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Abstract

Effective species conservation and management requires comprehensive biomonitor-

ing, enhanced by combining traditional and newer methodologies, such as environ-

mental DNA (eDNA) analyses. A seasonal pulse of spawning adult Atlantic salmon

(Salmo salar) was detected by normalised eDNA 12S reads from metabarcoding,

which facilitated estimation of spatial patterns in salmon biomass. A strong relation-

ship was found between normalised reads in the lower section of the River Conwy

(Wales, UK) and whole-river adult biomass (estimated from rod catch data and a fish

counter), explaining 61% of the variation in a linear regression. Moreover, the positive

linear relationship between adult biomass and partial effect on normalised reads

occurred after the biomass estimate exceeded 1500 kg, indicating a threshold where

normalised reads become representative of biomass. The relationship observed

between normalised reads and biomass, as well as the unique profiles of normalised

reads at each of the sites, supports the hypothesis of limited eDNA transport among

sampling sites that were 2–4 km apart. River pH showed a significant non-linear rela-

tionship with normalised reads, with a peak in partial effect on normalised reads at

pH 6.5. Partial effect on normalised reads also showed a positive linear relationship

with flow (discharge), while also peaking at the highest average monthly air tempera-

tures (14�C). These trends are contrary to what would be expected from eDNA

decay, dilution or transport, demonstrating that metabarcoding is robust to such
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influences, reinforcing the interpretation of trends driven by Atlantic salmon ecology

and physiology. For example, pH effects reflect beneficial conditions for eggs and

perhaps habitat preference for spawners, flow effects reflect the annual return of

salmon during higher flows which aid upstream migration, tributary entry and spawn-

ing, and, finally, temperature effects reflect higher metabolic rates and greater shed-

ding of eDNA.
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1 | INTRODUCTION

Analysing environmental DNA (eDNA) to monitor communities of fish

and other organisms is now well established (Keck et al., 2022). The

ability to effectively detect eDNA and subsequently monitor fish pres-

ence in rivers while being non-destructive, easy to sample and suitable

for automation is a key improvement for global riverine bioassessment

(Altermatt et al., 2020; David et al., 2021). This is particularly impor-

tant given the urgent need for more data on riverine biodiversity to

counter the many anthropogenic pressures eroding freshwater, and

especially fish, diversity (Sayer et al., 2025; Su et al., 2021). The quan-

tification of fish diversity and how populations vary spatio-temporally

is essential for river ecosystem and fisheries management

(Best, 2018).

An approach using eDNA that is often implemented to investigate

single species is quantitative PCR (qPCR), which has demonstrated

strong quantitative relationships with non-molecular fish-surveying

techniques in freshwater environments, especially for salmonids

(Berger et al., 2024; Levi et al., 2019; Su et al., 2024; Tillotson

et al., 2018), making qPCR a valuable tool for predicting salmon abun-

dance. However, due to the targeted, low-throughput nature of qPCR

assays, surveying multi-species communities can be challenging.

When surveying broader communities, metabarcoding is often pre-

ferred, which utilises universal primers that amplify fragments of

eDNA from an array of taxa for DNA sequencing. For fish, targeting

the mitochondrial 12S gene has proven particularly effective and is

able to detect a diverse range of fish species (Collins et al., 2021;

Gibson et al., 2023; Hallam et al., 2021). However, analyses often

focus on community-level metrics rather than single species. More-

over, the relative number of sequencing reads assigned to species in

these datasets is often criticised as being only semi-quantitative due

to PCR bias in the library preparation process (Lamb et al., 2019).

Therefore, if representative information on the real-world abundance

of individual species can be extracted from metabarcoding datasets, in

addition to broad species detection (Goutte et al., 2020), then such

data mining could facilitate informed conservation strategies for key

species of interest, further endorsing the use of eDNA data in fish-

based ecological assessments (Pont et al., 2021).

This study explores the application of eDNA metabarcoding to

monitor Atlantic salmon (Salmo salar), a species of major cultural and

economic importance (Andersen & Dervo, 2019) that has seen

considerable decline in recent decades around most of the North

Atlantic due to a combination of factors at sea and in freshwater

(Olmos et al., 2019). Recently, in line with global trends (Dadswell

et al., 2022), the Atlantic salmon population size in Wales (UK) has

reached record low levels (Milner & de Leaniz, 2023) and its IUCN

classification has been downgraded from ‘Least Concern’ to ‘Near

Threatened’ at a global scale, and ‘Endangered’ in Great Britain

(IUCN, 2023).

The River Conwy in North Wales is an iconic salmon river in the

UK, one of 64 designated as Principal Salmon Rivers (Cefas/EA/

NRW, 2023a). The Conwy has a catchment area of 678 km2, a main

channel length of 55 km and drains upland peat moorland, flowing

through a rural landscape with a mixture of sheep and cattle farming

and mixed woodland (https://catalogue.ceh.ac.uk/). Despite the

installation of a fishpass, which opened an additional 40% of nursery

area upstream of Conwy Falls in 1993 (Milner, 1985) to give a total of

63Ha of wetted area (Cefas/EA/NRW, 2023a), annual salmon egg

deposition has declined (Natural Resources Wales, 2021) from

approximately 4.91 million eggs in 1990 to 0.38 million in 2021

(Cefas/EA/NRW, 2023a), therefore, conservation and restoration are

urgently required, along with information on spatial and temporal dis-

tribution within this catchment. Data can be obtained from juvenile

electrofishing surveys (Figure S1), but the necessary spatial granularity

is resource intensive and constrained to streams of a certain size, con-

sequently making it challenging to quantify spatial patterns. In most

rivers, adult salmon runs are sampled by some combination of angling

rod catches and fixed counters (Cefas/EA/NRW, 2023b). Catch data

are subject to bias due to reporting errors and assumptions about

exploitation rate and fishing effort (Milner et al., 2001), although such

errors can be partially accounted for by calibrating against rivers with

independent run estimates from traps and counters (Gregory

et al., 2023). Generally, catches are reported as a seasonally stratified

whole-river estimate of the annual run for the whole catchment. Total

run assessment, while adequate for river-scale management, is often

insufficient for understanding perturbations in freshwater environ-

ments, which occur at finer spatial scales.

