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A B S T R A C T

In Alaska, paralytic shellfish poisoning (PSP) is associated with the toxic dinoflagellate Alexandrium catenella, 
which blooms annually along the coastline from the Canadian border to the Beaufort Sea. While it has long been 
recognized that these blooms cause annual outbreaks of shellfish toxicity each spring and summer, little is known 
about other pathways for PSP toxins in the marine food web. Here, we present data from a four-year study to 
characterize the occurrence of PSTs in marine non-bivalve invertebrates, forage fishes and predatory fishes across 
the breadth of southern Alaska. Samples were obtained at coastal sites throughout the Gulf of Alaska, including 
the Aleutian Islands, Alaska Peninsula, Cook Inlet region, Prince William Sound and southeast Alaska, as well as 
sites in the southeastern Bering Sea. Collectively, 235 non-bivalve invertebrate samples, 1511 forage fish samples 
and 364 commercially important predatory fish were collected and analyzed for PSP toxins (PSTs) via an 
improved ELISA method. Overall, 41% of specimens exhibited detectable levels of PSTs across 14 invertebrate 
taxa, 23 forage fish species and 7 species of predatory fishes. In non-bivalve invertebrates, 39.8% of samples were 
positive for PSTs with the greatest levels in crabs, sea stars and carnivorous snails. In forage fishes, >35% showed 
detectable PST levels, with the highest in Pacific Sand Lance, Pacific Herring, juvenile Pacific Cod, juvenile 
Pacific Tomcod, Capelin, Surf Smelt and juvenile salmon. Notably, toxins were commonly present in important 
prey for seabirds and marine mammals, in addition to juveniles of commercially important fishes. In predatory 
fishes, PSTs were detected in 60–75% of all tissues tested, with the highest incidence in fish liver and kidney 
tissue, and lowest in stomach contents. PST levels were low in muscle tissue, signifying low toxicity risks to 
humans consuming filets. However, the prevalence of these toxins in so many fishes suggests potential impacts to 
survival and recruitment of juvenile predatory fishes in Alaskan coastal areas.

1. Introduction

Paralytic shellfish poisoning (PSP) is an illness caused by ingestion of 
marine bivalves containing saxitoxins (STXs), potent neurotoxins 

produced by some species of marine dinoflagellates. Human exposure to 
PSP toxins (PSTs) occurs most commonly through consumption of bi
valves that have ingested toxic dinoflagellate cells from the surrounding 
seawater. In North America, PSP is most commonly associated with 
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Alexandrium catenella, a species that blooms annually on the east and 
west coasts of the temperate U.S. and Canada. Some of the highest in
cidences of PSP in the U.S. occur in Alaska due to limited toxin moni
toring and a strong dependence on harvested shellfish resources for 
subsistence (RaLonde, 2001; ADHSS, 2022; Kibler et al., 2022). 
Although Alexandrium blooms occur along nearly the entire Alaskan 
coastline (Natsuike et al., 2017; Anderson et al., 2021), shellfish toxicity 
levels are historically greatest in portions of southern Alaska including 
the Aleutian Islands, Alaska Peninsula, Kodiak Archipelago, and the 
southeast region surrounding Juneau (Fig. 1; Castrodale, 2015). Because 
of limited State toxin testing capacity and the enormity of the Alaskan 
coastline, the State has no regular monitoring program for either 
phytoplankton abundance (i.e., harmful algae) or shellfish toxicity. The 
Alaska Dept. Environmental Conservation does require testing of 
commercially harvested shellfish, while the management strategy for 
non-commercial harvesting has been to advise the public that all shell
fish are potentially unsafe and consumption of those untested should be 
avoided (ADHSS, 2020). Consequently, data characterizing the distri
bution and timing of Alexandrium blooms and shellfish toxicity out
breaks are sparse and mainly limited to information collected in recent 
years by various Tribal groups, environmental organizations and indi
vidual communities scattered along portions of the Gulf of Alaska, 
southeastern Bering Sea, and the Bering Strait (Harley et al., 2020; 
Kibler et al., 2022; AHAB, 2025; APIA, 2026; APMI, 2026; Knik Tribe, 
2026).

Despite the usual association of PSTs with bivalves, these toxins can 
also accumulate in other marine biota via trophic transfer. Data 
collected during blooms have indicated A. catenella cells are readily 
consumed by a variety of planktonic grazers, including copepods, cili
ates, rotifers, heterotrophic dinoflagellates and larval stages of in
vertebrates and fishes (White, 1979; 1981; Turner et al., 2000; Doucette 
et al., 2005; Starr et al., 2017). PSTs have also been reported in bivalve 
consumers, including crab species (Llewellyn, 1997; Trainer et al., 2003; 
Jester et al., 2009), lobsters (Madigan et al., 2018; Turnbull et al., 2021), 
sea stars (Jacobsson, 2008), cephalopods (Lopes et al., 2013) and 
carnivorous snails (Shumway, 1995; Choi et al., 2006). The potential 
occurrence of PSTs in Alaskan biota has prompted concerns about con
sumption of invertebrates harvested for subsistence, such as shrimps, 

snails, abalone, urchins, limpets, chitons, barnacles and holothurians 
(West et al., 2012; Fall and Zimpelmann, 2016; Jones and Kostick, 2016; 
Seger et al., 2020). Such concerns seem justified, as a recent PSP-related 
death occurred on Unalaska Island in July of 2020, where the victim was 
stricken after consuming toxic snails and mussels (ADHSS, 2020).

Beyond invertebrates, there is also indication that PSTs can be 
transferred to marine forage fishes, although evidence for these com
pounds in Alaskan fishes has been sparse. Across southern Alaska, forage 
fishes typically include Pacific Sand Lance (Ammodytes personatus), Pa
cific Herring (Clupea pallasii), Capelin (Mallotus villosus), and juveniles of 
larger species such as Pacific Cod (Gadus macrocephalus), Walleye 
Pollock (Theragra chalcogramma) and salmon species (Lei Guo, 2010). 
These forage fishes are critical prey items for a variety of piscivorous 
predators including adult Pacific salmon, Halibut and Cod (Yang et al., 
2006), marine mammals (McKenzie and Wynne, 2008) and seabirds 
(Golet et al., 2000; Piatt et al., 2006). In general, forage fishes consume a 
wide range of holo- and mero-zooplankton taxa and small invertebrates, 
and represent a primary conduit for carbon and energy transfer between 
zooplankton and larger biota in Alaskan systems (Purcell and 
Sturdevant, 2001; Brown, 2002; Abookire and Piatt, 2005; Lei Guo, 
2010). Likewise, forage fishes are a potential vector for transfer of 
PSTs to higher marine consumers. This transfer pathway has already 
been documented during Alexandrium blooms in other North American 
locations (White, 1977; 1980; Beaulieu et al., 1996; Mianzan et al., 
1997; Jester et al., 2009). Additionally, the presence of PSTs in forage 
fishes has been implicated in mortality of marine mammals (Reyero 
et al., 1999; Geraci et al., 1989; Durbin et al., 2002; Scarratt et al., 
2014; Lefebvre et al., 2016) as well as seabirds (Armstrong et al., 
1978; Nisbet, 1983; Shearn-Bochsler et al., 2014). Recent work by Van 
Hemert et al., 2022 indicated PSTs in forage fishes are likely respon
sible for mortality of Common Murres (Uria aalge) and other seabirds in 
Alaska. Despite the previous evidence, it is not yet clear how widely 
PSTs occur in Alaska forage fishes, the range of toxin levels present, and 
the degree to which these toxins are available for transfer to predatory 
fishes and other biota.

The potential for trophic transfer of PSTs from forage fishes and in
vertebrates to ecologically and/or commercially important fish species 
in Alaska has drawn interest in recent years. This scrutiny is prompted 

Fig. 1. Map of southern Alaska showing sample collection sites (colored dots) located in the Bering Sea, Aleutians, Alaska Peninsula, Kodiak Archipelago, Cook Inlet, 
Prince William Sound and Southeast Alaska.
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by concerns over food security, especially in coastal communities that 
are dependent on subsistence-harvested marine biota for their livelihood 
and welfare. Paralytic shellfish toxins have been detected occasionally in 
predatory fishes from other locations (White, 1977; Reis Costa, 2016; 
Starr et al., 2017), and these compounds have even been implicated in 
mortality of commercially fish species (Cembella et al., 2002; Fuentes 
et al., 2008; Burridge et al., 2010). Given that PSTs are relatively com
mon in Alaskan marine mammals (Lefebvre et al., 2016), it seems likely 
that the toxins may also be present in predatory fishes from the same 
areas. To date, there have been very few reported cases of human illness 
caused by consumption of fishes contaminated with PSTs (Reis Costa, 
2016), and no such cases have been reported from Alaska. Neverthe
less, there is a clear need to investigate the potential presence of PSTs in 
Alaskan food fishes, and to assess the relative degree of risks involved to 
human health and higher-level marine predators, in addition to the 
Alaskan fishing industry. The potential for economic impacts of PSTs on 
Alaska’s commercial salmon, cod, halibut and other fisheries, which 
represent more than half of all U.S. seafood production (ASMI, 2023), 
are also concerning. In 2021 alone, the Alaskan salmon harvest (all 
species) had an estimated ex-vessel value of nearly $800 million USD 
(http://www.adfg.alaska.gov, http://alaskafisheries.noaa.gov). With 
such high stakes, it is critical that the paucity of data regarding trophic 
transfer of PSTs to Alaskan food fishes be remedied.

