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Abstract

The Alaskan Arctic is undergoing a profound transformation. As climate change reshapes the
landscape, the balance of the ecosystem is disrupted. This has far reaching consequences for In-
digenous communities who have called this area their home for over a thousand years. This paper
examines the impact of climate change on the Arctic marine ecosystem and its consequences for
Indigenous communities, with a special focus on the Alaskan Arctic and Alaskan Indigenous com-
munities. Rising temperatures are dramatically altering sea ice dynamics, additionally, increased
nutrient influxes are creating increasingly favourable conditions for harmful algal blooms (HABs).
This study focuses on two primary toxin producing species, Alexandrium and Pseudo-nitzschia
that produce saxitoxin (STX) and domoic acid (DA) which are very harmful, often lethal to hu-
mans and other organisms. These toxins have been detected throughout the Arctic food web, from
bottom feeding clams to top predator marine mammals and sea birds. The pervasive presence of
these bio-toxins poses significant risks to the health of ecosystem and the Indigenous communities
that rely on it for subsistence. This paper highlights the urgent need for comprehensive monitoring
programs and adaptation strategies to protect both the Arctic marine environment as well as the
cultural practices of Indigenous Alaskans in the face of rapid climate driven changes.

Layman’s summary

Climate change is causing the Arctic environment to change fast. These changes have many
effects on the lives surrounding it, including the Alaskan Indigenous people that have lived there
for thousands of years. With an increase in temperature and subsequent change in the landscape
of the Arctic, the new conditions in the Arctic allows for more algae to grow. While algae is
the foundation of the food system in the Arctic, its growth in this excess allows for specific algae
species that are toxic to grow in excess as well. These toxins can be very harmful to those who
ingest it, even cause death. This toxic producing algae will spread through the food chain as they
are eaten by smaller organisms in the arctic that in return are eaten themselves until it reaches
the top of the food chain or are hunted by the Indigenous people. Within this paper, we look into
existing research done in the Alaskan Arctic on the presence of these toxic producing algae and if
their toxins can be found in the food chain. We see that these toxins are detected throughout the
entire food web, with high amounts of toxins detected in mammals that Indigenous people rely on
for food. This paper shows the urgent need to continuously monitoring the development of these
algae and their toxins in the Arctic in order to protect these Indigenous groups, their traditions,
livelihoods and health.
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1 Introduction

When people think of the North Pole, or the Arctic, they imagine a lifeless frozen wasteland. However,
despite its extreme low temperatures, the Arctic is still filled with life by organisms small and large.
All of whom have adapted to these extreme ecosystems. While the exact definition of the Arctic
varies between experts (for example defined by temperature or ecological boundaries, see Figure 1), it
generally refers to the northernmost area of the earth, the wide area north of the Arctic Circle (66°
32”N) [41, 46]. It consists of eight Arctic states that together make up the Arctic council; Canada,
The kingdom of Denmark (via Greenland and the Faeroe Island), Iceland, Norway, Sweden, Finland,
Russia and the United States of America[41, 46] .

Figure 1: The figure shows acknowledged Arctic boundaries. On the left: The Arctic as defined by
temperature, the Arctic marine boundary, and the boundary of the Arctic monitoring and assessment
program (AMAP) and the area north of the 10°C July isotherm. On the right: The Arctic is the Arctic
defines by floristic boundaries. Divided into the high Arctic, Subarctic and low Arctic, as defined by
ecologists. The map additionally shows the Treeline boundary, or the northern limits beyond which
trees do not grow. Figure compiled from AMAP[41].

Today, approximately 4 million people inhabit the Arctic, with Indigenous peoples, who have lived
there for millennia, comprising 28% (about 1.13 million) of the current population. [45, 25, 60]. There
are more than 50 different ethnic Indigenous groups that live across all the Arctic states, with the
exception of Iceland. Within Russia alone, around 40 different groups are recognized by the Russian
association of Indigenous people of the North, which includes groups such as Yaktus, Komi, the
Nenets, Khanty, Evenk, Even, Chukchi and Sami. While in the Nordic countries of Finland, Sweden
and Norway, Sami is the only indigenous group (also known as Saami, Sámi or Same). Some of the
groups in Canada include the Inuit, Inuvialuit, Dene, and Athapaskans; and in Alaska in the United
States reside the Athabaskan, Aleut, Iñupiat, Alutiiq and Yupik. In Greenland, reside the Kalallit and
Inughuit communities [60, 48, 49, 46].