Atlantic salmon are anadromous, resulting in two main riverine

components of salmon biomass: juveniles, present all year in overlap-

ping cohorts, and adults returning between spring and autumn. The

annual return migration of adults is thus anticipated to cause a sea-

sonal eDNA signal on top of juvenile biomass. This signal, which
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metabarcoding seeks to detect, has a predictable spatio-temporal pat-

tern. The dominant recurring annual pattern of adult presence is pri-

marily driven by the inherited seasonal timing of sea return leading to

a predictable monthly pattern of rod catch and an accumulation of

adults throughout the accessible main stem and larger tributaries prior

to final maturation and spawning. Over this inherent pattern lies

annual variation that may be river- or site-dependent according to

river structure and stochastic variation in flow and temperature,

among other factors. Adult salmon migration in spate rivers like the

Conwy typically follow a three-phase pattern of (i) river entry, begin-

ning in spring, (ii) gradual upstream passage in the main stem and

major tributaries interspersed with long holding periods for most of

the summer, and (iii) a final spawning migration in autumn to spawning

sites (Milner et al., 2012; Thorstad et al., 2008). During phase (ii), small

summer spates induce further upstream movement, but many fish

may not move for long periods in deep holding pools or downstream

of partial barriers, particularly if passage is restricted by low summer

river discharge. The final spawning migration in October and

November is typically initiated by high flows, such that abundance in

small tributaries and the uppermost river sections peaks shortly

before spawning. This overall process can be envisaged as an annual

pulse of adult biomass entering the river, dispersing and diffusing

upstream, with the timing of peak abundance crucially varying accord-

ing to location within the catchment, and the influence of natural

holding areas and partial barriers.

The use of eDNA to monitor salmonid ecology spatiotemporally

has been well studied in Pacific salmon (Levi et al., 2019; Shelton

et al., 2019; Su et al., 2024; Tillotson et al., 2018), but less so for their

Atlantic counterpart (Berger et al., 2024). Using a state-of-the-art,

exemplar eDNA metabarcoding dataset constructed from an intensive

yearlong sampling regime in the River Conwy, Wales, UK (Perry

et al., 2024), we examined (i) the quantitative associations between

seasonal eDNA signals and estimates of biomass of adult and juvenile

Atlantic salmon, (ii) the ability of eDNA to describe spatial patterns in

biomass, inferred from migration ecology and locations of principal

holding and rearing areas, and (iii) the significance of environmental

conditions on the eDNA signal. Finally, we comment on the comple-

mentarity of metabarcoding with conventional biomonitoring

techniques.

2 | METHODS

2.1 | Ethics statement

An ethical statement relating to animal welfare is not applicable in this

instance because there were no animals sampled directly in this study.

2.2 | eDNA metabarcoding

The sequencing data used here was generated in a previous study;

the data are publicly available from the European Nucleotide Archive

(accession PRJEB48362). Detailed methodology on sample collection,

metabarcoding library preparation and bioinformatics can be found in

Perry et al. (2024). Briefly, water samples were taken longitudinally

along the River Conwy, Wales, UK, at 14 sites (Figure 1). Each site

was sampled 19 times over a 356-day period starting on 27 April

2017 and ending on 18 April 2018. In an Atlantic salmon context, the

river can be split into three zones: the upper river (sites E07-E09),

Conwy Falls (site E10) and the lower river (sites E11-E14). Three

water samples were taken at each sample site for each of the time-

points, and eDNA was captured using 0.22 μm Sterivex filters. The

DNA was then extracted from the filters and purified using a modified

Qiagen DNA blood and tissue extraction protocol (Spens et al., 2017).

Metabarcoding libraries were based on 12S MiFish-U forward (50-

GTCGGTAAAACTCGTGCCAGC-3) and reverse (50-CATAGTGGGGT

ATCTAATCCCAGTTTG-3) primers (Miya et al., 2015) and sequenced

on an Illumina HiSeq. To assign taxonomy to amplicon sequence vari-

ants (ASVs), the DNA sequences were scored based on their align-

ment to the MitoFish database entries using BLAST (Sato et al., 2018),

requiring a >90% percentage identity, >90% query cover and an

e value of <0.001. ASVs were then clustered based on taxonomic

assignment. If a species had less than 0.05% of the sample reads, it

was removed from the analysis. Additionally, if an ASV had fewer than

20 reads, it was also removed, as were samples containing fewer than

1000 reads. The three replicate water samples for each sample site

and time point were then aggregated. Atlantic salmon reads were

divided by sum sample reads (post filtering) to generate normalised

salmon read depth, referred to hereon in as normalised reads. There-

fore, normalised reads refer to the number of reads for Atlantic

salmon relative to the total number of fish reads in a sample.

A total of 66 negative controls were taken in the field using deio-

nised water. These negative controls were processed in the same way

as samples. Also processed and sequenced were 68 negative controls

introduced during the laboratory processing stage. For all samples,

pre-PCR steps were performed in a PCR-free, eDNA clean room, in a

separate building to where PCRs were undertaken. Access to the

clean room was restricted to trained users who wore PCR-free over-

coats, hair nets, shoes, gloves and masks, and the room was regularly

cleaned with bleach.

2.3 | Salmon biomass

The biomass estimates comprised two main components, (1) juvenile

and (2) adult (products derived from the annual run), which were also

summed to give (3) a combined biomass value. These three variables

were used to test for relationships between biomass and normalised

reads.

