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Abstract

Harmful algal blooms produce biotoxins that can injure or kill fish, wildlife, and humans. These
blooms occur naturally but have intensified in many locations globally due to recent climatic
changes, including ocean warming. Such changes are especially pronounced in northern regions,
where the effects of paralytic shellfish toxins (PSTs) on marine wildlife are of growing concern.
In Alaska, seabird mortality events have increased in frequency, magnitude, and duration since
2015 alongside anomalously high ocean temperatures. Although starvation has been implicated as
the apparent cause of death in many of these die-offs, saxitoxin (STX) and other PSTs have been
identified as possible contributing factors. Here, we describe a mortality event at a nesting colony
of Arctic Terns (Sterna paradisaed) near Juneau, Alaska in 2019 and report elevated concentrations
of PSTs in bird, forage fish, and mussel samples. Concentrations of STX and other PSTs in

tern tissues (2.5-51.2 ug 100g~1 STX-equivalents [STX-eq]) were of similar magnitude to those
reported from other PST-induced bird die-offs. We documented high PST concentrations in blue
mussels (>11,000 pug 100g~1 STX-eq; Mytilus edulis spp.) collected from nearby beaches, as well
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as in forage fish (up to 494 pg 100g~1 STX-eq) retrieved from Arctic Tern nests, thereby providing
direct evidence of PST exposure via the terns’ prey. At maximum concentrations measured in
this study, a single 5 g Pacific Sand Lance (Ammodytes personatus) could exceed the median
lethal STX dose (LDsq) currently estimated for birds, offering strong support for PSTs as a likely
source of tern mortality. In addition to describing this localized bird mortality event, we used
existing energetics data from adult and nestling Arctic Terns to calculate estimated cumulative
daily PST exposure based on ecologically relevant concentrations in forage fish. Our estimates
revealed potentially lethal levels of PST exposure even at relatively low (<30 ug 100g~1 STX-eq)
toxin concentrations in prey. These findings suggest that PSTs present a significant hazard to
Arctic Terns and other northern seabirds and should be included in future investigations of avian
mortality events as well as assessments of population health.
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Introduction

Harmful algal blooms (HABs) have been identified as a growing threat to coastal
ecosystems worldwide, with deleterious impacts described for a variety of marine wildlife
species (Glibert et al., 2014). Although specific drivers of HAB events are often difficult

to pinpoint, water temperature influences critical physiological processes of toxin-producing
algae (Drent et al., 1992; Gobler et al., 2017; Moore et al., 2008) and the geographic

scope, frequency and intensity of blooms are projected to expand in some regions with
climate change (Anderson et al., 2021; Glibert et al., 2014). Northern waters are especially
vulnerable to ocean warming, which includes periodic marine heatwaves marked by extreme
temperature fluctuations (Overland et al., 2018; Walsh et al., 2018). Such perturbations

have been linked to increases in the distribution and abundance of harmful algal species
(Gobler et al., 2017; Glibert et al. 2014) and, in some cases, have precipitated HAB events
unprecedented in scale and duration (McCabe et al., 2016; Trainer et al., 2020). In addition
to direct climate-related influences, there is increasing global awareness about impacts of
HABSs on humans and wildlife, including in regions in which monitoring has not historically
been conducted (Hallegraef et al., 2021; Anderson et al., 2022).

In coastal Alaska, like in other parts of the Northeast Pacific Ocean, blooms of toxic
dinoflagellates of the genus Alexandrium (Anderson et al., 2012) produce paralytic shellfish
toxins (PSTs), a group of potent neurotoxins that cause paralytic shellfish poisoning (PSP;
Landsberg et al., 2014). Filter-feeding invertebrates, such as bivalves and zooplankton,
directly accumulate PSTs by consuming toxic algae; the toxins are then transferred
throughout the food web and into higher trophic-level organisms (Deeds et al., 2008;
Landsberg, 2002). Clams, mussels, and other bivalves are common vectors of PSP and

a human regulatory limit of 80 ug 100g™1 STX-equivalents (STX-eq) in shellfish been
established in the United States and Canada to protect consumer safety (Wekell et al., 2004).
The toxicity of individual PST congeners is measured relative to saxitoxin (STX), which is
has been well studied in its ability to harm a variety of taxa (Wiese et al., 2010; Landsberg et
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al., 2014). Paralytic shellfish toxins interfere with functioning of sodium-ion channels and,
when ingested, can lead rapidly to severe illness or death via respiratory paralysis (Wiese et
al., 2010). Additional to the risks posed to humans, PSTs can negatively impact fishes, birds,
and marine mammals, which are exposed to toxins through the marine food web (Landsberg
et al., 2014). However, toxicity thresholds among wildlife are poorly understood and no
corresponding safety guidelines exist for PST concentrations in prey.

