
we found that year did not influence the levels of eDNA molecules
detected (model 1: p=0.32, model 2: p=0.50).

3.7 | Prediction of juvenile abundance,
biomass, and allometrically scaled mass

Based on the models previously selected (accounting for “tempera-
ture” and “vegetation” as fixed effects and “tributary” and “bottle”
as random effects), we tested if juvenile abundance (Leslie), juvenile
biomass (g), and allometrically scaled mass (ASM) could be predicted
based on known eDNA concentrations. For each of these three
variables, we generated a range of predicted values depending on
various concentrations of eDNA molecules (Figure Supp 1). We then

tested for each variable the correlation between predicted values
and observed values. We found that our models slightly better pre-
dicted juvenile biomass (Figure 6b, R=0.59, p=0.009**) then juve-
nile abundance (Figure 6a, R=0.56, p=0.013*) and ASM (Figure 6c,
R=0.46,p=0.05).

4 | DISCUSSION

The use of environmental DNA to document the spatial distribu-
tion and abundance of juvenile Atlantic salmon in tributaries has not
been tested yet. Here, we evaluated at a local scale the efficiency of
the eDNA method to detect the presence and abundance of juvenile
Atlantic salmon in 19 tributaries of three main rivers of the Gaspé
Peninsula, Québec, Canada.

The gPCR approach was able to detect eDNA from juvenile
Atlantic salmon in all tributaries sampled. In accordance with their
geographical proximity, PCA biplot analyses showed that tributar-
ies from the York and St-Jean rivers shared similar environmental

conditions that were notably characterized at the time of sampling
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FIGURE 4 eDNA molecules from juvenile Atlantic salmon were detected in all the sampled tributaries of the Gaspé area. For each
tributary, the number outside the circle refers to the ID of Table 1. Inside each circle, the total number of eDNA molecules detected by
gPCR at that tributary is indicated. Size of the circle is relative to the number of eDNA molecules detected. Above each circle, the number
of bottles for which eDNA-positive amplification was detected by qPCR at that tributary is indicated (maximum of six bottles sampled per

tributary).

by lower temperature and higher pH levels compared to the
Dartmouth River. In the St-Jean River, the lowest levels of eDNA
molecules were detected in the Sirois tributary (ID: 2) despite the
high abundance of fish estimated with the Leslie method at that
tributary (157 juveniles). This tributary was reported to exhibit the
highest flow velocities measured in this study. Previous studies
highlighted two potential effects of flow velocities on eDNA de-
tection in lotic environments (Curtis et al., 2021). On one hand, fast
velocities could transport eDNA farther from its source, potentially
increasing detectability (Milhau et al., 2019; Shogren et al., 2018).
On the other hand, fast velocities could dilute eDNA molecules, re-
ducing concentrations and detection (Klymus et al., 2015; Shogren
et al., 2019). Our study gives additional support to the latter hy-
pothesis given the high abundance of fish estimated at the Sirois
tributary. In the York River, the Mississippi tributary (ID: 3) exhib-
ited the lowest eDNA levels of juvenile Atlantic salmon detected
in our analyses, with only one molecule reported (this sample was
not included in the statistical analyses as it was below the LOD). At
this tributary, the estimated abundance of fish was very low (four
juveniles), which could explain the very low levels of eDNA mole-
cules detected. Also, we found very low levels of eDNA molecules
in two tributaries of the Dartmouth River: the Bechervais tributary

