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Abstract

Marine debris, particularly plastic marine debris, has numerous impacts on the
environment, wildlife, and human communities. This research examines dimensions of marine
debris in the Bering Sea and Aleutian Islands, Alaska, including impacts of marine debris

pollution on wildlife and the environment; the history of marine debris research, monitoring, and

cleanup activities; and community perspectives on local to global solutions. The first chapter of
this dissertation is an integrative literature review to better understand the current status of

marine debris knowledge in the Bering Sea region and identify critical knowledge gaps. We
synthesized the depth and breadth of research, monitoring, and cleanup activities to better

understand the sources, prevalence, and impacts of marine debris on wildlife and coastal

communities. Our review revealed several knowledge gaps, including two that were a focus of
the final chapters of the dissertation: measuring the extent of plastic-associated contaminants in
the Bering Sea and capturing community perspectives and concerns about marine debris in the
Bering Sea. The second chapter examined variation in phthalates, a class of plastic-associated

chemicals, in Aleutian Islands seabirds, to refine hypotheses regarding ecological and
environmental factors that affect phthalate exposure in marine wildlife. We quantified phthalates

in seabirds collected across >1700 km of the Aleutian Islands, Alaska, and measured six
phthalate congeners in seabirds representing ten species and four feeding guilds. Phthalates were

detected in 100% of specimens (n = 115) but varied among individuals (range 3.64 - 539.64
ng/g). Total phthalates did not vary geographically, but differed among feeding guilds, with
significantly higher concentrations in diving plankton-feeders compared to others. Our findings
suggest feeding behavior could influence exposure risk for seabirds and lend further evidence to
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the ubiquity of plastic pollutants in marine ecosystems. The final chapter of the dissertation
explored perspectives and concerns of St. Paul Island community members regarding marine

debris and plastic pollution. This component of the research aimed to catalyze the inclusion of
local knowledge in marine debris solutions for St. Paul Island, Alaska, by documenting
community members' perceptions of marine debris, including its origin, impacts, and proposed

solutions. We interviewed thirty-six St. Paul Island community members from 2017 to 2020

about the types, amount, distribution, and impacts of marine debris they have observed on the
island and its surrounding waters over recent decades. Research participants reported increases in

plastic debris since the 1980s, particularly plastic bottles. Nearly 80% expressed concern about
impacts to subsistence resources, including entanglement and ingestion of plastic particles by
marine mammals and fishes. St. Paul Island community members' experiences highlight that
solving the problem of marine debris cannot rely on local efforts alone but requires broader

policies and mitigation strategies to address the sources of debris and advance environmental
justice for coastal communities. Overall, this dissertation contributes an improved understanding
of the social and ecological impacts of plastic pollution in the Bering Sea region and the potential
science and policy solutions that can stem the tide of marine debris.
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Chapter 1: General introduction

1.1 Research origins and positionality statement

This research project does not follow the traditional path that many fisheries dissertations
take. While it may have begun shaped by the paradigms of Western science methods and ways of
thinking, the final version found here reflects my evolution from using strictly Western science

disciplines such as ecology and toxicology to broadening the scope of research to include

multiple ways of knowing and understanding the world. That includes examining the meaning
and value of this research through the lenses of education, communication, community

engagement, Indigenous knowledge, environmental justice and action. My research path has also
helped my positionality to evolve over time. I recognize the privilege of my background and
upbringing - I am a white cis-gender female who grew up in New Jersey with access to private
education and countless opportunities. I am a first-generation American, growing up with parents

that pushed me to excel and pursue my dreams. Throughout my years, I hope that I have been
able to utilize that privilege to do good things for the planet - by doing research whose results

can be applied to better inform management policies or inspire others to help the planet, teaching
and mentoring students so they can carry on this valuable work and pushing for change. I hope

that my desire to do so is reflected in the pages of this dissertation.

My research is driven by a deep connection to place, specifically, the Alaska Maritime
National Wildlife Refuge (AMNWR) within the Aleutian Island Archipelago and the Pribilof

Islands to the north. AMNWR stretches broadly across coastal Alaska, encompassing islands,
islets and headlands from Southeast Alaska to the Chukchi Sea. I spent several years studying

seabirds in the Aleutians Islands and then, through a connection to the Seabird Youth Network, I
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traveled to St. Paul Island for education and outreach activities. While I had felt a deep sense of
connection to the ecosystems of the Aleutian Islands, this was the first time I felt a deep sense of
connection to a community located within AMNWR. St. Paul Island is an extremely special

place that immediately draws you into its wonder. I fostered relationships with various
community members through my education and outreach activities, being invited back several

times for summer camps and school events. This community engagement led to my employment
with the Aleut Community of St. Paul Island Tribal Government.
Throughout this time, I have witnessed plastic marine debris polluting islands' shorelines

and inside seabirds' stomachs. I have examined countless seabird stomachs and detected plastics

in many of them. I have assisted people in coastal communities in removing literal tons of
marine debris from their shores. Drawing from these experiences, I developed a research project
that is place-based and incorporates various research disciplines to better understand the impacts

of plastic marine debris pollution on the wildlife and human communities within AMNWR. The

plastic marine debris issue is complex, with research continuously emerging that examines the
issue from various perspectives. The transdisciplinary approach of this project is driven by that
complexity, and the desire to add to the growing body of knowledge about the impacts of plastic

marine debris such that society can utilize the results of this research to collectively find
solutions to the issue.
Transdisciplinary research expands beyond single discipline-based knowledge to span

multiple knowledge systems and bridge academic and practitioner perspectives (Russell, 2010).
Multiple ways of knowing broaden our collective understanding of the world and the
environmental changes experienced by coastal peoples. I assisted on major marine debris

cleanups on St. Paul Island, and this really opened my eyes to how this global issue can have
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such an intense impact on small coastal communities. The residents of St. Paul Island, a

community of fewer than 400 people, made it their responsibility to remove debris from their

shorelines because they were driven by the desire to protect their environment. The injustice I
sensed in watching the St. Paul Island community fight to protect their home inspired the next

evolution of this project and to view this research through the lenses of community engagement
and environmental justice.

1.2 Background information: plastics and pollution

1.2.1 Origins of the marine debris problem
While this research references marine debris generally, we were primarily focused on

plastic marine debris because it does not biodegrade and is the most long-lived and common
material polluting the environment (Amaral-Zettler et al., 2020). This dissertation contributes to

a growing body of research on the direct effects of plastics and plastic-associated chemicals
across levels of biological organization (reviewed in Browne et al. 2013; see examples in Table

I.1). The first modern plastic material, known as Bakelite, was introduced in 1907, but it was not
until the 1940s that optimal manufacturing techniques allowed for mass production of plastics

(Amaral-Zettler et al., 2020). Manufacturers and consumers alike developed a preference for
plastic materials because they are lightweight, durable, and resist degradation (Barnes et al.,

2009; Sivan, 2011). A 2015 study estimated that approximately 10% of the plastics produced
worldwide (about 8 million tons annually) become waste and eventually reach the ocean

(Jambeck et al., 2015). That 8-million-ton estimate has since become a benchmark against which
to measure the amount of plastic pollution entering the ocean annually. The broad scale reporting

and use of this estimate has garnered responses from NGOs, policymakers, and industry (Law et
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al., 2020), such as focused remediation efforts in South and Southeast Asian countries
(Association of Southeast Asian Nations, 2019; Ocean Conservancy, 2015). While the study

drew attention to Asia, high-income countries, like the United States and European Union
members, produce large amounts of plastic with very high per capita waste generation rates

(Jambeck et al., 2015). In fact, an updated analysis showed that the coastal population of the
United States created more plastic waste than any country, followed by the EU-28 countries and

China (Law et al., 2020).
The plastic marine debris issue must be examined at multiple scales to understand its

impacts on the environment and human health. First, we must consider the geographic scale of
the issue. On a global scale, plastic pollution in the ocean is a “transboundary challenge.” When

it is found in Areas Beyond National Jurisdiction (ABNJ), it is problematic to assign

responsibility to one entity (e.g., a particular country) for its removal (Vince and Hardesty,
2018). Identifying the origins of marine debris is an important step to ensure that appropriate
management and mitigation strategies can be developed. Although this remains a difficult task,
especially if individual pieces of debris have been greatly eroded and degraded over time,

researchers have attempted to identify the largest contributors of plastic pollution by examining
waste management practices worldwide.

1.2.2 Marine wildlife as indicators of plastic pollution
Wildlife can be powerful sentinels of ecosystem health and function, providing

information about the distribution of contaminants associated with marine debris. For example,

observations of plastic particles ingested by seabirds in Alaska can serve as indicators of the
distribution and concentration of phthalates (plastic-associated contaminants) in the marine

4

environment, leading to a better understanding of the impacts of plastic marine debris pollution.
Research has shown that plastic ingestion can have physiological impacts on seabirds as well,

including skin lesions and sores, diminished body weights, decreased fledgling success, impaired
reproductive capacity, starvation, dehydration, drowning and impaired predator avoidance
(Auman et al., 1998; Lavers et al., 2014). Furthermore, microplastics are often coated in toxic

compounds and can also act like sponges in marine environments, concentrating toxic chemicals

from the water column (Lavers and Bond, 2013; Rochman, 2015; Tanaka et al., 2015). This

includes compounds such as persistent organic pollutants (POPs), heavy metals and other
chemical additives whose adverse effects upon exposure include cancer, metabolic disorder,
cardiovascular and immune system impairments, and disruptions to the endocrine and nervous

systems (Jones and De Voogt, 1999; Perkins et al., 2016). When seabirds ingest microplastics,
these toxic chemicals can leach off these particles and get incorporated into the seabirds' tissues

(Lavers and Bond, 2013; Tanaka et al., 2013; Tanaka et al., 2015). Not only are seabirds directly

impacted by exposure to plastic-associated contaminants, maternal transfer of contaminants can

occur (Lu et al., 2019), and there is growing concern that trophic transfer of contaminants may
also be occurring (Rochman et al., 2015; Seltenrich, 2015).