Although PSP has been documented in humans in some regions of Alaska for more than
200 years (Anderson et al., 2021), evidence from the Arctic and Subarctic suggests that
local HAB activity may be increasing, thereby presenting new or heightened risks to marine
consumers, including many wildlife species (Anderson et al., 2021, 2022; Lewitus et al.,
2012; Trainer et al., 2020; Vandersea et al., 2018). Paralytic shellfish toxins have recently
been detected in seabirds (Van Hemert et al., 2021; Van Hemert et al., 2020), marine
mammals (Hendrix et al., 2021; Lefebvre et al., 2016), and other taxa (Trainer et al., 2014;
Van Hemert et al., 2020) throughout coastal Alaska, highlighting the widespread occurrence
of these toxins in the local marine environment. As a result, there is growing concern

about the potential effects of HAB toxins on northern wildlife, particularly in relation to
unexplained wildlife mortality events.

Since 2015, multiple large-scale seabird die-offs have co-occurred with periods of unusually
warm ocean water off the coast of Alaska (Jones et al., 2019; Piatt et al., 2020, Van

Hemert et al., 2021; VVan Hemert et al., 2020). Most of the carcasses in these die-offs

were emaciated, with the cause of death presumed to be starvation. However, HABs were
also investigated as possible contributing factors and STX was detected in multiple seabird
species and locations (Jones et al., 2019; Piatt et al., 2020; Van Hemert et al., 2021; Van
Hemert et al., 2020). Seabirds are susceptible to HAB toxin exposure through consumption
of forage fish and marine invertebrates, which have been found to contain high levels of
PSTs, including in some locations in Alaska (Ben-Gigirey et al., 2021; Van Hemert et al.,
2020).

Although many information gaps remain about the cumulative impacts of HABs on
seabirds, PST-induced morbidity and mortality has been described in dozens of avian
species across a broad geographic range, including in the Northeast Pacific (Ben-Gigirey
etal., 2021; Shumway et al., 2003). In 2011 and 2012, up to 21% of Kittlitz’s Murrelet
(Brachyramphus brevirostris) nestlings died shortly after consuming Pacific Sand Lance
(Ammodlytes personatus) at nest sites near Kodiak, Alaska, with mortality attributed to
STX ingestion (Shearn-Bochsler et al., 2014). Saxitoxin and other PSTs have subsequently
been documented in association with other seabird die-offs in the Chukchi and Bering seas
(Van Hemert et al., 2021), Gulf of Alaska (Van Hemert et al., 2020), and along the West
coast of the contiguous United States (Gibble et al., 2021). However, establishing causality
is challenging from field-collected carcasses (Ben-Gigirey et al., 2021; Shumway et al.,
2003) and it remains unclear whether HABs directly or indirectly contributed to recent
die-offs in Alaska. An experimental trial with captive Mallards (Anas platyrhynchos) has
since provided the first quantitative information on STX toxicity in birds, establishing an
estimated lethal dose that presents a useful framework for assessing PST exposure hazards
(Dusek et al., 2021).
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In mid-late June of 2019, we observed unusual mortality of Arctic Terns (Sterna paradisaea)
at two breeding colonies near Juneau, Alaska. Upon routine monitoring of colony sites,
biologists discovered multiple nests containing dead nestlings and observed an adult tern
convulsing and eventually dying on the beach. Here, we describe the mortality event, report
PST levels in tern, forage fish, and blue mussel samples, and investigate the role that HABS
may have played in this die-off. We also use data from this investigation and published
values on tern energetics to evaluate PST exposure risks in Arctic Terns.

2. Methods

2.1. Field sampling

As part of routine monitoring of two Arctic Tern nesting colonies (Portland Island [58.35°
N, —134.75°] and Mendenhall Lake [58.42° N, —134.55°]) near Juneau, Alaska in 2019,
U.S. Forest Service biologists observed unusual mortality of nestlings and adults (Fig.

1). Following the onset of the mortality event in mid- to late-June, we opportunistically
collected bird carcasses (n = 11) and forage fish (Pacific Sand Lance [n = 6] and Pacific
Herring [Clupea pallasii, n = 2]) found near nest sites (Tables 1, 2). Additional sand lance
(n = 4) were collected near Juneau at Eagle Beach (58.54°, —134.84°) as part of recreational
harvest during low tide events by raking sand to expose buried individuals, and a freshly
dead sand lance was picked up off the beach at Tee Harbor (58.41°, —134.76°) as part of a
U.S. Geological Survey (USGS) study on HAB toxins in the marine food web (Table 2).

