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Geographic variation in diet,
prey resources and exposure to
parasites and saxitoxin in Steller
sea lions in the Gulf of Alaska
Kelly K. Hastings1*, Michael J. Rehberg1, Lisa M. Crosson2,
Emily K. Bowers3,4 and Kathi A. Lefebvre3

1Alaska Department of Fish and Game, Anchorage, AK, United States, 2Washington Department of Fish
and Wildlife Molecular Genetics Laboratory, Olympia, WA, United States, 3Environmental and Fisheries
Science Division, Northwest Fisheries Science Center, National Marine Fisheries Service, National
Oceanic and Atmospheric Administration NOAA, Seattle, WA, United States, 4Ocean Associates, Inc.,
Arlington, VA, United States
Using DNA metabarcoding, we examined diet composition, prey resources, and
saxitoxin (STX) and parasite exposure in Steller sea lions (SSL) in the Gulf of Alaska
in July and October 2022–2023 using 251 scat samples and 45 seawater
samples. Using 12S rRNA MiFish gene metabarcoding, diet items in Prince
William Sound (PWS), Cook Inlet and near Kodiak ordered by prevalence were
salmon, gadids, herring, �at�shes and capelin. Using cytochrome c oxidase
subunit I (COI) gene metabarcoding, pink salmon were the most prevalent
item, and two cephalopods (giant Paci�c octopus and magister armhook
squid) were important diet components. Diet was more diverse in October
(female and male data) versus July (male only data) and in Kodiak versus other
regions. Region*season variation in diet included (1) in July, dominance of pink
salmon in PWS versus capelin and gadids in Kodiak, (2) magister armhook squid
and pollock in PWS were replaced by giant Paci�c octopus and Paci�c cod in
Kodiak and Cook Inlet; and (3) diverse �at�shes were observed in Cook Inlet.
October male diets included more �at�shes, giant Paci�c octopus and cods
versus more sculpins, herring and salmon for females. Prevalent genera of
parasitic intestinal worms included: Anisakis spp. roundworms (range 76.7–
100% among region*seasons), Diphyllobothrium spp. tapeworms (34.5–68.0%),
and Pseudoterranova spp. roundworms (19.4–50.0%). Regional �sh DNA in July
seawater mirrored regional July SSL diet (e.g., capelin and sculpin near Kodiak
and pink salmon in PWS). STX prevalence (60.8%) and concentrations were
higher than previously reported, suggesting SSL in Alaska may be chronically
exposed to STX at low concentrations over a wide geographic region. Mean STX
concentrations ranged from 9.28–53.32 ng/g among seasons/regions
(maximum = 195 ng/g). STX was highest in PWS and Southeast Alaska (SEAK) in
July, still below the seafood safety regulatory limit of 800 ng/g. Diversity of �sh
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DNA in seawater was highest in Kodiak and SEAK. STX-producing dino�agellates
(Alexandrium spp.) were highest in July seawater in SEAK and PWS, where the STX
in SSL scats were highest. DNA metabarcoding of diet and seawater, coupled
with STX studies, allow better monitoring of ecosystem change affecting marine
top predators and of the recovery of the endangered western SSL population.
KEYWORDS

metabarcoding, marine environmental DNA (eDNA), Eumetopias jubatus , mitochondrial
cytochrome c oxidase subunit I (COI), 12S rRNA MiFish gene, pinniped, marine
mammal, biotoxin
1 Introduction

Environmental variability and ecosystem shifts associated with
intermittent or long-term ocean warming may be critical drivers of
marine top predator population dynamics, especially through
indirect effects that reduce the quality and availability of their
prey (Baylis et al., 2015; Sydeman et al., 2015; Orgeret et al.,
2021). Reduction in body growth, immunity and reproduction in
these species may result from reduced net energy intake (Bronson,
1985; Acevedo-Whitehouse and Duffus, 2009; Birnie-Gauvin et al.,
2017) caused by (1) the need to switch to less preferred prey of
lower nutritional value (Lowry et al., 2022; Maniscalco, 2023), and
(2) increased foraging effort due to reduced body size and/or energy
content of prey (Sheridan and Bickford, 2011; Arimitsu et al., 2021)
and/or to altered patchiness or spatial distribution of prey (McInnes
et al., 2017; Beukhof et al., 2019) associated with warm conditions.
Therefore, monitoring diet in addition to population status is
essential for declining or at-risk populations of marine apex
predators, and in turn, diet patterns in these species often also
serve as important indicators of marine ecosystem change
(Warzybok et al., 2018; Hazen et al., 2019).

Steller sea lions (SSL, Eumetopias jubatus) range from
California north around the Paci�c Rim to Russia and Japan with
historically highest concentrations in the Gulf of Alaska (Loughlin
et al., 1992). The western population of Steller sea lions is currently
endangered in Alaska (Figure 1) due to declines of over 80% from
the late 1970s to 2003 (Fritz et al., 2016). Although the western
population has increased since lows in 2000–2003, the onset of
extensive marine heatwaves in the eastern North Paci�c beginning
in 2014 (Bond et al., 2015; Amaya et al., 2020; Chen et al., 2021;
Barkhordarian et al., 2022) has negatively impacted the population
in the Gulf of Alaska leading to areas of apparent decline or reduced
upward trend (Suryan et al., 2021; Hastings et al., 2023a;
Maniscalco, 2023; Sweeney et al., 2023; McHuron et al., 2024).
Apex predators in areas east of Cook Inlet may have been
particularly affected (Suryan et al., 2021; Hastings et al., 2023a),
including Southeast Alaska (SEAK; Gabriele et al., 2022; Hastings
et al., 2023a, Hastings et al., 2023b; Figure 1) and the California
Current ecosystem (Cavole et al., 2016).
02
The historic SSL decline may have been caused by an abrupt
reduction in carrying capacity linked to prey community
restructuring following a rapid shift from cold to warm ocean
regimes, in an area also important to large commercial �sheries
(Anderson and Piatt, 1999; NMFS, 2008). The very large and
extensive declines observed for SSL in this area suggested this
species may be particularly vulnerable to rapid shifts in
conditions and/or changes in the prey community. This was
puzzling as SSL are generalist predators that feed on a variety of
pelagic, benthic and demersal �shes with strong seasonal and
regional patterns that likely re�ect seasonal and regional variation
in the availability of different prey (e.g., due to schooling, migration,
and spawning behavior; Sinclair and Zeppelin, 2002). During the
period of decline, their diverse diet included Alaska pollock and
Atka Mackerel as the most common prey, with Paci�c cod, salmon,
forage �sh (herring, sandlance, capelin), rock�sh, skates and
cephalopods also important (Sinclair and Zeppelin, 2002; Trites
et al., 2007). Foraging behavior of adult female SSL also re�ected
that of a generalist predator able to exploit a variety of prey
throughout the water column (Rehberg et al., 2009); adult male
foraging behavior has not yet been studied. Adult females are
shallow divers in general with most dives observed well within
their aerobic dive limits (Merrick and Loughlin, 1997; Rehberg
et al., 2009; Lander et al., 2020). Mixed foraging strategies have been
observed (e.g., benthic foraging nearshore and deeper dives, such as
for vertically migrating prey, when offshore), together with marked
individual variation in foraging behaviors (Lander et al., 2020) and
consistent individual movement patterns suggesting utilization of
known prey patches (Rehberg et al., 2009). Although not observed
in Washington (Lewis, 2022) and not yet well studied, diets may
differ among sexes as males consumed more bottom �sh than adult
females at rookeries in summer in SEAK, perhaps due to reduced
behavioral or physiological constraints for males (Trites and
Calkins, 2008). Subsequent studies found that from 1999–2009
the areas of greatest population recovery were associated with
greater diet diversity, increased forage �sh consumption, and
reduced reliance on pollock (McKenzie and Wynne, 2008;
Sinclair et al., 2013). However, the diet of SSL in the Gulf of
Alaska has not been monitored since 2009, and the areas of the
frontiersin.org

https://doi.org/10.3389/fmars.2025.1610414
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Hastings et al. 10.3389/fmars.2025.1610414
western population east of Cook Inlet, which were most affected by
recent marine heatwaves, have only rarely been studied (Pitcher,
1981; Maniscalco, 2023).

Additional potential health-related stressors linked to prey
consumption for SSL include helminth infections and exposure to
biotoxins (Moles and Heintz, 2007; Lefebvre et al., 2016). High
infection rates of parasitic intestinal worms acquired through their
�sh and cephalopod prey are common in marine mammals (Dailey,
2001). Worm infections may lower �tness due to gastric ulcers or
lesions, reduced nutritional intake, anemia, in�ammation, bacterial
infections and energy burden; in the worst cases, stomach or
intestinal perforations may rarely result in peritonitis and death
(reviewed by Mastick et al., 2024). While combined effects of
multiple stressors on wildlife health are often complex (Grabner
et al., 2023), high rates of infection may indicate populations with
reduced immunity or compromised health due to other pathogens,
poor nutrition or exposure to multiple, sublethal stressors
(Dickinson et al, 2024). Few studies of helminth infections in SSL
or their prey are available (Shults, 1986; Moles and Heintz, 2007),
but in general, infection rates are not well studied in this species.
Incidence of marine-mammal infecting helminths in SSL prey was
higher in declining versus increasing populations, suggesting an
additional population stressor (Moles and Heintz, 2007).
Additionally, a 283-fold increase in infections by Anisakis spp.
roundworms has been observed worldwide over the last four
decades (Fiorenza et al., 2020), with similar increases observed
speci�cally in marine mammal prey, indicating risk of Anisakis spp.
infections is increasing for marine mammals globally (Mastick et al.,
Frontiers in Marine Science 03
2024). A measure of current helminth exposure in SSL would
bene�t population monitoring by providing an assessment of this
potential population stressor.