There is a range of potential abiotic and biotic pathways through which seabirds and

other species can be exposed to phthalates (Figure I.1). While the exact mechanisms of exposure
for Bering Sea ecosystem and wildlife are not known, a review of literature suggests the most

plausible pathways include direct ingestion of plastic particles containing phthalates, ingestion of
prey items that contain phthalates in their tissues, or through direct environmental exposure,
either through phthalates in the atmosphere or phthalates in the water on which seabirds reside
for a large proportion of their lives. Phthalates have been widely found in various components of
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the environment, including soils (Bauer and Herrmann, 1997; Cartwright et al., 2000), freshwater

(Horn et al., 2004; Staples et al., 1997; Taylor et al., 1981), seawater (Zhang et al., 2019;

Paluselli and Kim, 2020; Adeogun et al., 2015), the atmosphere (Thuren and Larsson, 1990), and
organisms, including invertebrates (Wofford et al., 1981; Hu et al., 2020; Saliu et al., 2019),
fishes (Adeogun et al., 2015; Fossi et al., 2014; Wofford et al., 1981; Hu et al., 2020), and

seabirds (Huber et al., 2015; Hardesty et al., 2015). Please refer to Appendix A of this document
for a more in-depth review of phthalates in the environment globally. However, future research is

needed to quantify phthalate concentrations in these various environmental components to better
understand the sources and sinks of phthalates in the Bering Sea ecosystem.

1.3 Background information: St. Paul Island community

The Unangan people have continuously occupied the Aleutian Islands chain and the
Pribilof Islands region of Alaska for centuries and St. Paul Island is home to the largest Unangan

community in the world. The Aleut Community of St. Paul Island Tribal Government (ACSPI) is
the contemporary sovereign government of the Unangan people of the island. An Unangan

legend identifies St. Paul Island as Tánax'-Ámix, or “The Island-Uncle” (Jochelson, 2003), a
name that is still used today by the St. Paul Island community. The community relies heavily on

the marine environment for subsistence and cultural practice, through harvest of northern fur

seals, Steller sea lions (Eumetopias jubatus), Pacific halibut (Hippoglossus stenolepis), green sea

urchins (Strongylocentrotus droebachiensis), and various seabird and duck species. This
connection to subsistence resources surrounding St. Paul Island is particularly important in the

context of marine debris research that highlights impacts of plastic pollution on critical

subsistence species in Alaska, such as seabirds (Hyrenbach et al., 2009) and marine mammals
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(Fossi et al., 2012). As longstanding stewards of the environment, community members are

leaders in efforts to stem the tide of environmental threats like marine debris. Capturing their

experience and perspective on marine debris and sharing that information with a broader
audience is a critical step towards achieving environmental justice for St. Paul Island and other

coastal communities, that are disproportionately affected by pollution generated elsewhere.

1.4 Dissertation goals

The first chapter of my dissertation is an integrative review of marine debris research and
related work done in the Bering Sea region. We wanted to provide a historical perspective to
assess what is known and what knowledge gaps remain with regards to marine debris in the
Bering Sea. This integrative review also provided the foundation upon which to base the

following two research chapters, which fill some of the knowledge gaps that exist for marine
debris in the Bering Sea.

The second chapter of my dissertation draws on disciplines such as ecology and

toxicology to go beyond documenting plastic ingestion to better understand the extent of
contamination from plastic-associated chemicals in seabirds breeding in the Aleutian Islands. We

documented plastic ingestion in ten seabird species from across the Aleutian Island Archipelago
representing four feeding guilds and went a step further to quantify the concentrations of six

phthalate congeners in their muscle tissues. We evaluated variation in phthalate concentrations
related to geographic location and feeding guild. Phthalate concentration was considered a proxy
for exposure to plastic pollution in the marine environment, as plastic-associated chemicals are

incorporated into tissues and act as endocrine-disrupting compounds in the body.
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The third chapter of my dissertation draws on social science methodologies and

community-engaged research practices to better understand the impacts of plastic marine debris
on the coastal community of St. Paul Island. The composition of the debris removed from St.

Paul Island over the last 20 years of cleanups indicated that much of the debris originated from

elsewhere and not the community itself (e.g., trawl nets from large commercial fishing
operations, bottles originating in other countries). We wanted to capture community members'

observations of marine debris trends over time and their perspectives on impacts of marine debris
on subsistence resources. We conducted 30 interviews with community members and used a

thematic network analysis to summarize major themes reflecting the community's perspectives
on sources, types, prevalence, and impacts of marine debris on St. Paul Island.

Finally, in the General Conclusions section, I utilize the information I learned in these

three chapters to suggest management actions that can be taken at local to international levels

that can reduce marine debris. Ultimately, there is no singular action that will solve the marine
debris crisis and protect the environment from further harm; it will take a combination of many

actions occurring simultaneously to turn the tide against marine debris.
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1.6 Tables

Table 1.1: Examples of direct effects of plastics and plastic-associated chemicals across levels of
biological organization.
Biological Scale
subatomic to
macromolecular
macromolecular to
molecular assemblies
molecular assemblies
to organelles

organelles to cells

cells to tissues

tissues to organs

organ system to
organism

Example of Plastic Effect
Reference
nanometer-sized polystyrene added to the
(Brown et al., 2001)
lungs of rats caused oxidative stress and
increased concentrations of protein
Lugworms that ingested micrometer-sized
(Browne et al., 2013)
PVC showed increased oxidative stress with
fewer antioxidants
polymethyl methacrylate in mice damaged
(Zhang et al., 2008)
DNA resulting in increased numbers of
cellular micronuclei
cells of mice take up nanometer-sized
(Frohlich et al., 2009)
polystyrene and can suffer apoptosis,
necrosis, and reduced proliferation
mussels exposed to micrometer-sized
(Von Moos et al.,
polyethylene produce more granules in gut
2012)
tissues than normal
mice exposed to micrometer-sized
(Clohisy et al., 2002;
polymethyl methacrylate experience
Pearl et al., 2011)
breakdown in bones
lugworms that ingested micrometer-sized
(Browne et al., 2013)
PVC with triclosan reduce feeding and suffer
mortality
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1.7 Figures

Figure 1.1: Proposed pathways of phthalate exposure for seabirds in the Bering Sea ecosystem.
Red arrows represent abiotic processes (e.g., evaporation, condensation, sedimentation) that can
be potential pathways via which phthalates cycle through the atmosphere, oceanic waters and
seafloor sediments. Blue arrows represent biotic processes (e.g., ingestion, absorption,
sequestration, decomposition) that can be potential pathways via which phthalates cycle through
flora, plankton, fishes, seabirds and seabird eggs.
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Chapter 2: A review of marine debris impacts and multi-scale solutions to plastic pollution
in Bering Sea social-ecological systems1

Abstract

The Bering Sea faces numerous environmental threats, including marine debris pollution,
that are impacting the health of communities and fisheries. Solutions to marine debris pollution

must be informed by an understanding of the history of marine debris research, monitoring, and

cleanup activities to remove debris in the region. Therefore, we performed an integrative
literature review to better understand the current status of marine debris knowledge in the Bering

Sea region and identify critical knowledge gaps. The review was aimed at synthesizing the depth
and breadth of research, monitoring, and cleanup activities to better understand where to focus

future research and mitigation efforts. We wove together information from peer-reviewed
publications and technical reports with available marine debris cleanup data for Bering Sea

communities to characterize the sources, prevalence, and impacts of marine debris on wildlife
and coastal communities in the Bering Sea region. Our results first summarize the history of

marine debris observations in the study area, from the 1960s to present, and identify knowledge

gaps. We then suggest research needs and possible solutions to address the marine debris crisis in
the Bering Sea.

Padula, V.P., Causey, D., Beaudreau, A.H. A review of marine debris impacts and multi-scale solutions to plastic
pollution in Bering Sea social-ecological systems. In preparation for Marine Pollution Bulletin.
1
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2.1 Introduction

Plastics have not only transformed the way humans live, but they have also transformed
the earth's surface with waste and pollution in the form of debris that is now ubiquitous in

marine ecosystems. Marine debris, especially plastic marine debris, is an increasing threat to
aquatic habitats and wildlife (Kandziora et al., 2019) and negatively impacts resource-dependent

human communities (Vince and Hardesty, 2018; Kandziora et al., 2019). Plastics are synthetic
organic polymers derived from oil and gas (Derraik, 2002; Rios et al., 2007; Thompson et al.,

2009) and are widely used in various applications (Andrady, 2011). Global plastic demand has
steadily increased since the 1950s (Amaral-Zettler et al., 2020), with production growing 26%
between 2010 and 2016 (from 334 million tons to 422 million metric tons) (Law et al., 2020).

The characteristics that make plastics desirable in manufacturing also make them extremely

difficult to manage as waste. Plastics comprise ~10% of municipal waste generated globally,
piling up in landfills with little chance of biodegrading within human lifetimes (Barnes et al.,

2009; Moore, 2008). In 2016, the United States was responsible for 42 million metric tons of
plastic waste, the most of any country globally (Law et al., 2020). Of this plastic waste, an

estimated 5 to 13 million metric tons reached the ocean in 2010 (Law et al., 2020). Land inputs

account for 70-80% of the plastic polluting the marine environment (Andrady, 2011; GESAMP,
2010) , due to ineffective solid waste management, ineffective wastewater treatment, littering,

illegal waste dumping, and natural disasters (Kandziora et al., 2019).
Marine debris has numerous impacts on the environment, wildlife, and human

communities. This is especially true for remote island and coastal communities both in the

United States and worldwide that have witnessed environmental degradation stemming from
marine debris accumulation on shorelines. On a local scale, coastal communities are faced with
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the direct effects of marine debris pollution that often originates from distant sources (Carson et

al., 2013). These communities are often not the primary generators of this waste but are often left
with the responsibility of cleaning it up. In remote areas of Alaska, marine debris can disrupt

subsistence and cultural practices through impacts to wildlife. Numerous studies have
highlighted detrimental effects of marine debris on critical subsistence species in Alaska, such as

seabirds (Hyrenbach et al., 2009) and marine mammals (Fossi et al., 2012), which can ingest or
become entangled in marine debris (Gall and Thompson, 2015). However, the research
community has rarely viewed the marine debris problem—and potential solutions—through the

lived experience of coastal communities, particularly those so closely tied to the land and sea
through customary and traditional use of wild foods.