Bird carcasses (Fig. 1) from the two tern colonies were placed in a =20 °C freezer within 4
hours of collection and later shipped frozen to the USGS National Wildlife Health Center for
cause-of-death determination, including necropsy and histopathology. Utensils and surfaces
were disinfected between birds with Unicide (Brulin, Indianapolis, Indiana). Subsamples

of gastrointestinal tract (n = 7), liver (n = 4), and breast muscle (n = 5) were collected at
necropsy from carcasses for PST analysis and stored frozen.

To examine the course of the HAB event during the summer of 2019 we examined PST
concentration in blue mussels (Mytilus edulis spp.) approximately every two weeks at

four beaches in the Juneau area from 3 May to 7 August 2019 (Fig. 2). Two discrete

samples were taken from each beach on every sampling occasion. Blue mussels are excellent
sentinels for blooms of A/exandrium since they uptake and eliminate PSTs rapidly (Bricelj
and Shumway, 1998; Harley et al., 2020a).

Forage fish and mussels were frozen upon collection and bird tissues were frozen
immediately after necropsy; all samples were shipped on ice in insulated containers to the
USGS Alaska Science Center (birds and forage fish) or Sitka Tribe of Alaska Environmental
Research Lab (mussels) for PST analysis.

2.2. Necropsy and PST testing

We analyzed bird tissues (n = 16) and forage fish (n = 12) for STX at the USGS Alaska
Science Center using commercially available enzyme-linked immunosorbent assay (ELISA)
kits (Eurofins Abraxis, Warminster, PA). Following protocols optimized for seabird tissues
as described in Van Hemert et al. (2020), we homogenized samples before extraction with

Harmful Algae. Author manuscript; available in PMC 2023 June 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hemert et al.

Page 5

1% acetic acid. We tested available tissues from each bird and whole forage fish except

for forage fish <5 g, in which case we pooled multiple individuals from a single site. All
samples were run in duplicate, and results averaged prior to analysis. Any duplicate sample
results with a coefficient of variation =210% were considered invalid and re-run accordingly.
Prior validation work described detection limits of 1-2 pg 100g™1 STX in seabird tissues
(Van Hemert et al., 2020).

Saxitoxin ELISA kits offer a rapid, high throughput, sensitive screening tool for detection
of STX and have previously been used to test seabird and other wildlife samples that

may contain low concentrations of toxin (e.g., Lefebvre et al., 2016; Van Hemert et al.,
2020). The primary disadvantage of these kits, however, is that they were designed to

target STX and have limited cross-reactivity to other PST congeners (per manufacturer’s
description; Eurofins Abraxis, Warminster, PA). Therefore, samples that were positive for
STX by ELISA were subsequently analyzed using high-performance liquid chromatography
(HPLC) to quantify total PSTs and identify specific toxin congeners. Using this approach,
we acknowledge that samples containing congeners other than STX may have been missed
in the initial ELISA screening; therefore, it is possible that more bird or forage fish samples
contained PSTs than what are reported here (also see detailed discussion in Van Hemert et
al., 2020). Aliquots of the same extracts were used for both ELISA and HPLC analysis.

For HPLC, we followed methods described in Lawrence et al. (2005) and Van Hemert et al.
(2020). Briefly, 1 ml of extract (0.5 g shellfish equivalent) was cleaned using 500 mg, 3 ml
solid phase extraction (SPE) cartridges (Supelclean LC-18, Sigma-Aldrich, St Louis, MO)
and a Phenomenex HyperSep 10 port glass vacuum manifold (Phenomenex, Torrance, CA)
to remove any impurities. Precolumn oxidation was employed under the same conditions as
described by Lawrence et al. (2005), with the exception that a Waters Acquity LC system
(Waters Corp., Milford, MA) and a Waters Cortecs 2.7 um, 4.6 x 150 mm C18 column

was used. Saxitoxin standards used in this analysis were purchased from the Certified
Reference Materials Program of the Institute for Marine Biosciences, National Research
Council (Halifax, Canada) and included dcGTX2,3; C1,2; dcSTX; GTX2,3; GTX5; STX;
GTX1,4; and NEO. Detection limits for HPLC ranged from 1 to 5 g 100g™1 STX-eq
depending on the toxin congener. Typical replicate samples had a relative standard deviation
of <5%.

Mussel samples (n = 49) were analyzed with the receptor binding assay (RBA) for total
PSTs at Sitka Tribe of Alaska Environmental Research Lab, where many non-commercial
shellfish samples for Alaska have routinely been processed, as described in Harley et al.
(2020b). Each mussel sample consisted of 100 g of pooled individual mussels (generally
15 to 30 mussels) which were homogenized prior to hydrochloric acid extraction (see
methods in Harley et al., 2020b; Van Dolah et al., 2012). Samples were analyzed at two
different dilutions and both and quality control runs (3 nM [H3] STX) were analyzed in
triplicate on an 8-point calibration curve. Provided all samples fell within the calibration
curve, replicates were averaged to provide a final concentration. Samples screened by RBA
were not available for follow-up HPLC testing, although RBA is designed to quantify the
STX-equivalent sum of all PSTs and should therefore provide a reliable indicator of total
STX-equivalents in a sample (Turner et al., 2020; Van Dolah et al., 2012). We report mean
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concentrations (+ standard error) of PSTs in mussel samples across 4 beaches. Differences
in analytical methods used for PST testing of mussels (RBA) versus birds and forage fish
(ELISA followed by HPLC) were due to available laboratory capabilities at the time of
analysis as well as existing optimization of specific protocols for target organisms.