2.3.1 | Juvenile biomass estimation

Terminology follows Allan and Ritter (1977). Juvenile biomass com-

prised newly recruited 0+ parr (young of the year of the current year
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class, 2017 in this study) and older fish (1+ parr of the 2016 year

class). No salmon older than 1+ were recorded by electrofishing sur-

veys by Natural Resources Wales (NRW) in 2017. Juveniles are pre-

sent in the Conwy all year round, each cohort commencing around

April with emerging fry. Their biomass is the outcome of losses from

mortality and gains from growth. Smolts leave the River Conwy as 1+

and 2+ fish in April and May.

The methods and timing of electrofishing surveys in the Conwy have

been too inconsistent to obtain reliable models of survival and growth,

although surveys were considered suitable to derive average abundance

in 2017 to calibrate the modelled abundance. Survival and growth models

were adapted from data on the River Wye, mid-Wales (Gee et al., 1978a).

Starting reference points to calculate juvenile standing stock

(total abundance, N) and density (relative abundance, N 100 m2) for

F IGURE 1 Location of eDNA sampling sites E07 to E14 (red circles), eight sectors (blue and white) from which angling catches were reported,
hydrological features such as falls and confluences (blue triangles) and sites relevant to other measured environmental variables (pink circles). No
salmon angling is permitted upstream of Conwy Falls (site E10). Inset map is of the United Kingdom with red circles indicating the location of the
eDNA sampling sites. Contains OS data © Crown copyright and database right 2023 as well as Natural Resources Wales information © Natural
Resources Wales and Database Right. All Rights Reserved. Contains Ordnance Survey Data. Ordnance Survey Licence number AC0000849444.
Crown Copyright and Database Right.
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2017 0+ and >0+ were total Conwy salmon egg depositions reported

by NRW (Cefas/EA/NRW, 2023a), being 1,561,770 (0+ in 2016) and

1,165,500 (0+ in 2015), respectively, in a wetted area of 630,000 m2.

Emergence was assumed to be completed by 1 May and mortality

between then and 1 June was assumed to be 50% (Fleming &

Einum, 2011).

After 1 June, daily instantaneous loss rate (z in Nt ¼Nt�1:e�zt,

where t= time in days) was taken as the average (0.0062) for upper

River Wye tributaries and main stem sites from tab. 3 in Gee et al.

(1978a) and assumed to be constant until age 1+, as reported by Gee

et al. (1978b).

The 2016 cohort abundance was adjusted for 1+ smolt loss in

May 2017 using an assumed cohort smolting rate of 0.6. Change

in relative abundance (N 100m2) estimated with the above assump-

tions was validated against observed mean abundances reported from

electrofishing surveys by NRW in 2017 (Figure S2), having a mean

date of 26 July (range 26 June to 29 August) averaged across 36 sur-

veyed sites.

Seasonal growth in length of 0+ and 1+ parr was assumed to be

the same as reported by Gee et al. (1978b) from which growth in indi-

vidual wet weight (W, g) was derived from log10(W) = log10(L) �
3.193–2.052 (L = fork length [cm]; Figure S3). Biomass (B) at the end

of each month for each cohort (0+ and 1+ in 2017) was calculated

from total standing stock (N) as B = N � W). Biomass estimates for

0+ and 1+ parr were summed to give total juvenile biomass

expressed in kilograms.

2.3.2 | Adult biomass estimation

The adult component included live fish, decaying fish that died before

spawning, post-spawning carcasses, eggs and kelts (post-spawning

survivors), together forming the annual adult run contribution,

referred to as adult biomass. Returning adults are predicted to show a

pulse in biomass beginning with first arrivals in early spring, peaking in

late summer and decreasing to near zero as fish die after spawning or

migrate back to sea as kelts, leaving their eggs incubating in gravels.

The total adult run biomass (living, dead and decaying adults and

eggs) arriving in 2017 was reconstructed from estimates of total

annual run, rod catch and spawning escapement used by NRW to

report egg deposition (Cefas/EA/NRW, 2023a, 2023b). Escapement is

the spawning run after losses from retained angling catch, post-

release mortality of angled fish and natural mortality. Retained catch

(estimated at 31 fish in 2017) was removed from the biomass esti-

mates. Cumulative annual escapement (874 salmon in 2017) plus

losses due to post angling capture-release (annual loss = mortality

rate = 0.20) and natural mortality (annual rate = 0.091) were allo-

cated to months based on proportions of monthly rod catch data from

angling catch returns to give the seasonal biomass. Because rod

catches are seasonally constrained by the angling season (closure in

late October) an adjustment was made using run data from a resistiv-

ity fish counter at Conwy Falls (53.064992, �3.778941) for those

years with full monthly counts (2005, 2007, 2014, 2016, 2020) which

showed 4% of the run occurred after the annual closure of the rod

fishery. These adults comprised a mixture of salmon and sea trout

(anadromous Salmo trutta L. [brown trout]), but no adjustment for spe-

cies composition was possible and the late season proportion was

assumed to apply equally to both. Loss of female body weight follow-

ing spawning was estimated from the gonado-somatic index reported

by Jonsson and Jonsson (2003). The decay of salmon carcasses post-

spawning was estimated from decay rates reported by Chaloner et al.

(2002). No correction for downstream drift of carcasses (Williams

et al., 2010) was made because the biomass estimates were for the

whole river and although some may have been displaced downstream

of site E14 into the upper estuary, the edge effect of this was consid-

ered too small to require correction. All egg deposition and post-

spawning mortality was assumed to occur in December and carcass

decay to begin on 1 January. Atlantic salmon are iteroparous: a small

proportion survive spawning to become kelts that migrate back to

sea, some of which return to spawn the following year (Persson

et al., 2023). The incidence of kelts was not known but a post-

spawning in-river survival rate of 0.1 was assumed, which at 0.5

marine survival would give a percentage of previous spawners the fol-

lowing year of about 4%, which lies close to the mean (3.8%) and

within the range (0%–26%) reported for Norwegian rivers by Persson

et al. (2023). Data on the percentage of previous spawners in the

Conwy are not recorded, but on the nearby Welsh Dee, a salmon

Index River, the proportion of previous spawners in the annual runs

has been <5% over the last 32 years (Davidson et al., 2024). Kelts

were assumed to be lost from the Conwy system, beginning in

December, at a monthly rate of 0.55, an arbitrary rate iterated to

ensure they all left the river by the end of March, which anecdotally

matches their occurrence in rod catches. Egg hatching was assumed

to be completed by the end of April 2018. Initially, biomass estimates

were calculated to the end of each month and then interpolated to

the day of eDNA sampling, assuming linear change between each suc-

cessive pair of monthly estimates. The seasonal pattern of all the sub-

biomass compartments is given in Figure S3.