This study addresses knowledge gaps about the occurrence of PSTs in 
invertebrates, forage fishes, and predatory fishes across southern Alaska. 
Here, we report results from a 4-year regional survey of PST occurrence 
in forage fishes, commercially important predatory fishes, and a variety 
of invertebrate species collected mainly during 2018 - 2022. The study 
was designed as an exploratory effort to assess overall prevalence of 
PSTs in these biota, to define the range of toxin concentrations present, 
to elucidate trophic transfer pathways for toxins in the marine food web, 
to identify key portions of the food web for further focus, and to 
establish a baseline for future research as the regional climate is 
changing rapidly. Most of the fish and invertebrate samples were 
collected during the same months—or in succeeding months—that 
A. catenella blooms occur in southern Alaska (~April - October). An 
examination of variability in PST levels among different individuals and 
among different species is also undertaken. The study coalesces data 
from recent projects supported by the North Pacific Research Board 
(NPRB project 1801, http://www.nprb.org), the Knik Tribe of Alaska 
(http://kniktribe.org), and ongoing work by NOAA’s National Centers 
for Coastal Ocean Science (NCCOS project 803). This study was designed 

as an inquiry into the possible occurrence of PSTs in portions of the 
marine food web in Alaska. It was conceived partly to address concerns 
by subsistence harvesters about algal toxins in invertebrate and fish 
resources, but also to answer the questions: Are PSTs present in any other 
marine biota than bivalve shellfish?, and if so, What species should be 
investigated in greater detail?

2. Methods

2.1. Study sites

The majority of invertebrates, forage fish and predatory fish samples 
were collected at sites in southern Alaska, including locations in lower 
Cook Inlet (LCI), Prince William Sound (PWS), the Kodiak Archipelago, 
the Alaska Peninsula, and the Aleutian Islands (Figs. 1 and 2). A smaller 
number of samples were also collected in the Bering Sea and in southeast 
Alaska near Juneau. Project samples were largely collected opportu
nistically, and many were provided by partners and collaborators across 
Alaska. The exact site of sample collection was not known in some cases, 
so only rough locations were noted in these instances.

It should be noted that the availability of invertebrate and fish spe
cies was limited by both spatial factors (e.g., depth in the intertidal, 
benthic substrate, site suitability), temporal factors (e.g., time of year, 
time of day, tidal stage and magnitude), species life cycle and behavior 
(e.g., early season/late season spawning, burial in the sediment, etc.), 
and factors relating to opportunistic sampling (e.g., samples from fishers 
targeting only certain species). Together these factors largely prevent 
some useful comparisons, such as species × site, or taxa × region ana
lyses. The results of this initial survey will be available to address more 
specific questions in the future.

2.2. Invertebrate collection

This study was originally designed to include only fishes, but non- 
bivalve invertebrates were added after year 1 in response to questions 
from subsistence harvesters and other Alaska partners. The invertebrates 
mainly included new and archived samples collected in 2016 – 2021, 
with a small number from 2014. Invertebrates included species that are 
harvested commonly as subsistence foods in Alaska (urchins, chitons, 
limpets, snails), epibenthic fauna co-occurring with these subsistence 
items, and other samples of opportunity. Because the occurrence of PSTs 
in bivalve shellfish are well known in contrast to other invertebrate taxa, 

Fig. 2. Sample collection sites in A. the Kodiak Archipelago, and B enlargement of the Chiniak Bay area from panel A. Numbers denote collection sites at 1. White 
Sands Beach, 2. Pillar Creek Beach, 3. Miller Point, 4. Mission Beach, 5. Trident Basin, 6. Cook Bay, 7. Buskin River Beach, 8. Womens Bay, and 9. Middle Bay Beach.
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bivalves were excluded from this study. In this context the term “in
vertebrates” refers to taxa other than bivalves. Sample sizes for inver
tebrate taxa were generally lower than those for most fish taxa because 
invertebrates were not included until later in the study (Table S1). Most 
invertebrate specimens were collected in the intertidal by hand, pried 
from rocks, or were scooped with a small net. A smaller number of 
samples were also collected by open water trawls (Van Hemert et al., 
2020). Larger specimens of snails, chitons, limpets, sea stars, and 
other species were analyzed individually, whereas smaller specimens 
were pooled until sufficient tissue was available for analysis (~10 g).

2.3. Forage fish collection

Forage fish largely included samples collected in 2016 – 2022, with a 
few archived samples from 2014 to 2015, as well as a small number of 
samples from 2023. Forage fish samples included a variety of common 
prey species and juveniles of larger species (Table S2). Most samples 
were collected from the shore using a beach seine (23 m L x 3 m H, 3 mm 
mesh), a fyke net (1.4 m2 or 2.5 m2 throat; 3 or 6 m wings; 3 mm mesh), 
a cast net (2 m diam, 6 mm mesh), or from the adjacent coastal water 
using an open water trawl (Van Hemert et al., 2020). Epibenthic species, 
such as Pacific Sand Lance were collected by raking or digging in the 
sand at low tide. A number of forage fish samples were also provided by 
commercial fishers (seine fishery), were collected from the stomachs of 
predatory fishes (see below), or were obtained from the digestive tract of 
seabirds (Van Hemert et al., 2020). All samples were stored on ice before 
transfer to freezers (− 20 ◦C).

2.4. Predatory fish collection

Predatory fish samples were comprised mainly of those collected in 
2017 – 2021, with a small number of specimens from 2015 to 2022. 
Predatory fishes targeted during this study (Table 1) included 
commercially important species such as the five major salmon species in 
Alaska (Chinook Salmon, Oncorhynchus tshawytscha; Chum Salmon, 
O. keta; Coho Salmon, O. kisutch; Pink Salmon, O. gorbuscha and Sockeye 
Salmon, O. nerka), Pacific Halibut (Hippoglossus stenolepis) and Pacific 
Cod (Gadus macrocephalus). A smaller number of rockfish (Sebastes spp.), 

Sablefish (a.k.a. Black Cod, Anoplopoma fimbria), large sculpins (family 
Cottidae) and other predators were also collected on occasion, but 
sample sizes were small and were excluded from this report.

Predatory fish samples were obtained from sport fishers (hook & 
line), commercial fishers (seines, hook & line) and commercial pro
cessors (all methods), or were collected in nets (see above). Tissues 
collected for toxin analysis included organs of the digestive tract 
(stomach, esophagus, intestine, pyloric caeca), the liver, the kidney 
(anterior and posterior lobes), gonads (roe or milt), and longitudinal 
muscle tissue (filet meat). Stomach contents were also collected if suf
ficient material was present in an undigested state. When possible, intact 
forage fish in the stomach were collected and included as forage fish 
specimens. The tissues for toxin analysis were excised from each carcass, 
placed into individual plastic bags and stored on ice before transfer to a 
freezer (− 20 ◦C) pending later analysis. The availability of predatory 
species in a given location depended on the presence of a fishery in the 
collection area, the relative difficulty in obtaining species at each loca
tion, the presence of study partners at a given site, and seasonality of 
local fish stocks. As a result, samples of individual species were not 
obtainable in all locations. Pacific Halibut and Pacific Cod were not 
included in the study initially. Pacific Halibut were added after 2018, 
and Pacific Cod were included only after 2020, largely due to stake
holder interest. Halibut were only collected in Cook Inlet, and cod only 
in Kodiak due to limited availability.

As most tissue samples were obtained from fish carcasses after the 
filets were removed, some tissues were discarded by fishers before 
sample collection. Tissue availability was also affected by retention of 
tissues by some fishers as a food resource (e.g., roe), loss/displacement 
of some tissues during handling, physical damage/destruction of some 
organs during the fileting process, and failure of samplers to collect all 
tissues. In addition, kidneys and gonads were not targeted initially but 
were added after the first stages of the study. The end result is variability 
in sample sizes among the different tissues, with gonad and stomach 
content samples being the most limited (see Table S3).