2.3. Saxitoxin dose calculations

To assess potential PST exposure to Arctic Terns through their prey, we calculated daily
fish intake (g) for adults and nestlings. For adults, we used the mean field metabolic rate
(280 kJ d71) and mass (102 g) reported by Uttley et al. (1994) from an Arctic Tern breeding
colony on Coquet Island, Scotland to estimate total daily requirements. For nestlings, we
inferred field metabolic rate from Klaassen et al. (1989) by comparing the model developed
for total daily energetic demand with the average mass of an 77 day old bird for the following
age classes: 2-d (~20 g, ~70 kJ d™1), 7-d (~50 g, ~160 kJ d~1), and 12-d (~80 g; ~240 kJ
d=1). This model was based on doubly labeled water measurements from nestlings at an
Arctic Tern colony in Svalbard, Norway (Klaassen et al., 1989), with conclusions supported
by subsequent energetics work on tern nestlings from various locations (Drent et al., 1992;
Klaassen, 1994). We then calculated average mass of fish consumed per day for each age
class, assuming a standard energetic value of 5 kJ g~ wet weight for Pacific Herring and
Pacific Sand Lance (Ammodytes hexapterus, Piatt et al., 2020; Van Pelt et al., 1997).

Next, we derived a range of daily STX doses based on toxin concentrations in forage fish
using the following equation:

Mi(g) * STXi(ug g !)

Db(yg ~kg™ 1) = Mo(e) *1,000g - kg_1
where
. D, = dose of STX
. M = mass of fish consumed
. M = mass of bird
. ST X = concentration of STX in prey species

For our exposure model we chose a range of ST X reflecting ecologically relevant
concentrations observed in forage fish from this and other studies (Nisbet, 1983; Starr et

al., 2017). In addition to daily dose calculations, we also estimated maximum STX dose
from consumption of a 5 g fish, which is within the size range typical of prey provisioned to
Arctic Tern nestlings (Baird et al., 1983; Van Pelt et al., 1997). Because adult terns typically
carry one fish at a time for nestling colony deliveries, this estimate reflects a conservative
single-dose exposure (Baird et al., 1983; Hatch et al., 2020).

All statistics, figures, and calculations were done using the R Programming Language ver
4.1 (R Core Team) and the #/dyverse packages (Harley et al., 2020a).
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3. Results

3.1. Field observations

On 17 June, 2019, biologists found a single dead tern nestling at the Mendenhall Lake
colony, which consisted of about 40 breeding adults. From this colony, 12 nestlings and two
adults were later confirmed dead, and three additional nestling mortalities were suspected
based on observations from staff at the nearby U.S. Forest Service Mendenhall Glacier
Visitor Center. On a subsequent survey of the Portland Island colony, located approximately
15 km away, biologists counted 60 live adults and 20 dead nestlings; no live nestlings were
observed. Prior to and during the mortality event, terns were actively provisioning chicks
with Pacific Sand Lance, Pacific Herring, and other forage fish, with regular bill deliveries
documented by direct field observation and in remote camera footage at Mendenhall Lake
near the Mendenhall Glacier Visitor Center. Video footage from 26 June showed an adult
tern convulsing on its back, then later dying on the beach. Biologists returned to the
Mendenhall Lake colony on 27 June and retrieved five carcasses, comprising one adult and
four nestlings.

3.2. Necropsy results

Eleven Arctic Tern carcasses were examined at the National Wildlife Health Center,
including one adult and four nestlings from the Mendenhall Lake colony and six nestlings
from the Portland Island colony. The adult from Mendenhall Lake (29287-001) was in

fair body condition with mildly diminished fat reserves and had no significant gross or
microscopic abnormalities. The nestlings from Mendenhall Lake were in fair to good body
condition with mildly diminished to adequate fat reserves, indicating a rapid course of
illness; however, poor postmortem condition precluded further diagnostic assessment and
tissues were only available for PST testing from three of the four nestlings (29287-002,
003, and 004). One nestling from Portland Island (29287-006) was in poor body condition
with pectoral muscle atrophy and depletion of fat reserves and microscopic evidence of renal
urate stasis, indicating dehydration. The remaining five nestlings from Portland Island could
not be assessed or tested for PST due to advanced decomposition and scavenging.