(ID: 19) with three molecules detected and the Watering tributary
(ID: 4) with eight molecules detected. In the Watering tributary, we
estimated a relatively high level of fish abundance with the Leslie
method (59 juveniles). In the Bechervais tributary, the presence
of only four fish was estimated, which could explain the low lev-
els of eDNA molecules detected. Another possibility is that high
temperature, which was mainly associated to the Bechervais and
Watering tributaries according to PCA biplot analyses, might have
contributed to the low levels of eDNA reported in these tributar-
ies through active degradation of the molecules (specifically for the
Watering tributary with higher abundance estimation). As a matter
of fact, previous studies including experimental investigations in
laboratory conditions reported that the susceptibility of eDNA to
degradation increased with temperature (Caza-Allard et al., 2022;
Kasai et al., 2020). Highest detections of juvenile Atlantic salmon
eDNA occurred in the Dartmouth River at La Petite Fourche pf
(ID: 17) and at the OS5_os1_15 (ID: 18) tributaries, as well as in the
St-Jean River at the Island tributary (ID: 7). These tributaries were
associated with high estimates of juvenile abundance (respectively
148 99 and 34 juveniles). Furthermore, the OS5_os1_15 tributary
was mostly defined by its abundant vegetation cover according
to PCA biplot analyses. In the same way, the Island tributary was
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FIGURE 5 eDNA of juvenile Atlantic salmon detected in 19 tributaries of the Gaspé area positively correlated with (a) fish abundance
(Leslie Method) (R=0.65, p=0.04"), (b) fish total biomass (g) (R=0.82, p=0.002**), (c) body surface area (cm?) (R=0.81, p=0.007**) and (d)
allometrically scaled mass (ASM) (R=0.88, p=0.009**). For each correlation, a linear mixed model with tributary” and “bottle” as random
effects was performed. Each sample is represented by a dot, with the number of eDNA molecules detected in that sample expressed per

liter of water.

classified in class #4 (76-100% shade on the tributary) using our
visual estimation method of vegetation cover. Vegetation cover has
been suggested to reduce light penetration (Kazanjian et al., 2018),
and consequently eDNA degradation that is highly susceptible to
UV (Kessler et al., 2020; Strickler et al., 2015). We hypothesize that
the strong vegetation cover we measured at these tributaries could
have contributed to reduce eDNA degradation, therefore promot-
ing eDNA accumulation.

Part of the variability in the relationship between eDNA levels
and fish abundance estimates could possibly be explained by the
relatively short length (50m) of the electrofishing sampling plots.
Indeed, habitats located upstream from the sampling plot may ex-
hibit larger or smaller fish abundances than at the sampling plot it-
self, which would contribute to blur the eDNA level-fish abundance
relationship. As sampling over a longer river stretch was too labor
intensive and time consuming to be considered, a variable describ-
ing the length of salmon habitat upstream from the sampling plot
was measured and included in the analysis. However, this variable
did not come out as significant in our model, suggesting that fish

abundance in the sampling plots captured most of the variability in
eDNA abundance.

Using linear mixed models, we found that detected eDNA of
juvenile Atlantic salmon positively correlated with all biotic met-
rics measured in this study: fish abundance, fish total biomass,
body surface area, and allometrically scaled mass (ASM). Before
correcting abundance with ASM, the strongest positive relation-
ship was found between detected eDNA concentrations and ju-
venile biomass, in accordance with previous studies conducted in
rivers that demonstrated that eDNA levels detected from Atlantic
salmon at the adult stage (Fossgy et al., 2020) and at the juvenile
stage (Morrison et al., 2023) reflected fish biomass. To the best of
our knowledge, our study is the first to demonstrate such relation-
ship for juvenile Atlantic salmon in tributaries. A strong positive
correlation was also observed between detected eDNA levels and
juvenile body surface area. Body surface area is generally less uti-
lized in eDNA analyses despite its potential importance in shedding
rates, as the total exposed body surface in direct contact with the
environment is expected to be larger for a group of small fish than
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for a single big fish of the same total biomass (Hansen et al., 2018).
Our finding highlights the importance of taking this metrics into
consideration and is consistent with a recent metabarcoding study
in fish that demonstrated that read numbers were significantly
correlated to the total surface area (Skelton et al., 2023). Finally,
we found a weaker but still significant correlation between eDNA
levels detected and juvenile abundance. While laboratory studies
previously demonstrated a strong correlation between eDNA con-
centration and abundance (Eichmiller et al., 2016), studies in na-
ture have generally found weaker correlations (Yates et al., 2019).
This can be partially explained by the complexity of the environ-
mental and biological processes in nature that influence the rates

TABLE 3 Results of Ime analyses testing the effects of
environmental variables on the levels of eDNA molecules detected
for juvenile Atlantic salmon in the Gaspé area.