This review will focus on marine debris in the Bering Sea. The Bering Sea region is
defined as the subarctic northern extension of the North Pacific Ocean, bounded by the United

States and Russian coasts to the east and west, respectively, the Aleutian Islands comprising its
southern border and the Bering Strait its northern border (National Research Council, 1996). The
Bering Sea marine ecosystem supports a wide variety of organisms including 450 species of
fishes and invertebrates, 50 species of seabirds, and 25 species of marine mammals (National

Research Council, 1996), providing sustenance to the coastal community residents that have

inhabited the region for many centuries (Dumond, 1984). Alaska Native communities are

linguistically and culturally diverse across the region, from the Unangan communities in the
Aleutian and Pribilof islands, to Yup'ik communities like Togiak and Emmonak, Siberian

Yup'ik communities on St. Lawrence Island, and Inupiaq communities in the North Sound
region (Fall et al., 2013).
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The Bering Sea region faces numerous environmental threats that are impacting its health

and the sustainability of its communities and fisheries, from global climate change to marine
debris pollution. Bering Sea communities are working to maintain a healthy ecosystem in many

ways, including taking leadership actions to clean up marine debris. However, long-term
solutions aimed at reducing the impacts of marine debris and eliminating it at its source must be
informed by an understanding of the history of marine debris research, monitoring, and cleanup

activities in the region. Therefore, we performed an integrative literature review to better
understand the status of marine debris knowledge in the Bering Sea region and identify critical

knowledge gaps. The review was aimed at synthesizing the depth and breadth of research,
monitoring, and cleanup activities to better understand the sources, prevalence, and impacts of

marine debris on wildlife and coastal communities. We use this review to recommend future
research priorities to fill knowledge gaps and outline potential strategies to address marine debris

in the Bering Sea through community-based research to action, including preventive measures
and mitigation measures to reduce the impacts of marine debris that is already present.

2.2 Methods

Integrative reviews synthesize literature in a particular field of study, present central

concepts regarding the research that has already been done, identify knowledge gaps and outline

research needed to advance the field (Sayer, 2018). Integrative reviews do not give detailed
overviews of individual studies, rather they provide balanced accounts of the research that has

been done and their outcomes to advance novel ideas and provide added value to the field at the

conclusion of the review (Sayer, 2018). We used this approach to collate marine debris research,
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monitoring records, and documentation of clean-up activities in the Bering Sea region to create a
historical perspective against which to frame future efforts.

We searched for peer-reviewed journal articles, gray literature, and white papers using
SCOPUS and Google Scholar search engines to find material that specifically addressed marine

debris in the Bering Sea region. We used a combination of the keywords “marine debris” and
“Bering Sea” in our searches. We performed our SCOPUS search on 4 September 2021 using the

search “marine debris” AND “Bering Sea”, which returned three articles published in peer-

reviewed journals (Fowler, 1987; French et al., 1989; Mu et al., 2019a). We included all three of
these articles in our review because they specifically addressed marine debris research in the

Bering Sea. We performed our Google Scholar search on the same day using the search “marine
debris” and “Bering Sea.” The search returned 1,470 hits. We reviewed this list extensively,

removing all articles and reports that were not specifically about marine debris in the Bering Sea.

For example, we removed any articles or reports that only referenced marine debris or the Bering

Sea in their discussion section, as this did not pertain to our review. The Google Scholar search
also returned technical reports, such as National Oceanic and Atmospheric Administration's

(NOAA) Fur Seal Investigations (Testa, 2018, 2016). There were many more technical memos
that appeared in our search results, but they were often yearly or biennial reports to update data
such as entanglements, so we selected several that contained important research in the marine

debris field, acknowledging that data are collected annually and reported by agencies like

NOAA.
Overall, we reviewed 30 papers, 18 were published in peer-reviewed journals and 12

were published as technical memos or conference proceedings. We also accessed marine debris

cleanup data for Bering Sea communities through the Sitka Sound Science Center
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(https://sitkascience.org/research-projects/marine-debris/marine-debris-map/ ). Our results first
summarize the history of marine debris observations in the study area, from the 1960s to present,

and identify knowledge gaps. We then examine pathways of impact to the marine ecosystem and

human communities.
2.3 Results

2.3.1 History of marine debris in the Bering Sea region

2.3.1.1 A growing awareness of marine mammal entanglements and plastic ingestion (1960s)

The first observations of northern fur seal (Callorhinus ursinus) entanglement on the
Pribilof Islands date back to the 1930s (Fowler, 1987). These observations were often made
during the commercial harvests that occurred on St. Paul and St. George islands; even just after

WWII less than 0.004% of commercially harvested subadult male northern fur seals were
entangled (Fowler, 1987). It was not until the 1960s that marine debris research, monitoring, and

clean-up activities in the Bering Sea began in response to increasing northern fur seal

entanglements (Fowler, 1987). Increases in entanglement observations in the 1960s coincided
with the growth of trawl fisheries for walleye pollock (Gadus chalcogrammus; National

Research Council, 1996). Fishing vessels used plastic webbing for their trawl nets and plastic

packing bands for boxes, causing an entanglement risk for wildlife when lost or discarded in the
environment (Fowler, 1987). Following the tenth meeting of the North Pacific Fur Seal

Commission (NPFSC) in 1967, Pribilof Island communities and researchers began monitoring
and recording northern fur seal entanglement (Merrell, 1980).
Entanglement was caused by what researchers today would call macroplastics, or plastic

materials and fragments larger than 5 mm in diameter (Arthur et al., 2009). This is in contrast to
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microplastics, which are classified as plastic materials and fragments smaller than 5 mm in
diameter (Arthur et al., 2009). Although the differentiation between macroplastics and
microplastics was not formalized until more recently, when the term microplastics was coined in
2004 (Thompson et al., 2004), marine debris research in the late 1960s was already starting to

differentiate these scales of debris. At the same time entanglement issues were being addressed,

plastic ingestion by wildlife was also being investigated; plastic ingestion by planktivorous
seabirds in the subarctic waters of Alaska, including the Aleutian Islands, was first detected in

1969 (Day, 1980). A study by Day (1980) reporting plastic ingestion in seabirds appears to be
the first to discuss microplastic pollution in the Bering Sea, detecting plastic in the stomach
contents of 448 of 1,968 individuals examined, and 15 of the 37 species examined. The study

also found that planktivorous seabird species had a higher incidence of plastics in comparison to

piscivorous seabirds (Day, 1980).

2.3.1.2 At-sea surveys for marine debris (1970s-1980s)

The largest rookeries of northern fur seals are found on the Pribilof Islands, comprising

approximately 50% of the world's breeding population, with other breeding rookeries within the
Bering Sea region located on Bogoslof Island in the Aleutian Island archipelago and the Kuril

and Commander islands in Russia (Testa, 2018). Northern fur seal entanglement rate reached its

peak in 1974 and 1975 at almost 0.75%, which paralleled the decline of northern fur seal pups

(Fowler, 1987). As the 1980s progressed, concern grew over the impact entanglements may have
on northern fur seal populations. Research on the impacts of marine debris on northern fur seals

focused on: (1) monitoring northern fur seal entanglements (followed by disentanglements if
possible) both on land and at-sea (Baba et al., 1990; Fowler, 1987; Fowler and Regen, 1990;
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Ribic and Swartzman, 1990); (2) conducting experiments on captive northern fur seals to
understand how entanglement impacts behavior and energy expenditure (DeLong et al., 1990;

Yoshida et al., 1990a, 1990b); (3) determining the survival rate and mortalities caused by

entanglements/disentanglements (Spraker and Lander, 2010); and (4) including entanglement

data in quantitative models of northern fur seal population dynamics and migration patterns
(French et al., 1989; French and Reed, 1990; Swartzman et al., 1990; Trites and Larkin, 1989).

Ultimately, much of the research from this time considered entanglement in marine debris as a
major factor in the decline of northern fur seal populations in the Pribilof Islands. While

entanglement is still a concern for northern fur seals today, current research points to reduced

prey availability (specifically walleye pollock) playing a major role in their population decline
(Short et al., 2021).

Experimental research in the 1980s revealed mechanisms by which entanglement harmed
northern fur seals, showing that entanglement decreased activity (Yoshida et al., 1990b),

decreased swimming speed, and increased the energy needed to catch fish as the weight of the
entangling material increased (Yoshida et al., 1990a). Entangled females in the wild spent more
time at-sea in comparison to free northern fur seals, resulting in higher energy expenditures and

more time away from their pups, potentially contributing to higher juvenile mortality (DeLong et
al., 1990).

A population model for northern fur seals in the Pribilof Islands area that included

entanglement as a source of mortality suggested that the population could potentially recover to
its mid-20th century abundance if entanglement were eliminated (French and Reed, 1990). By

1987, the entanglement rate for subadult male northern fur seals on St. Paul Island was 0.4%, at

least two orders of magnitude greater than rates in the 1940s (Fowler, 1987), but lower than the
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peak rate of 0.75% in the mid-1970s (Fowler et al., 1990; Fowler and Regen, 1990). Entangling
material was predominantly trawl net fragments and plastic packing bands weighing less than 0.5

kg (Fowler, 1987). The overall reduction in entanglement from the 1970s to 1980s was likely

attributable to reduced entanglement in trawl webbing specifically, which may have been related
to education programs and international regulations prohibiting the discard of debris (Fowler et

al., 1990; Fowler and Regen, 1990).
In the 1970s and 1980s, while marine debris studies continued to address impacts to

wildlife, another focus emerged in the literature - marine debris accumulation in the
environment. Marine debris surveys were initiated both on land (Merrell, 1984, 1980) and at-sea
(Day et al., 1990a, 1990b). The surveys on land were limited geographically, only taking place
on Amchitka Island (Fig. 1; Merrell, 1984, 1980); although it is unknown how many informal

marine debris cleanups were happening in Bering Sea communities at the time. What we know
of marine debris on Amchitka Island comes from surveys conducted along the same 1 km

transects (n = 10) each year from 1972 to 1974 and in 1982 (Merrell, 1984, 1980). Polypropylene
trawl net webbing was the most abundant debris item by weight on Amchitka Island and was
assumed to originate from Japanese or Soviet fishing vessels, while inflatable buoys had State of

Alaska registration numbers, indicating they were of U.S. origin (Merrell, 1984, 1980).

