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Abstract
To achieve reliable detection of environmental DNA (eDNA) from multiple species, a method which combines the specificity

of single-taxon assays with the broad taxonomic coverage of metabarcoding is needed. High-throughput quantitative PCR
(HT-qPCR) has emerged as one such method that holds particular promise for ecological applications. Here, we present the
development and validation of a HT-qPCR biochip (i.e., biochip) protocol for a suite of western North American fishes with
high cultural, economic, and ecological significance. Coupling this biochip with systematically distributed eDNA samples
collected by citizen scientists, we evaluated the distribution of multiple species throughout a large river basin in the U.S.
Pacific Northwest. Patterns of detection using the biochip were comparable to those using single-taxon qPCR (ST-qPCR; mean
concordance = 0.917), despite the biochip using 90% less DNA per taxon and reducing costs by an estimated 40%. Comparisons
between biochip results and distributions derived from conventional methods demonstrate that this approach not only offers
more reliable and high-resolution distribution data for these species but also achieves this more efficiently than traditional
sampling methods.
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1. Introduction
Analyzing environmental samples for organismal DNA is

a powerful tool for species monitoring (Bohmann et al. 2014;
Rees et al. 2014). Environmental DNA (eDNA) sampling boasts
many advantages over other monitoring methods, including,
but not limited to, the relative ease of sample collection (Jerde
et al. 2011) and the potential for one sample to represent a
comprehensive snapshot of the local biodiversity (Thomsen
et al. 2012). Given the advantages of eDNA sampling and anal-
ysis, its applications have ranged from targeted approaches
such as rare and invasive species detection, pathogen surveil-
lance, and forensic science to broader approaches, e.g., biodi-
versity assessments and community analyses (Takahara et al.
2013; Kelly et al. 2014; Huver et al. 2015; Carim et al. 2016a;
Hallam et al. 2021; Dass et al. 2022).

The various approaches to eDNA sample analysis, however,
often involve a compromise between detection efficiency
and taxonomic breadth. For example, methods designed to
target a specific taxon, such as single-taxon quantitative PCR
(ST-qPCR), can be remarkably sensitive and specific. Such
methods often reliably detect target DNA at concentrations
below 10 copies per reaction without amplification of non-
target DNA (e.g., Wilcox et al. 2015; Klymus et al. 2020).
This precision makes these approaches well-suited for the

detection of rare species, a task in which they outperform
multi-species methods (Harper et al. 2018; Wood et al. 2019).
However, this sensitivity–specificity combination comes at
a cost for questions involving multiple species. Performing
iterative ST-qPCR analyses demands substantial laboratory
resources and can rapidly deplete an environmental sam-
ple, thereby limiting the taxonomic scope of inference and
precluding the ability to archive samples for future analyses
(e.g., Dysthe et al. 2018b; Shaw et al. 2019).

In contrast to ST-qPCR, metabarcoding offers a much
broader taxonomic scope. Metabarcoding methods, however,
include a series of steps that can reduce the ability to detect
individual target species. For example, a specific locus must
be amplified across all target species, and those amplicons
must be prepared for sequencing by indexing, sequenced on
a high-throughput platform, properly demultiplexed, filtered
bioinformatically, and assigned taxonomic identities (Coissac
et al. 2012; Ruppert et al. 2019). Most parts of this process
are susceptible to technical issues, such as primer bias and
template competition, that can cause certain templates to
be disproportionately amplified and sequenced, resulting in
the under-representation or even nondetection of some taxa
(Kelly et al. 2014; Hatzenbuhler et al. 2017). Additionally,
generating taxonomic assignments from metabarcoding re-
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sults is often more complex compared to single-taxon ap-
proaches. For example, taxonomic identifications from se-
quencing data can be hampered by incomplete or inaccurate
DNA reference databases (e.g., Keck et al. 2023).

Often, managers require a middle ground, i.e., reliable
detection of a featured suite of species for which an in-
termediate method that combines the specificity of single-
taxon assays with the multi-species coverage of metabarcod-
ing is needed. One such method is high-throughput qPCR
(HT-qPCR), which was developed for microbial eDNA detec-
tion and has shown promise in macrobial eDNA applica-
tions (An et al. 2018; Zheng et al. 2018; Wilcox et al. 2020;
Bernardi et al. 2021). The process of HT-qPCR involves simul-
taneously performing thousands of nanoliter-scale qPCR re-
actions, which allows for samples to be assayed against many
different primer-probe sets with greatly reduced consump-
tion of the sample and reagents. Moreover, leveraging the effi-
cacy of multi-taxa eDNA analyses with ecologically informed
and spatially comprehensive sample collection could provide
definitive, large-scale assessments of the distributions of po-
tentially sympatric species of conservation concern, such as
rare indigenous taxa or introduced invasive species.

Here, we describe the development and optimization of
a HT-qPCR biochip (hereafter, biochip) protocol for a widely
distributed suite of freshwater fishes of cultural, economic,
and conservation importance along North America’s Pacific
Rim. Next, we used the biochip to evaluate the distribution
of these species throughout a large river basin in the U.S.
Pacific Northwest based on eDNA sampling at systematically
distributed points in potentially occupied habitat, conducted
entirely by volunteer citizen scientists. We validated these re-
sults for a select set of species by comparing them to patterns
of detection based on ST-qPCR protocols and species distri-
bution maps based on conventional sampling. This approach
provided a high-resolution description of the whole-basin dis-
tributions of these taxa, demonstrating that the combina-
tion of comprehensive eDNA sampling campaigns and reli-
able multi-species detection based on HT-qPCR biochips has
the potential to revolutionize the assessment and monitoring
of these freshwater species of conservation concern.

2. Materials and methods
We based the biochip on 10 ST-qPCR assays covering taxa

of conservation concern in coastal western North America
(Section 2.1). We optimized the biochip protocol (Section 2.2)
with these assays and tested them for sensitivity (Section 2.3)
and specificity (Section 2.4) on the platform. We then com-
pared results from the biochip analyses to those from ST-
qPCR (methods in Section 2.5) for a set of eDNA samples
to benchmark biochip performance (Section 2.6). Finally, we
used the biochip, supplemented by two ST-qPCR assays, to
analyze eDNA samples from a large coastal river basin in the
Pacific Northwest (Section 2.7).

