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Abstract In fall of 2009, several mass strandings of
Humboldt squid (Dosidicus gigas) occurred on Vancouver Island (49°7⬘60N 125°54⬘0W). Morphological dissections coupled with DNA barcoding of stomach contents
revealed Sardinops sagax (PaciWc sardine) and Clupea
pallasii (PaciWc herring) as their primary prey. Plastic
nurdles, Wshing line, bull kelp, eelgrass, and a guillemot
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feather were also discovered. The primary prey, PaciWc
sardines and PaciWc herring, are known to bioaccumulate
paralytic shellWsh toxins (PSTs); additionally, both PSTs
and domoic acid (DA) have been implicated in other mass
strandings. Therefore, stomach contents, and other tissues
when possible, were tested for PSTs and DA. Testing
revealed DA concentrations below regulatory guidance
levels for human consumption, yet PSTs were well in
excess. Though we cannot conclude that PSTs were the
deWnitive cause of the strandings, our Wndings are the Wrst
report of PSTs in D. gigas.

Introduction
The Humboldt squid (Dosidicus gigas) has an historic
range extending along the eastern PaciWc Ocean from Chile
to California (Nigmatullin et al. 2001). Recent invasions of
D. gigas into northern waters have coincided with ocean
warming (Zeidberg and Robison 2007), and since 2003, the
range has occasionally extended north to the coast of
Alaska (Field et al. 2007) (Fig. 1). The Wrst appearance of
D. gigas near British Columbia coincided with an El Niño
year (Cosgrove 2005).
The native diet of D. gigas has been well studied
because the species is Wshed commercially. Main prey
items of healthy D. gigas from the central East PaciWc
Ocean include Wshes, copepods, amphipods, crustaceans,
squids, and octopuses (Ibáñez et al. 2008; Nigmatullin et al.
2001). However, the Wrst records of D. gigas near British
Columbia, where four healthy specimens were examined,
contained only euphausiids in the stomach contents (J. Cosgrove personal communication) and potential shifts in diet
associated with the range expansion of this species remain
largely unexplored.
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Materials and methods
Specimens
Humboldt squid specimens from two strandings on Chesterman Beach, ToWno BC (GPS coordinates: 49.11374,
¡125.8907608) (DFO 2010), were opportunistically
obtained for study (Wilson 2010). The Wrst stranding (S1)
occurred between 2 and 4 August 2009, and 20 stomachs
were collected on 6 August 2009 by JO. The second stranding (S2) occurred near the end of September 2009, and the
contents from 9 stomachs, as well as three whole specimens
(mantle length 43–56 cm, 12–20 lbs), were collected on 27
September 2009. Specimens were kept frozen until they
were thawed for subsampling. A small sample of squid tissue was taken from each individual squid to verify the species identity of the specimen through DNA barcoding.
These samples (usually >3 mm3) were stored individually
in 95% EtOH at ¡20°C.
Stomach content subsampling
Fig. 1 The native and invasive range of Humboldt squid. (ModiWed
from Gilly 2005). The dark grey region is the range until the mid1980s, while the lighter grey region shows the expansion into California. By 2005, they had expanded to Alaska. The location of ToWno,
BC, Canada, is indicated by circle with dot