The neurotoxin saxitoxin (STX) produced by blooms of the
dino�agellate Alexandrium, is prevalent and widespread at low
concentrations throughout the food web in the eastern Gulf of
Alaska (Vandersea et al., 2018; Van Hemert et al., 2020). SSL and
other marine mammals are exposed to STX in Alaska through their
prey (Lefebvre et al., 2016). STX and its derivatives cause the human
illness known as paralytic shell�sh poisoning which at lower
concentrations cause muscle weakness, reduced coordination, and
incoherence and at high concentrations, respiratory paralysis and
death in humans and marine wildlife (Landsberg, 2002). Chronic
exposure to STX has been linked to brain damage and diminished
spatial memory in mammals (Sun et al., 2021) and to reduced
immunity and antioxidant defense in �sh (Haque et al., 2022).
Effects of STX on marine mammals are not well studied, but STX
was a suspected or known cause of several marine mammal
mortality events (reviewed by Lefebvre et al., 2016). Harmful algal
blooms are increasing in severity and frequency with ocean
warming, especially in the nearshore environments which SSL
inhabit (Gobler et al., 2017; Wells et al., 2020), and increased STX
toxicity and prevalence is also expected due to ocean acidi�cation
(Roggatz et al., 2019). STX was detected at low concentrations in
fecal samples of 4 individual SSL collected in the Gulf of Alaska
from 2004–2013 (Lefebvre et al., 2016), but sample size was small
(n = 42 tested) and recent data are lacking. A larger sample of SSL
scats from Washington from 2011–2013 (n = 373), found higher
FIGURE 1

Map of Steller sea lion Eumetopias jubatus rookeries and sites where scat and/or water samples were collected in the Gulf of Alaska during summer
and fall, 2022–2023. Yellow boxes are 15 water sampling locations = 1: Frederick Sound, 2: Icy Straits, 3: White Sisters rookery, 4: Graves Rock
rookery, 5: Glacier Island, 6: Dutch Group, 7: Seal Rocks rookery, 8: Fish Island rookery, 9: the Needle, 10: Procession Rocks, 11: Rugged Island, 12:
Barren Islands (Sugarloaf and Ushagat rookeries), 13: Latax Rocks, 14: Sea Otter Island, 15: Marmot Island rookery. Additional scat collection sites in
red dots: Perry Island (near 6), Danger Island (near 10), and Flat Island (near 12). Scale = 150 km. Blue dotted line indicates the boundary between the
western and eastern populations (wDPS/eDPS).
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prevalence (42% positive) of STX in samples at low concentrations
year-round (Akmajian et al., 2017).

Diets of SSL have most often been studied through analysis of
hard parts in scats or stomachs (Pitcher, 1981; Sinclair and
Zeppelin, 2002), but also through analysis of prey DNA using
polymerase chain reaction (PCR) techniques (Tollit et al., 2009;
Maniscalco, 2023) and metabarcoding (Lewis, 2022). DNA
metabarcoding is a high-throughput next-generation sequencing
approach which can identify multiple species simultaneously in a
Frontiers in Marine Science 04
single sample using DNA occurring in the environment (eDNA) or
bulk DNA samples and DNA barcodes, short DNA sequences that
identify species by matching them to a DNA reference library
(Hebert et al., 2003; Taberlet et al., 2012). For diet studies, DNA
metabarcoding of fecal samples provides the bene�ts of high
taxonomic resolution, the detection of rare prey and the
identi�cation of prey from soft tissues, coupled with the cost and
time ef�ciency of a mass-target system (Pompanon et al., 2012;
Ando et al., 2020). DNA metabarcoding of eDNA in seawater also
provides a cost-effective, powerful method for surveying ecosystem
components and prey resources in the marine environment
available to apex predators (Thomsen et al., 2016; Visser et al.,
2021; Boyse et al., 2024). How prey availability and composition
in�uence population resiliency of SSL has been a central question
since the severe population decline began over four decades ago
(Merrick et al., 1997) but it remains largely unanswered due
especially to the dif�culty and cost in monitoring the nearshore
prey �eld utilized by SSL by traditional survey methods (Womble
and Sigler, 2006; Adams et al., 2008; Winter et al., 2009; Rand
et al., 2019).

In this study we used DNA metabarcoding of SSL scat samples
collected from Prince William Sound (PWS) to Kodiak Island, and
seawater samples collected near SSL aggregations, to examine
broad-scale geographic variation in SSL diet composition and
prey resources in the Gulf of Alaska in 2022–2023. We used
multivariate statistics to examine variation in diet composition,
helminth exposure and STX exposure among regions, seasons (July
vs. October) and sexes, and to assess diet items most associated with
these potential stressors. Finally, we present data for comparing
regional diet composition in scats versus seawater, and for
comparing regional STX concentrations versus abundance of
STX-produc ing mic roorgan i sms (Alexandr ium spp .
dino�agellates) in seawater to assess the feasibility of monitoring
this suite of related factors and their in�uence on SSL population
dynamics by these methods.
2 Methods

2.1 Sample collection and preparation

2.1.1 SSL scat samples
Both in the �eld and laboratory, a rigorous quality control

protocol was followed to prevent contamination of samples from
exogenous DNA (King et al., 2008; USFWS, 2022). In July and
October 2022 and 2023, 251 scats were collected at 8 sites in 3
regions in the Gulf of Alaska: Cook Inlet, Kodiak Island, and PWS
(Figure 1; Table 1). Entire fresh scats (regardless of size or
characteristics) were collected using clean, disposable gloves and
spoon for each sample, placed in Ziploc® bags and stored at -20 °C
within 6 hours of collection (Thomas et al., 2022).

Sample preparation followed protocols detailed for harbor seal
diet metabarcoding studies (Thomas, 2015; Thomas et al., 2022). To
prepare samples for laboratory analysis, each frozen sample was
partially thawed on a sterilized workspace and a ~4mL subsample
TABLE 1 (a) Steller sea lion Eumetopias jubatus scat samples and (b)
10m depth seawater samples collected from 2022– 2023 in the Gulf of
Alaska by season, year, region and site to assess nearshore prey
resources and diet composition using DNA metabarcoding.

(a) Steller sea lion scat samples

Sample Region Season Year n Sites

Cook Inlet Oct 2023 35 Flat

Kodiak July 2022 23 Sea Otter, Ushagat

Kodiak July 2023 16 Sea Otter

Kodiak Oct 2023 25 Sea Otter

PWS July 2022 78
Danger, Dutch,
Glacier, Seal

PWS July 2023 33 Danger, Dutch

PWS Oct 2022 41 Glacier, Perry

(b) Water samples

Sample Region - Site
Sample
Date

GPS Location (North, West)

1 - SEAK - Frederick Sound 24-Jun 57° 30.032”, 133° 35.993”

2 - SEAK - Icy Strait 25-Jun 58° 12.797”, 135° 59.077”

3 - SEAK - White Sisters 28-Jun 57° 37.237”, 136° 14.240”

4 - SEAK - Graves Rocks 30-Jun 58° 14.026”, 136° 45.033”

5 - PWS - Glacier Island 7-Jul 60° 51.157”, 147° 11.383”

6 - PWS - Dutch Group 8-Jul 60° 45.642”, 147° 46.619”

7 - PWS - Seal Rocks 9-Jul 60° 9.601”, 146° 52.505”

8 - PWS - Fish Island 12-Jul 59° 54.568”, 147° 21.243”

9 - PWS - The Needle 13-Jul 60° 6.167”, 147° 38.765”

10 - PWS - Procession
Rocks

13-Jul 59° 57.744”, 148° 25.579”

11 - Kenai Peninsula -
Rugged Island

14-Jul 59° 50.049”, 149° 23.996”

12 - Barren Islands -
Sugarloaf Island

17-Jul 58° 54.710”, 152° 2.463”

13 - Kodiak - Marmot
Island

20-Jul 58° 12.069”, 151° 55.079”

14 - Kodiak - Sea Otter
Island

23-Jul 58° 29.602”, 152° 14.502”

15 - Kodiak - Latax Rocks 23-Jul 58° 42.013”, 152° 28.086”
SEAK, Southeast Alaska; PWS, Prince William Sound. Sites and regions are shown in Figure 1.
All seawater samples were collected in 2023.
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was transferred to a 5mL cryovial using sterilize instruments and
immediately stored at -80°C for STX analysis. The remaining
sample was submerged in 95% molecular-grade ethanol in 500mL
or 1L Histoplex® jars lined with 1gal-sized paint strainers made of
200mm nylon mesh and then, after fully thawed, manually
homogenized with a clean wooden tongue depressor by gentle
stirring for ~3–5min per sample. The paint strainer with hard-
part and non-scat items (e.g., rocks or debris if present) was
removed from the jar, placed in a Ziploc® bag, and archived at
-20°C for future hard-part analysis. The scat matrix ethanol mixture
was stored at -20°C for 24 hours to allow the matrix to settle out of
solution. A clean, disposable pipette was used to transfer two
subsamples of the matrix: 0.5mL to a 2mL cryovial (for DNA
extraction) and 1mL to a 5mL cryovial (for archiving), which were
topped off with 1.5mL and 3mL of fresh 95% molecular-grade
ethanol (e.g., 1:3 ratio of matrix to ethanol), respectively, and stored
at -80°C. This procedure was used to ensure sample
homogenization to maximize detection of diet items and reduce
sample variance, as food items are not distributed equally within
scat samples (Deagle et al., 2005).