Indigenous Arctic peoples have a much closer relationship with nature than most other communities.
Living on the land for generations, they’ve gained deep knowledge of the ecological and biophysical
processes of the land. They use this knowledge and the natural resources in the ecosystem as a
central part of their livelihood and culture [16, 49]. Despite their surroundings, these communities
maintain a subsistence way of life1, by fishing, hunting, foraging, and preparing their food in a way
that has been done for thousands of years, often referred to as ”traditional”, ”wild” or ”country”
foods [49, 45, 39]. These activities remain important for Indigenous communities as they are based
on continuing the relationship between each part of the ecosystem: Themselves, the organisms and
the environment itself on which they depend. Furthermore, it helps people connect with and celebrate

1Subsistence way of life refers to living life off the land. Using the resources of nature for food, shelter, clothing,
transportation and trade

2



their history. Beyond providing food and cultural importance, subsistence livelihoods are a vital part
of their economy [45].

However, climate change is posing significant challenges for these traditional ways of life. The
Arctic is warming at a rate two to four times faster than the global average [12, 61], leading to rapid
environmental changes. These include widespread melting of glaciers and sea ice as well as rising
permafrost temperatures, which in turn affect the migration patterns of animals, altering vegetation
growth and causing coastal erosion Notably, it creates favorable conditions for an increase in algal
blooming, which as a consequence increase their frequency and intensity. These algal blooms produce
excessive amounts of toxins whose effects can be harmful, and sometimes deadly to those who consume
them[12, 55]. With these factors combined, it will impact the food security and cultural practices of
indigenous communities, who depend on the health of these ecosystems[12].

Within this work we will investigate the current body of research available on the impact of increase
of algal blooming events on Arctic Indigenous communities, with a particular focus on the Alaskan
Indigenous population. This review will examine the potential toxic effects of these algal blooms and
how they move through the Arctic food chain, threatening the health of the ecosystem but additionally
impacting the harvest and health of the Alaskan Indigenous communities in the Arctic regions. In order
to address this, the review will explore existing literature on the following topics:

1 How the changing Arctic allows for increased Algal blooms

2 The toxic algal species that are present in the Alaskan Arctic

3 The presence of toxins within the Alaskan Arctic food chain

4 The cultural and nutritional significance of traditional marine resources for Alaskan Arctic In-
digenous communities and the implications of harmful algal blooms on these resources for these
communities.

This literature review aims to shed light to the broader implications for environmental and human
sustainability in the Arctic. Although focus will be on the Alaskan Arctic and the Alaskan Indigenous
population, this review aims to provide insight on the Arctic as a whole and the potential impact on
Indigenous communities across the entire region.

2 Alaskan Arctic Indigenous communities: Their connection
to the ecosystem and cultural resilience

Despite the widespread social and technological changes, Indigenous communities in Alaska maintain
a strong connection to their ecosystem. Subsistence practices such as hunting, fishing and gathering
continues to play a vital role in their daily lives. These practices are not only essential for sustenance
but also for reinforcing cultural identity and strengthening community bonds by using practices passed
down for generations [41]. Moreover, subsistence practices in these communities are often vital due to
challenges in accessing nutritious retail foods, as many Indigenous communities in the Arctic live in
extremely remote areas where retail stores are scarce. In addition, for the few stores available, fresh
produce is often limited or nonexistent, with the prices of retail food often being at least twice as high
as in populated areas [26, 28].

2.1 Nutritional challenges and the significance of traditional diets

With colonization and globalization within these communities, more ”western” diets have become more
widespread. In combination with the limited access and high pricing in retail stores, high saturated
fats, sugars and processed foods are increasingly being consumed in the Arctic Indigenous community.
As a result, a variety of health problems have been observed, where research shows that the Indigenous
Arctic community experience lower life expectancy, higher infant mortality rates and have a greater
burden of chronic diseases (such as obesity, Type 2 diabetes and cardiovascular diseases) compared
to non-Indigenous populations in the same regions, as well as national averages[28, 26]. This further
emphasizes the importance of keeping traditional food in the forefront of these communities, which
is far superior in its nutritional density, both in micro- and macro-nutrients, with an abundance of
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minerals, vitamins, proteins and valuable unsaturated fats derived from various sources of sea and
land mammals as well as fish, fowl, wild plants and berries [32, 33, 54]. Additionally, nutrients most
commonly associated with only plants and fruits (such as Vitamin C) is found in abundance in the
meat sources Indigenous communities consume. Furthermore, research on the nutritional density of
traditional food diet is shown to be a far better choice for these communities than that of the limited
nutritional variety of available retail food[33]. Moreover, it highlights the need to protect not only the
generational knowledge of subsistence practices but the ecosystem that supports it.

Figure 2: The Alaskan Arctic community joining efforts in hunting and preparing their harvest ac-
cording to traditional customs. The community brings these traditions together to life. Top left:
Yupik women gather to prepare freshly caught salmon for curing[40]. Bottom left: Alaskan Indigenous
men hauling a section of bowhead whale skin and blubber[27]. Top right: Traditional whale hunters
harvesting their successful bowhead whale hunt[14]. Bottom right: Alaskan hunters on St. Lawrence
Island walrus hunting around 1950-1980[50].