Std.
Value error DF t-value  p-value

Model 1 (52% Cum.Wt)

(Intercept) -2.54 2.02 85 -1.26 0.21

ASM 0.1 0.05 15 2.15 0.048*

Temperature 0.32 0.13 15 244 0.03*

Vegetation 0.32 0.35 15 0.93 0.37
Model 2 (31% Cum. Wt)

(Intercept) -2.41 1.67 85 -1.44 0.15

Biomass 0.005 0.001 15 3.69 0.002**

Temperature 0.24 0.11 15 2.14 0.049*

Vegetation 0.76 0.26 15 2.92 0.01*

Note: Results are presented for the first two best-fitted models. Model
one included “ASM,” “temperature,” and “vegetation” as fixed factors,
and “tributary” and “bottle” as random effects. Model 2 included the
same parameters as model 1, except for the “ASM” factor that was
replaced by “biomass.” Cum.Wt: sum of the AIC weight. * p-value below
0.05; ** p-value below 0.005.

Abbreviation: DF, degrees of freedom.
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of eDNA released by the organisms (Yates, Glaser et al., 2021).
In order to take into account this complexity in our system, we
replaced abundance with ASM as suggested by Yates, Glaser et al.,
2021. The use of ASM greatly improved positive correlation be-
tween abundance and detected eDNA concentration of juveniles.
This density metric allowed to account for the relative decline in
mass-specific eDNA production or excretion rates typically ob-
served as individual organismal mass increases (Yates, Glaser et al.,
2021). It is important to note that the allometric scaling coefficient
was set at 0.73 (which was the value used by Yates, Glaser et al.,
2021 for brook trout Salvelinus fontinalis) as no data on allometric
scaling in eDNA production or excretory rates was available for
Atlantic salmon. Furthermore, inference of the scaling coefficient
would have required to estimate the population size in each tribu-
tary (N) with repeated mark-recapture experiments based on the
method of Schnabel (Chapman & Overton, 1966). Therefore, it
would be important to adjust the allometric scaling coefficient in
future projects interested in tracking juvenile Atlantic salmon with
eDNA, by accounting for both the production and excretion rates
of this species and the population size sampled.

In our study, there was some variability in the proportion of fry
versus parr caught by electrofishing. We took into account this size
distribution of fry and parr by including body surface area into our
analyses, which can be considered as a proxy of life stage. As we
found that eDNA concentrations positively correlated with body
surface area, we can extrapolate that eDNA concentrations were
likely positively influenced by life stage. We were not able to con-
firm it with eDNA as this technology cannot discriminate between
life stages. However, the emergence of a new discipline, environ-
mental RNA (eRNA) could offer promising opportunities as eRNA
is based on transcriptomic data that allows to discriminate between
life stages depending on the qPCR primers used (Yates, Derry et al.,
2021). In the future, using eRNA instead of eDNA with two pairs of
primers, one specific to fry and one specific to parr, would allow to
validate that the levels of molecules detected is on accordance with
the proportion of fry and/or parr detected.
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FIGURE 6 Spearman correlations (Wickham, 2009) between values predicted with the models used in this study and observed values for
(a) juvenile abundance (Leslie method) (R=0.56, p=0.013%), (b) juvenile total biomass (g) (R=0.59, p=0.009**) and (c) allometrically scaled