2.1.2 Seawater samples to assess SSL prey �eld
From 24 June–23 July 2023, seawater samples were collected via

a 1.7L Niskin bottle (Model 1010, General Oceanics, Inc., Miami,
FL, USA) at a depth of 10m during Gulf-wide SSL population
surveys. Our goal for this sampling was to acquire initial data as a
pilot study to determine if a fast, ef�cient seawater sampling
protocol would provide useful data on nearshore �sh assemblages
as an ef�cient addition to our regular, annual SSL surveys. A
standard depth of 10m was chosen for the following reasons: (1)
Dives of adult female SSL from the western population were
relatively shallow with median or average dive depths of 21–28m
during summer and winter (Merrick and Loughlin, 1997; Lander
et al., 2020); up to 54% of dives of adult females were between 4–
10m and >90% were <50m (Merrick and Loughlin, 1997). (2) This
depth allowed us to sample below the water’s surface but was
shallow enough to allow quick, hand-deployment of the Niskin
bottle; hand deploying to deeper depths, especially in strong
currents, could be prohibitive. (3) We desired information on the
nearshore environment and did not assume foraging areas or
foraging depths of SSL; a rigorous, comprehensive study
evaluating the utility of eDNA to study vertebrate diversity found
equivalent information across 10–80m sampling depths suggesting
vertical mixing may provide information on �sh diversity from
throughout the upper water column, even from surface water
collections (Closek et al., 2019).

Three 1.7L replicates per site were collected at 15 sites, at least
0.5km distant from SSL aggregations, from SEAK to Kodiak Island
(Figure 1). Seawater was �ltered directly from the Niskin bottle in
the �eld using a Smith-Root eDNA Citizen Scientist Sampler and
5µm self-preserving polyethersulfone �lters (Smith-Root, Inc.,
Vancouver, WA, USA). Five negative controls of distilled water
were processed in triplicate at weekly intervals throughout the
sampling period to test for contamination of the �eld sampling
system. Filters were stored in a cool, dry, and dark location until
Frontiers in Marine Science 05
subsequent DNA ext rac t ion wi th in 3 months pos t
sample collection.
2.2 DNA metabarcoding

2.2.1 DNA extraction
All laboratory work for scat and seawater samples was

performed at the Washington Department of Fish and Wildlife’s
Molecular Genetics Laboratory (WDFW-MGL) in AirClean 600
Workstations equipped with HEPA �ltered air and UV light
irradiation. Work surfaces and equipment were sterilized with
10% bleach and exposed to UV-C light for one hour to neutralize
exogenous DNA. Seawater �lter DNA was extracted using
DNeasy™ Blood & Tissue Kits (Qiagen, Hilden, Germany)
following the methods of Pilliod et al. (2013) with one extraction
negative control processed per batch of 47 �lters. SSL scat DNA was
extracted using QIAamp™ Fast DNA Stool Mini Kits (Qiagen)
following a customized protocol for pinniped scat (Deagle et al.,
2005) with one extraction negative control processed per batch of
23 scats.

Library preparation - We assessed prey diversity using two
genes, mitochondrial cytochrome c oxidase subunit I (COI) and 12S
rRNA MiFish (12S) genes, to provide better biodiversity coverage.
The 12S rRNA MiFish-U primer was optimal for bony �shes
(Actinopterygii) and informative of cartilaginous �shes
(Chondrichthyes; Miya et al., 2015), whereas the COI primer
ampli�es all metazoans, including cephalopods (Ar�n et al., 2023)
which are potentially important SSL prey (Pitcher, 1981). For
pinniped scat diet studies, the COI gene (although a different
fragment than used in our study) has been used in particular to
distinguish salmon species (Lewis, 2022; Thomas et al., 2022;
Trzcinski et al., 2024). The COI and 12S genes were ampli�ed in
separate reactions. The COI gene region was ampli�ed with the
Leray-XT primers (Wangensteen et al., 2018) and the 12S gene
region was ampli�ed with the MiFish-U primers (Miya et al., 2015).
The Leray-XT primers ampli�ed a 313bp gene fragment and
i n c l u d e d t h e f o r w a r d p r i m e r m l C O I i n t F - X T 5 � -
GGWACWRGWTGRACWITITAYCCYCC-3� (Wangensteen
et al., 2018), modi�ed from the original mlCOIintF primer
developed by Leray et al. (2013), and the reverse primer
jgHCO2198 5�-TAIACYTCIGGRTGICCRAARAAYCA-3� (Geller
et al., 2013). The MiFish-U primers ampli�ed a 170bp gene
f r a g m e n t a n d i n c l u d e d t h e f o r w a r d p r i m e r 5 � -
GTCGGTAAAACTCGTGCCAGC-3� and the reverse primer 5�-
CATAGTGGGGTATCTAATCCCAGTTTG-3� (Miya et al., 2015).

PCRs were performed in 30mL volumes using the Multiplex
PCR Kit (Qiagen). COI reactions contained 15mL (1X) of multiplex
master mix, 0.8mM of each primer and 2mL of template DNA with
thermal cycling conditions as follows: 95°C for 10min, 35 cycles of
95°C for 60s, 50°C for 60s, and 72°C for 60s, and a �nal extension of
72°C for 5min. 12S reactions contained 15mL (1X) of multiplex
master mix, 2mM of each primer and 1mL of template DNA with
thermal cycling conditions as follows: 95°C for 10min, 14
touchdown cycles of 94°C for 30s, 69.5-50°C for 30s, and 72°C
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for 90s, 25 cycles of 94°C for 30s, 50°C for 30s, and 72°C for 45s,
and a �nal extension of 72°C for 10min. A PCR negative and
positive control were included on each 96-well PCR plate. The
negative control consisted of sterile molecular grade water in lieu of
template DNA and kangaroo DNA was used as a positive
ampli�cation control.

PCR products were size selected using Mag-Bind® TotalPure
NGS (Omega Bio-tek, Inc., Norcross, GA, USA) beads. A ratio of
beads to product of 0.8X was used for the COI amplicon and 1.2X
was used for the 12S amplicon. Sample amplicons were then
indexed with Nextera DNA unique dual (UD) indexes (IDT® for
Illumina®), normalized using the SequalPrep™ Normalization
Plate Kit (Invitrogen) and each 96-well plate was subsequently
pooled. Plate libraries were bead cleaned at a 0.8X bead ratio,
quanti�ed with a Qubit® �uorometer (Life Technologies), and
pooled by amplicon. Amplicon libraries were quanti�ed and
normalized to 4nM prior to loading at a 1:1 12S to COI ratio on
the NextSeq™ 1000 platform with 25% PhiX Control v3 Library
(Illumina, Inc., San Diego, CA, USA). Seawater �lters were
sequenced using the NextSeq™ 1000 P1 (300 cycles) Reagent Kit
for single end reads and scats were sequenced using the NextSeq™

1000 P1 (600 cycles) Reagent Kit for paired end reads
(Illumina, Inc.).

2.2.2 Bioinformatics
Amplicon sequence data were analyzed separately (COI and

12S) using either stand-alone QIIME 2 (Bolyen et al., 2019) and
DADA2 (Callahan et al., 2016) or with Tourmaline (https://
github.com/aomlomics/tourmaline), a Snakemake pipeline that
wraps QIIME 2 and DADA2, providing reproducible
metabarcoding analysis. Adapters and primers were trimmed
from demultiplexed FASTQ reads using Cutadapt (Martin, 2011).
The program DADA2 was used to quality �lter reads. Reads were
truncated to a common length (210bp for the COI amplicon and
160bp for the 12S amplicon) with a maximum number of expected
errors=2, chimeras were removed (consensus method), and
amplicon sequence variants (ASVs) were exported.