2.2 Marine resources and their cultural significance in the Alaskan Arctic

The Indigenous people of the Alaskan Arctic have practiced subsistence living for over a thousand years.
As hunters, gatherers, fishers, and reindeer herders, they have long depended on resources from both
land and sea. However, within the scope of this paper, we will focus exclusively on marine mammals,
other marine species, and fowl connected to the Arctic marine environment. Marine mammals play a
particularity crucial role in their subsistence practices as approximately 61% of Inupiat Inuit Alaskans
report that more than half of their food comes from harvesting activities[45, 18]. Marine mammals
are considered a crucial and a highly valued resource, making up around 42% of the subsistence diet.
On average, each person consumes about 99kg a year of the marine mammal harvest [45].

The primary species that are hunted include whales (beluga-, narwhal-, mink-, fin- and the bowhead
whale), walruses, seals (bearded-, ringed-, fur-, hooded-, harp- and harbour seals) as well as sea lions
and polar bears [24, 41]. While bowhead whales make up around 70% of the hunted marine mammals
consumed. Fishing also makes up a major part of the harvest. Important fish species include salmon,
tom cod and smelt along with shellfish such as clams and crabs. Although, not a primary part of their
diet, birds like geese, ducks, seabirds, cranes swans, owls and ptarmigan are hunted. This diverse array
of marine resources has sustained the Alaskan Arctic communities for generations, reflecting the deep
connection between Indigenous communities and their environment[24].

For the Indigenous people in Alaska, hunting, fishing and foraging for food is not only a means
of survival but a deeply-rooted source of identity. These activities, often performed in harmony with
nature and community, are a ceremonious acts that connect people to their cultural heritage. The
harvesting of food, along with its preparation, consumption and distributing, reinforces social bonds
and maintains a vital link to ancestral practices[41, 54, 24]. This practice of community is reflected in
Figure 2.
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A prime example is the preparation of seal oil, a time consuming task done communally. Considered
the salt and pepper of Alaskan Indigenous cuisine, seal oil is used for storing many foods and is
integral to numerous dishes (see Figure 3)[54]. Traditional methods and recipes, passed down through
generations through hands-on teaching and shared experiences, ensure that each meal is not just
nutritional sustenance, but a celebration of history and culture. These range from methods of cooking
every part of the seal, from the head to the intestines, how to prepare blubber, as well as recipes for
walrus liver broth among many more. Enjoying their food raw, boiled, dried, smoked or preserved.
These traditional recipes, passed down through generations, are more than just methods of food
preparation, they embody the community’s history, cultural heritage, and accumulated wisdom of
living in the Arctic environment [41, 54, 24].

Given the challenges and risks outlined above, preserving these practices is crucial. The Arctic
ecosystem’s marine resources provide essential sustenance and maintain a connection to ancestral
knowledge and customs. Moreover, their nutritional density makes them vital for the continued health
of the community. Therefore, the health of the Arctic ecosystem is paramount as it is not merely a
matter of an environmental concern but additionally a matter of a cultural preservation, food security
and public health for Indigenous people. With continued manifestation of the effects of climate change a
likely disruption to ecosystem will lead to a profound impact to the lives, health and cultural continuity
of communities that have thrived in this region for millennia [47].

3 Algal blooms in the Arctic: the primary producers in the
ecosystem

3.1 From melting ice to blooming seas

The warming of the Arctic is the most emblematic manifestation of climate change. The Arctic
has warmed by 2-3°C since the late 19th century while the Earth’s average over the same period is
approximately 0,8°C, which is equivalent of the Arctic warming for the last decade alone [1, 51]. There
are many consequences that follow the increase in Arctic temperatures such as Arctic sea- and land-ice
loss, with sea ice concentrations dropping approximately 9% each decade since 1978 [6]. Additionally,
ice loss contributes to global sea level rise, primarily due to thermal expansion of the ocean water as well
as melting mountain glaciers and permafrost. Furthermore, the thawing of permafrost poses additional
challenges by accelerating the release of greenhouse gases into the atmosphere. These changes will not
only disrupt the ecosystem but also threatens native wildlife through habitat loss and traditional
human livelihoods as well as causing extreme weathers at lower latitudes [51]. These changes driven
by climate change, have significantly altered the ecology of the Arctic[22].

Fundamental components of the Arctic ecosystem are phytoplankton, as they provide a foundation
for the ocean’s food web. Phytoplankton are photosynthetic organisms that convert carbon dioxide
into organic compounds that are conducive to life, making them the oceans primary producers[22]. The
link between increasing water temperature and the growth of phytoplankton has long been recognized
as temperature influences physiological processes such as nutrient uptake, photosynthesis, motility, and
germination [59]. With favorable conditions, phytoplankton thrive under sea ice, as sea ice chlorophyll
concentrations rank among the highest for any aquatic environments [35]. As sea ice continues to
reduce in thickness, concentration and persist for shorter duration, more light penetrates the surface
ocean. This increase in light transmission further heats the water and thus creating a feedback loop.
The warmer water further inhibits ice growth in winter and accelerates melting in spring and summer.
Consequently, the window of opportunity for phytoplankton growth lengthens [59, 6]. Moreover,
increased precipitation, river outflow and ice melting are some of the reasons for an increase in the
influx of new nutrient to the Arctic seas, leading to a 57% increase of phytoplankton production from
1998 to 2018 [38, 44].

