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Abstract

Salmon is the most commonly consumed finfish in the United States of America (USA), and
the mislabeling of salmon is a widespread problem. Washington State is a global supplier of
wild-caught Pacific salmon and local salmon mislabeling results in substantial economic,
ecological, and cultural impacts. Previous studies in Washington State identified high levels
of mislabeled salmon in both markets and restaurants, resulting in local legislation being
passed that requires proper labeling of salmon products, including identifying it as wild-
caught or farm-raised. To investigate whether recent legislative efforts reduced salmon
fraud rates, we acquired and genetically barcoded salmon samples from 67 grocery stores
and 52 sushi restaurants in Seattle, Washington. DNA from each salmon sample was iso-
lated and the cytochrome c oxidase gene was sequenced to identify the fish species. Our
study, conducted from 2022-2023, revealed 18% of salmon samples from both grocery
stores and sushi restaurants were mislabeled. While most samples were acquired during
the fall months when wild salmon is in season, we still observed a high salmon mislabeling
rate. Unlike grocery stores, Seattle sushi restaurants often sold farmed salmon mislabeled
as wild salmon. Specifically, substitutions of vendor-claimed wild salmon with farmed
salmon occurred in 32.3% of sushi restaurant samples compared to 0% of grocery store
samples. Additionally, occurrences of wild salmon being substituted with another salmon
species (wild or farmed) occurred in 38.7% of sushi restaurant samples comparedto 11.1%
of grocery store samples. All salmon substitutions in sushi restaurants harmed the customer
financially as they were given a cheaper market-priced fish. In grocery stores, however, we
did not detect significant economic loss to customers due to salmon mislabeling. Taken
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together, it is important to continue to develop and enforce legislation in Washington State
that prevents salmon fraud and promotes ecologically sustainable fishing practices.

Introduction

In recent decades, the global scale of fisheries declines has become increasingly evident [1-3].
Factors that contribute to large-scale fisheries declines include increased fishing effort [4],
technological advancement which increases fishing pressure [5], and dishonest reporting of
catch data which complicates management efforts [6]. More recently, the problem of poorly
labeled and mislabeled seafood has received increasing attention, as labeling inconsistencies
obscure provenance and undermine effective fisheries management efforts [7, 8]. Multiple sea-
food mislabeling studies have been conducted in domestic United States of America (USA) cit-
ies [9-18] and in countries outside the USA [12, 19-31]. Using DNA barcoding of the highly
conserved mitochondrial cytochrome ¢ oxidase I (COI) gene in fish, it is possible to identify
the genus or species of seafood products from a small tissue sample and determine if it is misla-
beled [32].

A 2013 Oceana seafood fraud study in the USA found 33% of seafood samples were misla-
beled [17]. Of the most common sampled fish species, red snapper had the highest mislabeling
rate at 87% [17]. Furthermore, a meta-analysis of 28 seafood products estimated an 8% global
seafood mislabeling rate [31]. In the USA, salmon has the highest overall commercial value [33]
and the highest consumption rate of all finfish [8], therefore salmon mislabeling rates are of
huge interest to the American public. Research by Oceana found a 7% salmon mislabeling rate
in the USA during peak wild salmon season [17] and a 43% mislabeling rate during the oft-sea-
son months [18]. Furthermore, a meta-analysis study found Americans are more likely to eat a
mislabeled salmon than any other finfish due to its high consumption rate in the USA [8].

Washington State is a major supplier of wild Pacific salmon. In Washington State, there are
five native species of anadromous Pacific salmon: Chinook (Onchorhyncus tshawytscha), chum
(Onchorhyncus keta), coho (Onchorhyncus kisutch), sockeye (Onchorhyncus nerka), and pink
(Onchorhyncus gorbuscha) [34]. Additionally, there are two native species of iteroparous anad-
romous trout within the same genus: coastal cutthroat (Onchorhyncus clarkii clarkii) and steel-
head trout (Onchorhyncus mykiss) [34]. Not native to the Pacific Ocean, nearly all global
farmed salmon are Atlantic salmon (Salmo salar) [35]. Historically abundant throughout the
northeastern USA, wild Atlantic salmon have been reduced to a single, endangered, distinct
population segment in the Gulf of Maine [36]. Thus, commercial fishing of wild Atlantic
salmon is prohibited within the USA, and all Atlantic salmon sold domestically are farmed
[37]. Because Washington State supplies a significant amount of wild-caught Pacific salmon in
the USA, mislabeling of salmon in Washington State could have substantial economic, ecologi-
cal, and cultural impacts.