2.5. Toxin extraction

Frozen samples of forage fishes and invertebrates were thawed partly 
and then homogenized using either an immersion homogenizer or a 
heavy-duty blender. Smaller samples were chopped into pieces and 
homogenized using a Polytron model PT-MR 2500E dispersing aggre
gate fitted with a 12 mm head (Kinematica, Inc., New York, USA). Larger 
samples were chopped and homogenized using a commercial blender 
(Waring model 7011S, McConnellsburg, Pennsylvania). Forage fish 
were homogenized whole, including all viscera. Soft tissues of inverte
brate specimens were separated from skeletal material before physical 
homogenization (barnacles, snails, chitons, crabs, limpets) while soft- 
bodied or small specimens were processed whole. Larger sea stars and 
urchins were processed by cutting through the exoskeleton and scraping 
out the contents. Gastropod specimens were dipped in boiling water to 
separate the soft tissues before homogenization. Small crabs and sea 
stars (≤6 cm in diam.) were crushed whole with a mortar and pestle for 
homogenization. For larger crabs, the specimens were steamed and the 
viscera were collected. Similarly, only the soft tissues of chitons and 
barnacles were removed for homogenization and analysis. Isopods, 
amphipods, shrimp and krill samples were homogenized whole.

For toxin extraction, a ~5 g portion of each homogenized sample was 
transferred to a 50 mL Falcon® polypropylene centrifuge tube (Corning 
Life Sciences, Corning, New York) and extracted using the Association of 
Analytical Chemists (AOAC) standard method described in Lawrence 
et al. (2005). Briefly, three mL of 1% acetic acid was added to each 
tube, which was then vortexed for 30 s, and immersed into a boiling 
water bath with a loosened cap for 5 min. Samples were allowed to cool 
to room temperature before they were re-vortexed and centrifuged at 
4700 rpm (~1800 g) for 10 min. The supernatant was then decanted 
into a clean 15 mL tube before the remaining pellet was re-extracted 

Table 1 
PST levels (µg STX Eq. 100 g–1) and frequency of occurrence for toxins in tissues 
of all Alaska predatory fishes combined. A. PST levels given as the mean, stan
dard deviation (Std), median (M), maximum (Xmax) and sample size (n) for 
digestive organs (Dig. Organs), liver, kidney, muscle, gonad and stomach con
tents (Stom. Contents). B. Frequency of occurrence for PST levels in four bins: 
negative (<5 µg STX Eq. 100 g–1), 5–10 µg STX Eq. 100 g–1, 10.1–20 µg STX Eq. 
100 g–1 and >20 µg STX Eq. 100 g–1. “Positive” signifies frequency of detectable 
PST levels (≥5 µg STX Eq. 100 g–1) in each tissue.

A. Toxin Levels

Tissue Mean Std M Xmax n

Dig. Organs 8.3 6.4 6.7 49.2 343
Liver 9.5 11.7 6.3 103.0 306
Kidney 7.6 13.2 5.7 142.0 306
Muscle 7.2 4.4 6.5 28.3 347
Gonad 5.3 2.2 5.4 12.7 79
Stom. Contents 7.1 5.3 5.8 26.0 81
All Tissues 7.9 9.1 6.2 142.0 1462
​ ​ ​ ​ ​ ​
B. Frequency of Occurrence
Tissue <5 5–10 10.1 - 20 >20 Positive 

≥5
Dig. Organs 0.25 0.48 0.22 0.05 0.75
Liver 0.30 0.45 0.18 0.08 0.70
Kidney 0.36 0.55 0.06 0.03 0.64
Muscle 0.30 0.47 0.22 0.01 0.70
Gonad 0.34 0.65 0.01 0.00 0.66
Stom. Contents 0.39 0.39 0.18 0.04 0.61
All Tissues 0.31 0.49 0.16 0.04 0.69
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using the same procedure; the supernatants were pooled for analysis.

2.6. ELISA

The PSP ELISA manufactured by Sea Tox, Inc. (Wilmington, NC, 
USA) was used for this study. Because the ELISA antibody was mainly 
sensitive to STX and neoSTX, the L-cysteine reduction method of 
Turnbull et al. (2018) was used to convert GTX2,3 and GTX1,4 to STX 
and neoSTX, respectively before analysis. Previous data from Kibler 
et al. (2022) indicated these GTXs were often common in Alaskan 
shellfish during the spring/summer Alexandrium bloom season. Briefly, 
0.075 g of L-cysteine (Sigma Aldrich, St. Louis, MO, USA, catalog 
#w326305) was added to a 2 mL vial with 300 µL of sample extract. The 
mixture was vortexed and incubated in a water bath for 30 min at 70 ◦C, 
cooled on ice for 5 min and re-vortexed before analysis.

A competition ELISA kit (SeaTox Research, Wilmington, North Car
olina) was used to analyze each reduced toxin extract after McCall et al. 
(2019). Analysis also included a five-point STX standard curve (0, 1.3, 
0.64, 0.32, 0.16 ppb), where each concentration was run in duplicate. 
For samples that were outside of this range, a second standard curve was 
used having higher or lower concentrations, and the sample was 
re-analyzed. The manufacturer’s protocol was used for ELISA reaction, 
development and stopping steps. Final absorbance of the standard curve 
and samples were measured at 450 nm on a ClarioStar fluorometer 
(BMG Labtech, Cary, NC, USA).

Sample extracts were first screened for the presence of PSTs using 
ELISA, which offered high sensitivity (<1 µg STX Eq. 100 g–1), high 
throughput, and relatively low cost compared to analytical methods 
such as HPLC. The ELISA with L-cysteine reduction was partly validated 
vs. HPLC in McCall et al. (2019) using Alaskan Butter clams, but no other 
matrices. Therefore for the present study, HPLC was used to re-analyze 
samples containing ≥10 µg STX Eq. 100 g–1 in order to verify excellent 
recovery and good linearity with HPLC-derived toxin concentrations 
and identify the major congeners present in fish and invertebrate sam
ples. The results of HPLC vs ELISA validation will be presented sepa
rately in a follow-up study to McCall et al. (2019). It should be 
recognized that the ELISA data from this study should be considered for 
screening purposes only, and should not be used to guide seafood con
sumption decisions without data from accepted PST analysis methods.

2.7. Data analysis

Graphic visualization and statistical analysis of toxin data were 
completed using SigmaPlot 14.0 software (Systat Software, Inc., San 
Jose, California). Descriptive statistics were calculated from toxin levels 
in the various taxa of invertebrates, forage fishes and predatory fishes 
that were analyzed. Frequency distribution plots (not shown) indicated 
the data were generally highly right skewed (Mardia’s skewness = 24.9) 
with many samples having trace PST levels <5 µg STX Eq. 100 g–1 and a 
smaller number with higher toxin levels >20 µg STX Eq. 100 g–1. 
Accordingly, the median toxin level (M) with interquartile distance (IQ) 
was commonly used rather than mean and standard deviation as a more 
reliable measure of central tendency (de Nijs and Klausen, 2013). 
Because the data were not normally distributed and remained so even 
after log data transformations, differences among groups were analyzed 
using a Kruskal Wallace ANOVA on ranks with Dunn’s post hoc test 
(Dunn, 1964; Zar, 1996). The predatory fish data were more impacted 
by sample size than either forage fish or invertebrates. This was partly 
due to the small number of some species collected (e.g., 7 Chum Salmon, 
19 Pacific Cod, Table S3), but also because not all tissues were present in 
all fish. For instance, stomach contents were only present in certain 
individuals (e.g., 61 Pink Salmon collected but only 10 with identifiable 
stomach contents, Table S3).

While specimens without all of the six tissue types present were 
included when the overall prevalence of PSTs in predatory fishes was 
examined, comparison of the magnitude of PST levels in the different 

species was examined using only fish with all tissues. Comparison of 
sample size showed only nine of the 364 predatory fish collected had all 
six tissue types present. In part this was due to the absence of stomach 
contents, where fish had not consumed prey recently. In addition, gonad 
tissues were often missing because this tissue was only included in the 
study after year one, and because the gonads are sometimes used as a 
food source by subsistence harvesters. So, both gonad and stomach 
content data were omitted from the comparison among predatory fish 
species. Fish with all four remaining tissue types present (digestive or
gans, liver, kidney, muscle) included 242 specimens. Because the 
remaining fish included only two Chum Salmon, they were omitted from 
the among species comparison as well.

The frequency of occurrence for different toxin levels was also used 
to compare how commonly samples were toxic. Data were first binned 
into samples with PSTs <5 µg STX Eq. 100 g–1, 5 – 10 µg STX Eq. 100 g–1, 
10.1 – 20 µg STX Eq. 100 g–1, and >20 µg STX Eq. 100 g–1, and the 
frequency of occurrence was then compared. For comparison of PST 
levels in tissues of predatory fish species, only two metrics were utilized: 
frequency that PSTs were present (≥5 µg STX Eq. 100 g–1, i.e., "positive") 
and frequency when toxin levels were >20 µg STX Eq. 100 g–1.