Although, sea-ice provides a critical habitat for phytoplankton, it has historically been assumed
that their blooming events happened at the edge of the sea ice. Since the ice itself is optically thick with
a high albedo, the regions underneath the sea-ice are therefore thought to be incapable of supporting
the photosynthetic conditions required for phytoplankton growth [56, 22]. However, this paradigm was
challenged following a July 2011 expedition in the Arctic Pacific environment. The findings of Arrigo et
al.[5] scientific expedition reported a massive phytoplankton bloom beneath a 0.8-1.3m thick first year
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Figure 3: Seal oil, the salt and pepper of Indigenous cuisine.The process of harvesting and processing
seal fat to render seal oil. The seal oil is later used to dip the seal meat and used to drizzle over
traditional foods. Figures combined from [19]

ice2 in the Chukchi Sea continental shelf [5]. In their paper they report of a significant change in the
physical environment of the Arctic, as fractions of first-year ice (0.5-1.8m) is becoming much higher

2First year ice, refers to ice that is thicker than 30cm but has not yet gone through summer melt season. While multi
year ice is about 2-4m thick and has already survived summer season
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than that of the historically dominant multiyear ice pack (2-4m). This observation correlates with
findings of Kwok et al [34], whose data shows a 50% decrease in multi year ice coverage with Arctic
ice coverage trends shifting towards first year ice [34]. In the warming temperatures, fraction of melt
ponds on top of the ice increases as well (from 25 to 50%)3 [5]. According to Arrigo et al.[5], the optical
measurements of these melt ponds transmitted 47-59% incident light while the adjacent snow free ice
transmitted 13-18%, making the sub-ice conditions with melt ponds favourable for phytoplankton
blooms[5]. Additional sub-ice phytoplankton blooming events have been observed across the Arctic;
in the Barents’s Sea, the Beaufort Sea, the Canadian Archipelago and the Fram strait [5, 11]. This
increase in phytoplankton growth creates an imbalance to the ecosystem and allows for the excessive
growth of harmful algae to bloom, which negatively impacts surrounding organisms.

3.2 The shift from a vital to a toxic foundation for the Arctic ecosystem

Seasonal blooming events of phytoplankton are a natural part of the seasonal cycle in the marine
ecosystem and vital to the Arctic food web[7]. The ice-algae and the phytoplankton form the foundation
of the Arctic food web as the primary producers. They then provide nutrition for zooplankton which
are key Arctic grazers, such as copepods. Zooplankton additionally serve as a crucial link between
primary producers and higher trophic levels, as they transfer the energy to pelagic predators such as
the amphipods Themisto libellula.[53, 30]. With the energy concentrated in zooplankton, they can be
transferred up to fish and other larger predators, eventually reaching top predators such as seals, whales
and polar bears [29, 31], thus, completing the food chain. This is evidenced in [10] where biomarkers
were used to trace the carbon from phytoplankton and ice-algae. Some algal biomass supports the
benthic communities as it sinks to the seafloor, creating an additional energy transfer pathway for the
Arctic ecosystem, see Figure 4 for a schematic view of the Arctic marine food web.

Figure 4: A schematic view of the Arctic marine food web. From primary producers to top predators,
including the humans that hunt. Figure from Darnis et al. [15]

However, their increased blooming events pose as a threat to the same system due to the bio-toxins
some species produce[7]. These toxins are harmful, even lethal, to both humans and other organisms
in the ecosystem. Therefore, this proliferation is commonly referred to as harmful algal blooms (HAB)
[7]. In the Arctic there are two main HAB species, Alexandrium spp. that produces saxitoxin (STXs)
and Pseudo-nitzschia species that produces domoic acids (DA) [3]. Both saxitoxins and domoic acids
are powerful neurotoxins that have the ability to cause severe illness in both humans and animals when
ingested[17].

3.2.1 Alexandrium spp. and saxitoxin

Saxitoxin (STXs) is associated with paralytic shellfish poisoning. It binds with high affinity to voltage-
gated sodium channels on cell membranes. As a result, it inhibits the influx of sodium ions into cells,
thus suppressing action potential which leads to muscle paralysis [17]. The toxin is rapidly absorbed

3Melt ponds form as liquid water collects in depressions on the surface of the ice as it melts and deepens them. An
increase in Carbon dioxide and other greenhouse gasses driving an increase in melting ponds as the temperature rises.
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and easily distributed throughout the entire body, including the brain. The effects of the toxin therefore
manifest just as rapidly (within an hour). Symptoms of the toxins include tingling, numbness, reduced
motor activity, incoherent speech and even respiratory paralysis and death. Currently, there are no
specific anecdotal treatment options available for STXs and treatment for the poisoning is usually
symptomatic [8]. Alexandrium species pose as a particularly concerning threat as the species forms
dormant cyst that can survive in the seafloor sediments, waiting for favorable conditions that are
suitable for germination and bloom formation[2].