Salmon have been an integral part of the Pacific Northwest and its people for millennia.
Seattle, Washington (WA), is on the migratory pathways of salmon returning to the south and
central Puget Sound rivers to spawn. Seattle’s waters include the Salish Sea, an inland sea of
the Pacific Ocean that spans Washington State (USA) to British Columbia, Canada. The city of
Seattle is deeply rooted in the culture and history of its Native Suquamish and Duwamish Peo-
ple, and salmon have sustained generations of Native Americans who have named themselves
as the “Salmon People.” For over 6,000 years, the Coast Salish native peoples have inhabited the
Pacific Northwest and have depended on salmon as a critical resource, as well as a means to
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celebrate and unify their peoples along the coast [38]. Salmon has since become a cultural icon
and heritage for people living in Seattle, with salmon found in most markets, displayed as art
around the city, and a common food source.

Salmon is an important part of Washington’s economy and local businesses. It is estimated
that ~1.67 million Washington State adults consumed salmon in 2010 and ~2.9 million adults
will consume salmon in 2030 [39]. In Washington State waters, ~17 million pounds of salmon
were harvested in 2022, earning ~$26 million in revenue [40]. As of 2022, nine populations of
Pacific salmon are still endangered in Washington State [41]. In partnership with Native
American governments, Washington State has enacted numerous salmon restoration efforts
such as decreasing the wild salmon being harvested, improving salmon hatcheries, and restor-
ing and clearing estuaries and waterways [41].

Historically, salmon mislabeling has been observed in Washington State [9, 17], but recent
legislative changes have aimed to reduce mislabeling fraud. From 2009-2011, a study con-
ducted in Washington State found 20 out of 99 (20%) of salmon samples in grocery stores and
restaurants combined were mislabeled [9]. This study also found wild salmon was substituted
with farmed salmon in 2% of grocery store samples and 24% of sushi restaurant samples [9].
In 2012, a 60 salmon sample study in Seattle, WA. revealed 2% of salmon samples in grocery
stores and restaurants combined were mislabeled [17]. The decline in salmon fraud in Seattle
and the surrounding Puget Sound area was likely attributed to the 2011 federal prison sentence
of a salmon distributor out of Bellingham, WA who intentionally sold over 160,072 pounds of
cheaper market-priced coho salmon as higher market-priced Chinook salmon, with estimated
fraudulent profits of $1.3 million [42]. In 2013, as a result of these salmon fraud revelations,
Washington State passed House Bill (HB) 1200 which made it unlawful to knowingly sell any
fresh, frozen, or processed fish or shellfish products without identifying its common name, so
a buyer can make an informed purchasing decision [43]. HB 1200 also made it unlawful for
any retail salmon (fresh, frozen, or processed) to be sold without identifying it as wild-caught
Pacific salmon or farm-raised Atlantic salmon. People who violated HB 1200 would risk jail
time as well as be subject to financial penalties.

There has been a growing ecological concern with allowing farmed Atlantic salmon along
the Pacific coast, in part due to public fear of resource competition and interbreeding between
wild Pacific salmon and escaped farmed Atlantic salmon [44]. In 2017, a farmed salmon net
pen collapsed and at least 243,000 farmed Atlantic salmon escaped near Cypress Island, WA
into the Puget Sound [45]. In 2022, resulting public pressure led Washington State to join
other western USA states (i.e. California, Oregon, and Alaska) in prohibiting commercial fin-
fish farming in state waters, including farmed Atlantic salmon, although terrestrially-based
fish farming remains legal [46].

To investigate whether recent legislative efforts have reduced salmon mislabeling rates com-
pared to 12 years ago, we acquired and tested 119 salmon samples from various grocery stores
and sushi restaurants in Seattle, WA. When salmon samples were mislabeled, we identified
which species were used as substitutes. Our study is unique for a few reasons. First, we sourced
all our samples within the boundaries of one major USA city, while most studies we have seen
acquired samples far beyond city limits, over multiple state lines, or various countries [9, 10,
12, 16, 19-22, 25-28, 30]. Second, our study has one of the largest regional salmon sample sets
(n =119). Most other studies tested multiple seafood products as part of the same study, not
just salmon, and therefore had far fewer samples per fish product tested [10, 15, 19, 20, 23, 24,
26, 28, 29]. Third, we purposely acquired one salmon sample per vendor to facilitate broader
sample coverage throughout the city of Seattle. Fourth, since we focused our study entirely on
salmon, not only were we able to determine overall salmon mislabeling rates, we also were able
to identify various categories of salmon substitutions. Overall, the results of this study will, 1)
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reveal how compliant Seattle grocery stores and sushi restaurants are with Washington State
seafood laws, 2) impact not just Seattle and Washington State, but also the rest of the country
as Washington State is a major source of Pacific salmon in the USA, and 3) foster public
awareness of salmon mislabeling rates and their role in wild salmon sustainability.