Surveys conducted in the North Pacific, Bering Sea, and Japan Sea from 1984 to 1988
improved the quantitative information on the distribution and characteristics of marine debris and

neuston plastic in the North Pacific Ocean (Day et al., 1990a, 1990b). Neuston plastics were
defined as the plastic fragments that could be collected in nets designed to catch surface plankton

(Day et al., 1990b), which today would be referred to as microplastics. The data for marine

debris were collected by conducting surface observations while the ship was moving along a
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transect (Day et al., 1990a). Of the 2,127 objects recorded along these transects from 1984 to
1988, 89.3% were plastic, with the highest densities of debris occurring in the Japan Sea and the
lowest densities in the Bering Sea (Day et al., 1990a). The data for neuston plastic were collected

by submersing a plankton net at specified sampling stations (Day et al., 1990b). Over half the
stations (120, or 59.1%) contained neuston plastic in the plankton net (Day et al., 1990b). The
highest total density of neuston plastic was 316,800 pieces/km2 at the station sampled east of

Japan and the highest total concentration of neuston plastic was 3,491.8 g/km2 at the station
sampled near the Subarctic Front in the central North Pacific (Day et al., 1990b).

2.3.1.3 Continued research and experimental studies (1990s-present)
In the 1990s, more at-sea marine debris surveys were conducted, this time around Kodiak

Island, Alaska using trawl nets for benthic tows to better assess the amount of marine debris
located on the seafloor (vs. floating marine debris) (Hess et al., 1999). While Kodiak Island is
not located directly in the Bering Sea, the currents that flow from the Pacific Ocean towards the
Bering Sea pass by Kodiak Island, increasing the potential for marine debris to be transported

from the Kodiak Island region to the Bering Sea. Therefore, studies of marine debris around
Kodiak Island provide valuable context for understanding the flow of marine debris into the

Bering Sea. From 1994 to 1996, researchers examined marine debris items from 346 trawls
conducted in inlets around Kodiak Island, and 279 trawls conducted in offshore areas around
Kodiak Island (Hess et al., 1999). Inlets around the town of Kodiak had the highest densities of

total benthic debris, most of it fishery-related (Hess et al., 1999). The most common fishery-

associated items found in inlets were plastic bait jars, fishing line, and crab pots (20 - 25
items/km2 from 1994 to 1996), consisting of both metal and plastic debris (Hess et al., 1999).
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The number of items, particularly plastics, decreased with distance offshore (4.5 - 11.0
items/km2 from 1994 to 1996) (Hess et al., 1999). In comparison to the at-sea surveys for marine
debris performed in the 1980s (Day et al., 1990b, 1990a), the trawls around Kodiak Island were
conducted much closer to human population centers and suggested that ineffective waste

management on land could result in more pollution in the waters surrounding a community (Hess

et al., 1999).
Entanglement monitoring continued through the 1990s. The entanglement rate for male

northern fur seals declined from approximately 0.75% in the 1970s (Fowler, 1987) to 0.2% in the
late 1990s, and researchers speculated that increased education in the fisheries industry

contributed to fleets working toward reducing their lost and discarded nets while at-sea (Robson

et al., 1999). Trawl nets were the most common material, accounting for 49% of entangling
material, while other entangling materials included packing bands, twine, monofilament gillnet
and unidentified twine or line (Kiyota and Baba, 2001). Fewer research papers focusing either on

the rate of northern fur seal entanglement or its impact on the animals were published from the

2000s to present, except for a 2010 study that examined the cause of death in 98 subadult male
northern fur seals on St. Paul Island, Alaska, covering the period from 1986 to 2006 (Spraker and
Lander, 2010). Six of those subadult males died following disentanglement from marine debris

(Spraker and Lander, 2010). The Aleut Community of St. Paul Island Tribal Government
(ACSPI) maintains a marine mammal co-management agreement with NOAA, and part of the
agreement includes a disentanglement team of tribal government employees
(https://www.fisheries.noaa.gov/resource/document/co-management-plan-subsistence-usemarine-mammals-st-paul-island-alaska ). Observed entanglements are recorded and the team
attempts to disentangle seals whenever possible. ACSPI is also a member of the Alaska Marine
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Mammal Stranding Network run by NOAA Fisheries (https://www.fisheries.noaa.gov/alaska/
marine-life-distress/alaska-marine-mammal-stranding-network#alaska-stranding-network-

members). With regards to northern fur seals and microplastics, one study examined 44 northern
fur seal feces samples collected from St. Paul Island, Bogoslof Island and San Miguel Island,

CA, for presence of microplastics (Donohue et al., 2019). They identified microplastics in 55%
of their samples, and while the three sites sampled vary in climate and relationship to human

population centers, there was no difference among the sites in proportion of fecal samples

containing microplastic fragments (Donohue et al., 2019). The authors concluded that northern
fur seals are likely ingesting plastics while at sea, rather than at rookeries during breeding season
(Donohue et al., 2019).

In addition to northern fur seals, Steller sea lion (Eumetopias jubatus) entanglement

became a concern as their populations across Alaska began declining in the late 1970s (Merrick

et al., 1987); however, much of the focus on Steller sea lion decline in the Bering Sea turned to
potential competition with fisheries for prey species and the western stock of Steller sea lions

was declared endangered in the mid-1990s (Mansfield and Haas, 2006). Entanglement of
bowhead whales (Balaena mysticetus) along the continental shelf regions in the northern Bering

Sea was also a concern, especially for communities further north in Alaska that rely on bowhead
whales for subsistence (George et al., 2017, 2019). Three types of research appear to be
prevalent for bowhead whales over the last decade: (1) examining aerial photographs of whales
during population surveys to identify entanglement scars (George et al., 2019); (2) examining

whales taken during harvest to identify entanglement scars (George et al., 2017); and (3) tracking
tagged bowhead whales to determine if their movements overlap with active pot fisheries mainly
targeting blue king crab (Paralithodes platypus), snow crab (Chionoecetes opilio) and Pacific
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cod (Gadus macrocephalus) (Citta et al., 2014). While George et al. (2017, 2019) stated that

bowhead whales are considered low risk for entanglement injuries and ship strikes because their

range is mainly north of commercial fisheries, they expressed concern that decreasing sea ice
would allow fisheries to expand north, increasing the probability for bowhead whale

entanglement and ship strikes. Scar frequency analysis of aerial photographs suggested that
12.4% of live bowhead whales have healed entanglement scars (George et al., 2019), and

bowhead whale harvest records from 1990 to 2012 indicated that 521 of 904 whales landed
showed evidence of scarring (George et al., 2017). A study by Citta et al. (2014) found that

bowhead whales migrate through the same geographic region in which pots are set, but not at the

same time. The temporal mismatch between bowhead whale migration and the pot fisheries
suggested a lower risk for entanglement. Arctic communities have harvested whales with healed
line scars, suggesting that adult bowhead whales may survive entanglement; however, the

authors expressed concern over juvenile entanglement and a lack of data regarding their

entanglement survival rates (Citta et al., 2014). Although bowhead whales may still be

considered low risk for entanglement, evidence shows that entanglement does indeed happen
among bowhead whales and entanglement incidences may increase if fisheries expand further

north into their range.
Seabird plastic ingestion research saw a resurgence in the early 1990s, especially in the

form of examining gut contents from archived seabird specimens. A temporal comparison of

seabird gut contents during 1969-1977 and 1988-1990 provided evidence of increasing plastic

ingestion among subarctic Alaskan seabirds in that short timeframe (Robards et al., 1995). Of the
24 seabird species in their sample collection, 15 species had ingested plastic, comprising mostly

surface-feeders (shearwaters, petrels and gulls) and diving plankton-feeders (auklets and puffins)
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(Robards et al., 1995). They examined 4,417 plastic particles and determined 76% to be
industrial pellets and 21% to be plastic fragments (Robards et al., 1995). Ultimately, the

increasing frequency of plastic ingestion between the periods 1969-1977 and 1988-1990

corresponded to increasing plastic pollution in the North Pacific Ocean (Robards et al., 1995).
An examination of gut contents of short-tailed shearwaters (Ardenna tenuirostris) and sooty

shearwaters (A. grisea) collected as bycatch between 1970 and 1987 in the Bering Sea and North
Pacific Ocean found that short-tailed shearwaters ingested, on average, 8.45 plastic particles

weighing 134 mg and sooty shearwaters on average ingested 8.79 plastic particles weighing 140
mg at their time of death (Ogi, 1990). The study suggested geographic differences in plastic

ingestion over a broader spatial extent (Ogi, 1990), highlighting the importance of scale in
marine debris studies. Another archival study examined 2,541 chick meals for four species of
auklets collected on Buldir, Kasatochi, and Kiska islands within the Aleutian Island Archipelago

(Fig. 1), from 1993 to 2006, and only detected plastic in one sample from a whiskered auklet
(Aethia pygmaea) collected on Buldir Island in 1993 (Bond et al., 2010). Another study
identified microplastics in various seabird species from across the Aleutian Island Archipelago
collected from 2009 to 2016 (Padula et al., 2020). These varying results from seabird studies

provide further evidence that microplastics add an entirely new level of complexity to the marine
debris issue, increasing the types of research necessary to better understand its impacts on the

environment.

From a global research perspective, these organismal plastic ingestion studies were also
indicative of how marine debris research focus shifted from macro debris to microplastics in the
early 2000s, with a subsequent increase in the number of research projects publishing results in

peer-reviewed scientific journals (Akdogan and Guven, 2019). However, considering the
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expansive region of the Bering Sea, we found very few studies on microplastics. In addition to
the seabird research mentioned above, we found two studies reporting microplastic abundance
and distribution in surface sediments from the northern Bering and Chukchi seas (Mu et al.,
2019a) and abundance and characteristics in surface waters from the Northwest Pacific, the

Bering Sea, and the Chukchi Sea (Mu et al., 2019b). Microplastic research has occurred in U.S.
National Parklands around the Bering Sea, including Aniakchak National Monument and

Preserve, Bering Land Bridge National Preserve and Cape Krusenstern National Monument

(Whitmire and Toline, 2017). Whitmire and Toline (2017) found microplastic loads of 123.8
pieces of microplastic/kg of sand at Cape Krusenstern National Monument.

While studies dating back to the 1980s (Merrell, 1980) suggested that plastic-associated
chemicals could also pose a threat to the environment, little work has attempted to specifically

link plastic pollution and chemical contamination in Bering Sea waters and wildlife. A great deal
of contaminants research has occurred in the region, especially a long history of mercury

tracking (Harley et al., 2015; Trukhin and Simokon, 2018; Cyr et al., 2019), but these studies

have not specifically examined the link between plastic pollution and various chemicals. This is

a relatively new area of research in the marine debris field, and to date only one study has
examined any plastic-associated contaminants in the Bering Sea region, showing that seabirds

across the Aleutian Islands have been exposed to various phthalate congeners (Padula et al.,

2020).