3.3. Toxin results

3.3.1. Birds—All three nestlings and the single adult from the Mendenhall Lake colony
had detectable levels of STX. Concentrations were highest for the gastrointestinal tract, with
values ranging from 2.2 to 39.4 ug 100g~1 by ELISA. Saxitoxin was also detected in liver
tissue of three birds tested (Table 1). We did not detect STX in the single nestling collected
at Portland Island or in muscle tissue from any bird. HPLC generally confirmed ELISA
results with slightly higher total PSTs (51.2 pg 100g~1 STX-eq) in the lower gastrointestinal
sample from the adult tern. Saxitoxin was the dominant congener in most bird samples,
although several other PSTs were also present (Table 3; Smith et al., 2022).

3.3.2. Forage fish—All Pacific Sand Lance (n = 10) and Pacific Herring (n = 2) samples
tested had detectable levels of STX, with values ranging from 1.6 to 60.8 pg 100g™1 by
ELISA (Table 2). HPLC analysis revealed much higher total PST concentrations in many

of these, with a maximum of 494 ug 100g~1 STX-eq from a sand lance collected at the
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Mendenhall Lake colony site (Table 2). Unlike bird samples, GTX1,4 and NEO were the
dominant congeners in forage fish, at least among samples with total PST concentrations
greater than 5 pg 100g™1 (Table 3; Smith et al., 2022).

3.3.3. Mussels—Paralytic shellfish toxins in blue mussel samples exceeded shellfish
regulatory limits for human consumption (80 pg 100g™1 STX-eq) at all four routine
sampling locations in the Juneau area from 5 June to 10 July 2019. Peak toxin
concentrations, with maximum values of up to 11,049 ug 100g~1 STX-eq, were recorded
in mid- to late-June, coincident with the observed tern mortality at the Portland Island and
Mendenhall Lake colonies (Fig. 3).

3.4. Dalily fish intake and STX dose calculations

Given maximum PST concentrations in sand lance collected at colony sites (494 ug kg™t
STX-eq; Table 2), asingle 5 g fish could deliver as much as 24.7 pg STX-eq, equaling a
dose of 242 ug kg1 for a 102-g adult bird and 1235, 494, and 309 g kg~ for a 20-, 50- and
80 g nestling, respectively. These values far exceed the estimated STX LDsq (lethal dose for
50% of individuals) for Mallards (167 pg/kg; Dusek et al., 2021), the only estimate currently
available for an avian species.

Based on estimated field metabolic rates (Klaassen et al. 1989), total daily fish requirements
would be 14, 32, 48, and 56 g for 2-d, 7-d, 12-d, and adult terns, respectively (Fig. 4).

At these rates of consumption, our projected dose curves indicated that Arctic Terns could
rapidly accumulate STX, even at relatively low prey toxin levels (Fig. 4). Over a 24 h period,
an average STX concentration of 30 pg 100g~1 in prey would result in a cumulative dose
close to or greater than the Mallard LDsg for both nestlings and adults (Fig. 4).

4. Discussion

4.1.

In June 2019, unusual mortality of Arctic Tern nestlings and adults occurred at two
breeding colonies near Juneau, Alaska, likely impacting at least half of the total active nests.
Thirty-two nestlings and two adults were confirmed dead, although more individuals were
presumed to have been affected. We detected PSTs in four of the five tern carcasses suitable
for algal toxin testing at concentrations associated with mortality in other bird species
(Ben-Gigirey et al., 2021). We also detected high levels of PSTs in mussels and forage fish,
including Pacific Sand Lance and Pacific Herring collected at colony sites shortly before
and coincident with the tern die-off event. Although we were only able to sample a fraction
of all birds found dead, high PST concentrations in prey combined with observational data
corroborate a likely toxic cause of death.

Evidence for PSTs as cause of bird mortalities

Unusually warm weather in Southeast Alaska during summer 2019 preceded an intense
HAB event (Southeast Alaska Tribal Ocean Research 2019), which we documented in
mussel samples collected at coastal field sites in the Juneau area. Peaking in mid-June,
shortly before the first tern mortalities were observed, maximum PSTs in mussel samples
exceeded shellfish regulatory limits for human consumption (80 pug 100g~1; Wekell et al.,
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2004) by more than a factor of 100, with concentrations >11,000 pg 100g~1 (Fig. 3). These
are among the highest concentrations ever recorded in Southeast Alaska for any shellfish
species (Harley et al., 2020b). Mussels are known to be reliable sentinels of PSTs in the
environment due to their role as filter feeders and their rapid acquisition and depuration of
toxins, thereby providing near real-time information about bioavailability of STX and other
PST congeners (Beyer et al., 2017; Bricelj and Shumway, 1998). Although human health
guidelines do not directly apply to wildlife, PST concentrations above shellfish regulatory
limits indicate blooms of A/exandrium spp. or other STX-producing algal species that can
impact the food web and potentially harm birds and marine mammals. Results from mussel
samples collected around Juneau throughout the summer suggested a prolonged bloom
period, with elevated concentrations observed at some sites from late May until early August

(Fig. 3).