Materials and methods
Salmonid classification

Salmonid species examined in this study included five native Pacific salmon species (i.e., Chi-
nook, sockeye, chum, coho, and pink), two native trout (i.e., steelhead and coastal cutthroat)
and Atlantic salmon. We collected samples purportedly from farmed Atlantic salmon and the
three most commonly marketed wild Pacific salmon species: sockeye, coho, and Chinook
(advertised as “king” salmon). Genetically, Pacific salmonids in genus Oncorhyncus comprise a
monophyletic clade, with Atlantic salmon more distantly related [47, 48].

Salmon sample collection

We collected and analyzed fresh or previously frozen salmon fillet tissue samples from 67 dif-
ferent grocery stores and 52 different sushi restaurants within all seven congressional districts
of Seattle, WA (Fig 1). Samples were collected in fall 2022 (n = 31, sushi), winter 2023 (n = 15,
sushi), spring 2023 (n = 6, sushi), and fall 2023 (n = 67, grocery) (S1 and S2 Tables). The
salmon species name was documented after verbal declaration by vendors using common
market names [Chinook (king) salmon, sockeye salmon, coho salmon, or Atlantic salmon]
(S1 and S2 Tables). If the vendor did not know what species of wild Pacific salmon a particular
sample was, the sample was then documented as “wild caught (unknown species).” Clean
gloves were used to transfer each salmon tissue sample into labeled 15 mL tubes with unique
identification numbers. Only one salmon sample was acquired from each establishment to
allow larger and broader sample coverage of Seattle grocery stores and sushi restaurants. The
67 grocery store samples included 29 national chain grocery stores, 16 local chain grocery
stores, and 22 independently run grocery stores. Specific vendor names are not disclosed
herein. Samples were stored temporarily at 4°C for up to two days before being moved to
long-term storage at -20°C.

Salmon DNA isolation & quantification

A 25 mg piece of salmon tissue was extracted from the interior of each salmon sample using a
new razor blade and fresh gloves to minimize DNA cross contamination. Salmon tissue sam-
ples were lysed overnight and its DNA was isolated using the Qiagen “DNeasy Blood and Tis-
sue” kit (# 69504) according to the manufacturer’s specifications. DNA concentration was
quantified at 260 nm using the Thermo Scientific “NanoDrop One” instrument.

Polymerase chain reaction (PCR) amplification of the cytochrome c
oxidase (COI) gene

After DNA isolation, PCR was used to amplify the mitochondrial COI gene, which has been
shown by several studies to be very useful in genetically identifying various fish by genus or
species [9, 12, 15, 20, 25, 32, 49, 50]. PCR amplification was performed using the Promega
“GoTaq Flexi DNA Polymerase PCR” assay kit (#M8295) and Promega “PCR nucleotide mix”
(#C1141). Fish DNA barcoding was achieved by ordering previously published primers from
Integrated DNA Technologies, which amplify a ~652 bp sequence in the mitochondrial COI
gene: Fish F1 primer (5’ ~-TCAACCAACCACAAAGACATTGGCAC-3") and Fish R1 primer
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(5" -TAGACTTCTGGGTGGCCAAAGAATCA-3") [32]. The PCR reaction included 250 ng of
DNA, 2.5 U DNA Polymerase, 2.5 mM MgCl,, 1x buffer, 0.2 mM dNTP, 25 nM Fish F1
primer, 25 nM Fish R1 primer, and nuclease-free water to a final volume of 50 uL. PCR ampli-
fication was performed in the Biorad T100 thermal cycler at the following specification: warm
up (96°C for 5 min), 42 cycles of PCR (94°C for 1 min, 51°C for 45 s, and 72°C for 1 min),
final extension (72°C for 5 min), and final hold (12°C). A PCR negative control (non-template
blank) was included and resulted in no amplification. After PCR amplification of the COI
gene, each PCR sample was cleaned using the Promega “Wizard SV Gel and PCR Clean-Up
System” kit (#A9281) according to the manufacturer’s specifications. Purified PCR DNA was
quantified at 260 nm using the Thermo Scientific “NanoDrop One” instrument. Next, PCR
amplification of the ~652 bp COI gene was confirmed via gel electrophoresis on a 1.2% agarose
gel after mixing 5 pL PCR purified DNA, 5 ul nuclease-free water, and 2 uL of 6x loading
buffer.