3. Results

3.1. Invertebrates

A total of 235 invertebrate samples were collected over the course of 
this study spanning 25 Jul 2014 – 04 Sep 2021. Taxa most commonly 
including chitons, limpets, snails, urchins, crabs, shrimp, amphipods, 
isopods, tunicates, barnacles, and krill with small numbers of other 
species (Table S1). Overall, the maximum (Xmax) toxin levels in in
vertebrates were present in bivalve consumers, including crabs (Xmax =

1560 µg STX Eq. 100 g–1), sea stars (Xmax = 672 µg STX Eq. 100 g–1) and 
carnivorous snails (Xmax = 483 µg STX Eq. 100 g–1) (Fig. 3A, Table S1). 

Fig. 3. PST levels and toxicity occurrence in invertebrate taxa (bivalves 
excluded) from Alaska. A. Boxplot of PST levels in invertebrate taxa where 
“Herb.” = herbivorous, “Carn.” = Carnivorous, and “Other” includes taxa with 
small sample sizes (<3). Boxplot symbology: boxes denote median line with 
25th-75th percentiles; whiskers denote 10th-90th percentiles; dots denote 
outliers. Broken red line denotes FDA advisory limit for PSTs in seafood (80 µg 
STX Eq. 100 g–1). B. Frequency of PST levels in taxa calculated by binning PSTs 
into levels representing samples that were negative (<5), 5 - 10, 10.1 - 20 and 
>20 µg STX Eq. 100 g–1.
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Omitting taxa with <3 specimens, the highest median (M) toxin levels 
occurred in these same groups: sea stars (M = 12.9, IQ = 33.0), 
carnivorous snails (M = 11.7, IQ = 28.1) and crabs (M = 11.6, IQ =
27.1). Comparatively high toxin levels were also observed in the few 
specimens of octopi (n = 2, Xmax = 70.5 µg STX Eq. 100 g–1) and tuni
cates (n = 2, Xmax = 38.2 µg STX Eq. 100 g–1) that were collected. 
Interestingly, PST levels were also relatively high in some of the 
amphipod (Xmax = 69.8 µg STX Eq. 100 g–1), urchin (Xmax = 68.7 µg STX 
Eq. 100 g–1), limpet (Xmax =34.1 µg STX Eq. 100 g–1) and shrimp samples 
(Xmax =30.5 µg STX Eq. 100 g–1) collected during the study (Fig. 3A, 
Table S1).

In addition to having the median highest PST levels, the highest 
frequency of samples positive for PSTs (≥5 µg STX Eq. 100 g–1) were also 
observed in sea stars (75% pos.), carnivorous snails (68% pos.) and crabs 
(63% pos.) (Fig. 3B). Conversely, the lowest overall toxin levels were 
observed in isopods, with undetectable PSTs in all samples. Despite a 
small number of samples with levels >20 µg STX Eq. 100 g–1, PSTs were 
detected in relatively few of the urchin (87% negative), chiton (84% 
negative), barnacle (83% negative) and shrimp (75% negative) samples 
collected (Fig. 3B).

3.2. Forage fishes

Over the course of the study 1511 samples of 23 forage and juvenile 
fish species were analyzed, including samples obtained between May 
2014 and August 2021. The most common forage fishes collected during 
this study were Pacific Sand Lance, Pacific Herring, Capelin, Pacific 
Tomcod, Surf Smelt and juvenile Dolly Varden, with a number of other 
juvenile and small species (Table S2). Although they are not generally 
considered forage fishes, other small sized taxa that were collected 
alongside those above included sculpins, soles, lingcod, gunnels and 
cockscombs. Toxin levels varied greatly both among and within taxa, 
ranging over three orders of magnitude in some species. For forage fish 
species where at least three samples were collected, CVs ranged from 
24.5% in Crescent Gunnels (Pholis laeta, n = 4) to >500% in Pacific Sand 
Lance (n = 606).

Samples from several species reached elevated PST levels, with the 
highest in samples of Pacific Sand Lance (Xmax = 758 µg STX Eq. 100 
g–1), Pacific Herring (Xmax = 428 µg STX Eq. 100 g–1), Pacific Cod (Xmax 
= 66.3 µg STX Eq. 100 g–1), Pacific Tomcod (Xmax = 28.5 µg STX Eq. 100 
g–1), Capelin (Xmax = 26.7 µg STX Eq. 100 g–1), Surf Smelt (Xmax = 20.9 
µg STX Eq. 100 g–1) and juvenile Coho Salmon (Xmax = 20.7 µg STX Eq. 
100 g–1) (Fig. 4A, Table S2). On the whole, these high toxin levels were 
masked by those with no detectable toxicity, such that the highest me
dian levels were present in juvenile Sockeye Salmon (M = 8.0, IQ = 3.5 
µg STX Eq. 100 g–1), Threespine Sticklebacks (M = 7.0, IQ = 3.8 µg STX 
Eq. 100 g–1), juvenile Coho Salmon (M = 5.8, IQ = 2.7 µg STX Eq. 100 
g–1), juvenile Lingcod (Ophiodon elongatus, M = 5.4, IQ = 3.2 µg STX Eq. 
100 g–1) and juvenile Dolly Varden (M = 5.3, IQ = 4.1 µg STX Eq. 100 
g–1) when taxa with very low sample size (< 5) were not included. Rank 
ANOVA results indicated significant differences in median toxin levels 
among forage species, with the five species above and nine others with 
the highest median toxin levels grouping together: Pacific Sand Sole 
(Psettichthys melanostictus), Pink Salmon, Saffron Cod, Pacific Herring, 
Chum Salmon, Walleye Pollock, Capelin, Surf Smelt and Pacific Cod 
(Dunn’s test, H = 175.3, p < 0.01). The remaining species grouping with 
lower toxicity rankings included Pacific Sand Lance (M = 3.2 µg STX Eq. 
100 g–1), Staghorn Sculpin (Leptocottus armatus, M = 4.1 µg STX Eq. 100 
g–1), Pacific Tomcod (M = 2.5 µg STX Eq. 100 g–1), Longfin Smelt (M =
1.9 µg STX Eq. 100 g–1) and Starry Flounder (Platichthys stellatus, M = 1.5 
µg STX Eq. 100 g–1).

When the frequencies of toxin occurrence were examined, the data 
indicated 35.3% of forage fish samples showed detectable levels of PSTs 
(≥5 µg STX Eq. 100 g–1). Among these, 2.1% had toxin levels >20 µg STX 
Eq. 100 g–1, 7.3% showed levels of 10.1 - 20 µg STX Eq. 100 g–1, and 
25.9% showed levels of 5 - 10 µg STX Eq. 100 g–1. On a species level, 

forage fishes with the highest median toxin levels also showed the 
highest frequency of PST-positive samples (Sockeye Salmon 90.9%, 
Threespine Sticklebacks 75.0%, Coho Salmon 73.0%) (Fig. 4B). Species 
with the lowest frequency of PST positive samples were Longfin Smelt 
(10.0%), Starry Flounder (10.6%) and Pacific Tomcod (21.5%). Signif
icantly, the juvenile salmon and cod exhibited some of the highest levels 
of PST occurrence: 41% of juvenile Pacific Cod, 47% of juvenile Pink and 
Chum Salmon, 73% of juvenile Coho Salmon and 91% of juvenile 
Sockeye Salmon (Fig. 4B).

3.3. Predatory fishes

To examine occurrence of PSTs in predatory fishes, toxin levels were 
assessed in 364 fishes, including 62 Pink Salmon, 118 Sockeye Salmon, 
70 Coho Salmon, 37 Chinook Salmon, 7 Chum Salmon, 50 Pacific 
Halibut and 20 Pacific Cod (Table S3). The sample size for Chum Salmon 
was low because this species is not generally sought by Alaskan sport 
fishers, one of the primary sources of salmon samples for this study 
(ADFG, 2023a). Across all of the predatory fish species, the maximum 
PST levels in the tissues examined reached 49.2 µg STX Eq. 100 g–1 in 
digestive organs, 103.0 µg STX Eq. 100 g–1 in livers, 142.0 µg STX Eq. 
100 g–1 in kidneys, 28.3 µg STX Eq. 100 g–1 in muscle tissue, 12.7 µg STX 
Eq. 100 g–1 in gonads and 26.0 µg STX Eq. 100 g–1 in stomach contents 
(Table S3). As in forage fishes, median PST levels were lower when all 
species were taken together, with 6.7 µg STX Eq. 100 g–1 in the digestive 
tract, 6.3 µg STX Eq. 100 g–1 in the liver, 5.7 µg STX Eq. 100 g–1 in the 
kidney, 6.5 µg STX Eq. 100 g–1 in the muscle tissue, 5.4 µg STX Eq. 100 
g–1 in the gonads and 5.8 µg STX Eq. 100 g–1 in the stomach contents 
(Fig. 4, Table 1A). Despite the similarity among tissue median values, 
Kruskal-Wallace ANOVA test results indicated toxin levels were signif
icantly higher in digestive organs, liver, muscle and stomach contents 
than in either the kidney or gonads (H = 34.8, p < 0.001). Toxin levels in 
these four tissues were also positively correlated (p < 0.001), with most 
coefficients (rs) between 0.40 and 0.50 (Spearman Rank Correlation). 
The weakest correlation was between the digestive tract tissues and 
muscle tissues (rs = 0.29).