2.1. Target species’ qPCR assays
Our analyses incorporated 12 qPCR assays. All assays use a

minor groove binding hydrolysis probe and are optimized for
a 60 ◦C annealing and extension temperature, targeting ei-

ther mitochondrial or multi-copy nuclear genes. Assays were
either previously published (Wilcox et al. 2013, 2015; Carim
et al. 2017; Dysthe et al. 2018a; Homel et al. 2021) or have
their validation described here (Supplementary Material A),
and methods which were used to evaluate assay performance
can be found in these respective documents (Table 1).

Ten of these qPCR assays were included in the HT-qPCR
biochip. These included one nonnative species (brook trout,
Salvelinus fontinalis) and nine native taxa: bull trout (Salveli-
nus confluentus), rainbow trout (Oncorhynchus mykiss), coastal
cutthroat trout (Oncorhynchus clarkii), sockeye salmon (On-
corhynchus nerka), Chinook salmon (Oncorhynchus tshawytscha),
coho salmon (Oncorhynchus kisutch), chum salmon (On-
corhynchus keta), pink salmon (Oncorhynchus gorbuscha), and Pa-
cific lamprey (Entosphenus tridentatus; Table 1). In addition,
two qPCR assays were used to determine occupancy status
of Dolly Varden (Salvelinus malma) using ST-qPCR only. Be-
cause its distribution is limited in the U.S. portion of west-
ern North America, we chose not to include Dolly Varden in
the biochip, which is intended to be broadly applicable across
other systems in western North America. Due to the complex
evolutionary relations between Dolly Varden and other chars
(Dunham et al. 2008; Liu et al. 2023), existing assays for brook
trout and bull trout can sometimes amplify the DNA of Dolly
Varden. Consequently, we attempted to design an ST-qPCR as-
say specific to this species (Supplementary Material A), which
we ran in concert with the biochip on each sample. The com-
bined information from the biochip assays, the Dolly Varden
assay, and a previously designed ST-qPCR mitochondrial as-
say for bull trout (Wilcox et al. 2013) enabled us to unam-
biguously determine the presence of bull trout and brook
trout DNA from every sample. However, in some cases, the
presence of Dolly Varden remained ambiguous when both
bull trout and brook trout were also present (see Supple-
mentary Material A). Similarly, we acknowledge that these
assays cannot distinguish parental taxa from hybrid individ-
uals. Although hybridization is common between cutthroat
trout and rainbow trout and among the various species of
char, populations composed solely, or even primarily, of hy-
bridized individuals are rare (Baxter et al. 1997; DeHaan et al.
2010; McKelvey et al. 2016). Thus, we interpret a positive de-
tection as evidence of the presence of the parental taxon. In
addition, because stream-resident rainbow trout and anadro-
mous steelhead share mitochondrial sequences, we treated
all positive detections as evidence of the presence of rainbow
trout.

2.2. Preparation of HT-qPCR biochips
A limitation of HT-qPCR is that target species detection may

be reduced because of the small volume of DNA template in
the reaction (reaction volume = 100 nL). To maximize sen-
sitivity, we pre-amplified samples to enrich the amount of
target DNA in a reaction——a common practice for HT-qPCR
analysis, especially when working with noninvasive samples,
that has been shown to have no major impacts on sensitivity,
efficiency, and quantitative performance of qPCR (Ishii et al.
2013, 2014; Korenková et al. 2015; Malla et al. 2022; Hill et
al. 2023; van der Pouw Kraan et al. 2024). Pre-amplification
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Table 1. List of taxon-specific quantitative PCR assays used in this study.

Taxon Oligo sequence (5′-3′) Primer concentration (nmol/L) Citation

Brook trout F: CCACAGTGCTTCACCTTCTATTTCTA 900 Wilcox et al. (2013)

Salvelinus fontinalis R: GCCAAGTAATATAGCTACAAAACCTAATAGATC 900

P: FAM-ACTCCGACGCTGACAA-NFQ-MGB 250

Bull trout F: TTCCTTTTGCCTAGGGTAGCG 600 Dysthe et al. (2018a)

Salvelinus confluentus R: CGATACTCAACACGCTTCACAATT 900

P: FAM-CCACGGCCACACGG-NFQ-MGB 250

Coastal cutthroat trout F: AAATGGAAGCAACTGGCTACTCA 100 Supplementary Material A

Oncorhynchus clarkii R: GGCGGTCTGTGCCATGC 600

P: FAM-CTCCTATACTTCTTCTAGCCTT-NFQ-MGB 250

Chum salmon F: CCGCTTTTTGTCTGAGCTGTACT 300 Homel et al. (2021)

Oncorhynchus keta R: AATTTCGATCTGTGAGCAACATAGTAA 900

P: FAM-CTGTACTTCTACTATTATCACTCC-NFQ-MGB 250

Chinook salmon F: ATCAAACCCGAATGATACTTCTTATTC 900 Supplementary Material A

Oncorhynchus tshawytscha R: TTGGAAGTGTGTAAGATAGGAACAACTATA 900

P: FAM-ATCTATTCCCAACAAACTA-NFQ-MGB 250

Coho salmon F: CTTATGGTTGTACCAATCTTRCACACC 600 Supplementary Material A

Oncorhynchus kisutch R: AAGTATATCCGCCACCAAGGC 900

P: FAM-CACTAACCCAATTCCTATTCT-NFQ-MGB 250

Pacific lamprey F: GTACCACTCATACTTAGTGCCCCTG 600 Carim et al. (2017)

Entosphenus tridentatus R: CTGTGCCAGCCCCTGCT 900

P: FAM-TTTGATTACTTCCACCCTCAC-NFQ-MGB 250

Pink salmon F1: CATACTTCTTAGTCTAACATCATTAGCCCTATT 900 Supplementary Material A

Oncorhynchus gorbuscha F2: TTCTTGGTCTAACATCATTAGCCCTATT 900

R1: GGGGTGACTAGTGGGTTAGCG 900

R2: GGGTGACCAGTGGGTTAGCG 900

P: FAM-AACCTCTTAGGAGACCC-NFQ-MGB 250

Sockeye salmon F: TCTGCCCTTCTCCTTACGATTTT 900 Tillotson et al. (2018)∗

Oncorhynchus nerka R: AAGGGCGATTTCTAGGTCGAAC 900

P: FAM-CCATCCTGTTCCTCCT-NFQ-MGB 250

Rainbow trout F: AGTCTCTCCCTGTATATCGTC 300 Wilcox et al. (2015)