We detected PSTs in four Arctic Tern carcasses found dead at colony sites.

Although quantitative data describing the correlation between toxicity and specific tissue
concentrations are not yet available for seabirds, results from the lower gastrointestinal
tract of the single adult specimen (51.2 pg 100g~1 STX-eq; Table 3) were comparable to
those measured in Mallards that died acutely from oral STX administration in experimental
trials (Dusek et al., 2021). Concentrations of STX in tern nestlings at the Mendenhall Lake
colony (Tables 1, 3) also overlapped those reported in an incident of saxitoxicosis involving
Kittlitz’s Murrelet chicks near Kodiak Island AK in 2012, with STX liver concentrations
of 5.6 to 10.6 pg 1009~ and upper gastrointestinal content concentrations ranging from

5.2 to 21.6 pg 100g~1 (Shearn-Bochsler et al., 2014). Furthermore, our results correspond
with tissue STX concentrations of up to 134 pg 100g~1 measured in several seabird species
from the St. Lawrence Estuary during a well-documented STX-induced mass mortality event
(Starr et al., 2017). Remote camera footage of an adult tern convulsing on its back prior to
its death near Mendenhall Lake corroborates a possible toxic exposure, as prior reports of
saxitoxicosis in birds have described convulsions, as well as regurgitation, discoordination,
ataxia, and, ultimately, respiratory failure (Ben-Gigirey et al., 2021; Dusek et al., 2021).

Observations of tern foraging and provisioning behavior combined with toxin results from
fish collected at colony nest sites also lend support to the hypothesis that PSTs contributed
to bird mortalities. Fish account for the largest proportion of biomass of Arctic Tern diets
(Hatch et al., 2020) and forage fish were by far the most commonly observed prey items
delivered to nestlings at Juneau-area colonies, with other foods (dragonflies, salmonid fry,
marine invertebrates) only occasionally observed. Pacific Sand Lance, known to be vectors
of PSTs (Ben-Gigirey et al., 2021), were regularly seen in bill deliveries of adult terns
returning to colonies and sand lance samples collected at the Mendenhall Lake colony (n =
6) were all positive for PSTs, with concentrations between 37.6 and 494.1 pg 100g™1 STX-
eq (Table 2). The two Pacific Herring samples collected from nest sites also contained PSTs.
Notably, the single forage sample collected at Portland Island was a partially consumed
herring with 58.1 ug 100g~1 STX-eq (Table 2). Although STX was not detected in the single
nestling tern carcass available from this site, the herring sample provided evidence of direct
exposure to breeding adults and nestlings through their prey.
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Given the apparently rapid depuration rates of PSTs in birds (Dusek et al. 2021), a short
detection window exists for assessing prior exposure. As a result, failure to detect PSTs

(as was the case with the Portland Island nestling) does not rule out the possibility of

toxic exposure. Partially consumed fish found near nest sites may also have reflected
regurgitation or vomiting resulting from PST ingestion (Nisbet, 1983). A mortality event
attributed to PSTs among breeding Common Terns (Sterna hirundo) in Massachusetts, USA
reported some findings similar to ours, including regurgitated forage fish samples containing
potentially lethal concentrations of STX (Nisbet, 1983).

It is plausible that parental neglect could have contributed to nestling mortality, particularly
if adults experienced PST-related illness, although starvation did not appear to be
widespread among nestlings. We noted high rates of provisioning by adults at the
Mendenhall Lake colony and, with the exception of the single nestling collected at Portland
Island, necropsy data indicated fair to good body condition of most carcasses. Some
researchers have suggested that birds and other wildlife species may have the ability to
detect and avoid prey with elevated PST concentrations (Kvitek and Bretz, 2005; Kvitek,
1991; Kvitek et al., 1991) but it is unclear whether such a hypothesis is supported among
seabirds, especially given the large number of previously reported mortalities (Ben-Gigirey
etal., 2021). In this instance, even if terns were able to detect PSTs in prey, it is unknown
whether nontoxic alternatives were available due to the long duration and apparently
widespread nature of the bloom event. Elevated PST concentrations documented in mussels
and other shellfish at various Southeast Alaska locations during June and July 2019
(Southeast Alaska Tribal Ocean Research 2019) suggest that the food web was impacted
across a relatively large geographic area.