Mass strandings are a frequent occurrence for D. gigas
in the native range; however, the causes have remained
unknown (Zeidberg and Robison 2007). Mass strandings
provide a unique opportunity for studying the diet of
stranded individuals and may be used to try to establish
causality. In 2009, an El Niño year (http://www.elnino.
noaa.gov/), there was an invasion into Canadian waters, and
ten mass stranding events of D. gigas occurred on the coast
of Vancouver Island between August and October of that
year.
In the PaciWc Northwest, two common natural toxins
in aquatic food webs which have implications for mass
strandings are paralytic shellWsh toxins (PSTs) and the
amnesic shellWsh toxin domoic acid (DA). PSTs have
been found to bioaccumulate in common prey items of
D. gigas (Jester et al. 2009), and DA has been implicated
in other mass mortality events (e.g. Work et al. 1993;
Gulland et al. 2002). The present case study compared
Humboldt squid specimens collected from two separate
stranding events on the west coast of Vancouver Island.
Prey diets were inferred from morphological analysis of
stomach contents coupled with DNA barcoding, and
assays for the presence of PST and/or DA were also
conducted.
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The stomach contents were thawed and then rinsed with
95% EtOH in a sieve (mesh size 1 mm2), and pieces of
bone, tissue, scales, and Wns (prey items) that were at least
5 mm3, as well as parasites, were removed and stored individually in 95% EtOH. Preliminary eVorts at exhaustive
sampling were taken by extracting the DNA from all the
discrete pieces collected from a single stomach (N = 48).
Subsequently, between 2 and 12 (depending on fullness of
the stomach) of the prey items from each stomach were
selected for barcoding. We attempted to reveal the maximum amount of prey diversity by selecting the most diverse
prey items based on morphological diVerences (colour and
tissue type). Squid sucker rings were identiWed to species
by observing the serrations on the rings under a dissecting
microscope. Unusual or non-prey items were rinsed in 95%
EtOH, examined, and identiWed.
DNA barcoding
Each prey item or sample of squid muscle tissue was then
subsampled (>3 mm3 of tissue) into 45 l of lysis buVer and
5 l of proteinase K. Subsamples were incubated at 56°C
for 18 h prior to DNA extraction using an automated glass
Wbre technique (Ivanova et al. 2006). The 652-bp barcode
region of the mitochondrial cytochrome c oxidase subunit 1
(CO1) gene (Hebert et al. 2003) was ampliWed using four
diVerent primer sets (Table 1) following Hebert et al.
(2004a). The general thermocycler conditions were an initial hot start at 94°C; followed by 5–6 cycles with an
annealing temperature ranging from 45 to 50°C, extension
at 72°C, and denaturation at 94°C; then 35 cycles with an
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Table 1 Sequences for primer pairs that were used in PCR to obtain DNA barcodes of prey items obtained from the stomach contents of stranded
Humboldt squid
Primer pair name

Primer name

Primer sequence (5⬘–3⬘)

Thermocycler conditions

Folmer
(Folmer
et al. 1994)

LCO1490_t1t

TGTAAAACGACGGCCAGT
GGTCAACAAATCATAAAGATATTGG

HCO2198_t1t

CAGGAAACAGCTATGAC
TAAACTTCAGGGTGACCAAAAAATCA

Hot start of 94°C for 1 min; 5 cycles of 94°C
for 40 s, 45°C for 40 s, 72 for 1 min;
35 cycles of 94°C for 40 s, 51°C for 40 s,
72°C for 1 min; extension at 72°C for 5 min,
hold 4°C indeWnitely.

Crustacean
(D. Steinke
personal
communication)

CrustDF1

GGTCWACAAAYCATAAAGAYATTGG

CrustDR1

TAAACYTCAGGRTGACCRAARAAYCA

Mammal
cocktail
(Ivanova
et al. 2007)

LepF1_t1

TGTAAAACGACGGCCAGTATTCAA
CCAATCATAAAGATATTGG

VF1_t1

TGTAAAACGACGGCCAGTTCTCAA
CCAACCACAAAGACATTGG

VF1d_t1

TGTAAAACGACGGCCAGTTCTCAA
CCAACCACAARGAYATYGG

VF1i_t1

TGTAAAACGACGGCCAGTTCTCAA
CCAACCAIAAIGAIATIGG

LepR1_t1

CAGGAAACAGCTATGACTAAACTTCT
GGATGTCCAAAAAATCA

VR1d_t1

CAGGAAACAGCTATGACTAGACTTCT
GGGTGGCCRAARAAYCA

VR1_t1

CAGGAAACAGCTATGACTAGACTTCT
GGGTGGCCAAAGAATCA

VR1i_t1

CAGGAAACAGCTATGACTAGACTTCT
GGGTGICCIAAIAAICA

Bird primer
(Hebert 2004b)

BirdF1

TTCTCCAACCACAAAGACATTGGCAC

BirdR1

ACGTGGGAGATAATTCCAAATCCTGG

Hot start of 94°C for 1 min; 5 cycles of 94°C
for 30 s, 50°C for 40 s, 72°C for 1 min;
35 cycles of 94°C for 30 s, 54°C for 40 s,
72°C for 1 min, extension of 72°C for 10 min,
hold 4°C indeWnitely.