Oncorhynchus mykiss R: GATTTAGTTCATGAAGTTGCGTGAGTA 600

P: FAM-CCAACAACTCTTTAACCATC-NFQ-MGB 250

Dolly Varden F: GCTGTGCTCCGAAAACCAAAG 300 Supplementary Material A

Salvelinus malma R: TGCCCATAGGTGCGCCA 600

P: FAM-CCTAAGGGTTGCACCCGA-NFQ-MGB 250

Note: All assays use optimized forward and reverse primer concentrations and FAM-labeled minor groove binding (MGB), nonfluorescent quencher (NFQ) probes at 250
μmol/L. The multiple primers in the pink salmon assay exist to account for an single-nucleotide polymorphism (SNP) within the targeted locus. The use of separate
primers, instead of degenerate primers, allows for greater control over the Tm since the length of the oligos can be modified accordingly. These primers are pooled
equimolar in the pink salmon assay.
∗The sockeye salmon assay was originally described by Tillotson et al. (2018), but the assay was revalidated (Supplementary Material A).

reactions were composed of 22.5 μL TaqMan Environmental
Master Mix 2.0 (2×; Thermo Fisher Scientific), 44 nmol/L of
each species-specific assay primer and internal control assay
primers (see below), 12 μL template, 1 μL internal positive
control (IPC) template (see description below), and sufficient
molecular-grade water to bring the total reaction volume to
45 μL.

Despite the availability of specialized PCR mixes optimized
to minimize amplification bias, we used the aforementioned
mixture because we found it to be superior to several com-
mercial pre-amplification master mixes due to its robust re-
sistance to the presence of PCR inhibitors, reflecting previous
research on performance in ST-qPCR (Jane et al. 2015). Our
reaction volumes were also larger than most other published

pre-amplification protocols to accommodate the same tem-
plate volume as used with our ST-qPCR analyses. Thermocy-
cling was performed using previously optimized conditions
(Supplementary Material D): 95 ◦C 10 min (95 ◦C 15 s, 60 ◦C
3 min) × 12 cycles, then held at 12 ◦C.

To simultaneously monitor for PCR inhibition and poten-
tial for contamination between samples during PCR set up,
we designed a “tiled” IPC. This control is a paired set of
two (types “A” and “B”) qPCR assays and synthetic templates
based on Deer et al. (2010; Table 2). We loaded 10 copies
of the synthetic templates in each well of the 96-well pre-
amplification plate, alternating the “A” and “B” types in a
checkerboard, or “tiled” pattern. Both assays are then used
for pre-amplification and final analysis of every well. Failure
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Table 2. Oligos for paired, tiled internal positive control assays to monitor PCR amplification and potential cross-plate
contamination.

Oligo Sequence

F primer (A) 5′CTAACCTTCGTGATGAGCAATCG

R primer (A) 5′GATCAGCTACGTGAGGTCCTAC

Probe (A) 5′FAM-AGCTAGTCGATGCACTCCAGTCCTCCT-NFQ-MGB

Template (A) 5′CCTAACCTTCGTGATGAGCAATCGAACCATCTTAGCTAGTCGATGCACTCTAGCTAGTCGATGCACTCCAGTCCTCC
TAGTCGACCTAACGTACGTGATGAGCAATCGATGCATCTTAGCTAGGGCATGCTTGGC-
GATCGTCGTAGGACCTCACGTAGCTGATCG

F primer (B) 5′CTAACCTTCGTGATGAGCAATGC

R primer (B) 5′ GATCAGCTACGTGAGGTCCTTG

Probe (B) 5′FAM-AGCTAGTCGATGGACTGCTGTCGTCCA-NFQ-MGB

Template (B) 5′CCTAACCTTCGTGATGAGCAATGCAACCATCTTAGCTAGTCGATGCACTCTAGCTAGTCGATGGACTGCTGTCGTCC
AAGTCGACCTAACGTACGTGATGAGCTTTCGATGCATCTTAGCTAGGGCATGCTTGGC-
GATCGTCCAAGGACCTCACGTAGCTGATCG

to amplify for either assay indicated PCR inhibition or other
amplification issues. Inhibition was also monitored by check-
ing for Ct shifts ≥ 1 in the IPC assay when compared to posi-
tive controls. Amplification of assay “A” in a “B” well, or vice
versa, indicated possible cross-well contamination.

Following pre-amplification, each sample underwent an ex-
onuclease cleaning by adding 4.5 μL ExoSAP-IT and incubat-
ing at 37 ◦C for 30 min and then 80 ◦C (deactivation step)
for 15 min. Each exonuclease-cleaned, pre-amplified sam-
ple was arranged on a 384-well plate in quadruplicate for
analyses following the SmartChip MyDesign Gene Expres-
sion protocol (60 ◦C extension and annealing temperature)
for a 12-assay/384-sample format (10 taxon-specific assays and
both IPC assays). The sample plate was loaded with Takara
SmartChip Probe qPCR Master Mix and an assay plate was
loaded with 5 × assays for each taxon and the two IPC as-
says, along with ROX normalization dye as described in the
manufacturer’s protocol. These plates were shipped frozen to
the Washington State University Laboratory of Biotechnology
and Bioanalysis (Pullman, Washington, USA) for robotic load-
ing into an aluminum HT-qPCR chip, amplification, and vi-
sualization. Setup for pre-amplification occurred in the same
dedicated space as for ST-qPCR analysis. Exonuclease clean
setup and plating for HT-qPCR analysis was in a different ded-
icated UV hood that was irradiated for 1 h prior to each use.