DNA barcoding: Sanger DNA sequencing and analysis

All COTI amplified PCR products were prepared for sequencing by mixing 50 ng of PCR ampli-
fied DNA, 3 uL of 3 uM Fish F1 primer, and nuclease-free water to a final volume of 8 puL. Sam-
ples were then submitted to the Fred Hutchinson Cancer Center Genomics and
Bioinformatics Core where Sanger DNA sequencing was performed. Sequencing files

(S1 Data) were analyzed using the FinchTV chromatogram viewer and the FASTA DNA
sequences were exported. The FASTA DNA nucleotide sequences were aligned using the
National Center for Biotechnology Information Basic Local Alignment Search Tool nucleotide
(BLASTn) search website (https://blast.ncbi.nlm.nih.gov/Blast.cgi). The top and closets match-
ing fish DNA sequence in the BLASTn database was used to determine the identity of each
sample. Any instance where the “vendor-claimed” salmon species identity did not match the
“BLASTn” DNA sequence identity, the fish sample was categorized as mislabeled.

Salmon mislabeling rates

Salmon mislabeling results were grouped into four categories: 1) wild to farmed substitution
(Pacific salmon species is substituted with Atlantic salmon), 2) wild salmon to another wild
salmon substitution (Pacific salmon species is substituted with a different Pacific salmon spe-
cies), 3) farmed to wild (Atlantic salmon is substituted with a wild Pacific salmon species), and
4) salmon to non-salmon (any salmon species is substituted with a fish that is not salmon).
Grocery stores sold 54 samples as wild Pacific salmon and 13 samples as farmed Atlantic
salmon (total grocery store n = 67). Sushi restaurants sold 31 samples as wild Pacific salmon
and 21 samples as farmed Atlantic salmon (total sushi restaurant n = 52). Wild salmon substi-
tution rates were determined by analyzing only the vendor-claimed wild salmon samples, and
excluding any vendor-claimed farmed salmon samples, in grocery store samples (n = 54) and
sushi restaurant samples (n = 31).

Salmon substitution consumer gain vs loss analysis

When considering the question of who benefits during substitutions, customers or vendors,
we determined the average grocery store market price ($/pound) of the four salmon species
collected during our study (Chinook, coho, sockeye, and Atlantic salmon). When the vendor
claimed it was “wild” salmon but did not know what kind of wild salmon it was, we conserva-
tively priced it as coho salmon since it was the cheapest wild salmon in our analysis. In the case
where farmed Atlantic salmon was substituted with steelhead trout (O. mykiss), also known as
rainbow trout, the price of steelhead trout was not available from the store it was purchased
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from. Instead, we priced steelhead trout by taking the average market price of steelhead across
five different Seattle grocery stores. Grocery store salmon species prices were used to deter-
mine customer gain or loss in both grocery stores and sushi restaurants, as sushi restaurants
displayed a larger price variability because of multiple factors, such as 1) how many sushi
pieces were in a roll, 2) some salmon sushi samples were priced as nigiri (raw salmon over
rice), or 3) pricing varied based on normal vs “happy hour” discounted pricing. Negative
(-$/pound) cost analysis demonstrates a net customer loss per event as the customer is given a
cheaper market-priced fish than paid for. Positive (+$/pound) cost analysis demonstrates a net
customer gain per event as the customer is given a more expensive market-priced fish than
paid for. To determine who benefits during substitutions, we analyzed mislabeled samples in
grocery stores and sushi restaurants. Any events where the customer gained (+$/pound) due
to substitution was labeled as “customer benefits.” Any events where the customer lost
(-$/pound) due to substitution was labeled as “vendor benefits.”

Statistical analyses

Using Fisher’s Exact Test (R Studio 2023.12.0 Build 369) on a series of 2X2 contingency tables
(correct vs. incorrect identification and grocery store vs sushi restaurants), we determined if
error rates varied between grocery stores and sushi restaurants when comparing 1) overall
error rates, 2) misidentification of farmed fish as wild-caught, 3) all misidentification of puta-
tive wild-caught fish species, and 4) economic impact on the consumer (i.e., did the error ben-
efit or harm the consumer). The p-values from these tests were corrected by hand using the
Dunn-Sidak method [51] to control inflating type I error probabilities. For all analyses, o was
set to 0.05. We also compared the distribution of financial effects on the consumer (benefits or
harms of misidentification) between grocery stores and sushi restaurants by conducting a
Mann-Whitney U test (IBM SPSS Statistics v. 29.0.1.0). The reported U value was found as U’
based on SPSS output and following the method outlined by Zar [51]. The reported p-value
was the exact, rather than asymptotic, as calculated in SPSS.