To assign COI taxonomy, a custom reference database was
generated that included existing sequence data for Alaska SSL prey
and �shes and cephalopods observed in the Resource Assessment
and Conservation Engineering (RACE) Gulf of Alaska summer
biennial bottom trawl surveys (https://www.�sheries.noaa.gov/foss/
f?p=215%3A28) from 2015–2023, the MIDORI database (Machida
et al., 2017), and all mitochondrial COI sequences in the National
Center for Biotechnology Information (NCBI) nucleotide database.
To assign 12S taxonomy an rCRUX (Curd et al., 2024) generated
reference database was used that included all 12S sequences in the
NCBI nucleotide database, an additional custom database
comprised of all Actinopterygii (bony �shes) mitogenomes (Gold
et al., 2023), and sequences available for published SSL prey and for
�shes and cephalopods in the RACE surveys. If voucher specimen
sequence data were publicly available, they were included in the
reference library. If sequences were identical, assignments were
produced at a higher taxonomic resolution.
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Global taxonomic alignments between query and reference
sequences were performed using the VSEARCH consensus
taxonomy classi�er (Rognes et al., 2016) and matches with � 97%
identity were retained. Read counts for each operational taxonomic
unit (OTU) per sample were tallied.
2.3 Sex identi�cation using SSL scat
samples

DNA extract from 250 scat samples was provided to the Alaska
Department of Fish and Game’s Gene Conservation Laboratory to
determine SSL sex identi�cation by adapting existing protocols
(Lewis, 2022; Gard et al., 2024). Brie�y, sex-speci�c oligonucleotides
developed for SSL were used to assess the presence of X- and Y-
chromosomally linked genes (ZFX and SRY) in the scat DNA. DNA
was ampli�ed on a GeneAmp™ PCR System 9700 with a Multiplex
PCR Kit (Qiagen), 0.2mM of each primer, and 4mL of DNA using
Gene Conservation Laboratory’s standard 14 cycle preampli�cation
PCR protocol with thermal cycling conditions as follows: 95°C for
15min, 14 cycles of 95°C for 15s and 60°C for 4min. The individual
primers and probes from the two qPCR assays were then combined
into a single 80X sex ID genotyping assay (16mM each probe, 72mM
each primer). Final concentrations of the probes and primers in the
PCR reaction were 0.2µM and 0.9µM. Genotypes were collected on
an Applied Biosystems™ QuantStudio 12K Flex using their 2X
TaqMan™ GTXpress™ Master Mix, 1X genotyping assay, and
2.5mL of 0.1X preampli�cation PCR product according to the PCR
protocol of Schwarz et al. (2018). Genotypes were scored at
42 cycles.
2.4 Saxitoxin in SSL scat samples

In addition to scat samples from the current study, 8 samples
from the Kenai Peninsula collected by the Alaska SeaLife Center
(Jan–May 2017–2019) and 12 samples from SEAK (July 2016) were
included. STX in scat samples was measured by the Northwest
Fisheries Science Center’s Wildlife Algal-Toxin Research and
Response Network (WARRN-West) laboratory, following the
protocol of Lefebvre et al. (2022). Brie�y, the ~4mL raw scat
samples provided to the lab were thawed slowly in a small cooler,
stirred thoroughly, and ~1mL per sample was aliquoted into 14mL
polypropylene screw-cap tubes (Falcon-BD). For STX extraction,
50% methanol was added to samples in a 1:4 wt/v ratio (1 part
sample, 3 parts solvent) and samples were vortexed. Samples were
homogenized for 60s using an Omni GLH 850 homogenizer and the
homogenized sample was then centrifuged at 3,082xg (Jouan CR3i
centrifuge) for 20min at 4°C. The supernatant was added to a
0.22mm Durapore™ membrane �lter (Millipore Ultrafree-MC
centrifugal concentration device) and �ltered in a desk-top
microcentrifuge (AccuSpin Micro 17, Fisher Scienti�c) for 3min
at 12,000rpm. Sample extracts were stored at 4°C until analysis by
enzyme-linked immunosorbent assay (ELISA).
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STX in samples was quanti�ed using a commercially-available
Abraxis saxitoxin ELISA kit (PN 52255B: Gold Standard Diagnostics,
Horsham, PA). Standards solutions provided in these kits were
loaded along with the samples on plates and a standard curve was
derived for each plate. Manufacturer instructions were followed with
modi�cations for matrix effects for marine mammal feces determined
by Hendrix et al. (2021) with sample dilution of 1:50 �ltered sample
extract:sample diluent solution provided with the ELISA kit. The
ELISA kit was designed to measure STX with some limited cross-
reactivity to several other paralytic shell�sh poison (PSP) toxins.
Consequently, all PSP concentrations are listed as STX equivalents
and may underestimate the presence of other congeners.
2.5 Statistics

2.5.1 Diet and prey data summaries
We included taxa for bony and cartilaginous �shes for the 12S

data and for these �shes, cephalopods, and other potentially
interesting taxa (e.g., parasitic worms) for the COI data. For both
metabarcoding datasets for scat samples, we performed the
following minimum sequence threshold �ltering steps prior to
statistical analyses: (1) samples with <20 total prey assigned reads
were removed (Trzcinski et al., 2024), (2) OTUs were assigned into
prey groups at the species level or at the genus level for groups in
which signi�cant assigned reads were only to genus level (Deagle
et al., 2019), (3) global (summed across all samples) total assigned
reads per prey group were calculated and groups with <100 total
assigned reads were removed, and (4) prey groups <0.01% of the per
sample proportion of total prey assigned reads were removed to
normalize detection rates among samples which may vary in read
depth (Pornon et al., 2016; Richardson et al., 2019) to assess
region*season variation in diet. For seawater samples, all assigned
�sh reads were used without �ltering data, and assigned reads for
the three replicates per site were summed to provide suf�cient
sample size.

Following the methods of Deagle et al. (2019), region*season
diet composition was calculated using both weighted percent
frequency of occurrence (wPOO; i.e. split-sample frequency of
occurrence; Tollit et al., 2017; Equation 1) and relative read
abundance (RRA; Equation 2):

wPOOi =
1
S o

S

k=1

Ii,k

o T
i=1Ii,k

� � (1)

RRAi =
1
S o

S

k=1

ni,k

o T
i=1ni,k

� � x � 100 (2)

where T is the number of diet items (taxa), S is the number of
samples, and I is an indicator variable such that I i,k= 1 if diet item i
was present in sample k, 0 if not. We used RRA to summarize diet
composition (Thomas et al., 2022; Trzcinski et al., 2024) but also
used wPOO for a thorough presentation of the data (Deagle et al.,
2019). RRA may most accurately re�ect diet composition consumed
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at the population level, especially when many and similar diet items
occur among samples but can be biased by differences in barcode
recovery rates due to biological and technical factors (e.g.,
variability in number of mitochondria in tissue among different
prey, preferential primer binding, bioinformatics methods; Deagle
et al., 2019; Thomas et al., 2022). wPOO is less affected by recovery
biases but may overestimate the consumption of less frequently
occurring diet items, and include more secondary diet items (Deagle
et al., 2019; Thomas et al., 2022). wPOO was assessed to allow for
the inclusion of potentially rare diet items.

2.5.2 Cluster analysis: diet items occurring
together in scats

A presence-absence matrix of diet items based on individual
scats was created for each gene separately. Diet items with <10 total
occurrences were pooled into similar groups. We then calculated
dissimilarity scores as 1 - the Jaccard Index for each pair of diet
items, where the index was calculated as n scats with both diet items
occurring/n scats with either diet item occurring (Jaccard, 1912).
The resulting distance matrix was input for the hclust function (stats
package in R 4.1.3, R Core Development Team, 2022) to perform
hierarchical clustering analysis using the “complete” method.

2.5.3 Diet multivariate analysis
Principal component analysis was used to visualize important

characteristics of diet composition using function prcomp (Bakker,
2024). To assess differences in diet composition by group
(region*season and sex) and continuous covariates (STX
concentration and parasite load), we performed permutational
multivariate analysis of variance using distance matrices
(PERMANOVA; Anderson, 2001; McArdle and Anderson, 2001).
Bray-Curtis similarities were �rst calculated from the square root
transformed matrix of RRA for diet items (RRA was a normalized
and scaled index for a total of 100 reads per sample) using function
vegdist in R package vegan (R Core Development Team, 2022;
Oksanen et al., 2025). Function betadisper was then used to evaluate
heterogeneity of variances among groups, and to visualize groups
differences in means and dispersion via principal components
(Anderson, 2006; Bakker, 2024). Finally, the variance in diet
composition explained by group and continuous covariates was
assessed via pseudo-F statistics using PERMANOVA and function
adonis2 (Anderson, 2001). Pairwise comparisons of important
group covariates were assessed using a Bonferroni correction for
multiple tests (function pairwise.adonis2; Bakker, 2024).

2.5.4 Spatiotemporal diet diversity
Using RRA, we calculated the diet diversity per sample

using species richness (the average number of diet items
per sample separately for region*season groups) and the diet
diversity across groups using Shannon Diversity Index (H’)
calculated as: H0 = Šo T

i=1pi ln pi, where T is the number of diet
items (taxa) observed for a region*season group, p is the proportion
of the diet attributed to diet item i, and ln is the natural logarithm.
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2.5.5 Presence/absence data, linear models,
correlations and parasite level index

Chi-square tests were used to assess differences in presence/
absence of parasites and STX among region*season groups. An
index of parasite infection level was deemed useful for monitoring.
For such an index, we accounted for sample quality differences by
using the ratio of parasitic worm (tapeworms and parasitic
nematodes) reads to SSL reads, by assuming these tissues are
equally affected by sample quality and by the composition of
other tissues in the sample. Linear models or non-parametric tests
were used to assess differences in STX concentrations or the parasite
level index. Pearson correlations were used to further explore
relationships between diet item RRA and parasite RRA or
STX concentrations.
3 Results

3.1 Scat: metabarcoding performance

For the 12S gene, 6 of 250 scat samples did not pass quality
�ltering parameters. The remaining samples, including controls,
produced a total of 56.3M sequencing reads, of which 2.6M reads
were unassigned. Excluding controls, the mean number of reads per
sample (n = 244) was 228,936 and the mean number of reads per
assigned OTU (n = 80) was 665,146. An additional 4 samples had
no assigned reads, and 7 samples had no �sh reads, and one sample
had <20 �sh reads, all of which were removed from further analysis
(n = 232). For the remaining 232 samples (Table 2), the total �sh
reads per sample ranged from 102–561,237 (median=104,084) and
97% of samples had > 10,000 total �sh reads.