When analyzing environmental samples, we included mul-
tiple no-template control wells in each HT-qPCR analysis.
The first plate of environmental samples incorporated one
no-template control and all subsequent plates incorporated
eight no-template controls (water in the place of template;
n = 7 plates, 49 negative controls). The first plate included
only one no-template control because our main goal was
to assess assay sensitivity, specificity, and concordance on
the HT-qPCR platform, so other sample types needed to ac-
complish this were prioritized. The eight no-template con-
trols filled the last column on the 96-well plate that was
pre-amplified and then plated in quadruplicate on the 384-
well plate. Each no-template control was analyzed in quadru-
plicate resulting in 196 replicates tested against 10 taxon-
specific assays (1960 control analyses total) over the course
of the study. For each plate that included environmental

samples, except those with tissue samples, we included two
pooled positive controls (composed of synthetic genes cover-
ing the amplicon region at 10 copies/4 μL each taxa), which
were analyzed in quadruplicate (n = 5 plates, 10 positive con-
trols, 40 replicates per assay).

For each sample, we visually inspected the PCR results for
amplification of each assay using WaferGen qPCR Software
(version 2.8.33.0, Wafergen Biosystems, Inc.). We scored any
replicate positive when there was amplification with an ex-
ponential phase at any point prior to 50 PCR cycles. Because
there were occasional amplifications of no-template controls
(see the “Results” section), we required amplification in at
least two replicates for a given assay to denote a sample as
positive.

2.3. Assay sensitivity on the HT-qPCR platform
To test assay sensitivity on the HT-qPCR platform, we tested

the ability of the protocol to detect known-concentration
samples with DNA contents similar to that of environmental
samples used to detect rare fishes. We did this using synthetic
genes covering the amplicon region for each of the 10 taxon-
specific assays diluted to a concentration of 2.5 copies/μL,
which is comparable to 10 copies per reaction in ST-qPCR
analyses, the typical limit of detection for the assays in this
study (Supplementary Material A). These positive samples for
each species were pre-amplified in triplicate, with 12 μL per
replicate. Each pre-amplification triplicate was then analyzed
in quadruplicate on HT-qPCR, resulting in 12 analyses per
known-concentration synthetic gene.

2.4. Assay specificity on the HT-qPCR platform
We tested assay specificity on the HT-qPCR platform with

genomic DNA and synthetic DNA fragments of likely syn-
topic and closely related taxa: Arctic char (Salvelinus alpinus),
brook trout, brown trout (Salmo trutta), bull trout, coastal cut-
throat trout, Chinook salmon, chum salmon, coho salmon,
Dolly Varden (n = 3 unknown haplotype/hybridization sta-
tus), lake trout (Salvelinus namaycush), western brook lamprey
(Lampetra ayresii; see Carim et al. 2023), pink salmon, rainbow
trout, and sockeye salmon. Tissues were sourced from previ-
ous projects where collections adhered to appropriate sam-
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pling permits or from fish harvested for human consump-
tion. We extracted DNA from each sample using the QIAGEN
DNEasy Blood and Tissue DNA Extraction Kit following the
manufacturers protocol. Each pre-amplification reaction con-
tained approximately 1.2 ng of genomic DNA (Qubit fluorom-
eter; Broad Range Kit). Although we sought pieces of mus-
cle tissue or thick pieces of fin tissue which we cleaned to
remove surficial nontarget DNA, entirely avoiding low-level
contamination was difficult (Rodgers 2017). Therefore, we
supplemented our testing with synthetic gene fragments for
each taxon that showed off-target amplification in the ini-
tial tissue specificity test (n = 12 taxa; Table S1.B). To do this
cost-effectively, we pre-amplified and cleaned these synthetic
gene fragments as in the HT-qPCR protocol, but then diluted
products 1:100 and visualized them on an ST-qPCR platform.
We found that HT-qPCR and ST-qPCR analyses of diluted,
pre-amplified samples were highly concordant (100% concor-
dance across > 50 samples; Supplementary Material D). Rele-
vant reference sequences were not available for Lampetra ayre-
sii, so this process was also conducted with a re-extraction
of this tissue sample with additional cleaning steps. Also in-
cluded in this ST-qPCR analysis were pre-amplification and
qPCR no-template and positive controls, assessed in tripli-
cate, for each assay.

2.5. Single-species qPCR analysis
The ST-qPCR analysis of environmental samples was con-

ducted in triplicate reactions composed of 7.5 μL TaqMan En-
vironmental Master Mix 2.0 (2×; Thermo Fisher Scientific),
0.75 μL 20 × primer/probe mix (probe at 250 μmol/L, primers
at optimized concentrations; Table 1), 1.5 μL of 10 × IPC as-
say and 0.3 μL of 50 × IPC Template (TaqMan� Exogenous In-
ternal Positive Control reagents; Life Technologies), and 4 μL
template, with molecular-grade water added to create a re-
action volume of 15 μL. The thermocycling conditions on a
QuantStudio3 (ThermoFisher Scientific) were 95 ◦C 10 min,
(95 ◦C 15 s, 60 ◦C 1 min) × 45 cycles. Each 96-well plate in-
cluded triplicate positive controls and no-template controls
for each assay. The setup for qPCR was done in an access-
restricted space dedicated to environmental sample process-
ing in a UV hood where all consumables and pipettes were ir-
radiated for 1 h prior to setup. The presence of PCR inhibitors
was assessed in each sample through the inclusion and analy-
sis of an IPC assay (TaqMan Exogenous Internal Positive Con-
trol Kit; Life Technologies). If a sample showed evidence of
PCR inhibition (≥1 Ct shift in the IPC assay relative to control
samples), it was treated with a Zymo PCR Inhibitor Removal
Kit (McKee et al. 2015) and re-analyzed. Amplification results
were assessed visually. We considered any sample with ex-
ponential amplification in at least one qPCR replicate to be
positive.

2.6. Comparing HT-qPCR and ST-qPCR
There were two sets of eDNA samples used in this study:

one set of previously collected samples drawn from the eD-
NAtlas (described below) that was used to assess concordance
between the two platforms and the other representing newly
collected samples to inventory the Nooksack River basin

(Section 2.7). Our species distribution descriptions focus on
this new sampling effort only, but samples from both sets
were used in concordance assessment.

We opportunistically selected archived environmental
samples that had already been analyzed for at least one of
the 10 target taxa with ST-qPCR (using methods described
in Section 2.5 above) to assess concordance with HT-qPCR
results. We selected 234 samples from the Aquatic eDNAt-
las Project (Young et al. 2018), which includes an archive of
tens of thousands of environmental samples collected using
methods described in Carim et al. (2016b) and analyzed with
ST-qPCR. Combined with a subset of samples later collected
from the Nooksack River basin and analyzed using ST-qPCR
(n = 133), this resulted in 367 samples with paired analyses
for up to four of the 10 target taxa (n = 696 comparisons of
ST-qPCR and HT-qPCR results, with 19–150 comparisons per
taxon).