4.2. Tern energetics and PST exposure

Toxicity thresholds for PSTs have not yet been determined for seabirds, but a recent study of
STX in captive Mallards established the first quantitative estimate of the LDsq (167 pg kg™1)
in an avian species. Given this estimate, and the maximum PST concentrations measured

in sand lance retrieved from the Mendenhall colony (494 pg 100g~1 STX-eq), asingle 5 g
fish would contain enough toxin to cause acute mortality in an adult tern (Fig. 4). For young
chicks, prey STX-eq concentrations of as little as 70 pg 100g™1 could be similarly lethal
with a single feeding. More than 60% (5/8) of the forage fish samples we collected at colony
sites exceeded this threshold. Even if a single fish did not contain sufficient PSTs to cause
immediate death, the high energetic demands of nesting terns and other seabirds (Drent et
al., 1992; Hatch et al., 2020; Uttley et al., 1994) imply that repeated exposure could quickly
accrue to a potentially lethal dose.

Prior investigations of Arctic Tern energetics provide useful insights about estimated daily
STX exposure given a range of ecologically relevant concentrations as measured in prey
items from this and other studies. To meet their daily energetic demands, adult terns
provisioning nestlings on Coquet Island in Scotland required an average of 280 kJ d1,
which would translate to about 56 g of fish (Uttley et al., 1994). With these high rates

of consumption, terns eating fish with average concentrations of 30 pg 100g~1 STX (well
below the human shellfish advisory limit of 80 g 100g™1) could meet or exceed the Mallard
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LDsq over a 24 hr period (Fig. 4). Nestlings have proportionally greater energetic demand
compared to adults (Klaassen, 1994; Klaassen et al., 1989; Uttley et al., 1994) and, as a
result of their smaller body size, would require fewer individual fish to reach potentially
lethal STX doses. Thus, tern chicks may be especially vulnerable to PST exposure although
additional studies are required to determine how sensitivity varies by developmental stage.

Our dose curves estimate cumulative STX ingestion over a 24 h period, but it is important
to acknowledge that timing of exposure may be a key factor in actual toxicity calculations.
Given the rapid depuration rates of STX, we expect that acute toxicity is more likely to
result if a bird consumes a large quantity of STX-containing prey in a short period of

time or ingests prey that are highly toxic than if the cumulative exposure occurs over a
longer duration. In addition to the risk of acute illness or death, many questions remain
about chronic, sublethal PST exposure and potential effects on seabirds, including foraging
ability, thermoregulation, and behavior. More research is needed to establish clear toxicity
thresholds in wild birds.

4.3. Congener profiles and methodological considerations

As expected, HPLC generally reported greater total concentrations of PSTs than ELISA,
particularly among samples with >10 ug 100g~1 STX-eq, which is the lower detection

limit for HPLC (Table 3). This difference reflects the fact that the ELISA rapid screening
method primarily targets STX and is known to have lower cross-reactivity with other PSTs
(Eurofins Abraxis, Warminster, PA). This difference was especially pronounced for forage
fish, which on average had the greatest proportions of GTX1,4, NEO, and STX but showed
high variability in congener profiles (Table 3). Most bird samples contained detectable
concentrations of STX, which corresponds with reports from avian tissues in other studies
(Starr et al., 2017; Van Hemert et al., 2021), but other congeners were also present. Although
STX is one of the most potent congeners among the various PSTs (Wiese et al., 2010),
processes of biotransformation are not well understood for non-model species and to date we
have no specific information about metabolism of PSTs in birds. Given small sample sizes,
we cannot draw any general conclusions about pharmacokinetics or potential metabolites in
Acrctic Terns. We report values using STX-eq, which is an accepted method of measuring
total toxicity of PSTs, but the potential effects of biotransformation or co-occurrence of
congeners on effective toxicity should not be discounted. Our results indicate that seabirds

in Alaska are exposed to multiple PST congeners simultaneously and more detailed study on
this topic is needed.

It is also worth noting that we collected bird carcasses and forage fish from tern colonies
after the onset of the mortality event, and the length of time since death was unknown.
Several of the specimens were noted to be in poor postmortem condition and many of them
were unsuitable for examination and testing. Prior studies have documented degradation of
STX and other PSTs over time, with toxin concentrations declining with heat and bacterial
activity (Donovan et al., 2008; Indrasena and Gill, 2000). Therefore, STX concentrations in
bird tissues may have originally been higher than the values we report here, although such
differences would only strengthen evidence for PSTs as the suspected cause of death.
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5. Conclusions

The detection of STX in bird carcasses combined with high PST concentrations measured
in forage fish delivered to colony nest sites suggest saxitoxicosis as a likely cause of death
among Arctic Terns. Although it is not possible to assign causality without established
toxicity thresholds, this study supports a building body of evidence implicating HABs as
possible threats to seabird health. The high energetic demands of Arctic Terns are not unique
among northern seabirds (Drent et al., 1992; Piatt et al., 2020) and similar concentrations

of PST exposure could be expected for other species that consume large quantities of
potentially toxic forage fish and marine invertebrates. Given rapid ocean warming and
projected increases in HAB activity in the Arctic and Subarctic (e.g., Anderson et al.,