For the COI gene, 7 of 250 scat samples did not pass quality
�ltering parameters. The remaining samples, including controls,
produced a total of 63.7M sequencing reads, of which 6M reads
were unassigned. Excluding controls, the mean number of reads per
sample (n = 243) was 258,065, the mean number of reads per
assigned OTU (n = 193) was 293,705, and eukaryotes spanning 24
phyla were detected (Table 3). An additional 21 samples had no
�sh/cephalopod reads and �ve additional samples had <20 �sh/
cephalopod reads, all of which were removed from further analysis.
For the remaining 217 samples (Table 4), the total �sh/cephalopod
reads per sample ranged from 21–487,517 (median=14,252) and
56.2% and 84.8% of samples had > 10,000 and > 1,000 total �sh/
cephalopod reads, respectively. Contamination of human DNA in
samples and between controls and samples was negligible for both
genes (< 0.0001% of total assigned reads).
3.2 Scat: diet composition

3.2.1 Global patterns
For the 12S gene, 45.3% of total �sh reads were assigned to

species level, 50.5% to genus level, and 4.3% to family level. Fishes
from 23 families were detected, nearly all (>99.7%) were assigned to
class Actinopteri, with the few remaining to class Chondrichthyes
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(including dog�sh and skates; Table 2). We created 25 prey groups
by family and/or family_genus based on taxonomic resolution of
the data. This resolved some groups to species because only one
species was identi�ed per genus (rag�sh, sand�sh, lingcod, sable�sh,
capelin, and northern smoothtongue; Table 2) or with one species
that could be assumed per genus with only one species occurring in
the Gulf of Alaska (i.e., Paci�c sand lance and Paci�c herring). Over
all regions, sexes and seasons, SSL diet was dominated by Paci�c
salmon and Gadus spp. cods (gadids; 28.4–33.0% RRA each),
followed by herring and �at�shes (11.6–14.4%), with capelin also
in the top �ve diet items (6.7%; Table 2). Three prey groups were
removed from further analysis due to <100 total reads
(lumpsuckers, wrymouths and snail�sh, 22 prey groups
included; Table 2).

For the COI gene, 89.9% of the total non-mammal reads were
assigned to bony �shes and other groups of interest (9.8%) included
endoparasitic worms, cephalopods, cartilaginous �shes, and �sh
ectoparasites (Table 3). The remaining 0.3% of reads were likely
exogenous DNA from the collection substrate and secondary prey
items (e.g., 60% of these reads were from barnacles and tidewater
amphipods; Table 3). Nearly all (99.6%) �sh/cephalopod reads were
assigned to species level, and 0.4% to genus level (Table 4). Species
could be assumed for 2 of the 3 taxa at genus level (Ammodytes sp. =
Paci�c sand lance, Enteroctopus sp. = Enteroctopus do� eini giant
Paci�c octopus, the only species of this genus occurring in the
North Paci�c). Genus Bathyraja (skates) remained the only genus-
level prey group as 72.2% of reads were assigned to genus level
(Table 4). Fishes/cephalopods from 22 families were detected;
76.1% of prey reads assigned to class Actinopteri, 22.0% to
cephalopods, and 1.9% to class Chondrichthyes (Table 4).

The number of species detected in the COI data was 47; 7 of
these had <100 reads and were removed from further analyses
(Table 4). Pink salmon had the most reads (29.4% RRA), followed
by giant Paci�c octopus (8.3%), magister armhook squid (7.5%),
herring (7.7%), and 6 species with 4–7% RRA (Paci�c halibut,
arrowtooth �ounder, Alaska pollock, chum salmon, capelin and
Paci�c cod; Table 4). Including only �shes in the COI data, the same
5 top prey groups occurred but compared to the 12S data, Paci�c
salmon were proportionally higher, and gadids and herring were
proportionally lower in the COI data (Table 2). This was not due to
the slight difference in the samples included in the two datasets, as
the pattern was nearly identical when only the 209 shared samples
between the two genes were considered.

3.2.2 Cluster analysis: diet items occurring
together in scats

The 12S cluster analysis showed two prey groups tended to
occur in the same sample: (1) rock�sh and greenlings/sculpins and
(2) �at�shes and cods. A mixture of the most prevalent diet items
often occurred in the same sample (cods, �at�shes, salmon, and
herring; Figure 2A). COI results suggested the species that tended to
occur in the same sample were: (1) pollock and magister armhook
squid, also tending to occur less frequently with herring and
opalescent squid; (2) chum and sockeye with pink salmon; (3)
minor �at�shes and dog�sh/skates; (4) chinook and coho salmon
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TABLE 2 12S MiFish results: Global � sh diet composition of Steller sea lion scats in summer and fall in the Gulf of Alaska, 2022– 2023.

Class Family Prey
group Genus/species observed Total

reads
Global
RRA

Global
wPOO

COI
adjRRA
(total
reads)

Actinopteri
Salmonidae,
Oncorhynchus sp.

Salmon,
Paci�c

Oncorhynchus sp. (95.6% unid. sp.): detected 5 Paci�c
Salmon sp. and O. clarkii Cutthroat trout

9,844,132 33.01% 27.55%
44.50%

(3,579,618)

Actinopteri
Gadidae, Gadus
sp.

Cods,
Gadus

Gadus unid. sp. (19.6%), G. chalcogrammus Alaska
Pollock (76.6%), G. macrocephalus Paci�c Cod (3.8%), G.
morhua* Atlantic Cod (<0.1%), G. ogac* Greenland Cod
(<0.1%)

8,081,639 28.41% 22.84%
15.39%

(464,323)

Actinopteri Clupeidae
Paci�c
Herring

Clupea pallasii Paci�c Herring (99.7%) Clupea unid. sp.
(<0.1%), Clupea harengus* Atlantic herring (0.3%)

3,893,072 14.40% 15.19%
9.18%

(399,866)

Actinopteri Pleuronectidae Flat�sh

Pleuronectidae unid. gen. (33.1%), Atheresthes unid. sp.
(47.9%), Lepidopsetta sp. (18.1%), Limanda sp. (0.7%),
<0.1%: Hippoglossus sp., A. evermanni Kamchatka
Flounder, Glyptocephalus sp., Liopsetta glacialis Arctic
�ounder

3,284,030 11.59% 11.96%
16.21%

(567,345)

Actinopteri Salangidae Capelin Mallotus villosus Capelin (100%) 1,738,973 6.70% 7.31%
7.61%

(250,632)

Actinopteri
Hexagrammidae,
Greenlings

Greenlings
Hexagrammos sp. (unid. sp. >99.9%; H. octogrammus
Masked greenling <0.1%)

487,188 1.85% 2.56%
0.09%
(3,183)

Actinopteri Sebastidae Rock�sh
Sebastes sp. (>99.9%: nearly all unid. sp. except rare
occurrences: S. owstoni, S. rosenblatti), Sebastolobus sp.
(<0.01%)

480,328 1.85% 2.11%
0.13%
(1,330)

Actinopteri Gadidae, Other Cods, Other
Eleginus gracilis Saffron Cod (99.7%), Boreogadus saida
Arctic Cod (0.3%)

202,483 0.30% 0.42%
0.54%

(140,210)

Actinopteri Ammodytidae
Paci�c Sand
Lance

Ammodytidae unid. gen. (98.5%), Ammodytes sp. (1.5%) 92,167 0.49% 1.72%
0.69%

(65,767)

Chondrichthyes
Rajidae/
Arhynchobatidae

Skates
Rajidae: Rajidae unid. gen. (8.9%), Beringraja unid sp.
(85.2%), Beringraja pulchra Mottled Skate (2.8%);
Arhynchobatidae: Bathyraja sp. (3.1%)

85,200 0.37% 3.02%
2.91%

(103,415)

Actinopteri Cottidae
Cottid
Sculpins

Hemilepidotus sp. Irish lords (87.7%), Gymnocanthus sp.
(7.5%) Minor sp.: Triglops sp. (3.4%: T. for� catus
Scissortail sculpin), Artedius sp. (1.3%: A. lateralis
Smoothhead sculpin, A. harringtoni Scalyhead Sculpin),
Icelinus sp. (0.1%)

83,578 0.38% 0.72%
0.57%
(6,952)

Actinopteri Anoplopomatidae Sable�sh Anoplopoma � mbria Sable�sh (100%) 43,758 0.09% 0.33%
0.07%
(1,590)

Actinopteri Trichodontidae Sand�sh Trichodon trichodon Paci�c Sand�sh (100%) 20,993 0.08% 0.32%
0.12%
(3,774)

Actinopteri Stichaeidae Pricklebacks
Stichaeidae unid. gen. (64.4%), Lumpenus sagitta Snake
Prickleback (35.6%)

20,282 0.10% 0.81%
<0.01%
(409)

Actinopteri Pholidae Gunnels
Apodichthys � avidus Penpoint gunnel (64.0%), Pholis sp.
(36.0%)

15,722 0.08% 0.28% NA

Chondrichthyes Squalidae Dog�sh
Squalus unid. sp. (51.2%), S. acanthias Spiny Dog�sh
(48.8%)

11,721 0.03% 0.59%
0.68%

(34,336)

Actinopteri
Hexagrammidae,
Lingcod

Lingcod Ophiodon elongatus Lingcod (100%) 8,425 0.16% 0.93%
1.12%

(23,241)

Actinopteri
Salmonidae,
Salvelinus sp.