We calculated raw concordance (the proportion of re-
sults in agreement) and Cohen’s kappa statistic, which ac-
counts for unbalanced detection and nondetection data
(Cohen 1960). We then bootstrapped 95% confidence intervals
around raw concordance point estimates for each assay. We
re-sampled the original sample size and re-calculated concor-
dance 500 times for each assay, reporting the 2.5% and 97.5%
quantiles. All statistical analyses were performed in R version
4.0.3 using the irr package (Gamer et al. 2012).

2.7. Field sampling and fish distribution
comparison

We collected eDNA samples from across the Nooksack
River basin, Samish River basin, and small costal drainages
in northwestern Washington, USA, where all target taxa were
known to be present in portions of the basin (n = 269;
Fig. 1). For simplicity, we refer to this entire study area as
the Nooksack River basin from here forward. Samples were
collected August–October 2020, August–November 2021, and
February–April and July–November 2022 by volunteers un-
der the coordination of the North Sound Chapter of Trout
Unlimited. Training in sample collection (following Carim et
al. 2016b) was initially provided via webinar, then through
a series of locally run workshops and one-on-one instruc-
tion, with maps and logistical guidance provided by SMK
and equipment and site kits with single-use consumables
provided by the National Genomics Center for Wildlife and
Fish Conservation in Missoula, Montana, USA. Briefly, sam-
ples were collected using a peristaltic pump to filter water
through a 1.5-micron-pore-size glass microfiber filter. Field
crews attempted to filter 5 L at each site, but high turbid-
ity from seasonally high flows or glacial runoff occasionally
led to rapid filter clogging. At such sites, up to three samples
were collected in attempts to filter a total of 5 L, but this goal
was not always realized. Filters were placed in desiccant-filled
plastic bags for field storage, and then frozen at −20 ◦C after
returning from the field. Environmental DNA was extracted
from filters following Franklin et al. (2019) and subsequently
stored at −20 ◦C until analysis.

Sampling locations were selected using two approaches. In
headwater areas, the sampling scheme was intended to re-
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Fig. 1. Map of our study area with locations of environmental DNA samples (indicated by orange points) collected across the
Nooksack River basin (green), Samish River basin (yellow), and adjacent coastal drainages (blue) in northwestern Washington,
USA (n = 269). Blue lines show the mainstem of the Samish River and the mainstem and major tributaries of the Nooksack
River. Map projections used are Albers Equal Area Conic NAD83 (locator map) and Lambert Conformal Conic——Washington
State Plane North NAD 83 (watershed inset map). National and state boundaries and basemap provided by ArcGIS Online.
Hydrologic features generalized from USGS National Hydrography Dataset.

solve the distribution of the three species of Salvelinus and
followed that devised for the Rangewide Bull Trout eDNA
Project (Young et al. 2017). Environmental DNA samples
were collected at 1 km intervals throughout potential ju-
venile bull trout cold-water habitat patches identified us-
ing a juvenile bull trout environmental niche model (Isaak
et al. 2015). Potential habitat patches typically consisted of
contiguous stream segments in which individual reaches
had mean August water temperatures ≤ 11 ◦C, summer
flows ≥ 0.0057 m3·s–1, and stream reach gradients ≤ 15%
(Isaak et al. 2015). Elsewhere in the basin, the sampling
interval expanded (mean 11.52 km, range = 8.6–16.5 km),
consistent with the greater species detection efficiencies of-
ten obtained in large-river sampling (Thalinger et al. 2021;
Young et al. 2022). We attempted to reach all main-stem sites
and all contiguous sites on selected tributaries, but private
land or difficult terrain sometimes precluded access. Also,
we rarely sampled warm, lower elevation tributaries that
were unlikely to provide natal habitat for bull trout or Dolly
Varden.

3. Results

3.1. ST-qPCR assay performance
Ten of the eleven ST-qPCR assays were both sensitive and

specific. These 10 assays had a limit of detection (lowest con-
centration with > 95% amplification success) of 2 copies per
reaction (coho salmon) or 10 copies per reaction (brook trout,

bull trout, coastal cutthroat trout, chum salmon, Chinook
salmon, Pacific lamprey, pink salmon, sockeye salmon, and
rainbow trout) and avoided amplification of all closely re-
lated nontarget DNA tested during assay validation. The Dolly
Varden assay also had a limit of detection of 10 copies per
reaction but occasionally cross-amplified when exposed to
DNA from certain strains of brook trout (Supplementary Ma-
terial A). Nevertheless, subsequent analyses of select samples
with the bull trout/Dolly Varden mitochondrial assay (Wilcox
et al. 2013) largely enabled unambiguous inference about
char species present in the Nooksack River basin. In only
three cases (WA_022622_NOOR_94, WA_112221_NFNR_13,
and WA_100120_NFNR_68; Supplemental Materials) did all
char assays amplify, definitively indicating that bull trout and
brook trout were present, but for which the presence of Dolly
Varden was uncertain.

Considering all ST-qPCR analyses, no negative controls am-
plified and all positive controls did. Inhibition was detected
in four of the 367 samples (Nooksack and additional samples
from the eDNAtlas for biochip validation). These four samples
were treated to remove PCR inhibitors with the Zymo PCR In-
hibitor Removal Kit (McKee et al. 2015) and were reanalyzed
for the target species.

3.2. Performance of HT-qPCR biochips
After modifying the protocol following the first biochip

run, during which several cases of poor IPC performance
were observed (see Supplementary Material D for revised
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Table 3. Concordance between high-throughput quantitative PCR and single-taxon quanti-
tative PCR for all 367 environmental samples analyzed on both platforms (696 comparisons
overall).