Fig. 4. PST levels and toxicity occurrence in forage fish samples. A. Boxplot of 
PST levels in fish species by common name (see Table 1 for scientific names). 
“Other” includes unidentified specimens or those combined for sufficient tissue. 
B. Frequency of PST levels in fish species. Data for Buffalo Sculpins, Cocks
combs and “other” not shown because of low sample size or not applicable. See 
Fig. 3 for symbology. “n/a” Signifies sample size too small to esti
mate frequency.
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The frequency of occurrence for PSTs in predatory fish tissues fol
lowed a more uniform trend among the predatory fishes. PSTs were 
present (≥5 µg STX Eq. 100 g–1) in 60 - 75% of all tissues tested, with the 
highest incidence in digestive organs (75%) and lowest in stomach 
contents (61%) (Table 1B). Approximately half (45 - 55%) of the 
digestive organ, liver, kidney and muscle tissue samples showed only 
low-level toxicity (5 - 10 µg STX Eq. 100 g–1), with similarly low PST 
levels in 65% of gonad samples and 39% of stomach content samples. 
Samples with the highest levels of toxins (>20 µg STX Eq. 100 g–1) 
represented only 4 - 8% of digestive organ, liver and stomach content 
samples, and 1 - 3% of muscle and kidney samples. Toxin levels >20 µg 
STX Eq. 100 g–1 were not found in any of the gonads tested (Table 1B).

Comparison of toxin levels among species of predatory fishes was 
completed using only fish with the four main tissues present (digestive 
organs, liver, kidney and muscle). Median PST levels in each species 
were lowest in Pacific Cod (5.8 µg STX Eq. 100 g–1), Pacific Halibut (5.6 
µg STX Eq. 100 g–1) and Coho Salmon (5.7 µg STX Eq. 100 g–1) and 
highest in Sockeye and Chinook Salmon (9.9 and 8.4 µg STX Eq. 100 g–1, 
respectively) (Fig. 5, Table 2). Kruskal-Wallace test results showed toxin 
levels in all four predatory fish tissues differed significantly among the 
species (p < 0.01). Dunn’s follow-up test results indicated Pink, Sockeye 
and Chinook Salmon consistently ranked in the highest observed PST 

levels in all four tissues, while Pacific Cod, Coho Salmon and Pacific 
Halibut consistently ranked the lowest. Despite their somewhat different 
diets, PST levels in Pink, Sockeye and Chinook Salmon grouped together 
with no significant differences; this was the case no matter which tissues 
were considered. Pacific Halibut consistently ranked with the lowest 
overall PST levels in all four tissue types.

4. Discussion

This study is one of the first of its kind in Alaska where the potential 
occurrence of PSTs was investigated in a wide array of fauna across 
much of southern Alaska, including the southern Bering Sea, Aleutian 
Islands, Kodiak Archipelago, LCI, Prince William Sound and the South
east region. At its outset, the study was driven largely by growing con
cerns from coastal residents about regional climatic change-driven 
impacts on paralytic shellfish poisoning and how toxins may be 
impacting coastal ecosystems and the safety of food resources. In an 
environment where toxic A. catenella blooms now occur every summer 
along nearly the entirety of Alaska’s coastline—including Arctic waters 
of the Bering, Chukchi and Beaufort Seas (Anderson et al., 2021)—there 
are concerns for a greater potential for trophic transfer of PSTs into 
subsistence food resources critical to support coastal communities. 

Fig. 5. PSTs in tissues of predatory fish: A. Pink Salmon, B. Sockeye Salmon, C. Chinook Salmon, E. Pacific Halibut and F. Pacific Cod. Data are shown for digestive 
organs (abbr. Dig. Organs; incl. stomach, intestine, esophagus, pyloric caeca), liver, kidney, muscle (fillet meat). Data from Chum Salmon are not shown due to small 
sample size, as are thse from gonad and stomach contents. See Figs. 3 for symbology and the text for details. No visible box indicates no data or only a single 
sample collected.
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Marine resources used for subsistence vary from community to com
munity depending on availability but most commonly include salmon 
and other predatory fishes as well as a variety of marine invertebrates. 
One of the most significant findings of this study is that PSTs were 
detected in nearly all species of predatory fishes, forage fishes and in
vertebrates that were examined. When all biota were pooled, 41% of 
specimens showed detectable levels of PSTs, including 14 taxa (genus or 
higher) of invertebrates, 23 species of forage fishes, and nine species of 
predatory fishes (including a few rockfishes and sculpins; data not 
shown). Although many specimens had only low levels of PSTs <10 µg 
STX Eq. 100 g–1), the breadth of PST contamination in the marine food 
web is striking, with many more potential avenues of trophic transfer 
than was appreciated previously.

4.1. Invertebrates

Some of the highest PST levels were present in non-bivalve inverte
brate taxa, where toxins were detected in nearly all invertebrates 
examined, including taxa commonly harvested for subsistence. Inver
tebrate species used for subsistence most commonly include crabs, 
shrimps and octopi, but some coastal residents also utilize other taxa 
such as snails, urchins, limpets, chitons, barnacles, holothurians and 
other species according to harvester needs (Trowbridge et al., 2000; 
West et al., 2012; Fall and Zimpelmann, 2016; Jones and Kostick, 2016). 
During this study, the highest toxin levels were found in crabs, sea stars 
and carnivorous snails (Fig. 3), fauna that regularly prey upon bivalves 
directly. Sea star specimens exhibited some of the highest observed toxin 
levels of 349, 553 and 672 µg STX Eq. 100 g–1, levels well above the 
advisory level for PSTs in seafood recommended by the USFDA (80 μg 
STX Eq. 100 g-1). These highly toxic samples were collected at King Cove 
in June 2020 following a regional outbreak of shellfish toxicity along the 

Alaska Peninsula and Aleutian Islands that claimed a harvester’s life 
(Unalaska Island, ADHSS, 2020). It seems likely the high PST levels in 
King Cove sea stars are attributable to the same regional event, although 
King Cove and Unalaska are ~300 km apart. Shellfish from Unalaska, 
King Cove and nearby Sand Point showed extremely high toxin levels 
that in excess of 11,000 STX Eq. 100 g–1 during the same June - July 
2020 period, indicating a particularly intense A. catenella bloom in the 
eastern Aleutians and western Alaska Peninsula (Knik Tribe of Alaska 
data, unpublished). Other invertebrate taxa such as limpets, urchins and 
chitons in the vicinity during this bloom event showed some of the 
highest PST levels observed in these taxa during this study (Table S1).

The results from limpets and chitons are also of interest from a food 
safety standpoint. The toxin data indicated limpets had a median 
toxicity of only 4.3 µg STX Eq. 100 g–1 but reached a maximum of 34.1 
µg STX Eq. 100 g–1. Similarly, chitons had a median toxin level of 3.7 µg 
STX Eq. 100 g–1 with a maximum of 13.2 µg STX Eq. 100 g–1 (Fig. 3). The 
few comparable toxin data for limpets were reported by Silva et al. 
(2018), who showed limpets exhibited similar toxicity levels of 4.3 – 
27.6 µg STX Eq. 100 g–1 at sites in the North Atlantic. There have been no 
known reports of PSTs in chitons, except for an uncertain early report by 
Sommer and Meyer (1937) indicating the possibility of low-level 
toxicity in specimens from California (referenced in Jester et al., 
2009). The toxin levels we observed in Alaskan limpet and chiton 
specimens are relatively low compared to those typical of bivalves 
following a bloom, but do indicate that even surface grazing fauna can 
contain PSTs during toxicity outbreaks. Uptake of PSTs by 
surface-grazing abalone has also been reported, although it is not yet 
been determined if toxin uptake occurs through ingestion of sedimented 
dinoflagellate cells or if it is due to direct uptake though the foot (Seger 
et al., 2020). More data are needed to understand if limpets, chitons and 
other surface grazers exhibit high toxin levels during intense Alexan
drium blooms.