The Alaskan Arctic has seen an increasing presence of both STXs and DA in recent years [3].
While Alexandrium was only sporadically identified in the last 65+ years, recent studies have shown a
significant increase in its occurrence [4]. The presence of Alexandrium cysts and blooming events have
been identified in multiple locations throughout the Alaskan Arctic. Research done by Gu et al. show
the presence of Alexandrium catenella cysts in the Chukchi sea [20]. Further testing in the Chukchi sea
and the east Bering sea done by Natsuike et al[42] show the abundance of Alexandrium tamarense cysts
distributed on the shallow continental shelf in locations that correlate to high blooming events. The
abundance of cysts identified in the east Chukchi sea during Natsuike et al. highlights the real threat
that these cysts and the toxins they produce, can pose to the ecosystem as the germinate. Furthermore,
a more recent study by Natsuike et al. [43], show an abundance of Alexandrium fundyense cysts in
the sediments of the eastern Bering Sea and the Chukchi Sea. Their tests on the strain show it grows
at temperature as low as 5°C however, the strain shows increasing potential to germinate and grow
when water temperatures increases. Their results concluded that as a consequence of these cysts the
risk of paralytic shellfish poisoning was high . Moreover, a recent multi-year research conducted in
the Alaskan Arctic by Anderson et al.[4] show a massive accumulation of resting Alexandrium cysts
across a large area in the, see Figure 5. These cysts closely correlate with dense blooms of vegetative
cells in the surface waters. With these blooming events happening frequently already, the presence the
large quantity of cysts in the Chukchi sea suggest that these self-initiating blooming events will occur
annually, as they already do, but will continue to increase.

Figure 5: Results from Anderson et al. study shows the distribution and the abundance of cysts in
surface sediments (0-3cm) during 2018 and 2019 in the Alaskan Arctic. [4]

Figure5 shows the dense cyst accumulation in the Chukchi sea. With large cyst beds in the
Ledyard Bay with maximum 17.600 cyst/cm3 and another dense accumulation of cysts in the Barrow

8



Canyon with a maximum of 14.800 cysts/cm3[4]. Anderson et al. [4] replicated experiments similar to
those conducted by Natsuike et al.[43], focusing on the relationship between increasing temperature
and germination time. Their findings demonstrate a strong inverse correlation, as temperature rises,
germination time decreases significantly, Given that the Arctic is warming at an accelerated rate
compared to global averages, this relationship suggests a growing concern for the regions ecosystem.

3.2.2 Pseudo-Nitzschia and domoic acid

In comparison the STXs, domoic acid (DA) is not as easily absorbed from the gut, with only about 5-
10% of the ingested dose typically entering the bodies circulation. However, DA has the ability to cross
the blood brain barrier. Combined with its prolonged half-life in mammals, it contributes to potent
neurotoxic effects. The toxin is an analog of an important neurotransmitter, and is therefore able to
interact with a type of glutamate receptors located in the central nervous system. An interaction that
leads to several toxic effects that lead to symptoms such as seizures, memory formation and memory loss
[13]. The toxic effects of DA typically manifest in two different stages, the acute stage (usually within
24-48 hours) that has typical gastrointestinal symptoms along with headaches, dizziness, confusion
and motor weakness; the chronic phase (can persist for months or years) that presents in seizures,
cognitive impairment and anterograde memory deficits. DA has additionally been shown to have a
significantly more effects on developing nervous systems at lower concentrations, causing permanent
and long lasting neurological impacts [13].

The presence of Pseudo-Nitzschia in Arctic waters is not uncommon. However, in comparison
to Alexandrium species, less is known about their history, diversity and toxicity in the region [2].
Increased testing and long term observation for Pseudo-Nitzschia species in the Alaskan Arctic is
needed as there is still a lot unknown about its blooming events, presence and behaviour in the area[3].
A sampling cruise conducted by Hubbard et al.[23] in the fall and summer of 2018 in the Chukchi,
Bering and Beaufort seas show that over Pseudo-Nitzschia species that produce DA are widespread
throughout the Alaskan Arctic. The research provided some much needed understanding of the Pseudo-
Nitzschia species present in the area as well as giving a much needed foundation to understand their
spatiotemporal dynamics, highlighting the significant risk of Amnesic Shellfish Poisoning (ASP) and
domoic Acid Poisoning (DAP) in the Alaskan Arctic[23].