2.3.1.4 Summary of major debris sources
Trawl net fragments and webbing featured predominantly throughout the history of

marine debris research in the Bering Sea. At-sea surveys conducted in 1984, 1985, and 1989 to
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determine the extent to which northern fur seals and marine debris overlap found that all pieces
of marine debris observed were of fisheries origin, including trawl nets, gillnets, string, rope,

floats, and plastic packing bands (Baba et al., 1990). There is a long history of commercial
fishing in the Bering Sea. Japanese trawlers began their first commercial operations in 1933,

operations were interrupted by WWII, but then continued into the 1950s (National Research
Council, 1996). USSR fishing fleets joined the Japanese fleets in the Eastern Bering Sea in 1959,

but by 1961 yellowfin sole (Limanda aspera) were deemed overharvested in the region, so

fisheries turned their sites to Pacific Ocean perch (Sebastes alutus; Low et al., 1985). Both
yellowfin sole and Pacific Ocean perch were depleted by 1966, and walleye pollock became a

new target species, as the introduction of automated fish processing instruments on board ships
made the fish more profitable (National Research Council, 1996). The Republic of Korea entered

the Eastern Bering Sea fishery in 1968, followed by Taiwan in 1974 (Low et al., 1985).
In an effort to grow domestic fisheries and reduce impacts of foreign fleets, the United

States Congress passed the Magnuson Fishery Conservation and Management Act in 1976, now

Magnuson-Stevens Fishery Conservation and Management Act (MSFCMA) (Walsh, 2014). The
MSFCMA extended U.S. jurisdiction over fisheries resources within a 200 nautical mile

Exclusive Economic Zone (Magnuson-Stevens Fishery Conservation and Management Act,

2014). Foreign fleets continued to operate as joint ventures with American fishing operations

over the next decade (Low et al., 1985). The main joint venture countries included the USSR,
Republic of Korea, Japan, Taiwan, West Germany, Poland, Portugal and Spain (Low et al.,

1985). Using observer reports and vessel logs, researchers estimated loss of fishing nets tracing

back to 1954 and documented a gradual increase in net loss over time as commercial fishing by
foreign and domestic fleets intensified in the Bering Sea (Low et al., 1985).
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The contribution of fishing gear to marine debris in the Bering Sea continues to be

evident in more recent years. The Sitka Sound Science Center tracked marine debris cleanup data
from various Bering Sea communities from 2008 to 2018 (https://sitkascience.org/researchprojects/marine-debris/marine-debris-map/ ). While cleanup efforts varied in space, time, and
frequency, the summary of marine debris removed through these activities provides a snapshot of

the types of debris located in Bering Sea communities (Fig. 2). While most communities

removed a majority of fishing gear from their shorelines, the specific types of fishing gear varied

by community. At sites such as St. Paul Island, St. George Island, Nelson Lagoon, Wales, and
the Alaska Peninsula, line and rope made up a large proportion of debris removed from

shorelines (Fig. 2). In other areas, such as Brevig Mission, St. Michael, Stebbins, Alakanuk, and
the Norton Sound region, a higher proportion of debris was composed of “other” fishing gear,

which could include a wide variety of items (Fig. 2). Not all debris was fishing-related and

included items like plastic beverage bottles and metal, which could come from both local and
remote land-based sources.

2.3.1.5 Local knowledge and leadership in marine debris research and removal

We comprehensively reviewed research published in peer-reviewed journals and
technical memos by U.S. governmental agencies; however, with a few exceptions (see below),
local knowledge and leadership by Bering Sea communities is not reflected in these publications.

For example, community members from St. Paul and St. George islands made the first
entanglement observations in the 1930s (Fowler, 1987) and continue to monitor and disentangle
any animals that are in crisis. Community members assisted outside researchers in herding and

disentangling northern fur seals for specific studies. In some cases, community members have
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been co-authors of reports, and one of the leading researchers at NOAA, Patrick Kozloff, was a

tribal member of St. Paul Island. By the early 2000s, the ACSPI pushed for marine mammal co
management agreements with NOAA and began leading some aspects of entanglement research
(Zavadil et al., 2006). In a report published by ACSPI in 2006, the goals of the work are clearly
laid out:

“In 2005 the Ecosystem Conservation Office (ECO) on the Pribilof Islands began

a project to evaluate methods for local researchers to conduct long-term
monitoring of fur seal entanglement. With collaborators from the National Marine
Fisheries Service (NMFS) and Pribilof Island Stewardship Program (PISP), we
developed an observational survey protocol for juvenile and adult male haulout

areas that involved minimal disturbance to resting seals... In a broader sense, we

want to develop and evaluate appropriate methods for local researchers to
continue to assess the role of entanglement in the decline of the Pribilof Islands

fur seal population and where possible, mitigate the effects of entanglement on
individual seals.” (Zavadil et al., 2006, p. 10-11)

Local researchers have always been a critical component to collecting data about the northern fur

seal populations on St. Paul and St. George islands. They have also always been advocates for
the northern fur seals, which stems from a deep kinship with the land, sea, and animals.

Furthermore, while the data reported through the Sitka Sound Science Center might not

reflect all the marine debris cleanup efforts happening throughout the region, it does reflect the

dedication of these communities to keeping their ecosystems clean and free of marine debris
pollution to the best of their abilities. Within a decade, 16 communities and 2 broader regions
(Norton Sound coast and Alaska Peninsula) removed almost 1.2 million pounds of marine debris
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from their shorelines (Fig. 1.2). Weight of marine debris removed through cleanup efforts cannot
be used as an index of marine debris quantity in the environment, since cleanup activities have
varied in time and space due to shifts in funding and logistical support. Marine debris cleanups
are complex and expensive operations for Bering Sea communities because they must find a
labor force to remove the debris from shorelines, a place to store the debris collected, and a
means to transport the debris from their communities to a landfill or recycling facility, which

involves shipping the debris to remote locations in the contiguous U.S. In spite of these
challenges, communities are dedicated to continuing marine debris removals, as evidenced by
their ongoing efforts to secure funding for cleanup efforts and actions to reduce pollution locally,

including fishing gear recycling programs like Net Your Problem

(https://www.netyourproblem.com/) and plastic bag bans (https://dec.alaska.gov/eh/solidwaste/plastic-bag-bans/).

2.4 Discussion

Based on the synthesis of marine debris research in the Bering Sea presented here, we

discuss knowledge gaps and research needs that may be prioritized for future work in the region.
In addition, we discuss a range of policy considerations and actions that could address marine

debris at its source and contribute to mitigation and cleanup efforts at the local level.

2.4.1 Research gaps and priorities
Most documentation of macro debris impacts on wildlife has focused on marine mammal

species that are important for subsistence and, historically, commercial hunting. The drive to
better understand rates of entanglement and survival, especially for northern fur seals, combined
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with the necessity to better understand the underlying mechanisms of their overall population
decline, pushed researchers and communities to pay attention to marine debris, specifically

marine debris from fisheries. While the intensive research focus on northern fur seals in the

1980s did help in identifying the main sources of entanglement and calculating relative rates of
entanglement and survival, researchers noted limitations that still exist today, such as the lack of
entanglement estimates for marine mammals at sea (Fowler, 1987). Further investigation is
needed into rates of entanglements for marine mammal populations through systematic surveys.
Reports of marine mammals entangled in or killed by marine debris are often opportunistic and
therefore limited to raw numbers of individuals affected. For example, the most recent NOAA

marine mammal stock assessment covering 2014 to 2018 reported 24 Steller sea lions, 61

northern fur seals and one bowhead whale entangled in fishing gear or marine debris (Muto et
al., 2021). Population models incorporating per capita rates of entanglement would benefit from
survey efforts designed to assess population-level effects of macro debris on marine mammals.

While oceanographic and fisheries research have been consistent and ongoing in the
Bering Sea for a long time, at-sea marine debris research seems to be limited. The Bering Sea is

vast and the logistics of conducting research at-sea can be extremely complex and expensive. A
step forward in better understanding the extent and impacts of marine debris would be for
agencies that consistently conduct research in the Bering Sea to prioritize marine debris research.

Globally, microplastic impacts have largely focused on seabirds and other species feeding in

pelagic ecosystems. Scientists have documented effects of microplastic pollution at all levels of
biological organization and across all trophic levels in the global ocean, including zooplankton
(Cole et al., 2013), shellfishes (Li et al., 2016), fishes (Boerger et al., 2010; Carson, 2013;

Romeo et al., 2015), seabirds (Azzarello and Van Vleet, 1987; Ryan, 1987; Robards et al., 1995;
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Bond et al., 2014; Lavers et al., 2014), and marine mammals (Fossi et al., 2012; de Stephanis et
al., 2013). More support is needed for microplastics research in the Bering Sea to better

document microplastic distribution in surface waters, the water column, sediments, and
organisms. It is particularly important to track microplastic pollution in fishes, marine mammals,
and birds that provide an important food source for people. Outcomes from research can be
applied to risk assessments for these organisms and can help drive policies and management

actions that reduce microplastics in the marine environment. For example, a recent study
outlined a risk assessment framework that connects what is known from plastics pollution

research on waste management practices (Davis et al., 2021). This framework, which is meant to

be adaptive to different regions of the world, utilizes plastic consumption (for example,

purchases of single-use plastics) and waste management data to identify the factors that influence

a plastic item's end fate (i.e., the likelihood it will end up polluting the ocean) (Davis et al.,
2021). This type of risk assessment, if utilized in Bering Sea communities, could help these

communities identify high-risk plastic items and develop waste reduction strategies focused on
them. Reduction of plastic waste in this manner leads to reduction of microplastics because

plastic waste is less likely to reach the ocean in the first place.
Like microplastics, it is critical to build a better understanding of the distribution,

concentrations and cycling of plastic-associated chemicals in the Bering Sea. Plastics are a
significant source of persistent, bio-accumulating, and toxic (PBT) substances (Endo et al., 2005;
Rios et al., 2007). Global concern is growing over the toxic effects of chemicals from plastics,
especially in marine ecosystems, and research is emerging on widespread contamination from

plastics (Endo et al., 2005; Rios et al., 2007). Toxin exposure can negatively alter normal
neurodevelopment and, consequently, the development of complex brain functions and behaviors
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(Carruthers and Foster, 2005; Holahan and Smith, 2015). Furthermore, PBTs such as phthalates
are endocrine disrupting compounds (Latini, 2005; Kamrin, 2009; Meeker et al., 2009), i.e.,

natural or synthetic compounds that mimic or interfere with the biosynthesis, metabolism, or
action of endogenous hormones (Crisp et al., 1998). Consequently, the risk of phthalate

contamination in the environment, and consequent exposure to wildlife, is a point of concern,
and future research focusing on the biogeochemical cycling of phthalates in the Bering Sea
ecosystem will help to better understand the sources and sinks of phthalates. Better

understanding the sources of phthalates will help in policy decision-making, as management

decisions can focus on reducing phthalate leakage from the sources identified through research.
In other parts of the world, scientists are working toward better understanding the

chemical cycling of phthalates in the environment, such as in Marseille Bay in the Mediterranean