Hot start of 94°C for 1 min; 6 cycles of 94°C
for 1 min, 45°C for 1.5 min, 72°C for 1.5 min;
35 cycles of 94°C for 1 min, 55°C for 1.5 min,
72°C for 1.5 min; extension of 72°C for 5 min,
hold 4°C indeWnitely.

The thermocycling protocol for each primer set is also provided
The PCR primers were also used for sequencing except in the case of primers with M13 tails, shown in bold, where only the M13 was used as the
sequencing primers

annealing temperature between 51 and 55°C, extension at
72°C, and denaturation at 94°C; and a Wnal extension for
5–10 min at 72°C and then hold indeWnitely at 4°C. PCR
products were bidirectionally sequenced using BigDye v3.1
on an ABI 3730 DNA Analyzer (Applied Biosystems).
Contigs were assembled using Sequencher v. 4.0.5 (Gene
Codes). Contigs were uploaded to the Barcode of Life Data
Systems (BOLD; Ratnasingham and Hebert 2007) public
project titled “DNA Barcoding of Squid Stomach Contents” (project code: HBSSC), and GenBank accession
numbers are available in Appendix 1 of electronic supplementary material.
Aligned sequences were compared against reference barcodes using the BOLD species ID engine (Ratnasingham
and Hebert 2007; in February 2010). Species-level identiWcations were made based on sequence matches that were at
least 99% similar to barcode clusters derived from a single
species following Wong and Hanner (2008).

PST testing
The stomach contents from three individuals from S1, as
well as the stomach contents, mantle tissue, digestive
glands, and gonads from three individuals from S2, were
analysed for the presence of PSTs (saxitoxin (STX),
decarbamoylsaxitoxin (dcSTX), neosaxitoxin (NEO),
gonyautoxins (GTX)1/4 and 2/3, and the N-sulfocarbamoylsaxitoxins C1/2 and GTX5) following AOAC (2005).
FDA reference standard STX was obtained from in-house
supplies, while all other standards were obtained from the
NRC, Institute for Marine Biosciences (Halifax, NS, Canada). All standards were prepared as 1% acetic acid stocks
and stored at 4°C (except for the C toxins which were frozen). Due to diYculties arising from the high lipid content
found in stomach contents and digestive glands, samples
were extracted for PSTs according to Deeds et al. (2008).
Post-extraction sample preparations were carried out using
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a Caliper RapidTrace® Solid Phase Extraction (SPE) Work
Station (Caliper Life Sciences, Hopkinton, MA; currently
available through Biotage), programmed to perform sample
preparations according to AOAC (2005). An Agilent 1,200
series HPLC system equipped with a reverse-phase C18
column (Supelcosil, 5 mm, 15 £ 4.6 mm id) was used to
separate and detect PSTs in the prepared extracts. Chromatographic conditions were as described in AOAC
(2005). Detection was made using a Xuorescence detector
with excitation and emission wavelengths at 340 and
395 nm, respectively. ChemStation software (ver. B.02.01)
was used to record and process chromatograms. Data were
analysed using GraphPad Prism (ver. 5.01) (GraphPad
Software, Inc., LaJolla, CA). Samples containing putative
PSTs were analysed both with and without oxidation to
distinguish toxins from naturally occurring Xuorescent
compounds that may be present in samples and co-elute
with some PSTs (Etheridge et al. 2006).
DA testing
The same tissues analysed for PSTs were also analysed for
DA using a commercially available, AOAC-validated
(AOAC 2007) test kit (ASP ELISA kit for quantitative
determination of domoic acid, Prod. No. A31300401, Biosense Laboratories, Bergen, Norway). All samples were
analysed in duplicate at dilutions of 1:200 (minimum recommended by manufacturer) and 1:20,000 (required dilution to detect 20 ppm regulatory guidance level). Data were
analysed using GraphPad Prism (ver. 5.01) (GraphPad
Software, Inc., LaJolla, CA).