2.3.3 | Spatial distribution of salmon adults and
juveniles in the river Conwy

The temporal pattern above captures the mean monthly presence

averaged across the areas where adults are sampled by angling

(Figure 1) and where juveniles are sampled by electrofishing, but does

not convey how salmon were spatially organised within the river.

Both adult and juvenile biomass estimates are measures for the whole

catchment, thus parsimoniously are assumed to be distributed uni-

formly within it, when in reality there is spatial pattern. There is a

well-understood spatial pattern of angling catch and spawning activity

within the Cowy catchment, which has been conserved over decades

with some minor variation. For example, most fish are caught in sec-

tors 3, 4 and 7 (Figure 1) (Davidson & Milner, 1985). This consistency

arises because channel structure and topography govern how the fish-

pass through the river and their vulnerability to angling, and because
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spawning is tethered to gravel substrates having suitable hydraulic

features (Armstrong et al., 2003). The consistency in spatial distribu-

tion in spawning is reflected in the spatial variation of fry recorded in

electrofishing surveys (Davidson & Milner, 1985; Figure S1). No

angling is permitted above Conwy Falls.

Juvenile salmon abundance is determined by factors including

channel habitat features that govern spawning locations (through

location and suitability of gravels) and the carrying capacity for free-

swimming juveniles (through in-channel and riparian features that

govern survival and growth) (Armstrong et al., 2003). In the River

Conwy, historic spawning and juvenile habitat have been surveyed

and reported (Davidson & Milner, 1985; Davidson & Milner, 1989).

Qualitatively, therefore, the expected distribution of juveniles is

known and supported by electrofishing surveys (Figure S1). Historical

data from redd counts and juvenile surveys (Davidson & Milner, 1985,

Davidson & Milner, 1989) show that before the fishpass was opened

in 1993, spawning was concentrated in the main River Conwy stem

between E011 and E013, and in the Lledr (the largest tributary), which

enters the Conwy at a large, deep confluence, which is a salmon hold-

ing pool, immediately above E11 (Figure 1). Several minor tributaries

also support locally intense spawning. Since 1993, spawning and rear-

ing have occurred in the Merddwr and upper Conwy, upstream of

their confluence (APEM, 2011). Fishpass counter records (NRW

unpublished) show that 18% (range 6%–37%) of the Conwy run

spawns upstream of Conwy Falls, but these include an unspecified

proportion of sea trout (Salmo trutta). Crucially, the main Conwy

upstream of the Lledr confluence has extensive bedrock and torrential

flow sections, most prevalent upstream of E10, E09 and E08. This

stretch of the river is not appropriate for electrofishing which, except

for a few short sections, has few characteristics of spawning or rear-

ing habitat, but such habitat is abundant at and upstream of E07

(APEM, 2011).

2.4 | Environmental conditions

Average daily flow (m3/s) (discharge) on the day of eDNA sample col-

lection was measured at the flow gauge at site E12 (Cwmlanerch,

53.106375, �3.7920625). Flow estimates at sites upstream of E12

were extrapolated from E12 based on the catchment area of each of

the upstream sites. For sites downstream of E12 (E13 and E14), the

same flow as E12 was used because discharges into this section of the

river are small and were assumed to contribute very little to the main

river flow. Average monthly air temperature estimates, referred to sub-

sequently as temperature, were based on measurements taken at the

Glasgwm Automatic Weather Station (53.029018, �3.8408066). Air

temperature could not be estimated for site E14. pH measurements

were taken in situ at each site as the eDNA samples were collected.

2.5 | Linear models

Before more complex modelling, linear correlations were explored

among estimated biomass and normalised reads at each site, for adults

and juveniles (separately). Pearson correlation coefficients (r) and

bivariate plots (see Figure S5) were derived using the chart.Correla-

tion function of the PerformanceAnalytics package in R.

2.6 | Generalised additive models

Modelling was carried out in R v. 4.2.2 (R Core Team, 2022) and the

code is available on GitHub (https://github.com/WillPerryMEFGL/

salmon_eDNA.git). Three generalised additive models (GAMs) were

constructed using the mgcv package (Wood, 2010). The first GAM,

which included all sites, had normalised salmon reads as the response

variable and the following smooth functions: two separate biomass

estimates, (1) juveniles and (2) adults (including eggs), daily flow, pH,

the distance a sample was taken from the river source (a lake) as well

as the number of days after first sample, all of which were assigned

six knots. Interaction terms between each of the biomass estimates

and site code were included, as well as between days after first sam-

ple and site code, and between flow and site code. The second GAM

was the same as the first, other than the biomass estimate, which was

(3) juveniles and adults summed. The summed biomass estimate

was included in its own model to avoid multicollinearity between the

partitioned biomass estimates. The second GAM containing the

summed biomass had a higher Akaike information criterion (�333.19)

than the first GAM containing the partitioned biomass (�373.35).