Salmon,
Char

Salvelinus sp. (100%) 8,299 0.06% 0.22%
0.04%
(368)

Actinopteri Agonidae Poachers
Hypsagonus sp. (99.2%), Blepsias cirrhosus Silverspotted
Sculpin (0.8%)

6,214 0.06% 0.54%
<0.01%

(10)

Actinopteri Bathymasteridae Ronquils Bathymaster sp. (100%) 1,594 0.00% 0.07% NA

(Continued)
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with halibut and less so capelin; (5) Paci�c cod and arrowtooth
�ounder, also with great Paci�c octopus and greenlings/
sculpins (Figure 2B).

3.2.3 Spatiotemporal differences
In July, the most important diet items were Paci�c salmon in

PWS (less so gadids) and capelin in Kodiak (also gadids and
�at�shes, Figures 3A, C and 4A, C). In October, herring was
more prevalent in SSL diets in PWS and Kodiak but was not
observed in Cook Inlet samples (Figures 3A, C and 4A, C).
Gadids and �at�shes occurred at similar proportions across most
regions and seasons but dominated fall scat samples from Cook
Inlet (Figures 3 and 4). These patterns were similar based on both
RRA and wPOO but, as expected (Deagle et al., 2019; Thomas et al.,
2022), wPOO emphasized rare diet items (Figures 3 and 4).

Spatiotemporal variation in the COI data was consistent with
12S results. However, diet proportions were altered by greater
proportion of salmon reads in the COI data and also inclusion of
two cephalopods consumed in relatively high numbers (a third
cephalopod, opalescent squid, was also consumed but in low
numbers, Figure 4). The COI data also distinguished species
consumed for dominant diet items: for gadids, pollock was
consumed in PWS versus Paci�c cod in Kodiak and Cook Inlet
(Figure 4). The majority of salmon consumed were pink salmon,
especially in July in PWS; chum (in PWS in July) and chinook (in
Cook Inlet in October) were less frequently consumed (Figure 4).
Most �at�shes consumed were arrowtooth �ounder, Paci�c halibut
and northern rock sole (Figure 4). Paci�c sand lance (an important
SSL prey in Kodiak from 1999–2005; McKenzie and Wynne, 2008)
was rarely detected, however one sample contained 100% sand lance
based on 12S data (Figures 3 and 4). Cottid sculpins detected in
Kodiak in October in the 12S data were likely red Irish lord, as
indicted in the COI data (Figures 3 and 4). Rock�shes were rarely
detected, and black rock�sh was the only species detected (Figures 3
and 4).

Most samples contained several diet items. Based on 12S RRA
results, the average number of diet items per sample based on
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species richness ranged from 2.11 – 4.13 among regions and seasons
(Figure 3A). An average of 61.3% over region*season groups had 3
or more diet items per sample (range: 29.4 – 91.7%); and 17.6% had
only 1 diet item per sample (range: 0.0 – 39.2%). The same diet
items also occurred across many samples: 0.00– 0.02% of samples
did not contain at least 1 of the top 4 diet items per region*season
group, and an average of 75.7% of samples (range: 51.0 – 100%) had
2 or more of the top four diet items for those groups. Similar to
species richness per sample, the Shannon Diversity Index suggested
higher diet diversity (based on our broad prey groups) in fall (1.32
and 1.63) than summer (1.11 and 1.49), and in Kodiak (1.49 and
1.63) than PWS (1.11 and 1.32; Figure 3A).

After pooling diet items with number of samples < 20 into
prey group “other” for the 12S RRA results (resulting in 9 prey
groups), four principal components accounted for 93.0% of the
variation (cumulative proportions to PCA 1–3 were 44.1%, 66.1%,
80.8%, respectively); differences between the top components were
due especially to gadids and salmon, and less so herring, then
�at�shes and capelin (Figure 5A). PERMANOVA supported
group differences (p = 0.001) and pairwise comparisons
indicated all groups differed (all p = 0.01) except for PWS in
October and Kodiak in October (p = 0.38). Centroids were
especially different from Cook Inlet in October and PWS in July
for top components (Figure 5B). Dispersion was suf�ciently
similar among groups (p = 0.09) supporting different group
centroids (Figure 5B).

Because the COI results had fewer �sh reads, we �rst pooled diet
items into an “other” category with number of samples < 10,
resulting in 17 prey groups. For the COI RRA results, the �rst
principal component accounted for only 29.4% of the variation and
up to 10 components were required to account for 93.0% of the
variation (cumulative proportions improved gradually: to PCA 2, 5,
8 were 39.7%, 65.1%, 84.3%, respectively). Differences between the
top components were due especially to pink salmon and giant
Paci�c octopus, and also herring, magister armhook squid and
capelin (Figure 5C). PERMANOVA supported group differences
(p = 0.001) and pairwise comparisons indicate all groups differed
TABLE 2 Continued

Class Family Prey
group Genus/species observed Total

reads
Global
RRA

Global
wPOO

COI
adjRRA
(total
reads)

Actinopteri Icosteidae Rag�sh Icosteus aenigmaticus Rag�sh (100%) 1,407 0.00% 0.07%
<0.01%

(43)

Actinopteri Bathylagidae
Deep-sea
Smelts

Leuroglossus schmidti Northern Smoothtongue (100%) 1,183 0.01% 0.43% NA

Actinopteri Cryptacanthodidae Wrymouths Cryptacanthodes sp. (100%) 33
<0.01%

(49)

Actinopteri Cyclopteridae Lump�sh Eumicrotremus sp. (100%) 16 NA

Actinopteri Liparidae Snail�sh Liparis � orae Tidepool snail�sh (100%) 4 NA
fro
12S data utilized prey group and was most often resolved to genus. Global (over all region, sex and season groups) RRA, relative read abundance; wPOO, weighted percent frequency of
occurrence; COI adjRRA, relative read abundance adjusted for �sh taxa only (excluded cephalopods) for the cytochrome c oxidase subunit I (COI) data (calculated from Table 4). Diet items with
<50 total reads were not included. *potential misidenti�cations: Atlantic Cod and Greenland Cod; all herring were assumed to be Paci�c herring. Prow�sh Zaprora silenus in COI data (0.05%,
3,007) not included in table/not detected using the 12S gene.
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from each other in either means or dispersion (all p = 0.01).
Dispersion differed among groups (p = 0.006) due to higher
dispersion for PWS in July than Cook Inlet in October
(p = 0.003) and Kodiak in July (p = 0.038; Figure 5D). Centroids
Frontiers in Marine Science 11
appeared especially different between PWS in July and PWS in
October than other groups, for the top two components
(Figure 5D), but many other principal components captured
variation among groups.
TABLE 3 COI results: Global proportion and total reads per taxa for all taxa (including non-prey but excluding mammals) detected in Steller sea lion
scat collected in summer and fall in the Gulf of Alaska, 2022– 2023, using data from the cytochrome c oxidase subunit I (COI) gene.

Phylum_class_order Description Total
reads

Global
proportion

Chordata_Actinopteri Bony �sh 51.97 M 89.87%

Nematoda_Chromadorea_Rhabditida Parastic round worms (99.9% Anisakidae fam.) 3.17 M 5.48%

Mollusca_Cephalopoda Octopus/Squid 1.59 M 2.75%

Platyhelminthes_Cestoda_Diphyllobothriidea Parasitic �at worms (Diphyllobothrium sp. 100%) 551,067 0.95%

Arthropoda_Hexanauplia_Siphonostomatoida
Fish ectoparasites: Lepeophtheirus salmonis Salmon louse (81.1%), Haemobaphes
diceraus Parastic copepod (18.9%)

218,111 0.38%

Chordata_Chondrichthyes Cartilaginous �sh 125,962 0.22%

Arthropoda_Hexanauplia_Sessilia Barnacle 66,838 0.12%

Arthropoda_Malacostraca_Amphipoda Apohyale pugettensis Tidewater amphipod (100%) 32,516 0.06%

Arthropoda_Other 25,714 0.04%

Chordata_Aves_Charadriiformes
Birds: Larus sp. Gull (84.7%), Rissa tridactyla Black-legged kittiwake (7.9%),
Haematopus sp. Black oystercathcer (5.7%), Calidris minutilla Least sandpiper (1.7%)

22,687 0.04%

Gyrista_Chrysophyceae Golden algae 20,162 0.03%

Mucoromycota_Mucoromycetes_Mucorales Lichtheimia sp. Fungus (100%) 8,051 0.01%

Mollusca_Bivalva/Gastropoda Bivalves/Snails 7,712 0.01%

Arthropoda_copepods/krill Copepods/Euphasiids 6,940 0.01%

Gyrista_Phaeophyceae Brown algae 4,861 0.01%

Cnidaria Jelly�sh/anthozoa/hydrozoa: Chrysaora melanaster Northern sea nettle (80.5%) 3,689 0.01%

Apicomplexa_Conoidasida_Eucoccidiorida Sarcocystis lutrae Parastic protist (100%) 1,428 <0.01%

Rotifera_Monogononta_Ploima Euchlanis dilatata Rotifer (100%) 1,071 <0.01%

Proteobacteria_Alphaproteobacteria_Rickettsiales Rickettsia bellii Bacteria (100%) 669 <0.01%

Ctenophora_Tentaculata_Cydippida Pleurobrachia bachei Paci�c sea gooseberry (100%) 632 <0.01%