Results
Stomach contents
A total of 235 discrete tissue and bone samples were recovered from 27 squid stomachs, and Wve stomachs were
empty yielding no tissue samples. DNA was extracted from
235 samples, and 205 PCR-ampliWed fragments were
obtained. Of these, 60 yielded poor quality and/or contaminated sequences that were not included in the analysis,
leaving 131 unambiguous sequences for further scrutiny.
One hundred and seven of these sequences were >500 bp,
which could be considered as “complete barcodes” and
matched with >99% similarity to unique species proWles in
the BOLD Full Length Record Barcode Database (Fig. 2).
Twenty sequences yielded no identiWcation in BOLD. The
shorter sequences were excluded although reasonable
matches could be made in most cases; however, because
they represented the same prey species detected by fulllength sequences, they are not reported. The barcodes
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revealed that 19 of the stomachs contained either PaciWc
herring (Sardinops sagax) or PaciWc sardines (Clupea pallasii). White bate smelt (Allosmerus elongates) was found in
the stomach of one individual from S1 and two from S2.
Other prey species found in single individuals from S1
included Dungeness crab (Metacarcinus magister), PaciWc
sandWsh (Trichondon trichondon), and PaciWc tomcod
(Microgadus proximus). Prey species unique to S2 were
PaciWc staghorn sculpin (Leptocottus armatus) (one stomach), coho salmon (Oncorhynchus kitsuch) (two stomachs),
and kelp greenling (Hexagrammos decagrammus) (one
stomach). A feather was recovered from a single S2 stomach and was identiWed through barcoding as belonging to
the Common Guillemot (Uria aalge). Three stomachs from
S1 and Wve stomachs from S2 yielded D. gigas sequences
from discrete pieces of tissue recovered from the stomach
and were believed to be prey items. One stomach contained
a sucker ring, which was identiWed morphologically as
Humboldt squid, and one stomach yielded no barcodes.
In addition to those tissues sampled for DNA barcoding,
morphological evaluation of stomach contents also
revealed the following: Wshing line, spruce needles, rocks,
and sand. Nurdles (plastic pellets) were present in six out of
17 stomachs from S1 and in two out of 13 stomachs from
S2. The maximum amount of nurdles found in one stomach
was 11 from an S1 squid, while another stomach had an
unusual and signiWcant amount of plant matter [34 g of bull
kelp (Nereocystis luetkana) and eel grass (Zostera
marina)].
PST and DA
Of the PSTs tested for, only STX and dcSTX were
detected. Stomach contents from S1 contained only STX
(Table 2). All three individuals tested from S2 contained
predominantly STX, with minor levels of dcSTX. The
highest STX equivalent (eq.) levels were found in the stomach contents (range 0.047–0.77 ppm) and digestive gland
(range 2.91–4.83 ppm). STX eq. concentrations in the
digestive gland were 3.6–6.0 times greater than the regulatory guidance level (in shellWsh) of 0.8 ppm (FDA 2001).
Low levels of DA were detected in the stomach contents
from one of the three individuals tested from S1 and in all
three individuals tested from S2 (Table 2). All levels were
<1/100th of the regulatory guidance level in shellWsh of
20 ppm (FDA 2001).