Therefore, the second GAM was dropped and not used for further

analysis. The third GAM was also the same as the first but had an

additional smooth function for average monthly air temperature esti-

mates and did not include site E14 due to temperature data being

unavailable for this site. The only results presented from this third

GAM are for the temperature effect, all other results are from the first

GAM. The fourth and final GAM was the same as the first, but sites

were aggregated into river regions relevant to Atlantic salmon: upper

(site E07, E08, E09), Conwy Falls (E10) and lower (E11, E12, E13 and

E14). The aggregation makes the normalised reads more comparable

to the whole-river biomass estimates, which is based on rod catch

data from the lower river (Figure 1). To aggregate site data, a mean of

normalised reads and environmental variables was used. Due to the

consolidation of data points caused by the aggregation, the knots

assigned in the GAM were reduced to 3. After the fourth GAM, to get

an understanding of effect size, a linear regression was performed

between adult biomass and normalised reads for the lower river section.

Results from the GAMs are discussed in the context of partial

effect, which is the isolated effect of a single predictor variable on the

response variable (normalised reads) after accounting for all other var-

iables in the model.

3 | RESULTS

3.1 | Spatial variation in normalised reads

Utilising linear correlations, the distributions of normalised reads var-

ied significantly among sites (F1,7 = 4.152, p < 0.01) (Figure 2). E11
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was significantly higher than all others, except E10 and E07 (Tukey's

Honestly Significant Difference test). Although site variances were

homogeneous, the residuals were not normally distributed and so the

results should be viewed in this context. The overall significance was

maintained in a non-parametric Kruskal–Wallis test (χ2 = 28.39,

p < 0.01). Spatial variation was also highlighted in the GAMs. The first

GAM, which performed well (adjusted R2 = 0.78, deviance

explained = 88%), showed that distance the site was away from the

source had a significant effect on normalised reads (F = 17.72,

p < 0.01) (Figure 3a).

3.2 | Temporal variation in salmon biomass and
normalised reads

Two components of salmon biomass, juvenile and adult, peaked at

1812 kg in July and at 3471 kg in late November, respectively

(Figure 4a). Combined biomass peaked at 4655 kg in early November.

As the return from sea migration progressed the proportion of adult-

origin biomass increased from 0.06 in May to peak at 0.80 in

December (Figure S4). Normalised reads displayed monthly fluctua-

tions (Figure 4b,d) with a seasonal pattern that was, visually, broadly

consistent among sites except for E10 (Figure 4c), which peaked ear-

lier than others at the start of September. There was also a statistically

significant effect of the number of days since the first sample on nor-

malised reads in the first GAM (F = 3.00, p = 0.01) (Figure 3b). At all

sites, except for E10, the highest normalised reads were seen in

November and December (Figure 4b–d), corresponding with peak

estimated adult run biomass (Figure 5).

3.3 | Abiotic influences on normalised reads

In the first GAM, pH (F = 2.55, p = 0.04) and flow (F = 10.52,

p < 0.01) both had a significant effect on normalised reads. There

were also significant interaction terms between flow and site at E07

(F = 24.78, p < 0.01), E08 (F = 16.77, p < 0.01), E10 (F = 6.32,

p < 0.01), E12 (F = 8.06, p < 0.01) and E14 (F = 4.43, p = 0.05). In the

third GAM, which performed well (adjusted R2 = 0.79, deviance

explained = 88%), which excluded E14 but included a temperature

term, the relationship between average monthly air temperature and

normalised reads was significant (F = 2.54, p = 0.04).

3.4 | Biomass–eDNA comparison

Utilising linear correlations, normalised reads were significantly posi-

tively correlated with adult biomass at sites E14, E13, E11 and E08

(p < 0.05). The associations were the strongest at the sites down-

stream of the Lledr, particularly at E11 (Pearson's r = 0.80). In con-

trast, juvenile biomass was correlated with normalised reads at only

one site (E10), and combined juvenile and adult biomass was driven

by the adult component.

Exploring these relationships further, the first GAM (which

accounted for non-linear relationships, pH, flow, days, distance from

the river source as well as juvenile and adult biomass estimates)

showed that normalised reads had a significant relationship with adult

and juvenile biomass (Figure S6), but none of these relationships were

positive or linear. However, in the fourth GAM, once the site data was

aggregated by river section to more closely fit the biomass data, nor-

malised reads had a significant non-linear relationship with adult bio-

mass in the lower river (F = 10.78, p < 0.01) characterised by a

positive relationship with partial effect after a biomass of 1500 kg

(Figure 6c). There were no significant relationships with adult biomass

in other river sections (Figure 6a,b) or with juvenile biomass in any

river sections (Figure 6d–f). Overall, the fourth GAM also performed

well (adjusted R2 = 0.82, deviance explained = 90%).

4 | DISCUSSION

Metabarcoding datasets provide a wealth of information on biologi-

cal communities, and with over a decade of advances in methods

refinement, database construction and primer design, the effective

assessment of fish biodiversity is an exemplar of the approach

(Collins et al., 2021; Deiner et al., 2016; Gibson et al., 2023; Hallam

et al., 2021; Miya et al., 2015; Sato et al., 2018). However, it

remains unclear how representative metabarcoding datasets are for

describing the distribution and biomass of single species. Here, we

provide evidence that sequenced mitochondrial 12S genes, ampli-

fied by PCR from DNA obtained from the environment, can identify

trends representative of Atlantic salmon biomass estimates, espe-

cially adult biomass, at the catchment scale. The 12S gene reads

produced by sequencing, after being normalised to adjust for differ-

ing read depths among samples, showed a significant relationship

with biomass estimates. To our knowledge, we present the first

application of eDNA metabarcoding to estimating salmonid biomass

distribution in a river system, with previous studies having

utilised qPCR.

F IGURE 2 Boxplots of normalised Atlantic salmon eDNA reads
from eight sites of the River Conwy.
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Briefly, qPCR measures the quantity of a specific DNA fragment in

a sample by using primers and a fluorescent dye or probe, which allows

the qPCR machine to measure the fluorescence level caused by target

fragment amplification. Using a known standard, the fluorescence can

quantify the concentration of that fragment. Metabarcoding, however,

is sequencing-based, meaning that specific fragments are not targeted.