Another interesting finding from the current study is the presence of 
PSTs in sea urchins, which has relevance to both subsistence and com
mercial harvesters. Paralytic shellfish toxin levels in urchins had a me
dian of only 2.4 µg STX Eq. 100 g–1, but some specimens exhibited 
higher toxin levels. For instance, urchins collected in King Cove Lagoon 
(Alaska Peninsula) in June 2020 had PST levels of 68.7 and 18.6 µg STX 
Eq. 100 g–1, while those from St. George Island (SE Bering Sea) in June 
2018 contained 36.7 and 15.8 µg STX Eq. 100 g–1. Previous studies have 
reported that PST levels in urchins of up to 186 µg STX Eq. 100 g–1, well 
above the FDA advisory level of 80 µg STX Eq. 100 g–1 (Oyaneder 
Terrazas et al., 2017; Silva et al., 2018; USFDA, 2019; Dean et al., 
2020). Both the Red Sea Urchin (Mesocentrotus franciscanus) and the 
Green Sea Urchin (Strongylocentrotus droebachiensis) have been har
vested commercially in Alaska, with much of the Mesocentrotus fishery 
centered in southeast Alaska and the Strongylocentrotus fishery centered 
in Kodiak (ADFG, 2023b). The majority of urchins collected in this study 
were S. droebachiensis from southwest Alaska (40 of 41). It is notable that 
the samples from highest toxicity specimens included mixed tissues from 
both the gonads and viscera, with a smaller number processed to test 
both tissues separately. Only the gonads are typically consumed by 
harvesters, and previous work indicates PSTs may be substantially 
higher in urchin gonads than in the viscera (Oyaneder Terrazas et al., 
2017). Other studies report little indication that PSTs can reach high 
levels in urchin gonad tissue (Seger and Turnbull, 2023). Specimens 
collected in this study where the tissues were separated show no sig
nificant differences in toxin levels among the tissues (Wilcoxon Signed 
Rank Test, n = 9). But with this small sample size, it is still uncertain if 
toxin levels are higher in the gonad tissue of Alaskan urchins. So, it is not 
known if the pooling of tissues diluted the toxins in one of the two tis
sues. More data on PSTs in urchins are needed to assess potential risks to 
seafood safety.

Aside from the seafood safety risks, the presence of PSTs in urchins 
may have relevance for the ecology of these organisms and their role as a 
grazer on macroalgae. Previous work with dissolved PSTs showed that 

Table 2 
PST levels (µg STX Eq. 100 g–1) in tissues of Alaskan predatory fishes used for 
among species comparison. Only fish having digestive organs, liver, kidney and 
muscle tissues present were included. Chum Salmon and data from gonad and 
stomach contents were omitted because of small sample sizes. See Table 2 for 
data description.

Digestive Organs

Species Mean Std M Xmax n

Pink Salmon 8.7 5.0 7.6 27.4 58
Sockeye Salmon 12.1 9.3 9.9 49.2 109
Coho Salmon 7.2 4.7 5.7 20.6 66
Chinook Salmon 8.7 3.4 8.4 16.3 37
Pacific Halibut 6.0 2.5 5.6 11.7 50
Pacific Cod 7.0 5.1 5.8 27.6 20
Liver ​ ​ ​ ​ ​
Species Mean Std M Xmax n
Pink Salmon 12.8 15.2 7.3 73.5 53
Sockeye Salmon 11.0 13.1 7.3 103.0 100
Coho Salmon 6.6 3.6 5.5 17.5 56
Chinook Salmon 9.9 10.2 6.7 42.4 33
Pacific Halibut 5.4 2.3 4.6 13.3 41
Pacific Cod 11.6 9.6 6.0 34.9 20
Kidney ​ ​ ​ ​ ​
Species Mean Std M Xmax n
Pink Salmon 6.6 2.8 6.5 18.7 52
Sockeye Salmon 7.7 8.0 6.0 64.3 97
Coho Salmon 5.5 3.0 5.1 14.3 61
Chinook Salmon 21.5 39.1 7.4 142.0 26
Pacific Halibut 5.5 2.2 5.0 12.3 44
Pacific Cod 6.8 3.0 5.7 15.6 20
Muscle ​ ​ ​ ​ ​
Species Mean Std M Xmax n
Pink Salmon 9.9 5.1 9.4 28.3 61
Sockeye Salmon 8.2 4.8 7.1 27.2 117
Coho Salmon 6.8 3.9 6.3 22.1 67
Chinook Salmon 7.9 4.1 8.3 16.3 26
Pacific Halibut 5.9 2.9 5.6 16.2 50
Pacific Cod 7.3 4.3 6.0 19.1 20
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STX can cause morphological abnormalities in urchin larvae at low 
exposure levels with complete hatching failure of eggs at higher toxin 
concentrations (Bif et al., 2013). If PSTs have a similar impact on urchins 
in Alaska, the toxins may be a factor limiting urchin recruitment where 
intense Alexandrium blooms occur. This seems an important data gap as 
any factor limiting urchin populations may have cascading effects on 
kelp and the myriad of biota that depend upon kelp (Stewart and Konar, 
2012; Weitzman, 2020). Similar to urchins, sea stars may also be sen
sitive to trophic exposure of PSTs through decrease in substrate 
attachment and a decline in gamete fertilization (Ferrer et al., 2015). 
Taken together, there is potential for PSTs to negatively impact physi
ology and survival of these important invertebrate taxa with down
stream effects on the distribution and health of kelp forest habitats in 
Alaskan coastal systems.

4.2. Forage fishes

Similar to toxin patterns in invertebrate taxa, PSTs were also widely 
present in a variety of Alaskan forage fishes. For all juvenile and forage 
fish species examined across seven regions in southern Alaska, more 
than one third of fish (35%) showed detectable levels of PSTs in their 
tissues. PST-positive forage fishes were found at every collection site, 
including the southeast region of Alaska, PWS, the LCI/Kenai region, the 
Kodiak Archipelago, the Alaska Peninsula, the Aleutian Islands, and the 
southeastern Bering Sea (Fig. 1). The widespread distribution and rela
tively high frequency of PST-positive fishes is indicative of broad trophic 
transfer processes in Alaskan coastal systems where A. catenella blooms 
occur. The dominant trophic transfer pathway for forage fishes is likely 
to be grazing of zooplankton on PST-containing Alexandrium cells, with 
subsequent transfer to zooplanktivorous fishes. The diets of the forage 
fishes examined here (Table S2) are comprised largely of copepods, 
small invertebrates/larvae and other zooplankton taxa, many of which 
are capable of grazing on Alexandrium cells (Foy and Norcross, 1999; 
Auburn and Ignell, 2000; Sturdevant et al., 2000; Iverson et al., 2002; 
Beauchamp et al., 2007; Hipfner and Galbraith, 2013). Comparative 
data from the northwest Atlantic indicate zooplankton to be vectors for 
PSTs to forage fishes, and that toxin levels in zooplankton can be high 
enough cause fish mortality directly (White, 1981; Gosselin et al., 1989; 
Durbin et al., 2002). More recent data from Alaska indicate a similar 
case in Alaskan waters where >153 μm bulk zooplankton samples 
collected during a dense Alexandrium bloom were found to contain up to 
8500 μg STX Eq. 100 g–1 (Lefebvre et al., 2022). Fig. 6.

The trophic transfer of PSTs from zooplankton also has implications 
for juveniles of commercially important predatory fish species. Here we 
found the highest frequencies of PST-positive forage fish included ju
venile Sockeye Salmon (91% positive), juvenile Coho Salmon (73% 
positive), juvenile Dolly Varden (56% positive), juvenile Chum Salmon 
and Pink Salmon (each 47%), as well as juvenile Pacific Cod (41% 
positive). The prevalence of PST contamination in juveniles of these 
species is concerning as previous reports indicate exposure to PSTs can 
cause loss of equilibrium, erratic swimming behavior, moribundity and 
mortality in exposed salmonids (White, 1981; Mortensen, 1985; Saito 
et al., 1985; Gosselin et al., 1989; Fuentes et al., 2008; Burridge et al., 
2010). It is therefore possible that PST exposure has deleterious im
pacts on the health and fitness of juvenile salmon and other fish species 
in Alaskan coastal waters. Salmon have experienced severe population 
declines in the Yukon River and other Alaskan watersheds in recent 
years (Alaska, 2022; ADFG, 2023c; 2023d), events which have been 
attributed to low juvenile growth and recruitment correlating with 
regional warming (Cheung and Frölicher, 2020; Whitehouse et al., 2021; 
NMFS, 2022). Recruitment failures have also occurred in Pacific Cod 
stocks in recent years because of similar factors (Barbeaux et al., 2020; 
Laurel and Rogers, 2020; Peterson Williams et al., 2022). Since juvenile 
salmon and cod species utilize inshore habitats as nursery areas during 
the summer months before migrating to deeper waters (Thorpe, 1994; 
Laurel et al., 2007; Hillgruber and Zimmerman, 2009), there is almost 

certainty of trophic PST exposure in these inshore fishes during the 
spring/summer Alexandrium bloom season. This study was constructed 
to sample the very same locations where past research showed 
A. catenella blooms occur each summer (e.g., Vandersea et al., 2018; 
Kibler et al., 2022). So juvenile fishes inhabiting these locations are 
potentially exposed to toxins by feeding on PST-containing zooplankton 
and small invertebrates during this highly vulnerable life stage. The 
forage fish data collected during this study support this hypothesis, ac
counting for the relatively frequent occurrence of PSTs in juvenile 
salmon and cod. With the widening distribution of Alexandrium blooms 
in Alaska over the last two decades, and the established linkage between 
bloom severity and regional warming (Vandersea et al., 2018; Anderson 
et al., 2021), PST exposure may be another factor impacting fish 
recruitment in Alaskan waters.