Results
Salmon mislabeling rates in Seattle grocery stores and sushi restaurants

Of the 67 grocery store samples, DNA sequencing revealed 9 were mislabeled (Table 1). One
of the grocery store samples substituted Atlantic salmon (S. salar) with steelhead trout (O.
mykiss) (Table 1), which genetically groups closer to Pacific salmon species than Atlantic
salmon [47, 48]. Of the 52 sushi restaurant samples, DNA sequencing revealed 12 were misla-
beled (Table 2). Overall, we found 21 of 119 (18%) of salmon samples from grocery stores and
sushi restaurants combined were mislabeled (Tables 1 and 2), indicating the mislabeling of
salmon is still a problem in Seattle. There was no significant difference in the salmon mislabel-
ing rates of 13.5% in Seattle grocery stores (9 of 67 samples mislabeled) vs 23.1% in sushi res-
taurants (12 of 54 samples mislabeled) (p = 0.641) (Fig 2). The overall 13.5% mislabeling rate
in Seattle grocery stores included a 9% mislabeling rate of vendor-claimed wild Pacific salmon
being substituted with another wild Pacific salmon species, 3% mislabeling rate of vendor-
claimed farmed Atlantic salmon being substituted with wild Pacific salmon species, and a 1.5%
mislabeling rate of vendor-claimed farmed Atlantic salmon being substituted with steelhead
trout (Fig 2). The overall 23.1% mislabeling rate in Seattle sushi restaurants included a 19.2%
mislabeling rate of vendor-claimed wild Pacific salmon being substituted with farmed Atlantic
salmon and a 3.8% mislabeling rate of vendor-claimed wild Pacific salmon being substituted
with another wild Pacific salmon species (Fig 2).
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Table 1. Salmon substitutions in Seattle WA. Grocery stores.

District Vendor Claimed Salmon DNA Sequence Identity Grocery Store | Substitution benefits the Customer Gain (+) or Loss (-) Due to
species Identity Type Customer or Seller? Mislabeling ($/pound)
7 Atlantic (Salmo salar) Sockeye (Onchorhyncus Independent Customer +$3.10
nerka)
6 Atlantic (Salmo salar) Steelhead Trout Local Chain Seller -$0.87
(Onchorhyncus mykiss)
5 Atlantic (Salmo salar) Sockeye (Onchorhyncus Local Chain Customer + $3.10
nerka)
4 Coho (Onchorhyncus kisutch) | Sockeye (Onchorhyncus Independent Customer +$2.67
nerka)
7 Sockeye (Onchorhyncus Coho (Onchorhyncus National Chain | Seller - $2.67
nerka) kisutch)
6 Sockeye (Onchorhyncus Chinook™* (Onchorhyncus National Chain | Customer +$9.21
nerka) tshawytscha)
3 Sockeye (Onchorhyncus Coho (Onchorhyncus National Chain | Seller - $2.67
nerka) kisutch)
2 Sockeye (Onchorhyncus Coho (Onchorhyncus Local Chain Seller - $2.67
nerka) kisutch)
3 Chinook™ (Onchorhyncus Coho (Onchorhyncus Independent Seller -$11.88
tshawytscha) kisutch)

Verbal declarations were used to confirm fish identity by all vendors. The price per pound of each salmon species was determined by averaging the marketed prices

from the grocery store samples collected in our study. Steelhead trout average pricing was determined by averaging the price per pound from five different grocery

stores in Seattle as the pricing was not available from the store it was purchased from. * Chinook salmon was marketed as “king” salmon by Seattle vendors.

https://doi.org/10.1371/journal.pone.0311522.t001

Table 2. Salmon substitutions in Seattle WA. Sushi restaurants.

District | Vendor Claimed Salmon species | DNA Sequence Identity | Substitution benefits the Customer Customer Gain (+) or Loss (-) Due to
Identity or Seller? Mislabeling ($/pound)

3 Chinook™ (Onchorhyncus Atlantic (Salmo salar) Seller -$12.31
tshawytscha)

4 Chinook™ (Onchorhyncus Atlantic (Salmo salar) Seller -$12.31
tshawytscha)

6 Coho (Onchorhyncus kisutch) Atlantic (Salmo salar) Seller -$0.43
Chinook™ (Onchorhyncus Atlantic (Salmo salar) Seller -$12.31
tshawytscha)

4 Chinook™ (Onchorhyncus Coho (Onchorhyncus Seller -$11.88
tshawytscha) kisutch)

7 Chinook™ (Onchorhyncus Atlantic (Salmo salar) Seller -$12.31
tshawytscha)

3 Chinook™ (Onchorhyncus Atlantic (Salmo salar) Seller -$12.31
tshawytscha)

6 Coho (Onchorhyncus kisutch) Atlantic (Salmo salar) Seller -$0.43

7 Wild caught (unknown species) Atlantic (Salmo salar) Seller - $0.43

7 Sockeye (Onchorhyncus nerka) Atlantic (Salmo salar) Seller - $5.10

1 Sockeye (Onchorhyncus nerka) Coho (Onchorhyncus Seller - $2.67

kisutch)