Sea (Paluselli et al., 2018). That study examined phthalate concentrations in water and sediment
(Paluselli et al., 2018), but did not include a wildlife component, which would be critical for the
Bering Sea region, as research has already shown that seabirds are exposed to phthalates (Padula

et al., 2020). With regards to extending biogeochemical cycling research to wildlife studies,
seabirds are model organisms for tracking phthalates, as many are upper trophic level consumers

in marine food webs and are exposed to a wide range of contaminants that can potentially

sequester in various tissues (Burger et al., 2007). The single study on phthalates in Bering Sea
wildlife focused on seabirds and detected phthalates in muscle tissues from all 10 species
examined (Padula et al., 2020). Continued research on the occurrence and geographic

distribution of phthalates, toxicological consequences of plastic pollution, and mechanisms of
exposure for wild populations are critical next steps towards understanding the effects of plastic

pollution on marine species and food webs in the Bering Sea.
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2.4.2 Local to global solutions

Our synthesis showed that commercial fisheries have been large contributors of marine
debris in the Bering Sea region. While international legislation like MARPOL Annex V partly
addresses the issue of plastic pollution from maritime vessels, it might not resolve issues of

entanglement entirely, as one study showed no difference in the number of Hawaiian monk seal

(Monachus schauinslandi) entanglements before and after the implementation of MARPOL
Annex V (Henderson, 2001). Looking more locally, a management institution like the North
Pacific Fishery Management Council (NPFMC) can play a role in mitigating the impacts of

marine debris in the Bering Sea region through a mechanism like the Bering Sea Fishery
Ecosystem Plan, which contains six ecosystem goals (Aydin et al., 2019). Of those (goal three),

is to “conserve habitats for fish and other wildlife,” and goals five and six speak of avoiding
adverse effects on the marine environment and providing a legacy of healthy ecosystems (Aydin

et al., 2019). The NPFMC could potentially include a combination of preventative measures and
mitigation response strategies through which participants in the Bering Sea fisheries can reduce
their waste and work toward achieving these ecosystem goals. Preventative measures that have

been suggested for fisheries worldwide include marking gear, technology attached to gear to

locate it if lost, port side measures such as collection bins for discarded fishing gear, or payments
for retrieved gear (Macfadyen et al., 2009). A mitigation response strategy might include
detecting and removing derelict fishing gear from the marine environment, which would begin

with research to improve understanding of the characteristics of derelict fishing gear in the
Bering Sea and could utilize remote sensing technology to directly detect gear locations (e.g.,

McElwee et al., 2012).
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Looking beyond the NPFMC, the role of the federal government is critical to
investigating and mitigating the marine debris crisis in the Bering Sea. Agencies such as NOAA

play a large role in research and management in the Bering Sea, as is evidenced by the history of
marine debris research reviewed here. The earliest documented Bering Sea research related to
marine debris was primarily reported in conference proceedings and NOAA technical reports.
Entanglements are still reported by National Marine Fisheries Service (NMFS) today, but this

information is often included as sections in lengthy technical reports (Helker et al., 2019, 2017;
Delean et al., 2020; Young et al., 2020) and may be difficult to find. Technical reports stored in

the online archives of agencies like NOAA can be difficult for the public to find or access,
especially for residents of rural communities without reliable internet. Mechanisms to improve

data accessibility, data sharing and preservation would be an important step towards developing
equitable data access (Tenopir et al., 2011), especially for the communities most impacted by the

marine debris crisis. This would also include more communication about when those data do
become publicly available, such as through social media announcements, emails and radio

announcements.
Local waste management and recycling capabilities are important to address, especially

in remote coastal communities like those in the Bering Sea. More often than not, recycling

cannot be done on-site in these remote communities, and is either barged to the nearest recycling
site (usually Seattle, WA) or not practiced at all. These communities would benefit from

technologies that would allow them to recycle on-site in parallel with efforts to reduce plastic
waste creation. This would include improving infrastructure on-site in Bering Sea communities,
such as small recycling facilities or the use of machines that can shred plastic, melt the shredded
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pieces down and repurpose them (e.g., for 3D printing thread; Kreiger et al., 2013). Job creation

would be another incentive for investing in such infrastructure.
Mitigation and waste management policies often address the problem of macroplastic

marine debris, the highly visible debris that can be collected during cleanup efforts that can
weigh up to thousands of kilograms. However, as more recent research has shown, the pollution
caused by microplastics can be a more difficult problem to solve. In the marine environment,

plastic debris continuously degrades into much smaller microplastics, which are more easily

carried by ocean currents and more easily mistaken for small prey items by larger consumers
(Moore, 2008). For example, microparticles and nanoparticles fall within the size range of the
staple phytoplankton diet of zooplankters such as the Pacific krill (Euphausia pacifica)

(Andrady, 2011). Given the large area of the Bering Sea and remoteness from large population

centers, addressing marine debris and plastic pollution at its source will be an important long
term solution.
Marine debris networks have been suggested to create a broad-reaching movement to

reduce marine debris and key to achieving Sustainable Development Goals set out by the United
Nations Environment Program (United Nations Environment Programme, 2021). These networks

facilitate collective action and cooperation, exercise influence, or serve as a means of

international governance (Hafner-Burton et al., 2009). Networks do not pursue profit and instead
produce information (Finnemore and Sikkink, 1998), develop problem-solving strategies, raise
people's awareness of an issue (Kandziora et al., 2019), offer environmental, scientific, and legal

expertise, and build connections among stakeholders from various sectors of society (Stafford et
al., 2000).
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Ultimately, reducing plastic production is key to reducing marine debris and plastic-

associated pollution. The plastics industry can play a role in reducing plastic production and
reducing waste by developing technological mitigation strategies, educating employees and
customers alike about the impacts of marine debris on the environment and manufacturing

environmentally friendly plastic alternatives that are not only biodegradable, but also have low

emissions during production (Sheavly and Register, 2007). Most plastics today continue to be
produced from a combination of chemicals and fossil fuels and produce greenhouse gas

emissions at every stage of their production life cycle (Beyond Plastics, 2021). The management
of plastic waste also contributes to the climate crisis because many waste management strategies

include the burning of plastics, which releases approximately 13.6 million metric tons of
greenhouse gases in the U.S. (U.S. Environmental Protection Agency, 2021). These emissions
are not evenly distributed across the U.S.; over 90% of the climate pollution created by the

plastics industry occurs in 18 communities (U.S. Environmental Protection Agency, 2021).
Those living within 4.8 km of these “petrochemical clusters” earn 28% less than the average U.S.

household and are more likely to be people of color, contributing to environmental injustice for
these communities (Beyond Plastics, 2021).

International legislation recognizes plastics as pollutants, with safeguards in place to

reduce the amount of plastic debris reaching marine ecosystems (Gregory, 2009). Plastic marine
debris was long considered non-hazardous by policy makers in the United States (Browne et al.,
2015); however, this is changing as scientists have called on policy makers to classify plastic as

hazardous waste (Rochman et al., 2013). The Save Our Seas Act Version 2.0 (S.1982) became
law in December 2020 (https://www.congress.gov/bill/116th-congress/senate-bill/1982/text ), and
the Break Free From Plastic Pollution Act (H.R.5845) was introduced to the U.S. House of
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Representatives in February 2020 (https://www.congress.gov/bill/116th-congress/house-

bill/5845). These laws and proposals are a good first step toward addressing the marine debris
crisis by supporting research, encouraging more recycling programs, and developing less
damaging plastic alternatives. Still, they do not necessarily reflect the needs of the island and

coastal communities that are most heavily impacted, particularly those in Arctic and sub-Arctic
regions, nor do they push for sweeping changes with regards to plastic production and waste
management. As evidenced from this review, marine debris has been such a long-standing issue
that even if plastic production was stopped today, plastics would be present in the ocean for

generations to come.

2.4.3 Conclusions
Coastal communities of arctic and subarctic regions, especially Indigenous communities,

are disproportionately impacted by the policies and decisions made by governments and

industries far from their home. Bering Sea communities often bear the brunt of the marine debris
issue, yet these negative impacts go unnoticed due to their remoteness from state and federal

government offices. Ultimately, marine debris is an issue of environmental justice for remote

coastal communities (Kandziora et al., 2019). A multi-scale approach is likely needed to tackle
marine debris by supporting research that fills in the knowledge gaps found in this review,

creating a shared understanding of the problem through inclusion of stakeholders and knowledge
holders, building capacity and good practice protocols in communities, and celebrating

achievements to stimulate further actions that protect the health of the oceans and marine

resources (Kandziora et al., 2019).
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2.7 Figures
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Figure 2.1: Map of the Aleutian Islands, indicating the location of islands referenced in the text.
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Figure 2.2: Map of sites where marine debris cleanups have occurred in Alaska between 2008 and 2018. The pie charts represent the
proportions of debris types collected during marine debris cleanups at each site. The largest pie chart on the map represents the total
debris collected by these communities from 2008 to 2018 (the sum of all the smaller pie charts). The line graph in the bottom left
corner of the map depicts the total weight of debris removed by year.

Chapter 3: Plastic-derived contaminants in Aleutian Archipelago seabirds with varied
foraging strategies2

Abstract

Phthalates, plastic-derived contaminants, are of increasing global concern. This study
quantified phthalates in seabirds collected across >1700 km of the Aleutian Islands, Alaska, and
contributes to a body of knowledge on plastic contaminants in marine wildlife. We measured six
phthalate congeners in seabirds representing ten species and four feeding guilds. Phthalates were

detected in 100% of specimens (n = 115) but varied among individuals (range 3.64 - 539.64
ng/g). DEHP and DBP occurred at an order of magnitude higher than other congeners. Total

phthalates did not vary geographically, but differed among feeding guilds, with significantly
higher concentrations in diving plankton-feeders compared to others. Plastic particles were

detected in 36.5% of randomly subsampled seabird stomachs (n = 74), suggesting plastic
ingestion as a potential route of phthalate exposure. Our findings suggest feeding behavior could
influence exposure risk for seabirds and lend further evidence to the ubiquity of plastic pollutants

in marine ecosystems.