Discussion
Morphological sorting coupled with DNA barcoding was
successful for identifying prey species from the gut contents of stranded D. gigas specimens. However, close to
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Fig. 2 Prey species consumed
by Humboldt squid stranded on
Vancouver Island during August
and September 2009. Prey
species, identiWed through DNA
barcoding, are listed on the
x-axis, and the y-axis indicates
the number of stomachs containing sequences belonging to the
species

Table 2 Concentrations of PST and DA toxins present in Dosidicus gigas from stranding events in British Columbia, Canada
Field ID

Tissue

DA ppm

STX ppm

dcSTX ppm

STX eq* ppm

D. gigas 18

Stomach contents

0

0.77

0

0.77

D. gigas 19

Stomach contents

0.069

0.24

0

0.24

D. gigas 20

Stomach contents

0

0.19

0

0.19

Bella

Mantle

0.029

0.0096

0

0.0096

Bella

Stomach

0.086

0.33

0.033

0.35

Bella

Gonad

0.021

0

0

0

Bella

Digestive gland

0.064

3.75

0.30

3.90

Jacob

Mantle

0.02

0

0.0045

0.0023

Jacob

Stomach contents

0.027

0.047

0

0.047

Jacob

Gonad

0.025

0

0

0

Jacob

Digestive gland

0.029

2.77

0.28

2.91

Ken-Edward

Mantle

0

0.012

0

0.012

Ken-Edward

Stomach

0.085

0.32

0.033

0.34

Ken-Edward

Gonad

0

0.0082

0

0.0082

Ken-Edward

Digestive gland

0.23

4.76

0.134

4.83

nd not detected
* STX eq. = STX + (dcSTX*0.51) (Oshima 1995). DA regulatory guidance level is 20 ppm. STX eq. regulatory guidance level is 0.8 ppm. Field
IDs shown in italics refer to squids from the second stranding

one quarter of the sequences recovered were of low quality
or contained co-ampliWed sequences from multiple PCR
products, rendering them unusable. These failed sequences
were not unexpected due to the nature of stomach content
analysis; since stomach contents contain a variety of prey
items and universal primers were used. From the successful
sequences, numerous prey species that are Wshed commercially were identiWed: Sardinops sagax, Clupea pallasii,
Allosmerus elongates, Oncorhynchus kisutch, Hexagrammos decagrammus, and Microgadus proximus. Our results
are consistent with previous studies on healthy Humboldt
squid while in its native range, which found their common
prey species to be Wshes, other squids, and pelagic crabs