2021, 2022; Vandersea et al., 2018), managers and biologists should be aware of potential
future impacts on seabirds and, when possible, incorporate HAB toxin screening of bird and
forage samples into die-off investigations. During known blooms, monitoring for unusual
mortality among seabirds and other marine taxa is also warranted. Information on algal
toxins in northern regions is lacking, meaning that such events are important to document
even if sample sizes are limited. Additionally, experimental trials to identify physiological
and behavioral effects, depuration rates, and cumulative impacts of STX and other PSTs on
seabirds are needed to better understand the significance of HABs to wild bird populations.
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Fig. 1.
Arctic Tern (Sterna paradisaed) nestling found dead at Mendenhall Lake nesting colony on
28 June 2019 near Juneau, Alaska.
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Fig. 2.

Map of study area near Juneau, Alaska showing Arctic Tern (Sterna paradisaea) colony sites
(purple triangles) affected by 2019 bird mortality event and sampling locations for PST
monitoring of blue mussels (Mytilus edulis spp.; orange circles).
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Paralytic shellfish toxin (PST) concentrations (ug 100g~1 STX-eq) measured by receptor
binding assay in blue mussels (Mytilus edulis spp.) collected at four locations during May—
August 2019 near Juneau, Alaska. Graph displays mean (blue circles) and standard error
(gray bars) of mussel samples at each site. The time period of the Arctic Tern (Sterna
paradisaea) mortality event and associated sample collection is shown between blue dashed
lines. Note that PST concentrations are displayed on a logarithmic scale.
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Fig. 4.
Projected dose curves (ug kg™1) for saxitoxin (STX) exposure in Arctic Terns (Sterna

paradisaed) given a range of ecologically relevant mean concentrations in forage fish (3,

30, and 300 pg 100g~1 STX) consumed over a 24 h period. Daily fish requirements (black
vertical line) estimated from previous reports of field metabolic rates in adult (Uttley et al.,
1994) and nestling (Klaassen et al., 1989) Arctic Terns, assuming a standard energetic value
of 5 kJ g~1 wet weight for Pacific Sand Lance (Ammodytes hexapterus) and Pacific Herring
(Clupea pallasir; Piatt et al., 2020; Van Pelt et al., 1997). Dashed red line shows LDsgg (lethal
dose in 50% of individuals) for Mallards (Anas platyrfiynchos, Dusek et al., 2021). Note that
estimated STX dose curves are displayed on a logarithmic scale. *Mean adult mass of 102 g
taken from Uttley et al. (1994).
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Table 2

Saxitoxin (STX) measured by enzyme-linked immunosorbent assay (ELISA; ug 100g~1 STX) and total
paralytic shellfish toxin (PST; pug 100g™1 STX-eq) measured by high-performance liquid chromatography
(HPLC) in whole forage fish (Pacific Sand Lance [Ammodytes personatus] and Pacific Herring [ Clupea
pallasif) collected June-July 2019 near Juneau, Alaska. NA = not available. See Table 3 for PST congener

profiles.
Lab ID Species  Site Date ELISA(ug HPLC(ug
-1 -1
STX) STX-eq)

ATS0686 Pacific  Portland Island ~ 7/1/ 13.1 58.1
Herring  colony 2019

ATS0687 Pacific ~ Mendenhall 6/28/ 13.8 91.0
Sand Lake colony 2019
Lance

ATS0756 Pacific  Tee Harbor 6/16/ 60.8 341.1
Sand 2019
Lance

ATS0761 Pacific  Eagle Beach 6/6/ 2.3 85
Sand 2019
Lance

ATS0762 Pacific  Eagle Beach 6/6/ 4.8 6.6
Sand 2019
Lance

ATS0763 Pacific  Eagle Beach 6/6/ 15 1.9
Sand 2019
Lance

ATS1042 Pacific ~ Mendenhall 6/28/ 56.4 125.2
Sand Lake colony 2019
Lance

ATS1043 Pacific ~ Mendenhall 6/28/ 49.6 151.9
Sand Lake colony 2019
Lance

ATS1044  Pacific ~ Mendenhall 6/28/ 47.5 494.1
Sand Lake colony 2019
Lance

ATS1045 Pacific ~ Mendenhall 6/28/ 25.0 139.0
Sand Lake colony 2019
Lance

ATS1046 Pacific ~ Mendenhall 6/28/ 2.0 37.6
Sand Lake colony 2019
Lance

ATS1047 Pacific ~ Mendenhall 6/28/ 2.6 NA
Herring  Lake colony 2019
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