3.1 Introduction

Phthalates make up a class of chemical compounds that are broadly used for industrial
and commercial purposes, mainly as additives or plasticizers for many plastic polymers, rubber,

2 Padula, V., Beaudreau, A.H., Hagedorn, B., Causey, D., 2020. Plastic-derived contaminants in Aleutian
Archipelago seabirds with varied foraging strategies. Mar. Pollut. Bull. 158, 111435.
https://doi.org/https://doi.org/10.1016/j.marpolbul.2020.111435
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cellulose, and styrene (Doull et al., 1999). They make up approximately 70% of the U.S.
plasticizer market and are highly susceptible to leaching into the environment (Halden, 2010).
Scientists first observed phthalates leaching off plastics and into the environment in 1970 (Jaeger

and Rubin, 1970). As plastic production and use have increased over time, with the global yield
of plastics reaching 348 million tons in 2018 (Plastics Europe, 2018), the production and use of

phthalates have concurrently increased, creating more waste and pollution. Consequently,
concerns over plastic and phthalate pollution and their potential impacts on the environment have
sparked the need for further research into the distribution and extent of such pollution and its

impacts on the environment. The risk of phthalate contamination in the environment, and
consequent exposure to wildlife, is a point of concern because they are endocrine disrupting

compounds (Latini, 2005; Kamrin, 2009; Meeker et al., 2009) - natural or synthetic compounds

that mimic or interfere with the biosynthesis, metabolism, or action of endogenous hormones

(Crisp et al., 1998).

Ecological factors, such as oceanic and air currents and migratory species, have aided the

spread of phthalates throughout the environment (Heudorf et al., 2007). Phthalates have been

detected in soils (Bauer and Herrmann, 1997; Cartwright et al., 2000), water (Taylor et al., 1981;
Staples et al., 1997; Horn et al., 2004), indoor air (Becker et al., 2004), and the atmosphere
(Thuren and Larsson, 1990). These detections are global in their expanse, including marine

environments. For example, various phthalate congeners have been detected in sediments from
riverine, estuarine, and coastal marine systems near Europe, Asia, and Africa (Hassanzadeh et
al., 2014; Wang et al., 2014; Adeogun et al., 2015; Chen et al., 2017; Ramzi et al., 2018; Lubecki
and Kowalewska, 2019; Mi et al., 2019; Paluselli and Kim, 2020). Phthalates have also been

detected in seawater from many regions of the world, including the western Pacific Ocean
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(Zhang et al., 2019), the East China and Korean South Seas (Paluselli and Kim, 2020), the
northwestern region of the Mediterranean Sea (Paluselli et al., 2018), and Epe and Lagos

Lagoons in Nigeria (Adeogun et al., 2015). While these examples are not an exhaustive list of

published literature reporting detection of phthalates in the abiotic environment, they are

evidence of the widespread distribution of these contaminants. However, much of the
environment, particularly the marine environment, still remains unstudied, leaving gaps in

knowledge about the distribution and ultimate fate of phthalates in the natural world.

Another point of concern is that the ultimate fate of phthalates may not be in the abiotic
components of ecosystems, but that they may be absorbed into living organisms through multiple

pathways of exposure and metabolized or sequestered in the tissues of these organisms. The
toxicological consequences of plastic pollution and mechanisms of exposure for wild populations

are still being investigated, and continued research on the occurrence and geographic distribution

of phthalates in marine species is a critical step towards understanding the effects of plastic

pollution on marine species and food webs. Phthalates have already been detected in a wide

diversity of marine taxa across the globe, including marine mammals (Fossi et al., 2014),
seabirds (Hardesty et al., 2015; Huber et al., 2015), sea turtles (Savoca et al., 2018), fishes

(Wofford et al., 1981; Fossi et al., 2014; Adeogun et al., 2015; Hu et al., 2020), and invertebrates
(Wofford et al., 1981; Saliu et al., 2019; Hu et al., 2020).
Little phthalate data exist for the Aleutian Island region of Alaska, a large marine
ecosystem spanning more than 1700 km, that provides critically important habitat for many

wildlife species and supports valuable fisheries. In this study, we measured phthalate

concentrations in seabirds breeding in the Aleutian Islands, Alaska, part of the Alaska Maritime

National Wildlife Refuge. Approximately 29 million seabirds nest in Alaska overall, a large
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proportion of which reside in the Aleutian Archipelago (Stephensen and Irons, 2003). Population

declines of seabirds in the Aleutian Islands region over recent decades have caused concern for
the long-term viability of these species. According to the 2019 Alaska Maritime National

Wildlife Refuge report on the breeding status and population trends of seabirds, 56% of seabird

species/species groups declined statewide between 2010 and 2019, and many populations were

below their historic levels (Dragoo et al., 2020). These declines have initiated investigations into
possible mechanisms of decline, including contaminant exposure.
The broad goals of this study were to contribute to the literature on phthalate distribution

in marine species and to refine hypotheses regarding ecological and environmental factors that
affect phthalate exposure in seabirds. Our specific objectives were to quantify phthalate

concentrations in muscle tissue of seabirds in the Aleutian Islands and test for differences in
phthalate concentrations among birds from different geographic locations and feeding guilds. We

also inspected a subsample of seabird specimen stomachs for presence of plastic particles to gain

insight into whether plastic ingestion could be a route of phthalate exposure in Aleutian seabirds.
We hypothesized that phthalate concentrations in seabirds would differ among regions delineated
by ocean currents (see Study Region section). Additionally, we hypothesized that plankton

feeding seabirds would have higher phthalate concentrations compared to non-plankton feeders,
because of their greater potential for ingestion of plastic particles while feeding in the neuston.

This study is one of the first to quantify phthalate concentrations in seabirds in the Bering

Sea/North Pacific Ocean region and is an important step towards understanding the distribution
and potential impacts of plastic-derived contaminants in marine ecosystems.
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3.2 Methods

3.2.1 Study region

As phthalates can be carried in the marine environment along oceanic currents, the
prevailing surface currents in our study region may play a critical role in phthalate distribution.
Three prevailing surface ocean currents influence the Aleutian Islands ecosystem (Figure 1). The
Alaskan Stream travels east to west along the southern border of the entire archipelago. The

Commander Current originates in the northern Bering Sea and curves south and east to travel
along the northern border of the archipelago from Attu Island to Kiska Island. From there the
Aleutian North Slope Current travels west to east until it reaches Unalaska Island, where it
bifurcates into the Bering Slope Current and the Alaska Coastal Current, which both travel north

(Stabeno et al., 1999). We classified the Aleutian Islands into three broad island regions:
western, central and eastern. These groupings were chosen based on fine-scale ocean current
patterns, where major passes flow between islands, and to maintain statistical rigor for data

analysis. The western island region contains three island groups (from west to east): Near

Islands, Buldir Island, and Rat Islands. The central island region contains two island groups
(from west to east): Delarof Islands and Andreanof Islands. The eastern island region contains
two island groups (from west to east): Island of Four Mountains and Fox Islands (Figure 1).
Amchitka Pass separates the western island region from the central island region, and Amukta

Pass separates the central island region from the eastern island region. Another biogeographic
break in the more eastern Aleutian Islands occurs between the Fox Islands and the Islands of
Four Mountains at Samalga Pass (Stabeno et al., 1999; Konar et al., 2017), but we chose to group
these together into the eastern island group to maintain a sufficiently large sample size for

geographic comparisons of the easternmost islands with other island regions.
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3.2.2 Specimen collection and sample preparation
We conducted the study across the range of the Aleutian Islands in collaboration with the
U.S. Fish and Wildlife Service's Alaska Maritime National Wildlife Refuge (AMNWR) over the
course of six field seasons (2009-2011, 2013-2015). We used a Zodiac skiff off the R/V Tiglax
to lethally collect seabird specimens with a shotgun loaded with steel shot. All specimens were
collected under a US Fish and Wildlife Scientific Collecting Permit (MB795841-0), and the
sampling protocol was approved by the University of Alaska Anchorage, Institutional Animal

Care and Use Committee (IACUC, protocol 1216863-3). Each individual was assigned a feeding
guild category (diving fish-feeder, surface fish-feeder, diving plankton-feeder, or opportunistic

feeder) as classified by Byrd (2007) and an island region category based on location of collection
(western, central, or eastern region). Samples collected represented six species of diving fish
feeders: Common Murre (Uria aalge), Horned Puffin (Fratercula corniculata), Pelagic

Cormorant (Phalacrocorax pelagicus), Pigeon Guillemot (Cepphus columba), Red-faced
Cormorant (Phalacrocorax urile), and Tufted Puffin (Fratercula cirrhata); two species of
surface fish-feeders: Black-legged Kittiwake (Rissa tridactyla) and Northern Fulmar (Fulmarus
glacialis); one species of diving plankton-feeder: Crested Auklet (Aethia cristatella); and one

species of opportunistic feeder: Glaucous-winged Gull (Larus glaucescens). We wrapped each
individual seabird specimen in aluminum foil to avoid contact with plastic materials and reduce

contamination and froze it at -18°C. Frozen specimens were transported back to a laboratory

facility at the University of Alaska Anchorage at the conclusion of each research cruise and
stored at -18°C until they were thawed in preparation for necropsy and tissue sample collection.
The process of sample preparation followed strict quality control procedures to reduce

contamination risk (Net et al., 2015). During necropsy, the specimens' internal tissues did not
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come in contact with any plastic, and we removed tissue samples using sterile metal tools. We

removed a sample of breast muscle tissue from each specimen, wrapped the sample in aluminum
foil, and kept it frozen until transport to the Applied Science, Engineering, and Technology

(ASET) laboratory at the University of Alaska Anchorage for phthalate analysis. We chose
breast muscle tissue due to its size and availability on seabird bodies. Additionally, breast muscle
has a relatively slow turnover rate, for example stable isotopes turn over at a rate of

approximately three to four weeks in seabird muscle tissue (Hobson and Clark, 1992), thus
reflecting longer-term incorporation of contaminants into the body.