While more research seems to be available on the presence of Alexandrium spp. in the Alaskan
Arctic seas compare to published research of Pseudo-Nitzschia species, there is still a critical need to
increase monitoring and understanding of both genera in this region. Existing research on the presence
of these genera in the area highlight the potential for consistent and possibly increasing harmful algal
blooming events. Therefore, understanding how these species act in a changing Arctic environment is
vital. These changes have far reaching consequences for the Arctic ecosystem as it shifts the basis of
the food chain, to a possible toxic foundation which highlights the need for increased monitoring of its
effects up the food chain.

3.3 Tracing the path of algal toxins in the Alaskan Arctic ecosystem

Harmful algal blooms have been sporadically observed in the Alaskan Arctic. Historical records show
scattered observations of Alexandrium spp. with studies from the last 70 years not detecting the
species in any significance. More recent studies, particularly in the early 2000s, have confirmed the
presence and toxicity of Alexandrium spp. in the Chukchi Sea, including a high concentration of resting
cysts in sediments[4, 2]. It is becoming increasingly important to develop comprehensive monitoring
programs and early warning systems. These efforts will be crucial to protect the humans who depend
on that ecosystem for subsistence as well as the overall health of the ecosystem itself. Understanding
how these blooming events and the increased presence of toxic species on the Alaskan Arctic food
chain serves two main purposes. It provides a foundation for enhancing our broader understanding
of how climate change is altering marine ecosystems. Additionally it helps predict shifts in resource
availability, allowing subsistence hunters and fishers to better prepare for changes in their food sources.
Moreover, it aids in protecting Indigenous communities from detrimental effects of these toxins [2] .

A recent paper by Lefebvre et al. detailing results from their excursion in the Beaufort, Chukchi,
and Bering seas highlight the alarming levels of STXs across the Arctic marine ecosystem, during
an unusual warm summer[36]. Sampling took place during the unusually warm summer of 2019 and
spanned multiple trophic levels, sampling phytoplankton, zooplankton, benthic clams and worms,
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as well as pelagic fish. Of a particular concern were the toxic concentration found in the benthic
clams that were harvested from the continental shelf across the three seas. Many of whom exceeded
the regulatory safety limit form human consumption (80µg/100g tissue). Additionally, the study
highlighted a potential threat to Pacific walruses, known to feed on these benthic species north of Saint
Lawrence Island. Analysis of fecal samples from 13 walruses that had been harvested for subsistence
near the island in spring 2019, revealed detectable STXs levels in all specimens. Of which, two were
approaching the seafood safety threshold. In comparison, toxin levels were lower but still present in
bowhead whales, which primarily feed on zooplankton. Fecal samples from 64% of the nine harvested
bowhead whales between March and September 2019 in coastal Beaufort Sea waters tested positive for
STXs. However, the concentrations were significantly lower than those found in the tested walruses
(8.5µg/g versus 78µg/g), aligning with the lower toxin levels observed in their zooplankton prey.

Another paper by Lefebvre et al.[37] analyses the samples from 905 mammals across 13 species that
were collected during the Northern Alaska Pinniped Unusual Mortality Event. Samples were collected
from four cetaceans (humpback whales, bowhead whales, beluga whales and harbor porpoises), two
otariids (norther fur seals and Stellar sea lions), five phocids (harbor, ringed, bearded, spotted and
ribbon seals), Pacific walruses and northern sea otters. Variety of samples were taken from different
sources of the mammals that had been stranded, harvested for subsistence purposes or captured for
research. All samples were analysed for presence of STX or DA. STX was detected in 10 out of
the 13 species studied. The highest prevalence was observed in the humpback whale (50%) and
bowhead whales (32%). Pacific walruses contained the highest concentrations of STX among the
species examined. In all 13 species sampled, DA was detected with bowhead whales and harbour seals
showing the greatest prevalence (68% and 67% respectively). Notably, the Pacific walruses exhibited
the highest concentration of both STXs and DA, with the levels of DA comparable to those found
previously in California sea lions that exhibited clinical signs of toxicosis seizures. Moreover, the
research highlighted the risk of combined exposure as samples from 46 of the individual mammals had
detectable concentration of both DA and STX. This dual presence of toxins could have compounding
effects on marine mammal health. The result of this study on marine mammals also revealed concerning
impacts of DA exposure. Detectable DA concentrations in fetuses of beluga whales, harbor porpoises
and sea lions demonstrate maternal toxin transfer, which raises concerns about long-term species
viability[37]. Additionally, a 2019 study on sea otters in Kachemak Bay, found the animals had altered
gene expression due a chronic low level exposure to DA. This gene expression indicated neurological,
cardiac, immune and detoxification effects[9]. These findings collectively emphasize the diverse risk
associated with algal toxin exposure in marine mammals, underscoring the urgent need for further
research on potential threats to species maintenance and overall ecosystem health.