4 Wild caught (unknown species) Atlantic (Salmo salar) Seller -$0.43

Verbal declarations were used to confirm fish identity by all vendors. The price per pound of each salmon species was determined by averaging the marketed prices

from the grocery store samples collected in our study. When the vendor claimed it was “wild” salmon but did not know what kind of wild salmon it was, we

conservatively priced it as coho salmon since it was the cheapest wild salmon in our analysis.* Chinook salmon was marketed as “king” salmon by Seattle vendors.

https://doi.org/10.1371/journal.pone.0311522.t1002
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Fig 2. Salmon mislabeling rates in grocery stores vs sushi restaurants in Seattle, WA. Mislabeling rates identified by DNA sequencing are displayed

(percent per category) as stacked bars. Percent per stack was calculated as follows = [(total mislabeled samples in a category)/(total samples of all
categories)]*100%. Correctly labeled samples are also shown.

https://doi.org/10.1371/journal.pone.0311522.9002

Focused analysis of only vendor-claimed wild salmon samples revealed a significant differ-
ence in the substitution of wild salmon with farmed salmon, with sushi restaurants having an
overall higher mislabeling rate of 32.3% (10 of 31 samples mislabeled) compared to 0% (0 of 52
samples mislabeled) in Seattle grocery stores (p < 0.0001) (Fig 3A). Additionally, we found a
significant difference in the occurrences of wild salmon being substituted with another salmon
species (wild salmon species or farmed), with sushi restaurants more likely to mislabel wild
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Fig 3. Wild salmon mislabeling rates in Seattle, WA. Wild salmon mislabeling rates were determined in Seattle grocery store samples (n = 54) vs sushi
restaurant samples (n = 31). A) Wild to farmed salmon substitution rates were calculated as follows = [(total wild to farmed salmon mislabeled samples)/(total
vendor claimed wild salmon samples)]*100%. B) Overall wild salmon substitution rates were calculated as follows = [(total wild salmon substituted with
another wild or farmed salmon species)/(total vendor claimed wild salmon samples)]*100%. * p < 0.05; **** p < 0.0001.

https://doi.org/10.1371/journal.pone.0311522.9003

salmon at a rate of 38.7% (12 of 31 samples mislabeled) compared to 11.1% (6 of 54 samples
mislabeled) in grocery store samples (p = 0.020) (Fig 3B).

Customer gain or loss due to salmon mislabeling

Any instance of salmon mislabeling results in consumer financial gain or loss, depending on if
the substituted fish has a higher or a cheaper market price. For the Pacific salmon species, the
average market price was $15.26/pound (or $6.92/kg) for coho, $17.93/pound (or $8.13/kg) for
sockeye, and $27.14/pound (or $12.31/kg) for Chinook (S1 Fig). The average market pricing
was $14.83/pound (or $6.73/kg) for farmed Atlantic salmon and $13.96/pound (or $6.33/kg)
for steelhead (rainbow) trout (S1 Fig). While 60% of grocery store errors (Table 1) and 100%
of sushi restaurant errors (Table 2) benefited the vendor, there was no significant difference
between the two in how often errors benefited the vendor (p = 0.0816). However, there was a
significant difference in the median gain or loss to the customer financially due to substitution
events in grocery stores vs sushi restaurants (Ug ;, = 84, p = 0.034), with a -$0.87 per pound
loss per event (95% CI of the median = -$2.67/pound to +$3.10/pound) in grocery stores and
-$8.58 per pound loss per event (95% CI of the median = -$12.31/pound to -$2.67/pound) in
sushi restaurants (Fig 4). Furthermore, in grocery stores, we did not detect any significant
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Fig 4. Customer gain vs loss analysis due to salmon substitutions in Seattle, WA. Grocery stores vs sushi restaurants. The median customer financial gain or
loss ($/pound) of each mislabeled sample in Seattle grocery stores vs sushi restaurants are shown. The bars display the 95% CI of the median. * p < 0.05.

https://doi.org/10.1371/journal.pone.0311522.9004

economic loss to customers, as 95% CI’s overlapped $0.00. However, sushi customers experi-
enced significant and systematic economic loss from salmon mislabeling.