Taxon N Concordance Cohen’s kappa

Brook trout 129 0.938 (0.891–0.977) 0.837

Salvelinus fontinalis

Bull trout 149 0.953 (0.916–0.987) 0.844

Salvelinus confluentus

Coastal cutthroat trout 52 0.942 (0.875–1.00) 0.862

Oncorhynchus clarkii

Chinook salmon 32 0.906 (0.781–1.00) 0.811

Oncorhynchus tshawytscha

Chum salmon 19 0.947 (0.842–1.00) 0.872

Oncorhynchus keta

Coho salmon 54 0.833 (0.722–0.907) 0.664

Oncorhynchus kisutch

Pacific lamprey 141 0.965 (0.929–0.993) 0.868

Entosphenus tridentatus

Pink salmon 23 0.913 (0.783–1.00) 0.824

Oncorhynchus gorbuscha

Sockeye salmon 49 0.878 (0.776–0.959) 0.754

Oncorhynchus nerka

Rainbow trout 49 0.898 (0.816–0.959) 0.755

Oncorhynchus mykiss

Note: Columns indicate the number of comparisons (N), raw concordance with bootstrapped 95% confidence intervals, and
Cohen’s kappa values.

protocol), there were no issues with IPC amplification on
subsequent plates (n = 7 plates; 100% of 4608 analyses pro-
ducing the expected results). For the no-template controls,
there was amplification in two controls on plate three (pink
salmon and sockeye salmon), plate four (brook trout and
pink salmon), and plate eight (coastal cutthroat trout and chi-
nook salmon), and amplification in three controls on plate
seven (coho salmon, chinook salmon, and rainbow trout; Ta-
ble S1.D). All other control replicates were negative (40/49
controls and 1947/1960 of negative control analyses; >99.3%).
When the detection threshold was applied and one-well am-
plifications in the no-template controls were filtered, 47/49
controls and 1958/1960 negative control analyses were con-
sidered negative (>99.8%). For the positive controls, 39/40
positive replicates amplified for the bull trout assay and
40/40 positive replicates amplified for all other assays on the
biochip.

Assay sensitivity was similar to that observed in the ST-
qPCR analyses. In HT-qPCR analyses, the coho salmon and
bull trout assays resulted in amplification in 11/12 replicates
of known concentration synthetic genes (91.7%), whereas the
other eight assays resulted in 100% amplification across all 12
replicates. When testing specificity with tissue-derived DNA,
we observed several cases of nontarget amplification (n = 20).
The patterns of amplification, however, were unrelated to
sequence similarity (Supplementary Material B) and subse-
quent testing with synthetic gene fragments and clean tis-
sue extracts confirmed that the assays were specific against
regional nontarget taxa. We attributed the apparent cross-

amplification to low-level contamination of field-collected tis-
sues with nontarget DNA (Rodgers 2017).

3.3. Comparing HT-qPCR and ST-qPCR results
For the 696 paired analyses, concordance was 0.833–0.965

per assay (mean, 0.917; 95% bootstrapped confidence inter-
vals, 0.731–1.000; Table 3; Supplementary Material C). Con-
cordance for coho salmon (mean, 0.833; 95% bootstrapped
confidence interval, 0.731–0.926) was lower than that for all
other taxa (next lowest concordance 0.878, sockeye salmon).
The cause of comparatively low concordance for this assay is
not known but could be due to relatively smaller sample size
(see Supplementary Material A). Collectively, Cohen’s kappa
values (mean 0.809; range 0.664–0.872) indicated substantial
agreement (0.61–0.80; three species) to near-perfect agree-
ment (0.81–1.00; seven species; Cohen 1960). Looking across
all assays, concordance was highest when ST-qPCR analyses
had either zero or three wells of amplification (i.e., 0% or 100%
amplification rate across replicates): a concordance of 0.9555
(n = 652), versus 0.558 for analyses with one or two wells of
amplification (n = 44; 33% or 66% amplification rate). This is
as expected; inconsistent amplification across ST-qPCR repli-
cates is associated with very low DNA concentrations (i.e., be-
low the assay limit of detection). Such inconsistency is not
necessarily indicative of variable performance between meth-
ods; it may reflect low concentrations of target DNA in the en-
vironmental samples. Hence, the lack of perfect concordance
can be indicative of genuine variation in the presence of tar-
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Fig. 2. Environmental DNA samples collected across the Nooksack River basin, Samish River basin, and adjacent coastal
drainages in northwestern Washington, USA (n = 269), represented by total number of taxa detected using quantitative
PCR, ranging from 0 to 11. No samples had more than 10 taxa detected. Map projection used is Lambert Conformal Conic——
Washington State Plane North NAD 83. Basemap provided by ArcGIS Online Community Basemap with primary contributions
from Whatcom County, WA State Parks, and others.

get DNA in the reactions (Dysthe et al. 2018a; Lesperance et
al. 2021).

3.4. Riverscape-scale sampling of the Nooksack
River basin

The spatial extent of each species based on eDNA sam-
pling (Fig. 2) were broadly similar to that based on traditional
sampling and expert opinion, although eDNA sampling esti-
mated less occupied habitat or less contiguous distributions
for most species (Table 4). Traditional and eDNA sampling
were concordant with respect to the presence of each species
in all main-stem forks, except that eDNA sampling did not,
and traditional sampling did, document chum salmon in the
South Fork Nooksack River. A more consistent difference was
that the two methods often differed substantially (>10 km)
in the estimated occupied main-stem habitat by each species
in the three main-stem forks. In the two focal basins pre-
viously known to contain Dolly Varden, but which lacked
additional data on their extent, eDNA sampling refined the
known distribution of that taxon, in general associated with
the reduction of habitat thought to be occupied by bull trout.
In Canyon Creek, only Dolly Varden, coastal cutthroat trout,
and nonnative brook trout were detected upstream from a

natural barrier thought to block anadromous fish migrations
(U.S. Fish and Wildlife Service 2004). In the upper South Fork
Nooksack River, Dolly Varden, bull trout, coastal cutthroat
trout, and rainbow trout were broadly syntopic, with the first
three erratically distributed in this stream network.

4. Discussion

4.1. Biochip performance
Overall, performance of the HT-qPCR biochip was compa-

rable to that expected from ST-qPCR analyses (mean con-
cordance = 0.917). The methods were highly concordant
in nearly all analyses despite the HT-qPCR protocol using
90% less template DNA per taxon than ST-qPCR, which en-
abled more analyses to be run for each limited sample,
enhancing the value of archived environmental samples.
The efficiencies of scale also led to substantial reductions
in cost; analyses of the 2690 species-site combinations on
the biochip were estimated to cost < 40% of that to gener-
ate a similar dataset using ST-qPCR. Nevertheless, as with
other assay-based tools that target taxa within large and di-
verse families, users should exercise caution and consider
any region-specific caveats prior to applying this specific
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Table 4. Comparison of the habitat occupied by 11 species in the main-stem forks of the Nooksack River
based on environmental DNA (eDNA) sampling and traditional sampling.