mass (ASM) (R=0.46, p=0.05).
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According to the environmental conditions measured in each
tributary, we demonstrated that the levels of eDNA molecules de-
tected for juvenile Atlantic salmon were mostly influenced by tem-
perature and vegetation cover. As discussed previously, the impact
of temperature and vegetation cover - which itself influences ex-
posure to UV - on eDNA degradation rates has been extensively
studied in laboratory and/or natural conditions, with temperature
and UV exposure favoring the degradation of eDNA molecules as
they increase (e.g., for temperature (Jo et al., 2019; Tsuiji et al., 2017)
and UV (Pilliod et al., 2014; Strickler et al., 2015)). In our system,
we found that an increase in temperature and vegetation cover both
positively influenced the levels of eDNA molecules detected. First,
greater vegetation cover probably contributed to protect eDNA
molecules from UV exposure and degradation. However, the impact
of UV radiation on the levels of eDNA molecules detected in a nat-
ural environment is still debated. For example, it was suggested that
natural levels of UV radiation is not sufficient alone to affect eDNA
detection rates (Méachler et al., 2018). During our analyses, we used
vegetation cover defined by class as a proxy of UV exposure. Future
work would require more precise measures, for example, using a so-
larmeter to more accurately estimate the impact of UV on the de-
tection of juvenile Atlantic salmon eDNA. Furthermore, our study
was performed at a small temporal scale (in July and August), and
conducting sampling across seasons (e.g., summer vs winter) would
allow to better understand the role of the vegetal cover in protect-
ing eDNA from UV exposure and degradation. Second, the positive
correlation reported between temperature and eDNA levels could
be explained by an increase in the metabolism of juveniles with tem-
perature. As eDNA shedding rates depend on the metabolism and
physiological activity of organisms, higher temperatures might have
promoted higher metabolism rates, and ultimately higher shedding
rates of eDNA (Jo et al., 2019). Furthermore, experiments conducted
in controlled conditions previously demonstrated that water tem-
perature only induces the degradation of fish eDNA molecules at
high levels (24°C), with an accumulation of molecules observed at
15°C (Caza-Allard et al., 2022). As water temperature measured in all
tributaries was below the threshold of 24°C and close to 15°C (max-
imum of 21°C measured in the Petite Fourche rfp tributary, mean of
14°C for all tributaries), we suggest that water temperature was not
elevated enough to significantly degrade eDNA molecules.

It is important to take into account the impact of sampling year
when measuring eDNA levels of salmonids in nature. As a matter of
fact, migratory behavior and tributary occupancy of fish might be af-
fected by biological (e.g., warmer or cooler seasons) and physical fac-
tors (e.g., anthropic constructions such as culverts or dams), which
might ultimately result in variations of eDNA detection probability
(De Souza et al., 2016). Our study was conducted over two consec-
utive years, but on different tributaries for each year, which reduces
the relevancy of statistically testing if inter-annual effects have im-
pacts on eDNA detection/concentration levels. We nevertheless
included sampling year in the selected models and did not find any
significant effect of this variable on eDNA levels. Our results are
consistent with a recent study that notably tested the impact of year

on eDNA detection (Morrison et al., 2023). Using several models in-
cluding various environmental covariates, the authors demonstrated
that water temperature was the main driver of eDNA concentration
variability, as we found in our study. While the year itself did not
affect eDNA detection, the authors underlined the importance of
sampling at the same times and locations each year to reduce poten-
tial confounding variables (Morrison et al., 2023).

Based on the models selected in this study, we tested if eDNA
concentrations measured in one tributary could be used as a reli-
able indicator of juvenile biomass, juvenile abundance, and/or ASM.
We found that our models slightly better predicted juvenile bio-
mass, then juvenile abundance. Surprisingly, incorporating allome-
tric scaling coefficient with ASM did not improve model prediction.
Therefore, we remain cautious with the use of our selected models
to predict juvenile ASM. We propose that further biotic parame-
ters should be taken into account to improve model prediction. For
ASM calculation and prediction, it would be important as discussed
previously to estimate the population size per tributary (N) with
mark-recapture essays in order to determine the scaling coefficient
for juvenile Atlantic salmon. Here, we used the scaling coefficient
of brook trout, which could partially explain the low prediction
power for ASM. For biomass calculation and prediction, the num-
ber of fry versus parr juveniles in each tributary would be important
to take into account, as developmental stage has been reported to
affect eDNA shedding rates and detection (Maruyama et al., 2014).
Furthermore, other ecological processes such as eDNA transport
should be considered, which is all the more critical in a system where
there is connectivity between tributaries and their main stems. This
could be achieved for example by sampling eDNA the main river at
the mouth of the tributary, then at different distances from the river
mouth in each tributary.

To summarize, our results demonstrate that it is possible to de-
tect juvenile Atlantic salmon in tributaries using qPCR eDNA, and
that we can link eDNA concentrations with biotic parameters (juve-
nile abundance, total biomass, and body surface area) as well as with
environmental conditions (temperature and vegetation cover). We
hope that our method will complement traditional capture methods
and facilitate the implementation of conservation practices that will

be appropriate for monitoring juvenile Atlantic salmon in tributaries.
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