Discussion

Despite recent legislation (HB 1200) in Washington State making it illegal to knowingly sell
seafood without identifying its common name, and making it unlawful for any retail salmon
products to be sold without identifying it as wild-caught Pacific salmon or farm-raised Atlantic
salmon, our study revealed Seattle is not immune to salmon fraud. Between 2022-2023, we
found 18% of salmon samples from grocery stores and sushi restaurants combined were misla-
beled. In comparison, a 20% salmon mislabeling rate was observed in Washington State
between 2009-2011 [9] and a 2% salmon mislabeling rate was reported in Seattle in 2012 [17].
When comparing salmon mislabeling trends, it is important to consider which months the
samples were collected. For example, studies show salmon mislabeling rates in the USA tend
to increase in restaurants when salmon is acquired during the winter months (out-of-season)
compared to late spring and summer months (in-season) [17, 18]. Salmon mislabeling rates in
grocery stores, however, were found to remain similar regardless of the season [17, 18]. Fur-
thermore, while the 2009-2011 Washington State study observed a high (20%) salmon misla-
beling rate, half of the salmon samples were collected during the off-season winter months and
half were collected during the early season spring months [9], when national salmon mislabel-
ing trends are usually higher [18]. Moreover, the low (2%) salmon mislabeling rate in Seattle
in 2012 could be attributed to various factors such as lower sample numbers (n = 60) com-
pared to our study (n = 119), the fact that most samples were from grocery stores (which are
often more reliable than restaurants), and sample collection only occurring when wild salmon
was in season [17]. In comparison, even though the majority (82.3%) of our samples were col-
lected during the fall months (end of wild salmon season) (S1 and S2 Tables) [52], we still
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observed a high (18%) overall salmon mislabeling rate. This was surprising as wild salmon was
readily available in Seattle, indicating salmon mislabeling rates can still be high when wild
salmon is in-season.

Regarding wild Pacific salmon substituted with farmed Atlantic salmon, we were encour-
aged to discover a 0% mislabeling rate in grocery stores compared to the 2% rate observed in
2009-2011 [9]. We are unaware of any other studies with similar sample sizes from any loca-
tion that have demonstrated a complete lack of mislabeling fraud. In restaurants, we were con-
cerned to find a 32.3% wild to farmed mislabeling rate in Seattle compared to the 24% rate in
Washington State revealed 12 years ago [9]. We believe the current 0% wild to farmed salmon
substitution rate in Seattle grocery stores is likely due to increased compliance with seafood
identification laws in Washington State [43]. Additionally, the 0% rate may also be attributed
to larger chain grocery stores committing to source their seafood from certified distributors
which include seafood supply chain tracking [53, 54]. While it is unknown why the wild to
farmed substitution rate in sushi restaurants did not go down after recent legislative changes,
it is possible we observed higher mislabeling rates if their supply chain is less reliable compared
to grocery stores. However, because the sources of farmed and wild salmon are completely dis-
tinct, mislabeling is likely not originating at the point of harvest (i.e., fishers and aquacultur-
ists). This study reveals that customers should be wary of vendor-claimed salmon species when
buying salmon, especially in sushi restaurants if the customer is expecting wild salmon. If a
customer wants to buy wild salmon and avoid farmed salmon, Seattle grocery stores are a
more reliable source.

Although grocery stores never supplied a customer with farmed salmon in place of wild
salmon, we found 15.4% of vendor-claimed farmed salmon were actually wild sockeye salmon,
meaning the customer benefited from the substitution by receiving a higher market-priced
fish. Further, we did not detect significant economic loss to customers due to salmon mislabel-
ing in grocery stores. As such, we found no evidence of systemic salmon mislabeling fraud
within Seattle grocery stores. In contrast, all salmon substitutions in sushi restaurants harmed
the customer financially by providing the customer with a less expensive salmon species, sug-
gesting systemic mislabeling fraud within the sushi restaurant industry. Although we did not
systematically categorize sushi restaurants based on average pricing, we observed fraudulent
substitutions in both less-expensive and more-expensive sushi restaurants. For example, one
sushi restaurant that only provided multi-course meals exceeding $100 a person, substituted
Chinook salmon (i.e., the most expensive option) with farmed Atlantic salmon (i.e., the least
expensive option). Importantly, while we were unable to determine where in the supply chain
mislabeling occurred, many sushi restaurants could, conceivably, be victims of salmon misla-
beling fraud if the mislabeling occurred higher in the supply chain.