Amoebozoa_Discosea_Himatismenida Cochliopodium actinophorum Protist (100%) 629 <0.01%

Chlorophyta Green Algae 629 <0.01%

Myzozoa_Dinophyceae Dino�agellates 551 <0.01%

Bigyra_Bicosoecophyceae_Bicosoecida Cafeteria roenbergensis bacterivorous marine �agellate (100%) 443 <0.01%

Gyrista_Oomycetes_Pythiales Pythium sp. Fungus/water mold (100%) 370 <0.01%

Annelida_Polychaeta/Clitellata Segmented worms 392 <0.01%

Bacillariophyta Diatoms 154 <0.01%

Rhodophyta Red algae 130 <0.01%

Ascomycota Sac fungi 106 <0.01%

Echinodermata_Holothuroidea Chiridota laevis Silky sea cucumber (100%) 52 <0.01%

Nemertea_Enopla_Monostilifera Emplectonema sp. Ribbon worm (100%) 27 <0.01%

Porifera_Demospongiae_Spongillida Ephydatia � uviatilis River sponge (100%) 12 <0.01%

Basidiomycota_Malasseziomycetes_Malasseziales Malassezia globosa Skin-infecting fungus (100%) 7 <0.01%
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TABLE 4 COI results: Global � sh and cephalopod diet composition of Steller sea lion scats in summer and fall in the Gulf of Alaska, 2022– 2023 using
data for the cytochrome c oxidase subunit I (COI) gene.

Class Species Total reads Global RRA Global wPOO Prey group

Actinopteri Oncorhynchus gorbuscha Pink Salmon 3,064,174 29.38% 17.79% Salmon, Paci�c

Cephalopoda Enteroctopus do� eini Giant Paci�c Octopus 1,114,115 8.33% 4.53% Octopus

Cephalopoda
Berryteuthis magister Magister Armhook
Squid

474,799 7.51% 7.75% Squid

Actinopteri Clupea pallasii Paci�c Herring 399,866 7.73% 10.08% Paci�c Herring

Actinopteri Oncorhynchus keta Chum Salmon 354,864 6.19% 6.52% Salmon, Paci�c

Actinopteri Atheresthes stomias Arrowtooth Flounder 260,924 6.80% 5.55% Flat�sh

Actinopteri Gadus chalcogrammus Alaska Pollock 254,792 6.01% 8.99% Cods, Gadus

Actinopteri Mallotus villosus Capelin 250,632 6.40% 6.61% Capelin

Actinopteri Hippoglossus stenolepis Paci�c Halibut 222,903 4.34% 3.07% Flat�sh

Actinopteri Gadus macrocephalus Paci�c Cod 209,531 6.93% 10.11% Cods, Gadus

Actinopteri Eleginus gracilis Saffron Cod 139,991 0.46% 0.34% Cods, Other

Actinopteri Oncorhynchus tshawytscha Chinook Salmon 98,298 0.61% 1.10% Salmon, Paci�c

Actinopteri Ammodytes sp. Paci�c Sand Lance 65,767 0.58% 0.96%
Paci�c Sand
Lance

Actinopteri Oncorhynchus nerka Sockeye Salmon 54,613 1.13% 4.98% Salmon, Paci�c

Chondrichthyes Bathyraja sp. Skates 54,242 0.99% 0.66% Skates

Actinopteri Lepidopsetta polyxystra Northern Rock Sole 50,918 1.33% 0.68% Flat�sh

Chondrichthyes Raja binoculata Big Skate 47,617 1.34% 1.38% Skates

Chondrichthyes Squalus suckleyi Paci�c Spiny Dog�sh 34,336 0.57% 0.87% Dog�sh

Actinopteri Ophiodon elongatus Lingcod 23,241 0.94% 1.10% Lingcod

Actinopteri Lepidopsetta bilineata Rock Sole 17,353 0.38% 0.85% Flat�sh

Actinopteri Platichthys stellatus Starry Flounder 11,527 0.57% 0.64% Flat�sh

Actinopteri Oncorhynchus kisutch Coho Salmon 7,669 0.13% 0.38% Salmon, Paci�c

Actinopteri Trichodon trichodon Paci�c Sand�sh 3,774 0.10% 0.17% Sand�sh

Actinopteri Hemilepidotus hemilepidotus Red Irish Lord 3,353 0.40% 0.36% Cottid sculpins

Actinopteri Zaprora silenus Prow�sh 3,007 0.13% 0.38% Prow�sh

Actinopteri Hexagrammos stelleri Whitespotted Greenling 2,393 0.01% 0.13% Greenlings

Actinopteri Hemilepidotus jordani Yellow Irish Lord 2,299 0.04% 0.09% Cottid sculpins

Actinopteri Anoplopoma � mbria Sable�sh 1,590 0.06% 0.22% Sable�sh

Chondrichthyes Raja rhina Longnose Skate 1,556 0.12% 0.72% Skates

Actinopteri Hippoglossoides elassodon Flathead Sole 1,287 0.03% 0.33% Flat�sh

Actinopteri Sebastes melanops Black Rock�sh 1,277 0.11% 0.57% Rock�sh

Actinopteri Hemitripterus bolini Bigmouth sculpin 1,236 0.03% 0.06% Cottid sculpins

Actinopteri Isopsetta isolepis Butter Sole 1,234 0.05% 0.18% Flat�sh

Cephalopoda Doryteuthis opalescens Opalescent Squid 1,220 0.05% 0.96% Squid

Actinopteri Hexagrammos decagrammus Kelp Greenling 790 0.06% 0.49% Greenlings

Actinopteri Limanda aspera Yellow�n Sole 635 0.03% 0.07% Flat�sh

Actinopteri Microstomus paci� cus Dover Sole 564 0.09% 0.12% Flat�sh

(Continued)
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3.2.4 Sex differences
For 22 of 250 samples (8.8%), sex of host could not be

determined, likely due to low quantities of DNA or high presence
of PCR inhibitors. Our ability to assess sex differences was limited
because male samples dominated the remaining 228 samples, likely
due to preferential collection in male areas. Especially in July, areas
with pups were not disturbed to minimize population impacts
during the pupping season. Nearly all scats collected in July were
from males (4.6% were from female) and 28.6% of scats collected in
October were from females (40.6%, 20.0%, and 24.4% at Cook Inlet
October, Kodiak October, and PWS October, respectively; n = 28
female samples total from October). Therefore, we examined sex
differences in diet only for October samples.

Graphs of diet composition using 12S results suggested a
potential greater use of salmon and sculpins by females and
�at�shes by males (Figure 6A). Results were similar for COI,
which also suggested potentially higher consumption of skates/
dog�sh and giant Paci�c octopus by males compared to females
(Figure 6C). Sex effect was strongest for Kodiak data (Figures 6B, D)
and once group effect was included in PEMANOVA, sex effect was
marginal in the 12S results (p = 0.081, given the small number of
female samples) and supported in the COI data (p = 0.014), due
especially to Kodiak and Cook Inet data (Figures 6B, D).
3.3 Parasitic worms and diet

We included all COI samples (n = 243) with >100 total assigned
reads (n = 238), all of which also included SSL reads. Worms
detected in these samples included parasitic round and tapeworms
of the phylums Nematoda (order Rhabditida) and Platyhelminthes
(genus Diphyllobothrium; Table 5). Polychaete worm (phylum
Annelida, classes Polychaeta and Clitellata: including Lumbricillus
pagenstecheri, genus Dasybranchus and genus Tomopteris) were
detected in only 3 of 238 samples (1 male from Kodiak in October
and 2 males from PWS in July). The parasitic worm community was
dominated by Anisakis spp. roundworms (especially A. typica
Frontiers in Marine Science 13
[55.5%] and A. simplex [24.3%]), and less so the tapeworm
Diphyllobothrium tetrapterum (13.8%), together accounting for
93.5% of worm reads (Table 5).

Worm reads were common (86.97% of samples) but were lower
in PWS in July (79.8%) and Cook Inlet in October (85.7%)
compared to other groups (Kodiak July=93.9%, PWS
October=92.7%, Kodiak October=100.0%; c 24 df=11.01, p =
0.025). Dispersion of the worm community data varied among
groups using RRA (betadisper, p < 0.001) and so PERMANOVA
test results for mean differences in the worm community for groups
were equivocal (Figure 7A). However, based on presence/absence
data, the worm community in samples differed among groups (c 2,
all p < 0.05): Anisakis prevalence was lowest in Cook Inlet in
October compared to other groups (76.7% vs. 87.1-100.0%).
Prevalence of Diphyllobothrium was highest in Kodiak in October
(68.0% vs. 34.5-50.0%). Pseudoterranova prevalence was highest in
Cook Inlet in October (50.0% vs. 19.4-44.7%). Figure 7A). For
parasite level index, 6 of 327 records had more worm reads than SSL
reads, and these were changed to 1.0. Similar to the prevalence
results, the Anisakis spp. level index varied signi�cantly among
groups with medians (�rst–third quartile) lowest for Cook Inlet
Oct=0.009 (0.002–0.032) and PWS July=0.017 (0.004–0.058), and
higher for Kodiak July=0.036 (0.008–0.128), Kodiak Oct=0.059
(0.010–0.132), and PWS Oct=0.081 (0.025–0.233; n = 218;
Krusak-Wallis test p < 0.001). Too few samples containing other
worm genera per group were available for group-speci�c levels.
Diphyllobothrium spp. had a median index of 0.002 (0.001–0.011, n
= 2 with 11 outliers above the third quartile) and Pseudoterranova
spp. had a median index of 0.003 (0.001–0.014, n = 82 with
9 outliers).