(Nigmatullin et al. 2001). OV the coast of California, Field
et al. (2007) also found Sardinops sagax and Clupea
pallasii in the stomach contents of Humboldt squid. The
presence of Dungeness crabs (Metacarcinus magister) is
consistent with the Wnding that Humboldt squid occasionally prey on bottom-dwelling Wshes and invertebrates (Field
et al. 2007). Cannibalism was suspected when D. gigas
DNA barcodes were recovered from tissue picked out of
eight stomachs, and though contamination from the squid’s
tissues could not be rule out, cannibalism was later conWrmed by the presence of an in tact D. gigas sucker ring in
one stomach. Cannibalism has been frequently observed in
cephalopods (Ibáñez and Keyl 2010), and conspeciWcs are
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known to be a common component of the diet of Humboldt
squids (Ehrhardt 1991; Nigmatullin et al. 2001; Markaida
and Sosa-Nishizaki 2003; Field et al. 2007; Markaida et al.
2008). Our results show for the Wrst time that prey identiWcations can be made from partially digested tissue in Humboldt squid stomachs through the use of DNA barcodes.
There were a number of stomach contents that were surprising. The presence of feathers in the stomach of Humboldt squid has previously been reported by Field et al.
(2007). Items such as rocks, sand, and plant matter are most
likely the result of the stress of the stranding or failed
attempts to capture prey (Bolstad and O’Shea 2003). The
presence of nurdles most likely resulted from secondary
predation due to their small size and negative buoyancy.
This Wnding exempliWes the growing concern over the
accumulation and bioaccumulation of plastic in marine ecosystems. Mato et al. (2001) found that nurdles have the
ability to accumulate toxic chemicals from the marine environment and nonylphenols accumulated in the tissue of
marine animals that consumed them.
Humboldt squid are a potential threat to Wsheries in the
north-west PaciWc Ocean. Several commercially important
Wsh species were found in the stomach contents; however,
PaciWc herring were one of their primary prey. They could
have a signiWcant impact on the PaciWc herring Wshery in
BC as ocean warming trends continue and the occurrence
of D. gigas becomes more frequent (or resident populations
become established). As juveniles, Humboldt squids can
grow 5–8% of their mantle length per day, though growth
rates decrease to between 0.8 and 1.5% per day in immature
adult squid (Nigmatullin et al. 2001). Large quantities of
prey are required to maintain this growth. However, the
eVect that D. gigas is currently having on local populations
of commercial Wshes near BC is diYcult to assess because
their abundance is unknown.
To our knowledge, this is the Wrst report of PSTs in
D. gigas. Among cephalopods, PSTs have been found in
the arms (Robertson et al. 2004) and digestive gland (Costa
et al. 2009) of several species of octopuses. Outside of
these studies, only a single squid from the Philippines was
reported to have PSTs in its tissue (Llewellyn et al. 2006).
The bioaccumulation of PSTs is known in PaciWc sardines
and PaciWc herring, which are the most abundant among
the prey species detected in this study (Jester et al. 2009).
The level of PSTs in the mantle tissue, the part typically
consumed by humans, was below the regulatory guidance
levels; however, the high levels in other organs, which predators and scavengers may consume, was well in excess of
regulatory guidance levels. D. gigas is the largest and one
of the most abundant nektonic squid (Nigmatullin et al.
2001); therefore, they are a potential toxin vector for top
predators such as tuna, sharks, swordWsh, fur seals, and
whales. In the case of mass strandings, even terrestrial
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scavengers, including bears, have been observed to consume the stranded and potentially toxic squid (J. Osborne,
personal observation.).
DA was detected in very low levels, well below regulatory guidance levels, in the stomach contents and other tissues. The low amounts of DA found in our study are
consistent with these previous results (Gilly 2005; Bargu
et al. 2008). There have been numerous studies on the origin and bioaccumulation of DA in marine food webs, with
implications for squid and Wsh as potential vectors to higher
trophic positions (Lefebvre et al. 2001, 2005; Bargu et al.
2008). Gilly (2005) hypothesized DA to be the cause of
Humboldt squid strandings in Monterey Bay due to its
intoxication, which causes neurological defects, yet was
unable to detect DA in stranded squid.
Without performing bioassays directly with D. gigas, it
is diYcult to conclusively attribute the 2009 Humboldt
squid strandings in ToWno to dietary PSTs. However, there
is suYcient evidence to implicate PSTs as a potential contributing cause because PSTs have already been linked to
the mass stranding of marine mammals (Landsberg 2002).
As well, the squid giant axon (from Loligo opalescens and
L. pealei), on which much of the pioneering work on the
mode of action of the saxitoxins was performed, is considered to be extremely sensitive to PSTs (Anderson et al.
2005). Regardless, due to their potentially high biomass,
D. gigas must now also be considered as a potential vector
for PSTs to higher trophic levels in PST endemic areas.

Conclusions
Two mass mortalities in 2009 enabled us to investigate the
diet of stranded squid, demonstrating the utility of DNA
barcoding for conducting, rapid, accurate, and cost-eVective
identiWcation of gut contents. Our Wnding of PaciWc sardines and herring as the primary prey in stranded squid
stomachs prompted subsequent toxicological work that
resulted in the Wrst description of the marine toxin saxitoxin
in D. gigas. This result suggests there is potential for
D. gigas to have negative impacts on the top predators that
consume them (such as tuna, sharks, seals, and whales) by
acting as a vector for PSTs, especially considering their
high biomass and extreme consumption of smaller primary
consumers of these toxins, such as sardines and herring.
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