As highlighted previously, the deceitful activity and subsequent jailing of one salmon dis-
tributor in Washington State led to an estimated $1.3 million in fraudulent profits in one year
due to intentional substitution of vendor-claimed Chinook salmon with coho salmon [42].
When even lower-priced farmed fish are substituted in place of wild salmon, which is the most
common substitution we observed, fraudulent profits would be even greater. More broadly,
salmon fraud has the potential to result in the net loss of millions of dollars out of the pockets
of Washington State customers each year. Additionally, fishers, seafood distributors, and
retailers are negatively and financially affected if a cheaper priced mislabeled salmon product
is sold on the market and outcompetes their honestly labeled and priced salmon [17]. Further,
by mislabeling farmed salmon as wild, retailers are not only selling a lower market-priced
product at inflated rates, they may also be selling consumers a product that consumers oppose
on principle. For instance, survey data suggests that some consumers are willing to pay more
for wild-caught fish than farmed fish because of environmental concerns related to
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aquaculture [55, 56]. Although salmon mislabeling may occur anywhere within the supply
chain, reliable identification by consumers is often difficult. In grocery stores, whole fillets of
salmon are easier to distinguish by both the vendor and customer as the skin and flesh of wild
vs farmed salmon are visible. For example, wild salmon have a darker pinkish-orange color
flesh compared to the grayish color of farmed salmon [55, 57, 58], but dietary supplements
provided to farmed salmon may give them a pink appearance and therefore complicate identi-
fication [58]. On the other hand, sushi portions tend to be smaller, do not include skin, and
are combined with other ingredients, complicating reliable identification for consumers. To
help prevent mislabeling, the Washington Department of Fish and Wildlife distributes salmo-
nid identification cards [59] that detail salmon species differences, such as Chinook contain
dark mouths and black gums with spots on the upper and lower tail lobes, and coho have
white mouths and almost white gum line with scattered spots on the upper tail lobe [59]. At
the national level, the NOAA Fisheries Seafood Inspection Program provides a voluntary, fee-
based inspection service to fishing boats, processing plants, and retailers to verify label accu-
racy and ensure compliance with all seafood regulations [60]. Additionally, the FDA periodi-
cally inspects and genetically tests seafood to ensure proper labeling and compliance with
market names [60], as well as created a guide termed “The Seafood List” which contains
acceptable market names for seafood products sold in the USA [61].

Furthermore, this study raises ecological and wild salmon sustainability concerns. Failure
to label seafood correctly prevents accurate tracking of supply chains and complicates effective
fishery management efforts. For instance, when lower market-priced, more common species,
are mislabeled as higher market-priced, rarer species, fisheries managers may erroneously con-
clude that stocks which are actually depleted are persisting at sustainably harvestable densities
[62]. Further, mislabeled seafood often involves substituting imported fish for fish that were
labeled as domestically caught, and such substitutions often involve illegal, unreported, and
unregulated (IUU) wild fish that come from overexploited populations [8, 63]. Many of the
countries exporting wild-caught seafood to the USA have relatively weak environmental regu-
lations and poorly managed stocks [64], thus mislabeling of wild-caught fish can directly con-
tribute to the depletion of overfished IUU populations [65].

Mislabeling of farmed fish as wild-caught also masks broader ecological costs associated
with aquaculture [44]. For instance, aquaculture feed may increase land use requirements
when feed is produced terrestrially [66] and contribute to depletion of wild fish stocks when
feed is produced from wild-harvested forage fish [67]. Additionally, fish farming has contrib-
uted to invasion of escaped farmed fish [45], transmission of disease and parasites [68-70],
eutrophication from farm effluent [71, 72], and increased carbon emissions relative to wild
harvested fish [72]. The use of antibiotics in aquaculture increases the incidence of antimicro-
bial resistance bacteria [73-75] and large scale antibiotic use during salmon farming can result
in antibiotics leaking into the surrounding environment, altering and threatening the sur-
rounding microbial communities, microbial diversity, and the ecosystem [76, 77]. The use of
antibiotics in farmed salmon pens often raises ecological concerns for consumers and provides
a principled incentive to buy wild salmon instead of farmed salmon [55, 56]. Further, when
farmed salmon are fraudulently mislabeled as wild salmon, the country of origin of the farmed
salmon remains undetermined, but aquaculture practices in countries exporting farmed fish to
the USA often incur substantially greater environmental costs than domestic aquaculture [78].

Conclusions

Salmon is the most frequently consumed finfish in the United States, and mislabeling events
not only financially hurt the customer but can also negatively impact fishers, seafood
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distributors, retailers, and ecosystems. In this study, we identified a high level of salmon misla-
beling in Seattle, WA. despite recent legislation which makes misidentification of salmon ille-
gal. Seattle grocery stores tended to be more reliable compared to the sushi restaurant industry
in properly labeling their salmon, especially when identifying it as wild vs farmed. Improper
labeling of wild salmon, either as a different species of wild salmon or as farmed salmon, pre-
vents accurate tracking of supply chains and complicates efforts to ensure that wild salmon
originate from legal, well-regulated fisheries. Improper labeling of farmed salmon as wild
salmon obscures negative environmental externalities often associated with aquaculture, and
harms consumers by substituting a higher market-priced species with a lower market priced
species. Taken together, it is important to continue developing and enforcing both federal and
international policies that require accurate seafood labeling throughout the supply chain, from
fisher to plate, and the use of ecologically sustainable fishing practices. It is also important to
educate the public on the incidence of salmon fraud and its impact on salmon conservation.
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