Another extensive study done on 998 seals (bearded, ringed, spotted and ribbon seals) harvested for
subsistence purposes in the western and northern Alaska between 2005 and 2019 further proved that
ice seals in the Bering, Chukchi and Beaufort seas are regularly exposed to HAB toxins, such as STX
as well as DA[21]. Furthermore, this study showed that the stomach content of bearded seals sampled
from the Bering sea had a significant increase in DA over time. Since bearded seals rely heavily on the
filter feeding benthic organisms as a food source, they serve as an excellent indicator for monitoring
the presence of HAB species and their associated toxins for the area. Moreover, as information on the
presence of Pseudo-Nitzschia species in the Alaskan Arctic is limited, these findings are crucial. They
highlight the notable increase in toxic producing Pseudo-Nitzschia species, not just in seals but in the
area in the last 14 years of the study[21]. This provides insight into the evolution of these species in
the region. These studies, extensively tested marine mammals in the Alaskan Arctic, many of whom
were being hunted for subsistence purposes. The findings provide compelling evidence that harmful
algal blooms and their toxins are present throughout the Alaskan waters at levels high enough to be
detected in marine mammals [21, 37, 36, 9].

The effects of these toxins extend beyond these marine mammal to other components of the Arctic
ecosystem, including seabirds. A 2019 study focusing on the alarming increase in seabird mortality
events in Alaska since 2015, shows the connection to STXs (and other paralytic shellfish toxin (PST)
equivalents) [58]. Starvation was initially thought to be the cause of these excessive mortality events.
However, the research done by Van Hemert et al.[58] on Arctic Terns nesting colonies near Juneau,
Alaska sheds new light on the probable cause of death. Researchers found elevated concentrations
of STXs in the samples that were collected from the birds, their foraged fish, and nearby mussels.
Analysis of the Arctic Tern tissue revealed STXs levels ranging from 2.5 to 51.2µg/100g, comparable
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to concentrations reported in other PTS-induced bird die-offs. These findings strongly indicate that
PST contributed to the mortality events. Results of the study also showed an alarmingly high PST
levels in the local food web. Blue mussels collected from nearby beaches contained over 11.000µg/100g
of PSTs, while the foraged fish that was retrieved from Arctic Tern nests had concentrations up to
494µg/100g. Moreover, in a related study, Van Hemert et al. [57]further expanded their investigation to
seabird mortality events in the Bering and Chukchi seas between 2014 and 2017. This research focused
on a multi-species die-off that primarily effected Norther Fulmars and Short-tailed Shearwaters. STXs
was found in 60% of all tested bird, with STX detected in 88% of Northern Fulmars species, the species
most frequently recorded in carcass counts.

The extensive research on saxitoxin (and similar paralytic shellfish toxins) in the Alaskan Arctic
demonstrates the pervasive nature of these toxins throughout the entire marine food web, affecting
species from zooplankton and up to top predators like whales and seabirds, many of whom are already
part of a subsistence harvest which could lead to potential health impacts in humans. This threat
underscores the urgent need to monitor and manage the threats that follow harmful algal blooms. As
was outlined before, some studies have detected a co-occurrence in of both STX and DA in marine
mammals, highlighting the potential for compounding effects on the health of the marine ecosystem.
However, Indigenous Alaskans have already started taking matters into their own hands in cases for
harvested shellfish. As testing for shellfish toxins (such as STX and DA) are often only done for
commercial harvests, tribes across the Southeast of Alaska have felt the need to address this lack
of state or federal toxin testing for their subsistence and/or recreational harvesting and have formed
their own toxin testing and ocean monitoring program[52]. This highlights the need for increased
testing in the Alaskan Arctic, not only for commercial batches but for the protection of the Indigenous
communities.

4 Discussions

The Arctic ecosystem is undergoing a rapid transformation that is driven by climate change. With
the Arctic warming at a rate around 4x faster than the global average. These changes are profoundly
impacting both the marine environment and as a result, the Indigenous communities that depend on it.