Instead, universal primers are used to amplify, in a PCR reaction, a

broad array of similar fragments. Here, the sequencing-by-synthesis

approach (Illumina HiSeq platform) was used, whereby the sequencing

machine reads the nucleotide bases making up the fragments,

producing ‘reads’. These reads do not allow for the concentration of

the fragments to be calculated. However, more reads of a specific frag-

ment are expected if there is more of that fragment in the sample. One

would also expect a proportional representation of a specific fragment

(i.e. salmon DNA fragment) in a water sample to the biomass of organ-

isms in the environment. However, a correction must first be applied

among samples based on differing levels of sequencing effort. This cor-

rection is achieved by normalising the reads from each fragment by the

total number of the reads within that sample to make them comparable,

resulting in a relative measurement of normalised reads.

F IGURE 3 Outputs from the first generalised additive model (GAM) showing the partial effect of (a) distance from the river source, (b) days
since the first sample and the statistically significant abiotic conditions, (c) flow, (d) pH and (e) temperature on normalised Atlantic salmon reads.
The output for (e) temperature was taken from the third GAM, which did not include site E14 due to the lack of temperature data at this site.
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4.1 | Spatio-temporal variation in normalised
eDNA reads

Normalised reads were detected at all eight eDNA sampling sites,

implying that salmon were present at distances of up to approximately

40 km upstream of the mouth of the Conwy Estuary at Deganwy. The

overall variance of normalised reads includes seasonal fluctuations in

salmon presence, although E11 stood out with higher mean normal-

ised reads (mean 0.299, standard deviation [SD] = 0.135, n = 18)

compared to other sites (Figure 2). This site is downstream of a major

pool for adult salmon at the junction of the Lledr and the main stem

of the River Conwy. It is also the first significant large holding site for

salmon that may migrate back downstream, having been temporarily

delayed at Conwy Falls. The Falls site (E10) returned the second high-

est mean normalised reads (0.262, SD = 0.157, n = 18) and this, in

addition to its unique seasonal pattern, may point to this location as a

partial barrier for early summer running fish, despite the fishpass at

the Falls, as is seen with artificial barriers with fishpasses (Twardek

F IGURE 4 (a) A time series of biomass estimates, coloured by the life stage they represent. Also included is a time series of normalised reads
grouped into different sections of the River Conwy, with (b) upstream of Conwy Falls, (c) immediately downstream of Conwy falls and (d) lower
river, downstream of the Lledr confluence.
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et al., 2021). Furthermore, the rapid decline in normalised reads at

E10 (which has no spawning or rearing habitat) from September to

January corresponded with an increase in normalised reads at all other

sites, suggesting a departure of presumptive spawners either

upstream through the fishpass or downstream to the lower Conwy or

Lledr spawning sites.

High normalised reads at E07 after February 2018 distinguished

it from the other sites upstream of the falls (Figure 4b). Indeed, site

E07 showed the highest partial effect on normalised reads, demon-

strating it has the highest normalised reads after accounting for the

effects of other variables (Figure 3a). This site is at the end of

the most productive spawning and rearing 2 km of the upper Conwy

(APEM, 2011), which is located downstream of impassable falls at

Ysbyty Ifan (NGR SH 8300 4840). Thus, E07 would be expected to

have a high abundance of adult spawners and juveniles. However,

high normalised reads at E07 were maintained well into March 2018,

F IGURE 5 Heatmap showing within-column scaled values of salmon biomass and eDNA normalised reads at each eDNA sampling site (E07–
E14). Each of the values is divided by the sum of all values belonging to the associated variable being displayed on the x axis. To create a
continuum, linear interpolation was used to generate values for dates among samples.
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which is considerably later than the known spawning time and may be

indicative of the high abundance of salmon fry and parr in that sec-

tion. Previously, qPCR approaches have shown a strong correlation

between Atlantic salmon juvenile biomass and eDNA concentration in

tributaries (R2 = 0.82) (Berger et al., 2024). In the Conwy upstream of

the Merddwr, at four sites adjacent to E07 in 2010, late-summer

salmon fry (density = 17.2100 m�2, SD = 2.58) contributed 0.94 of

the salmon and trout abundance, and salmon parr

(density = 1.1100 m�2, SD = 0.28) contributed 0.48 of total salmonid

abundance (APEM, 2011). Salmon dominance appears to be a consis-

tent feature of this reach, stemming from a particularly

favourable salmon spawning habitat. In 2014, a survey showed

salmon contributed 0.99 and 0.54 of the total salmonid fry and parr,

respectively (CCRT, 2014).

In contrast, E08 and E09 lie in sections characterised mainly by

bedrock channels and torrential flow that would not be expected to

support significant juvenile production or offer major holding areas.

At these two sites, normalised reads decreased rapidly after the

November peak (Figure 4b), suggesting it was more indicative of adult

migrant passage on the way to spawning in the Merddwr and upper

Conwy. After accounting for the effects of other variables, overall site

E08 did show the second highest partial effect on normalised reads

(Figure 3a) in the system, which is likely due to its proximity to the

Merddwr. The rapid post-November decline in E11, E12, E13 and

E14, which are wide main stem channels, probably reflects their pri-

mary role as conduits for arriving and departing adults. However, at all

these sites, some continuous presence of juvenile salmon is likely to

arise from local spawning.