Occupied main-stem habitat (km)

North Fork Middle Fork South Fork

Species eDNA Traditional eDNA Traditional eDNA Traditional

Bull trout 46.0 50.5a 13.2 28.7 63.0 63.6

Dolly Vardenb 0 ND 0 ND 24.4 ND

Brook trout 44.4 ND 0 ND 0 ND

Rainbow troutc 70.3 46.0 28.7 12.5 63.6 63.2

Coastal cutthroat trout 35.1 65.5 28.7 28.7 63.6 62.6

Chinook salmon 46.0 46.0 7.3 12.5 42.4 51.6

Coho salmon 46.0 45.4 7.3 8.5 31.6 56.6

Chum salmon 22.5 43.5 7.3 8.1 0 32.4

Pink salmon 33.7 46.0 7.3 12.5 31.6 41.0

Sockeye salmon 46.0 43.4 0.8 8.1 44.6 51.6

Pacific lamprey 5.6 6.0 0.9 ND 46.9 12.7

Note: ND: no data. Note that temporal differences between seasonal and even-year habitat use by chum salmon and pink salmon likely
resulted in reduced representation of these species in eDNA samples (See Section 4.2).
aIncludes 4.5 km of habitat above Nooksack Falls unlikely to be occupied by bull trout.
bTraditional data did not discriminate between Dolly Varden and bull trout.
cBecause eDNA assays cannot distinguish between rainbow trout and steelhead, traditional observations for summer steelhead, winter
steelhead, and rainbow trout were combined.

biochip outside of the study region. Additionally, there are
some issues unique to using the biochip that warrant further
attention.

Previous studies have found that specific assays may some-
times perform poorly on an HT-qPCR platform. In Wilcox
et al. (2020), using a different HT-qPCR system (OpenArray;
ThermoFisher Scientific) the assay for westslope cutthroat
trout (Oncorhynchus lewisi) performed poorly relative to other
assays, and the reason was unclear, but could be related to an
overlap between the hydrolysis probe and reverse primer in
this assay (Wilcox et al. 2015). HT-qPCR results for the coho
salmon assay in this study had the lowest concordance with
single species qPCR across all assays on the biochip (concor-
dance = 0.833). However, we do not believe that this was
due to the coho assay’s performance or compatibility with
the HT-qPCR platform but instead because many of the sam-
ples selected for concordance testing for coho salmon had
low amounts of target DNA, which likely caused stochasticity
in detection across both platforms (see Supplementary Ma-
terial A). Increasing the number of samples used for coho
salmon concordance testing will likely improve concordance
between the two platforms.

Another potential limitation of the biochip is the need for
pre-amplification. Although pre-amplification is necessary to
generate sufficient template, we expect that the risk of con-
tamination is higher compared to ST-qPCR because of the
handling of PCR products during the preparation of biochips;
however, our observed rate of contamination was not high
relative to that estimated in ST-qPCR-based eDNA projects
(Smith and Goldberg 2020; Tingley et al. 2021; Buxton et al.
2022). We created and followed a protocol tailored to reduc-
ing contamination, yet still observed some level of false in-
ference in our negative controls. False inference occurred in
nine controls (0.58% of control analyses), although 78% of
these amplifications were isolated to single-well amplifica-

tions. To address concerns related to pre-amplification and
improve the reliability of results, we suggest replication not
only at the analysis step but also spatially and temporally in
the field.

Although concordance between HT-qPCR and ST-qPCR re-
sults were high overall, the majority of discordant HT-qPCR
results (61%) were “false negatives”, signifying instances
where HT-qPCR did not, and ST-qPCR did, detect a taxon. Be-
cause the smaller reaction wells may reduce the likelihood
that a target species DNA will be present in a reaction, ex-
ploring biochips with larger wells that could accommodate
greater template volume holds promise for increasing sensi-
tivity on the biochip.

Finally, the ability of HT-qPCR to produce accurate es-
timates of DNA concentrations from noninvasive samples,
which are often used to estimate abundance or biomass in ST-
qPCR applications (Takahara et al. 2012; Lacoursière-Roussel
et al. 2016), has shown promising potential (Byappanahalli et
al. 2015; Crane 2016; Dreier et al. 2021). In cases where accu-
racy of quantitative estimates from HT-qPCR has been bench-
marked against ST-qPCR, significant correlations between the
two suggest that HT-qPCR could be as accurate as ST-qPCR
(Ishii et al. 2014; Hill et al. 2023). However, to our knowl-
edge, quantitative estimates from the HT-qPCR platform used
in this study have not been benchmarked against ST-qPCR,
and accuracy of such estimates is likely to vary across HT-
qPCR platforms, protocols, and samples analyzed. For exam-
ple, Crane et al. (2018) found large discrepancies between HT-
qPCR and ST-qPCR estimates when soil extracts were diluted
4-fold or less, i.e., the HT-qPCR platform and methods used
were likely more sensitive to PCR inhibitors, which affected
quantification accuracy. Future work should be directed to-
ward assessing accuracy and precision of quantitative eDNA
estimates on our specific platform to ensure its performance
is comparable to ST-qPCR.
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4.2. Riverscape patterns
We found that the estimates of fish habitat occupancy by

both traditional methods and eDNA sampling were similar,
despite the disparate levels of effort and expertise involved.
Traditional estimates were based on over two decades of elec-
trofishing, redd sampling, and in-stream trapping conducted
by professional biologists. In contrast, the eDNA sampling
campaign was conducted entirely by part-time volunteer citi-
zen scientists working across a 2-year interval, in combina-
tion with a highly repeatable and potentially automatable
laboratory approach. The potentially greater spatial precision
and reduced labor costs of eDNA sampling campaigns, espe-
cially those that engage citizen scientists (e.g., Isaak et al.
2018; Young et al. 2022), combined with the efficiencies pro-
vided by the biochip suggest that near-real-time, whole-basin
assessment and monitoring for suites of marquis taxa could
readily become the norm.