Similar modes of exposure account for the occurrence of PSTs in 
foundational forage fish species. Some of the highest toxin levels (21 - 
758 µg STX Eq. 100 g–1) and greatest frequency of detectable toxins (27 - 
75%) in this study were present in specimens of Pacific Sand Lance, 
Pacific Herring, and other forage fishes. Collectively, these forage fishes 
represent critical food resources for an array of higher predators 
including piscivorous fishes, seabirds, pinnipeds and cetaceans (Iverson 
et al., 2002; Abookire and Piatt, 2005). The abundance of these forage 
species is so important that environmental factors—such as marine heat 
waves—that suppress their abundance can cause starvation, failed 
reproduction, and mortality in seabird and marine mammal pop
ulations. For instance, the massive die off of Common Murres (U. aalge) 
that occurred across Alaska in 2015 - 2016 was linked to food limitation 

Fig. 6. Frequency of PST levels predatory fish tissues from Alaska (see Table 3 
for scientific names). Tissues shown include digestive organs (stomach, intes
tine, esophagus, pyloric caeca), liver, kidney, muscle (fillet meat), gonad (milt 
or roe), and stomach contents (if present). See Fig. 3 for symbology. “n/a” 
Signifies sample size too small to estimate frequency.
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(zooplankton, forage fishes) associated with the northeast Pacific ma
rine heat wave (Schoen et al., 2022). Given the toxicity of PSTs to many 
fishes and the sensitivity of keystone forage fish species to other envi
ronmental stressors, PST exposure may represent an added stressor to 
Alaskan forage fish populations, potentially impacting recruitment, 
growth, and overall health and fitness. Thus far, there are only pre
sumptive reports indicating PSTs to be a cause of fish mortality in Alaska 
(e.g., Lefebvre et al., 2025). But given that PSTs have been shown to 
cause fish kills elsewhere in North America (e.g., White, 1985; Starr 
et al., 2017), it seems likely that these toxins may impact Alaskan 
fishes in the same ways.

4.3. Predatory fishes

The presence of PSTs in Alaskan predatory fishes is attributable to 
trophic transfer from ingested forage fishes and other prey, as indicated 
by the presence of PSTs in stomach contents and digestive and excretory 
organs of sampled fishes. Paralytic shellfish toxins were commonly 
distributed in tissues and organs of Alaskan predatory fishes, and were 
detectable in approximately two thirds of all fish tissues tested. Given 
their prevalence in forage fishes and invertebrates, it is not surprising 
that PSTs were widely present in the digestive tracts of predators. 
Approximately 61% of samples collected from stomach and intestines of 
Alaskan predatory fishes showed detectable levels of PSTs. Toxin levels 
in the digestive tract were often low (78% of samples with <10 µg STX 
Eq. 100 g–1), with occasional specimens exhibiting toxin levels >20 µg 
STX Eq. 100 g–1. Furthermore, 43% of the undigested forage fishes 
collected directly from salmon, cod and halibut stomachs were positive 
for PSTs, and prey included Pacific Sand Lance, Pacific Herring, Walleye 
Pollock, and other forage species. Similar data indicating ingestion of 
toxin-containing prey items have been reported from other locations 
where PST-producing dinoflagellates occur (Oyaneder Terrazas et al., 
2017; Starr et al., 2017).

The presence of PSTs in the digestive and excretory organs of pred
atory fishes indicates some fraction of ingested PSTs is absorbed during 
digestion and metabolism. PSTs were common in the visceral organs of 
the digestive tract (75% positive), liver (70% positive) and kidney (64% 
positive) of Alaskan predatory fishes following ingestion of PST- 
containing prey. While toxin levels in the digestive tract reached a 
maximum of 49 µg STX Eq. 100 g–1, the liver and kidney showed higher 
PST levels reaching 103 and 142 µg STX Eq. 100 g–1, respectively. The 
liver is an important site of glucose and lipid metabolism, with enzyme 
activity to metabolize and detoxify chemical contaminants and toxins 
(Stagg et al., 1998; Gubbins et al., 2000; Wolf and Wolfe, 2005; Reis 
Costa, 2016). So, the organ’s function likely accounts for the elevated 
PST levels in liver samples. The case is similar for kidney samples, as the 
teleost trunk kidney is the site where nephrons and ducts remove con
taminants and wastes from the blood (Resende et al., 2010). Notably, 
PST levels in the digestive tract of fishes were directly correlated with 
those in the liver and kidney (rank correlation, p < 0.001), reflecting the 
rapid absorption, metabolism and excretion of these toxins after inges
tion. Fish exposed to other HAB toxins have shown similar distributions, 
where brevetoxins, ciguatoxins and domoic acid were reported at high 
levels in the liver tissue, bile, and kidneys of exposed fishes (Tester et al., 
2000; Lefebvre et al., 2007; Ramos-Sosa et al., 2022). Previous reports 
also indicate PSTs ingested by White Sea Bream (Diplodus sargus) showed 
rapid uptake into the viscera within one day of exposure to toxic food 
(Reis Costa et al., 2011). Similarly, experiments with brevetoxins 
showed the toxins present in fish viscera, and were then distributed 
quickly throughout the fish tissues within a few hours (Tester et al., 
2000). The presence of PSTs in organs of predatory fishes despite a 
short residence time before excretion suggests there was recent exposure 
to toxic prey, and/or there is a continual supply of these toxins via 
trophic transfer throughout Alexandrium bloom season.

One of the most surprising revelations of this study is that PSTs were 
present in muscle tissue and gonads of predatory fishes. In comparison to 

toxin levels in the visceral organs where levels sometimes exceeded 100 
µg STX Eq. 100 g–1, muscle tissues generally showed much lower PST 
levels, although it is notable that 70% of predatory fish samples were 
positive for the PSTs in muscle tissue. These are noteworthy findings 
because muscle is the primary component of fish that is consumed and/ 
or processed for commercial sale. But subsistence harvesters also utilize 
both roe and milt as a food resource in Alaska. Many previous studies 
examining PSTs in fish tissue have indicated virtually no toxins in the 
muscle tissue, even when PSTs were present in viscera and/or organs 
(White, 1981; Haya et al., 1990; Beaulieu et al., 1996; Sephton et al., 
2007; Bakke and Horsberg, 2010; Reis Costa et al., 2011; Lage and 
Reis Costa, 2013). While PSTs were widely present in fish muscle, 
toxin levels reached 5 - 10 µg STX Eq. 100 g–1in 47% of fish, 10 - 20 µg 
STX Eq. 100 g–1in 22% of fish, and >20 µg STX Eq. 100 g–1 in only 1% of 
those collected. These included only four specimens: 28.3 µg STX Eq. 
100 g–1 in a Pink Salmon collected on Kodiak Island in Aug 2020, 20.1 
and 27.2 µg STX Eq. 100 g–1 in Sockeye Salmon caught in Kachemak Bay 
(LCI) and Kodiak in July 2019, and 22.1 µg STX Eq. 100 g–1 in a Coho 
Salmon from Kachemak Bay in August of 2018. Toxin levels in these fish 
were well below the FDA recommended limit for PSTs in seafood 
products (80 µg STX Eq. 100 g–1; USFDA, 2019), posing little risk of 
human illness from PSP. Overall, the data from predatory fishes indicate 
that the risk of acute toxicity in humans from consumption of filets of 
commercially important Alaskan species is very low. The degree of risk 
may be somewhat greater for subsistence harvesters consuming livers or 
other organs of Alaskan predatory fishes, as PSTs reached 103 µg STX Eq. 
100 g–1in the liver of a Sockeye Salmon from Sand Point (AK Peninsula) 
in July 2019. Other fish having elevated PST levels in their liver 
included two Pink Salmon from King Cove (75.5, 68.0 µg STX Eq. 100 
g–1, Jun 2019), a Pink Salmon from Kodiak (53.8 µg STX Eq. 100 g–1, 
Aug 2020), a Chinook Salmon from Sitka (southeast AK, 78.5 µg STX Eq. 
100 g–1, May 2022), and a Chum Salmon from Sand Point (76.8 µg STX 
Eq. 100 g–1, Jul 2019). All of these fish were collected during the May - 
Aug A. catenella bloom season.