4.2 | Biomass-eDNA comparison

Due to the difference in spatial resolution between normalised reads

(eight sites along the Conwy) and biomass (whole river), insights from

directly comparing the two measures are limited. Despite this, when

normalised reads were aggregated into river sections that more closely

resembled the whole river biomass estimate, a strong relationship

between the two metrics emerged. Moreover, by partitioning biomass

by life stage, strong relationships can inform what life stages are con-

tributing most to normalised reads. Biomass best explained the varia-

tion in normalised reads in the lower river (Figure 6c) and specifically

adult biomass. The relationship here was overall non-linear, but positive

and linear after a biomass of 1500 kg was reached. When fitting a lin-

ear regression, 61% of variance was explained. Normalised reads in the

lower river being the most representative of the whole river adult bio-

mass estimate is logical, given that the rod catch data underpinning the

biomass estimate is collected from the lower river. The lower river is

also home to a major holding pool for adult salmon. The positive nature

of the relationship only occurring after 1500 kg of biomass also sug-

gests that there is a threshold, after which normalised reads are more

representative of biomass. This density dependency has also been seen

in qPCR studies looking at returning Pacific salmon spawners, where

F IGURE 6 Partial effect plots from the fourth generalised additive model (GAM) where sites were aggregated into river sections: upper (a, d),
Conwy Falls (b, e) and lower (c, f). Normalised salmon reads is the response variable and plots show the relationship with the independent
variables, (a–c) adult and (d–f) juvenile biomass in the form of partial effects, which account for the other variables included in the model. The red
asterisk indicates a significant relationship (p < 0.05).
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lower numbers of individuals (daily counts of less than 100) led to a

weaker correlation with eDNA levels (Su et al., 2024).

4.3 | eDNA transport

Across applications of eDNA in aquatic systems it is important to

assess the extent to which signals may represent patterns transported

from non-target sites due to water transport. Significant relationships

between normalised salmon reads and biomass, as well as the unique

profiles of normalised salmon reads at each of the sites, supports the

hypothesis that the transport of eDNA from upstream is not impairing

localised trends downstream. The lack of eDNA transport detected at

downstream sites, or accumulation over time, supports prior qPCR

studies assessing Pacific salmonid species (Levi et al., 2019; Tillotson

et al., 2018) and caged Atlantic salmon (Wood et al., 2021). In addi-

tion, previous work in the River Conwy assessing eDNA transport

using exogenous eDNA and the 12S marker showed that there was

greatly reduced abundance and detection of eDNA after just 1 km,

and no detection beyond 5 km (Perry et al., 2024). Given the spatial

structuring and significant relationship with biomass seen in this

study, and the eDNA sample sites being distributed between 2 and

4 km away from each other, the results of this study support previous

findings indicating limited eDNA transport. These results also provide

further confirmation that eDNA quickly becomes undetectable in lotic

environments and is therefore representative of biodiversity in the

immediate vicinity of the site sampled.

4.4 | Environmental conditions

Previous qPCR studies have shown that the eDNA signal of salmonids

is heavily influenced by the river flow rate (Levi et al., 2019; Su

et al., 2024; Tillotson et al., 2018), with increased flows associated

with higher dilution, therefore reducing eDNA concentration (Wood

et al., 2021). Here, flow had a significant effect on normalised reads,

but higher normalised reads were associated with higher flows. This

contradictory result is likely due to the use of metabarcoding and nor-

malised reads rather than absolute concentrations provided by qPCR

in the previous studies. The relative nature of normalised reads, unlike

qPCR, which is an absolute measure, means that so long as eDNA

from all other species is being diluted by flow, normalised salmon

reads will not be significantly affected. Reads from other species are

therefore acting as flow-adjusted environmental standards. Such an

approach has multiple benefits, which includes less reliance on flow

data (which can be hard to acquire) to normalise the eDNA signal,

contrary to using qPCR, where high-resolution stream flow data is

required to accurately calculate salmonid abundance from eDNA (Levi

et al., 2019).

As the significant effect of flow was not primarily driven by the

ecology of the eDNA molecule, we expect, therefore, that it is driven

by the ecology of the salmon. In surface-fed rivers like the Conwy

salmon annual migration is broadly timed to coincide with the annual

hydrograph (Figure S7) such that in-river numbers increase as flows

increase from summer lows to autumn/winter high flows that aid

upstream migration, tributary entry and spawning (Thorstad

et al., 2008). Therefore, some correspondence between flow at the

season scale and eDNA reads would be anticipated. The sites furthest

upstream (E07 and E08) showed significant positive linear relation-

ships between partial effect on normalised reads and flow in the first

GAM. This relationship could be driven by spawning migration to

access spawning sites, as some are in smaller channels where higher

flows facilitate movement, mate selection and egg deposition (Milner

et al., 2012; Thorstad et al., 2008; Webb & McLay, 1996), as in the

Merddwr (adjacent to E07 and E08) and upper Conwy. Flow also sig-

nificantly affected normalised reads at E10, but this relationship was

non-linear and was characterised by a drop-off in normalised reads at

high flows. As E10 is downstream of Conwy Falls and its associated

fishpass, particularly high flows could deter fish from using the fish-

pass and thus entering this stretch of the river. Flow also had a signifi-

cant effect on normalised reads at site E12 and E14, where there was

a linear negative correlation. Lower normalised reads at higher flows

in this most downstream section of the river could reflect that, at

higher flows, much of the salmon biomass is dispersing further

upstream and leaving the lower reaches. Likewise, while dilution of

eDNA does not appear to be the primary driver of the flow trends, it

is possible that it could have some effect in these lower reaches

where the river is larger.

It is important to note that, as flow estimates were based on a

single site and scaled to other sites in the catchment, local spatial vari-

ation in flow that can occur between sub-catchments will not have

been captured, especially during storm events, therefore interpreting

these results and their meaning for salmon ecology does come with

caveats.