Diet composition was signi�cantly related to RRA of the three
prominent worm genera (PERMANOVA, all p < 0.05).
Diphyllobothrium RRA grouped best with giant Paci�c octopus
and opalescent squid; Pseudoterranova RRA grouped best with
minor �at�shes, Paci�c cod and halibut; and Anisakis RRA was
positively associated with a different set of diet items, including
herring and salmon (Figure 7B). Pearson correlation coef�cients of
TABLE 4 Continued

Class Species Total reads Global RRA Global wPOO Prey group

Actinopteri Lumpenus sagitta Snake Prickleback 396 0.00% 0.08% Pricklebacks

Actinopteri Salvelinus malma Dolly Varden Trout 368 0.03% 0.08% Salmon, Charr

Actinopteri Microgadus proximus Paci�c Tomcod 219 0.00% 0.08% Cods, Other

Actinopteri Gymnocanthus galeatus Armorhead sculpin 64 Cottid sculpins

Actinopteri Cryptacanthodes giganteus Giant Wrymouth 49 Wrymouth

Actinopteri Sebastes polyspinis Northern Rock�sh 48 Rock�sh

Actinopteri Icosteus aenigmaticus Rag�sh 43 Rag�sh

Actinopteri Stichaeus punctatus Arctic shanny 13 Pricklebacks

Actinopteri Blepsias bilobus Crested Sculpin 10 Poachers

Actinopteri Sebastes borealis Shortraker Rock�sh 5 Rock�sh
Global (over all region, sex and season groups) RRA, relative read abundance; wPOO, weighted percent frequency of occurrence. Prey group was used for adjRRA in Table 2.
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FIGURE 2

Steller sea lion prey groups or species occurring together in scats based on cluster analysis using presence/absence data based on the Jaccard
Index; results for (A) the 12S MiFish gene (�sh only) and (B) the cytochrome c oxidase subunit I gene (COI; �sh and cephalopod). Plots were created
with R package dendextend, choosing 5 color-coded clusters. GPOct, giant paci�c octopus; AFlounder, Arrowtooth Flounder; GrnScul, Greenling/
Sculpin pooled; OthSalmon, Other Salmon: chinook or coho; MinorFF, minor �at�sh; OpalSquid, opalescent squid; MASquid, magister armhook
squid; Other, pooled other category for rare taxa.
FIGURE 3

12S MiFish prey composition of Steller sea lion scats from 2022–2023 in the Gulf of Alaska. (A, B) are relative read abundance and (C, D) are
weighted percent of occurrence. Proportions shown are for prey that were dominant (A, C) and rare (B, D). (A, C) are true proportions and (B, D) are
proportions of the “Other” category in (A, C) rescaled to 100%. In (A) is the Shannon Diversity Index (SDI) for the region*season group, and Species
Richness (SR), the average number of taxa per sample for the group. Region*seasons were Prince William Sound (PWS), Kodiak (Kod) and Cook Inlet
(Cook) in July or October.
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the three worm genera and prey RRA per sample were not
statistically signi�cant (except Diphyllobothrium and giant Paci�c
octopus; p = 0.03, r = 0.279) but re�ected well the principal
components results (Figure 7B).
3.4 Saxitoxin prevalence, concentration,
and associations with diet

With the minimum dilutions used in this study, the minimum
detection limit for STX ranged between 2.6–6 ng/g. Of the 251
samples collected, 47 (18.7%) did not have STX measured due to the
small sample volume such that all of the sample was needed for
metabarcoding. Of the 204 remaining samples, STX was detected in
60.8% (95% CI: 54.1–67.5%) of samples, but prevalence varied
among region*season (c 24 df=34.42, p < 0.001). Prevalence was
highest in PWS in July (83.3%), lowest in Cook Inlet in October
(30.0%) and Kodiak in July (38.2%), and mid-range in Kodiak in
October (56.5%) and PWS in October (57.6%). For the initial
supplementary samples, STX was detected in 50.0% of 8 samples
from the Kenai in winter (Jan–May 2017–2019) and 91.7% of 12
samples from SEAK in July 2016. For October samples, a sex
difference in STX prevalence was not supported (females 59.1%,
n = 22; males 44.3%, n = 61; p=0.34).

For samples in which STX was detected, concentrations of STX
included outliers (maximum of 195 ng/g) creating heavy right tails
and heterogeneity in variances among groups, precluding the use of
Frontiers in Marine Science 15
linear models (Figure 8). Nonparametric tests indicated STX
concentration varied signi�cantly among groups in the 2022–
2023 samples (Kruskal-Wallis test, p < 0.001, n = 124) due to
higher concentrations for PWS July than other groups (pairwise
comparisons using Wilcoxon rank sum exact test adjusted
for multiple tests: all p < 0.021; Figure 8). For October samples,
sex differences in STX concentrations were not supported (females:
�x=13.94, n = 13; males: �x=30.61, n = 27; Krusak-Wallis test
p < 0.076). Inclusion of supplemental datasets (samples <2022)
supported higher STX concentrations in SEAK in July compared
to Kodiak July and PWS October (pairwise comparisons
using Wilcoxon rank sum adjusted for multiple tests: both
p < 0.007; Figure 8).

We assessed diet items associated with STX concentration
separately for two region*season groups: PWS in July and
October data pooled; Kodiak in July with low STX and a unique
diet was not included. Outliers contained all salmon (~all pink) in
PWS July (n = 4 highest), ~all giant Paci�c octopus in Cook Inlet
October and Kodiak October (n = 2 each), and either all pollock or
~all magister armhook squid in PWS October (n = 2, Figure 8). For
PWS July (n = 69 with STX and COI results), 59.4% of samples were
dominated (>50%) by pink salmon, and we removed the 3 highest
outliers to prevent their undue in�uence on statistical tests. After
grouping prey that was <5% of the PWS July diet into an “other”
category, diet composition based on RRA varied with STX
(PERMANOVA, p = 0.025); STX was positively associated with
pink salmon in the �rst principal component but was also
FIGURE 4

COI (cytochrome c oxidase subunit I) prey composition of Steller sea lion scats from 2022–2023 in the Gulf of Alaska. (A, B) are relative read
abundance and (C, D) are weighted percent of occurrence. Proportions shown are for prey that were dominant (A, C) and rare (B, D). (A, C) are true
proportions and (B, D) are proportions of the "Other" category in (A, C) rescaled to 100%. Region*seasons were Prince William Sound (PWS), Kodiak
(Kod) and Cook Inlet (Cook) in July or October.
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associated with pollock and less so, chum and magister armhook
squid in the second component (STX contributed signi�cantly,
>20% each, to these 2 components, Figure 9A). For example, of 29
samples with STX > 50 ng/g, 72.4% contained nearly all pink
salmon. However, the other eight samples had little or no pink
salmon and were either dominated by chum salmon (n = 4, 13.8%)
or pollock (also accompanied by small amounts of magister
armhook squid; n = 4, 13.8%). Pearson correlations between RRA
of diet items and STX were not signi�cant, with r = 0.256 for pinks,
0.095 for pollock, -0.011 for chum, -0.082 for squid and -0.479
for “other”.

For October data, we removed the 2 outliers with STX >100 and
pooled diet items into 10 groups (Figure 9B, n = 81). Diet
composition in October based on RRA varied with STX
(PERMANOVA, p = 0.003); STX contributed signi�cantly to the
�rst component and was positively associated with giant Paci�c
octopus and less so pollock, magister armhook squid and salmon
Frontiers in Marine Science 16
(Figure 9B). Similarly, Pearson correlations between RRA of diet
items and STX were also positive for giant Paci�c octopus (0.386,
p = 0.035), pollock (0.248), magister armhook squid (0.131), and
salmon (0.094), and negative for other diet items, particularly
�at�shes (-0.274), herring (-0.174) and Paci�c cod (-0.113).
3.5 Seawater samples to assess SSL
summer prey �eld

The 12S data resulted in an average of 1.8M reads per collection
site for the 10m depth seawater samples (3 replicates per site
summed; range = 787K–3.0M reads/site). Likely due to PCR
inhibition, all three replicates at Seal Rocks resulted in no
assigned reads, and 1–2 replicates produced no assigned reads for
sites: Fish, Needle, Procession, and Rugged. Proportion unassigned
averaged 62.1% over sites (excluding Seal Rocks; range = 32.8–
FIGURE 5

The �rst two principal components (PCA1, PCA2) summarizing prey composition in Steller sea lion scats from the Gulf of Alaska based on the 12S MiFish
(A) and COI (C) (cytochrome c oxidase subunit I) results. 12S MiFish (B) and COI (D) group centroids and dispersion of prey data by region*season. Cos2
indicates how well the variable is represented on the �rst two principal components, and proportions on axes in (B, D) indicate the proportion of the
variance explained by PCA1 and PCA2. Regions were C (Cook Inlet), K (Kodiak), P (Prince William Sound) for seasons J (July) and O (October). Prey taxa:
GPOct, giant Paci�c octopus; Pink, pink salmon; Her, herring; MASquid, magister armhook squid; PCod, Paci�c cod; Flat, �at�sh.
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