Recent expeditions have documented a significant shift in Arctic sea ice composition, with first-year
ice becoming dominant as multi-year ice diminishes. The melt ponds present on this ice create more
favorable conditions for ice-algae growth, resulting in a massive increase in algal biomass as was first
observed by Arrigo et al.[5] 2011 expedition. This shift not only alters the physical structure of the
Arctic environment but also sets the stage for potential ecological disruptions.
Of particular concern is the increasing prevalence of harmful algal blooms (HABs) in the Alaskan
Arctic, especially those producing saxitoxin (STX) and domoic acid (DA). Research has shown a
significant increase in the presence of Alexandrium and Pseudo-nitzschia species, which are producers
of these bio-toxins. Alexandrium species are of particular concern due to their ability to form dormant
cysts. Studies in the Alaskan Arctic have identified massive cyst beds in multiple areas that are
associated with seasonal Alexandrium blooms. While specific testing for the presence of Pseudo-
nitzschia is not as extensive for the area, the detection of DA throughout the food web indicates that
an urgent need is for more testing and better understanding of the species in the area. Moreover, as
the link between increasing water temperature and phytoplankton growth has long been recognized,
the accelerated warming of the Arctic is a cause for great concern. Furthermore, Lefebvre et al. [36]
observed during their research expedition an alarming amount of STXs levels across the Arctic marine
ecosystem during an unusual warm summer, we can expect that unusually warm summers will become
the norm. this trend is likely to exacerbate the frequency and intensity of HABs in the region. Further
temperature correlation studies on the HAB strains highlighted by Natsuike et al. and Anderson et al.
[43, 4] demonstrate that the cyst beds found in the Alaskan Arctic are highly sensitive to temperature
changes. These studies provide evidence of the dramatic expansion of these large cyst beds in response
to shifting Arctic condition and underscores the urgent need for continued monitoring of temperature
trends, ice composition, and HAB occurrences.

This shift in the foundation of the food chain has cascading effects through higher trophic lev-
els, potentially disrupting the delicate balance of the Arctic ecosystem that Indigenous communities
have relied upon for millennia. Research has demonstrated the pervasive presence of these bio-toxins
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throughout the Arctic marine ecosystem. Multiple studies on marine mammals and other organisms
connected to the Arctic ecosystem have shown the widespread nature of STX and DA in the system.
These toxins have been detected in species ranging from bottom feeding clams to whales and seals.
Notably, research has found varying levels of toxins across different marine mammals, where mammals
that rely on filter feeding benthic species and zooplankton as primary nutrient sources showing high
amounts of toxins. These findings suggest that the concentration of toxins may be influenced by an
animals position on the food chain and its feeding habits. Additionally, it highlights how connected
the ecosystem is, showcasing the extent of bio-accumulation and bio-magnification occurring in the
Alaskan Arctic marine ecosystem.

Furthermore, the presence of these toxins could potentially explain the significant increase in seabird
mortality events, an aspect that had not been previously studied. Many of the effected species are cru-
cial parts of the Indigenous subsistence harvests which raises serious concerns about potential human
health impacts. The co-occurrence of STX and DA in marine mammals adds an additional complexity
and suggests a possible compounding effects on ecosystem health. Both of these toxins can be danger-
ous and even lethal to humans, animals and overall the health of the entire ecosystem. Highlighting
the urgency of addressing this issue.

Although not within the scope of this work, the Indigenous communities of the Alaskan Arctic
have endured a long history of cultural suppression. This makes their continued use of traditional
practices all the more crucial. Additionally, the introduction of ”western foods” has already posed
significant health threats to these communities, further underscoring the vital importance of main-
taining a healthy Arctic ecosystem for a continued subsistence living. As the Arctic undergoes these
rapid changes, protecting the ecosystem and educating Indigenous communities about emerging risks,
especially from harmful algal blooms and their toxins, becomes increasingly crucial. Adapting tra-
ditional practices might become necessary, such as excluding recipes that use highly contaminated
animal parts like the intestines. Increased testing and monitoring will shed light on these concerns.
While community led initiatives for toxin testing are commendable, Indigenous communities should
not bear this burden alone. As the literature shows, the algal blooms in the area are increasing rapidly
and their toxins have already made their way far into the food chain, with alarmingly high amounts of
toxins detectable across most, if not all species. This highlights the pressing need for a comprehensive
federal monitoring program that extends beyond commercial harvests to encompass the entire Arctic
marine ecosystem. Such programs would not only serve as a necessary monitor for the changing Arctic
ecosystem but also protect Indigenous communities and their century old ways of life.

The research findings emphasize how interconnectedness of the Alaskan Arctic ecosystem and high-
light how climate-driven changes cab have far-reaching consequences for both marine life and human
communities. As temperatures in the Alaskan Arctic continue to rise, we are likely only beginning
to witness the initial effects on Harmful Algal Bloom production and their subsequent impacts on
the food chain. The full extent of these changes and their long-term implications are yet to be fully
understood, emphasizing the urgency of establishing comprehensive monitoring systems immediately.
By implementing robust monitoring systems now, we can better anticipate and mitigate the effects
of increasing HAB on the food chain, thereby helping protect Indigenous communities from potential
health risks and food insecurity.
It is crucial to recognize that climate change manifests in numerous ways but one of its impacts is the
threat it poses to the cultural and traditional heritage of Alaskan Indigenous peoples by jeopardiz-
ing their subsistence practices. By potentially altering the availability and safety of traditional food
sources with the increase in HAB toxins, climate change strikes at the heart of Indigenous ways of
life that have sustained communities for generations. Therefore, in addressing the challenges posed by
climate change and increasing HABs is not just an environmental or health issue, but a crucial step in
safeguarding the cultural continuity and traditional heritage of Alaskan Indigenous communities for
future generations.
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