Finally, pH and temperature also had a significant effect on nor-

malised salmon reads. While acidity is known to degrade eDNA

(Seymour et al., 2018), the relationship seen here suggests that nor-

malised salmon reads were lowest at pH neutral (pH 7.0), after

accounting for the effects of other variables, and highest at pH 6.5,

the opposite of what one would expect from the ecology of the

eDNA molecule. Again, like flow, this may be due to the relative

nature of the normalised salmon reads, with the trend being driven

by salmon ecology. The optimal pH for Atlantic salmon eggs and

alevins has been documented as being between pH 6.2–6.8

(Benchmark Genetics, 2019). Therefore, sites with a pH in this

range could be more attractive to spawners, thus increasing the

amount of eDNA. Similarly, while higher temperatures are associ-

ated with higher eDNA degradation rates (Strickler et al., 2015), the

relationship seen here suggests that normalised salmon reads were

highest at the highest temperatures (14�C), M after accounting for

the effects of other variables. Rather than the ecology of the

salmon driving this trend it is likely their physiology, with higher

metabolic rates at higher temperatures, increasing the rate of eDNA

shedding (Rourke et al., 2022), a trend which has already been

observed in Atlantic salmon with qPCR approaches (Berger

et al., 2024).
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4.5 | Limitations of the biomass estimates and
metabarcoding

In discussing the results, two important caveats apply. First, the

observed biomass estimates are for the whole river where salmon

occur, and interpretation of spatial patterns of biomass within the

River Conwy is constrained by a combination of observed normalised

reads and the actual salmon spatial distribution and ecology within

the river. Inferences drawn regarding the processes that may lead to

normalised read variation and its anomalies within the river are sub-

ject to assumptions made regarding salmon ecology. This presents

more of a problem for juveniles than for adult salmon because the for-

mer are present at background levels all year and are known to be

spatially highly variable (Figure S1) as influenced by local habitat fea-

tures. Modelling seasonal biomass change, at sufficient granularity to

be relevant to the eDNA sampling sites, is therefore extraordinarily dif-

ficult due to the paucity of local robust demographic data. In contrast,

the annual migrants represent a readily identifiable and large annual

pulse of biomass that can be estimated and is known (through juvenile

surveys) to have wide dispersal throughout the spawning locations of

the catchment, although also having some spatial organisation as the

run develops seasonally and fish aggregate in spawning locations.

Second, the normalised reads for salmon are relative to the reads

of other fish species in the system. Therefore, if the sum reads of all

other non-target species show a net change, the relative abundance

of the species of interest would be impacted. Such an effect may be

exacerbated in systems with fewer species or those that are domi-

nated by migratory species. Indeed, marginally lower species found in

the River Conwy's upper reaches could contribute to the noisy eDNA

signal at sites E07 to E09 (more on the fish species richness of these

sites can be found in Figure S8).

There were approaches throughout the eDNA methodological

pipeline used to produce the data in this study which we expect will

have reduced the impact of stochasticity. Among the most important

is replication (Perry et al., 2023). Three water samples were taken at

each sample point, each being sequenced and later aggregated to pro-

vide a more robust representation of the sample. In addition to this,

during library preparation, each sample replicate had an additional

three replicate PCR reactions which were combined before adding the

Illumina indexes. We expect that replication during the PCR stage will

also help minimise stochasticity and provide a more representative

sample (Ficetola et al., 2015). Stochasticity introduced by PCR amplifi-

cation makes read counts less quantitative than other methodologies

such as qPCR. However, the results here demonstrate that normalised

reads have the potential to provide data that can represent real-world

abundance, even at fish densities where qPCR techniques have strug-

gled for Pacific salmon (Su et al., 2024).

4.6 | Future work

This study took advantage of a pre-existing dataset (Perry

et al., 2023) that was not designed to investigate salmon

abundance. Further refinement would benefit from targeted experi-

mental sampling, which would allow for more comprehensive

exploration of the system. For example, distinction between juve-

nile and adult eDNA is not yet possible and would benefit from (i) a

purpose-driven experimental and sampling design that matches

eDNA sampling with sub-catchments with known contrasts in

salmon and non-salmon fish abundance (e.g. brown trout), (ii) a

greater description of habitat types in the upstream zone relevant

to eDNA dispersal into each site, and (iii) better spatial data on pop-

ulation dynamics (abundance, survival and growth) of juvenile

salmon and sympatric species, particularly brown trout, to improve

biomass estimates.

The application, specifically in relation to the Conwy, requires

validation of the inferences regarding adult migration. The proposed

blockage and downstream dispersal of adults at E10, which is

entirely in line with conventional principles of salmon upstream

migration, could be tested by telemetry to track the movements and

eventual spawning locations of adult salmon around the catchment.

In addition, enhancements could be made to the counter at Conwy

Falls, including video validation to distinguish salmon and sea trout

migrants, measure their size distributions and better estimate their

eDNA contribution.

5 | CONCLUSION

Normalised reads derived from eDNA detected the seasonal pulse of

spawning adult salmon and allowed for the estimation of spatial varia-

tion in salmon biomass. In sites that deviated from the overall trend,

the ecology of salmon migration and habitat–productivity relation-

ships gave plausible explanations for the anomalies. Despite a mis-

match in areas covered and differing spatial resolutions between the

two measures, there were significant relationships between normal-

ised reads and biomass, demonstrating that metabarcoding reads can

provide species-specific quantitative information and data on broader

fish communities. In addition, normalised reads had significant rela-

tionships with environmental variables such as flow, pH and tempera-

ture that could not be explained by degradation or dilution of the

eDNA molecule and are, therefore, expected to be caused by salmon

ecology and physiology.

To our knowledge, this is the first account of applying normalised

reads to the assessment of Atlantic salmon distribution in a catch-

ment. The results are encouraging, potentially revealing aspects of

adult migration in the River Conwy that were previously only sus-

pected. Moreover, individual species reads mined from a metabarcod-

ing dataset and biomass estimated from rod catch and a fish counter

are sub-optimal, yet, despite the limitations, when combined in a mul-

timethod approach, with background information on the system, they

provide valuable insights into salmon ecology. Finally, the approach

demonstrates eDNA metabarcoding is a cost-effective, non-

destructive tool that can add capacity and flexibility to the monitoring

of the spatial distribution and relative abundance of this important,

yet seriously threatened, migratory species.
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