4.4. Differences among predatory species

Some predatory species generally showed higher levels of PSTs in 
particular tissues more than others. Toxin distribution among the major 
organs varied greatly, depending on the toxin levels of the particular 
food items, how recently the prey were ingested, and very likely, 
interspecific factors such as residence time within the gut, efficiency of 
toxin absorption and rates of metabolism and excretion. For instance, 
samples of eight Chinook Salmon collected 09 – 10 September 2018 
from a Kachemak Bay sport fishing boat showed toxin levels in the 
kidneys (5.4 - 13.4 µg STX Eq. 100 g–1) were strongly correlated with 
those in the muscle tissue of these fish (6.0 - 12.9 µg STX Eq. 100 g–1, r =
0.88; p = 0.004). This association was likely driven by toxins distributed 
through the blood stream as they were being removed and excreted. In 
contrast, toxin levels in the tissues of 23 Sockeye Salmon harvested in 
Kachemak Bay on 26 July 2018 showed no association in PST levels 
among tissue types (r = 0.02 - 0.35; p > 0.05). The association of toxin 
levels distributed among tissues may be highly variable but still seems to 
be a general trend. When data from all predatory species were com
bined, toxin levels in the four major tissue types—digestive organs, liver, 
kidney, muscle—were all significantly correlated (r = 0.29 - 0.50; p =
0.004).

Some of the factors dictating ingestion of toxic prey, digestion, up
take and distribution among tissues likely relate to interspecific dietary 
differences. For instance, we found that toxin levels in digestive organs 
and livers were significantly lower in Pacific Halibut and Coho Salmon 
compared with the remaining species. Historically, the diet of both 
species is dominated by forage fishes and other pelagic prey during the 
summer months, with less dependency on benthic invertebrates (Marsh 
et al., 2012; 2015; Daly et al., 2019). These dietary patterns are borne 
out by data from the current study, where Pacific Halibut and Coho 
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Salmon collected in the summer months showed stomach contents 
mainly comprised of Pacific Sand Lance, Herring and other small fishes. 
In contrast, the dietary composition of Pink, Sockeye and Chum Salmon 
include a larger percentage of planktonic invertebrate prey such as eu
phausiids, cephalopods and amphipods (Daly et al., 2019). So on a di
etary level, the higher PST levels observed in the digestive tracts of Pink, 
Sockeye and Chum Salmon relative to Pacific Halibut and Coho Salmon 
may be driven by the proportions of planktonic invertebrates vs. forage 
fishes in their respective diets.

Other factors that may account for differences in distribution of PSTs 
among the tissues of predatory species are toxicokinetic effects, such as 
the rate and efficiency of toxin uptake, transport to other bodily tissues, 
the rate and efficiency of removal from the fish and degree of resistance 
to the effects of these compounds. Ingestion of toxin-containing prey 
items need not mean that toxins will enter the fish’s blood stream. For 
instance, an experimental study with white sea bream conducted by Reis 
Costa et al. (2011) showed only 1 - 5% of the PSTs present in ingested 
prey were absorbed during digestion. Similarly, fish with potentially 
lethal PST levels in the gut may still exhibit very low toxin levels in other 
bodily tissues (Sephton et al., 2007; Lage and Reis Costa, 2013). Several 
similar examples were observed during the current study, where fish 
showed relatively high toxin levels in the digestive tract, but low levels 
in all other tissues.

An alternative factor accounting for low PST levels in bodily tissues is 
the lag between ingestion and absorption. Previous studies have shown 
PSTs within ingested food items are detectable in bodily tissues within 
one day, but with an even faster depuration rate due to metabolism and 
excretion (Kwong et al., 2006; Reis Costa et al., 2011). Thus, recent 
feeding of PST-containing prey may be an important determinants of 
tissue toxin levels at a given time point. Fish specimens having relatively 
high toxin levels in the kidney with low or undetectable levels in the 
digestive tract, for instance, may have already undergone digestion, 
metabolism and partial excretion of PSTs from an earlier meal. Simi
larly, a fish with a high toxin level only in its digestive tract may have 
ingested a toxic meal more recently. Some fish also appear have higher 
resistance to the effects of PSTs, where they are able to ingest relatively 
high toxin loads and have similarly high PST levels in their tissues, but 
exhibit no apparent sensi-motor effects (White, 1981). High resistance of 
fishes to PSTs may be an important factor driving trophic transfer to 
higher predators such as marine mammals, as a fish impaired by PSTs 
would likely be more susceptible to consumption by higher level 
predators.

5. Conclusion

This study represents an effort to characterize the occurrence of PSTs 
in three components of the marine food web in southern Alaska. In part, 
the project was initiated in direct response to questions from Alaskan 
subsistence seafood harvesters about the potential presence of PSTs in 
invertebrates and fishes harvested for consumption. But the work was 
also completed to address more general questions about the fate of PSTs 
in the marine food web. The vast majority of previous work with PSTs in 
Alaska has focused on the consumption of bivalve shellfish with little 
regard for other pathways for these toxins in the environment. But 
recent data showing PSTs in Alaskan seabirds and marine mammals has 
led to questions about transfer pathways for these toxins and if the 
vector species involved could be identified. After more than four years of 
testing invertebrates, forage fishes and predatory fishes, we find that 1) 
PSTs are highly pervasive within Alaskan invertebrates, forage and ju
venile fishes, and even predatory fishes across the breadth of the Gulf of 
Alaska and southern Bering Sea; 2) PSTs are present in foundational 
forage species for predatory fish, seabirds and marine mammals, 
pointing to common trophic transfer pathways to top marine predators; 
3) PSTs are widely present in juveniles of all of the Alaskan salmon 
species and Pacific Cod, representing many of the commercially 
important fishes; and 4) PSTs are common in many intertidal taxa of 

non-bivalve invertebrates, including those utilized as subsistence food 
resources.

Specifically, the data from this study showed these toxins were 
commonly distributed in tissues and organs of Alaskan salmon, cod and 
halibut, and were detectable in approximately two thirds of all tissues 
tested. The presence of PSTs in the digestive tract is a clear indication 
that these toxins originated in prey items ingested by the predatory 
fishes before these compounds are transported to other 
tissues—including muscle and gonad tissue—before eventual removal 
during excretion. Muscle PST levels only reached a maximum of 28 µg 
STX Eq. 100 g–1, well below the advisory limit for PSTs in seafood rec
ommended by the USFDA (µg STX Eq. 100 g–1). This signifies low acute 
toxicity risk to humans from consumption of Alaskan predatory fish 
fillets, with little impact on the quality of Alaskan fishes marketed 
commercially. However, the higher PST levels present in the liver tissue 
of some specimens suggest a level of caution for harvesters consuming 
the liver or other visceral organs of predatory fishes, especially during 
and immediately after the spring and summer months when A. catenella 
is blooming.

Data from forage fishes provide further indication of trophic transfer 
of PSTs from prey species to their predators. More than one third of 
specimens showed detectable levels of PSTs, with some of the highest 
toxin levels (21 - 758 µg STX Eq. 100 g–1) in Pacific Sand Lance, herring, 
and other important forage species. Furthermore, some of the highest 
frequencies of PST occurrence were found in developing stages of 
commercially important fish species such as juvenile Sockeye Salmon 
(91% positive), juvenile Coho Salmon (73% positive), juvenile Dolly 
Varden (56% positive), juvenile Chum and Pink Salmon (each 47%) and 
juvenile Pacific Cod (41% positive). Since PSTs may cause paralysis and 
death in marine fishes, and even sublethal exposures can impair sensi- 
motor function and suppress behaviors like feeding and predator 
avoidance, the widespread occurrence of these compounds in Alaskan 
juvenile and forage fishes is very concerning. There is a critical need for 
more PST exposure studies to assess the impacts of these toxins on 
physiology, behavior and fitness of important forage species as well as 
potential effects to juveniles of commercially important fishes. Paralytic 
shellfish toxins are a previously overlooked factor that may be nega
tively affecting the health and fitness of these fishes.

It is difficult to understate the implications of our findings as they 
have relevance to the status of important commercial fisheries, food 
security for subsistence harvesters, health and fitness of foundational 
forage species, successful recruitment of Alaskan salmon and cod pop
ulations, trophic transfer of toxins to top marine predators and human 
health risks. But the information presented here should be viewed as a 
beginning, as much more information is needed to fully understand the 
impacts of PSTs on the Alaskan marine food web. One of the questions 
from this work concerns the potential for regional differences in PST 
occurrence in different portions of coastal Alaska. Reports from the State 
repeatedly indicate there are hotspots for shellfish toxicity, including 
southeast Alaska, the Kodiak Archipelago, the Alaska Peninsula and 
eastern Aleutian Islands. So further investigation is necessary to un
derstand if there are similar geographic variation in PST levels in fish 
and other invertebrates. Similar question may also be posed about sea
sonal changes in PST levels and if they decline through the winter 
months in a manner similar to bivalves. These questions and others will 
be addressed in a second publication in the future.
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