Nevertheless, one of the advantages of the biochip——the
ability to simultaneously assess presence for multiple species
with high sensitivity and specificity——also demands greater
rigor in sampling design or a willingness to compromise, be-
cause life history variation among members of the biochip
species pool can lead to temporal variation in species detec-
tion and habitat occupancy. For example, we did not detect
chum salmon in the South Fork Nooksack River, although the
species has been documented using conventional sampling
methods (Table 4). We believe that this is because sample
timing did not coincide with the seasonal use of these habi-
tats. Across the Nooksack River basin, this likely explains the
lower eDNA-based estimates of habitat occupancy and more
sporadic detections of chum salmon and pink salmon, both of
which have life histories with relatively brief freshwater com-
ponents (Waples et al. 2001). Previous work suggested that
eDNA sampling for chum salmon would be most effective in
late summer and when spawning peaks in late fall (Duda et
al. 2021; Homel et al. 2021), a period when we collected few
eDNA samples. For pink salmon, the year of sampling is also
important. Stocks in most of western North America are dom-
inated by odd-year runs (Ruggerone et al. 2023), whereas the
bulk of our eDNA sampling was in 2020 and 2022. Further
complicating this issue is that many portions of the Nooksack
River basin exhibit high turbidity from glacial runoff during
late summer baseflows, or from periodic spikes in flow as-
sociated with fall and winter frontal storms. Filter clogging
from high turbidity can lead to reduced sample volumes and
lower species detectability in places or at times otherwise re-
garded as optimal (Stoeckle et al. 2017; Williams et al. 2017;
Holmes et al. 2024). Hence, a biochip-based eDNA sampling
program can represent a compromise between maximizing
across-species detectability with the feasibility of obtaining
many environmental samples.

Substantial differences in the distribution of other species
are more difficult to attribute to eDNA sampling issues. Dis-
tributions of coastal cutthroat trout and rainbow trout of-
ten differed by tens of kilometers between the two meth-
ods. Given that the eDNA-based detections of these species
were often spatially consistent, and the assays exhibited high
sensitivity and specificity, we suspect that the eDNA results

are valid, and may have resulted from difficulties in distin-
guishing resident cutthroat trout from rainbow trout in tra-
ditional samples. That may also explain the discrepancy be-
tween methods in the estimated distribution of bull trout
in the North Fork Nooksack River. The only char found by
eDNA analyses above Nooksack Falls was introduced brook
trout, which may have been misidentified as resident bull
trout by traditional sampling. More problematic are the tra-
ditional sampling estimates of bull trout habitat occupancy
in the Middle Fork Nooksack River. In previous decades, there
were multiple observations of bull trout up to 16 km up-
stream from the City of Bellingham dam, which was removed
in 2020 (U.S. Fish and Wildlife Service 2004), an area where
environmental niche modeling (Isaak et al. 2015) suggested
that high-quality natal habitat for bull trout was abundant
(Nooksack sample map; https://www.fs.usda.gov/rm/boise/A
WAE/projects/BullTrout_eDNA/SampleSites.html). The more
recent eDNA sampling demonstrated that brook trout and
Dolly Varden were absent from the entire Middle Fork basin,
and that the upstream-most detection of bull trout was
only 0.1 km upstream from the former dam site. These
observations suggest a recent and marked decline in bull
trout in this basin. Removal of the City of Bellingham dam,
however, may enable recolonization of this watershed by
bull trout, as well as the remaining anadromous species.
Collectively, these observations emphasize how extensive,
systematic eDNA sampling can refine estimates of occu-
pied habitat for morphologically ambiguous taxa, as well
as draw a distinction between habitats historically occupied
(or believed to be, based on expert opinion), and current
distributions.

Coupling the biochip with ST-qPCR assays also resolved the
distribution of the three char species in the other two forks
of the Nooksack River. In the South Fork, brook trout were re-
stricted to a low-elevation tributary (Hutchinson Creek), bull
trout were found throughout the main stem and portions of
the headwaters, and Dolly Varden were largely restricted to
headwater reaches, with periodic detections downstream in
the main stem. We interpret these downstream detections as
evidence of the presence of low densities of Dolly Varden, be-
cause most involved three-well, ST-qPCR amplifications, an
index of eDNA abundance generally associated with nearby
individuals (Robinson et al. 2019; Young et al. 2022). These
three char species exhibited more overlap in the North Fork.
Bull trout were common throughout the main-stem North
Fork and its colder tributaries below Nooksack Falls but were
absent above the barrier falls in Canyon Creek. In contrast,
we detected Dolly Varden at every sampling site in Canyon
Creek and its tributaries. We had unambiguous detections at
only two other sites (Wells Creek) in the North Fork basin.
Brook trout were the most ubiquitous char in the North Fork,
including at many sites upstream from Nooksack Falls, in
Wells Creek and Canyon Creek, and in many main-stem sites.
Two of these main-stem sites (and one in the main-stem Nook-
sack River), were the only places where assays for all three
species could not resolve the presence of Dolly Varden. De-
spite the potential for substantial overlap, the co-occurrence
of these three species was rare in this river basin.
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5. Conclusions
Previous studies have shown that basin-wide eDNA sam-

pling datasets enable new inferences about species responses
to habitat restoration (Duda et al. 2021), efficacy of reintro-
duction efforts (Riaz et al. 2020), determinants of species
distribution (Isaak et al. 2022; Young et al. 2022), invasion
dynamics (Winkowski et al. 2024), and species interactions
(Wilcox et al. 2018). The biochip and sampling approach
described here add to that list by demonstrating the feasi-
bility of conducting standardized, cost-effective, whole-basin
assessments of habitat occupancy of a suite of fishes that
have been the focus of billions of dollars (US) of conserva-
tion spending (GSRO 2020; Jaeger and Scheuerell 2023) and
for which billions more may be needed to achieve conser-
vation goals (Bilby et al. 2024). We believe that a similar
biochip-based approach, coupled with eDNA sampling that
is systematically distributed, ecologically informed, and
volunteer-driven, could be a valuable asset to these con-
servation efforts throughout western North America, and
to similar assemblages of species of conservation concern
throughout the globe.
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