3.2.3 Phthalate analysis
We performed phthalate analyses using liquid chromatography-coupled tandem mass
spectrometry. While 25 phthalate congeners are currently manufactured, we chose to concentrate
on the six phthalate congeners that are listed as priority pollutants by the U.S. Environmental

Protection Agency (EPA) (US Environmental Protection Agency, 2014). These are DMP

(dimethyl phthalate), DEP (diethyl phthalate), BBP (benzyl butyl phthalate), DBP (dibutyl
phthalate), DEHP (diethyl hexyl phthalate), and DnOP (di-n-octyl phthalate). The risk of

contamination is often high during laboratory analyses (Marega et al., 2013), therefore we
followed best practices and removed plastic materials from the area of the lab where phthalate
analyses were performed and checked potential sources for system contamination such as
solvents, instrument blanks, air, and laboratory glassware. We washed glassware with hexane

and acetone and ashed it at 440°C for 2 h before use (Fankhauser-Noti and Grob, 2007).

For each individual bird, 3-6 g of muscle sample were homogenized and stored in a glass
vial. A Quentcher method with primary secondary amine (PSA), Supelclean (Sigma-Aldrich
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52738-U), magnesium sulfate, and sodium chloride was used for extracting phthalates from
animal tissue. Samples were weighed into 10-mL Kimex glass centrifuge tubes together with a

mixture of MgSO4 and NaCl (Martins et al., 2016). One hundred nanograms of the surrogates
DMP-d4 and DEHP-d4 and 2 mL of acetonitrile were added to the samples. DMP-d4 and DEHP-

d4 are deuterated analogs of two of the targeted compounds in this study and were utilized as
internal standards to maintain precise quantification of phthalates (Net et al., 2015). Samples

were then vortexed for 1 min and placed in an ultrasonic bath for 20 min and kept at 4°C for 24 h
to complete the extraction. Next, samples were vortexed for 5 min and centrifuged. The liquid

was siphoned off and placed in a second glass culture tube that had been previously filled with
MgSO4 and PSA sorbent resin to remove other organic compounds. The mixture was vortexed
for 3 min and centrifuged. Next, 0.5 mL of the supernatant liquid was filtered and transferred to a

2-mL autosampler vial with Teflon septa, and internal standards DBP-d4 and DnOP-d4 were
added at a concentration of 50 ng/mL. Samples were analyzed by HPLC (Agilent 1200)

connected to a tandem mass spectrometer (Agilent 6410B) equipped with an ESI source. Phase
separation was achieved with a Zorbax SB-C18 2.1 to 30 mm, 3.5-mm analytical column and

XDB-C18 4.6 to 12.5, 5-mm guard column. Mobile phases were water (A) and methanol (B)
with 10 mM formic acid (B = 25-85 % in 5 min, 85-90 % in 9 min; B = 90 % for 9 min; mass

spectrometer settings: gas temperature = 300°C; gas flow = 6 L/ min; nebulizer = 15 psi;
capillary voltage = 4000 V). Quality control samples, method blanks, extraction blanks, solvent
blanks, instrument blanks, and continuous calibration verification standards were analyzed every

10th sample and sample duplicates were analyzed with every extraction batch (approximately 20
samples). In addition, spiked samples and blanks were carried through the entire extraction

procedure to determine method recovery. Phthalate concentration was determined using external
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seven-level calibration using ratios of internal standards and recovery of surrogate was recorded
to assure extraction recovery. Limit of detection (LOD) was calculated from seven-level
calibrations following Harris (2010):

LOD = 3.3 × ∆yi/m

(Eq. 1)

where yi is the intercept and m is the slope of the calibration regression. Method limit of
detection (MLD) was determined from the standard deviation of the phthalate congener in seven

replicates of homogenized phthalate-free salmon (Onchorynchus spp.) tissue spiked with a small

amount (5 ppb) of all compounds. The limit of quantification was 3 times the LOD.

3.2.4 Inspection of stomach contents
Plastic ingestion is a potential route of phthalate exposure among wildlife, as a large
proportion of marine debris is made of plastic and many plastic materials are coated in

plasticizing chemicals such as phthalates. We coarsely examined the stomach contents of a

random subsample of specimens (n = 74) used in the phthalate analysis as a means of confirming

whether or not plastic had been ingested by the sampled individuals using visual inspections of
stomach contents for presence of plastic particles (Doyle et al., 2011; Hidalgo-Ruz et al., 2012).
First, stomach contents were scraped into a beaker of water and allowed to settle for several
minutes. Differences in density of materials provided an initial means of separating organic

materials, which typically sink to the bottom, from inorganic materials (such as many types of
plastics) that float at the surface (Hidalgo-Ruz et al., 2012). We removed obvious pieces of

plastic or inorganic material that floated and could be seen either with the naked eye or could be
confirmed as inorganic materials when examined under a dissecting microscope and stored them

in vials or envelopes. We then re-examined the materials that sank to the bottom of the beaker
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for items that might be plastic or inorganic, as some types of plastics are denser than freshwater

or become denser after processes like biofouling add mass. We chose this method of examination
for plastics in stomach contents rather than other previously utilized methods such as acid
digestion (Claessens et al., 2013), Raman spectroscopy (Araujo et al., 2018) or Fourier-transform

infrared spectroscopy (FTIR) (Elert et al., 2017) because we wanted to preserve the organic
matter in the stomach contents for stable isotope analysis for a separate research project.

3.2.5 Statistical analysis

For phthalate concentrations reported as <LOD (below the level of detection) or <LOQ
(below the level of quantification), we assigned a value of 50% of the LOD for a given run
(Hornung and Reed, 1990), and for non-detects we assigned a value of zero. In rare instances, a
particular laboratory run may not have worked, and in those cases no data are reported and were

treated as missing data in the analyses. A total of 115 individual seabirds were used for

quantification of phthalate concentrations. Phthalate concentration data were analyzed in two

ways: 1) univariate analyses to test for differences in total phthalates among feeding guilds and
island regions; and 2) multivariate analyses to visualize variation in phthalate congener

composition among island regions and feeding guilds.

For the univariate analysis, we used a non-parametric one-way ANOVA to test for

overall differences among island region or feeding guild categories, followed by a Dunn post-hoc
test to identify particular categories driving differences. These tests are robust for uneven
distribution of sample sizes across categories (i.e., island regions or feeding guilds) (Blanca et
al., 2017). Due to small sample sizes and uneven availability of samples across locations and

feeding guilds, we performed separate ANOVAs to test for differences in total phthalate
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concentrations (ng/g) among island regions (western, central, and eastern) and among feeding
guilds (diving fish-feeder, diving plankton-feeder, opportunistic feeder, and surface fish-feeder).

We visualized phthalate concentration data in terms of mean (±SD) and proportional phthalate

concentrations by island region and feeding guild. All statistical analyses were performed in R
(R Core Team, 2019) and figures were created using ggplot2 in R (Wickham, 2016).

We examined differences in phthalate congener composition among island regions and
feeding guilds using multivariate analysis in Primer-e (Clarke and Gorley, 2015). We first logtransformed phthalate concentrations, then calculated a Euclidean distance matrix between

samples. We then performed a non-metric multi-dimensional scaling (nMDS) analysis on the

distance matrix, with a Kruskal stress formula of 1, and a minimum stress of 0.01. We performed

a two-way analysis of similarity (ANOSIM) to evaluate whether congener composition differed
among island regions and feeding guilds. Results of the nMDS were visualized as two
dimensional graphs and ANOSIM results are reported in the results section of this text.

3.3 Results

We included 115 individuals in the phthalate analysis and 74 of those individuals had
stomach contents inspected for plastic. The specimens represented 10 seabird species breeding in

the Aleutian Islands. Most individuals were collected in the western island region (n = 77), with

smaller sample sizes from the central island region (n = 18) and the eastern island region (n =
20). We captured more diving fish-feeders (n = 71 from six species) than surface fish-feeders (n

= 18 from two species), diving plankton-feeders (n = 10 from one species), and opportunistic

feeders (n = 16 from one species) (Table 2.1).
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3.3.1 Phthalate concentrations
Phthalates were detected in 100% of the samples when <LOD and <LOQ values were

included. Total phthalate concentrations ranged from 3.64 to 539.64 ng/g per individual. We
detected DMP in 87.0% of samples, DEP in 99.1% of samples, BBP in 93.0% of samples, DBP
in 83.5% of samples, DEHP in 63.5% of samples, and DnOP in 77.4% of samples. Overall, 7.0%
of DMP samples were non-detects and 43.0% were <LOD or <LOQ, 0.9% of DEP samples were

non-detects and 50.9% were <LOD or <LOQ, 1.7% of BBP samples were non-detects and

67.3% were <LOD or <LOQ, 1.7% of DBP samples were non-detects and 42.5% were <LOD or
<LOQ, 15.7% of DEHP samples were non-detects and 24.7% were <LOD or <LOQ, and 12.2%

of DnOP samples were non-detects and 82.2% were <LOD or <LOQ (see supplementary
material for breakdown).

3.3.2 Phthalate variation among island regions
Total phthalate concentrations for Aleutian Islands seabirds did not differ by island

region, based on an ANOVA (Figure 2a: c2 = 3.8967, df = 2, p = 0.14). Dunn post-hoc tests
further indicated that total phthalate concentrations did not differ between the eastern and central

regions (c2 = 1.57101, p = 0.06), the eastern and western regions (c2 = -1.907494, p = 0.03), and
the central and western regions (c2 = 0.121016, p = 0.05). We also examined the percent

concentration of each congener (percent of the mean total phthalate value) by island region, and
the congener most highly represented varied geographically: DEHP composed the highest

proportion of total phthalates for the central and eastern island regions and DBP was the largest
contributor for the western island region (Figure 3a). The nMDS suggested no geographic
separation of phthalate congener compositions (Figure 4a: 2D stress = 0.17). Congener
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composition did not differ among island regions across feeding guilds (two-way ANOSIM; R =
0.039, p = 0.278).

3.3.3 Phthalate variation among feeding guilds
Total phthalate concentrations for Aleutian Islands seabirds differed among feeding

guilds overall according to an ANOVA (Figure 2b: c2 = 11.562, df = 3, p = 0.009). Mean total
phthalate concentrations differed between diving plankton-feeders and diving fish-feeders (c2 = 1.746747, p = 0.040), diving plankton-feeders and opportunistic feeders (c2 = 3.249761, p =

0.0006), and diving plankton-feeders and surface fish-feeders (c2 = 1.860704, p = 0.031), based
on Dunn post-hoc tests. Opportunistic feeders also differed from diving fish-feeders (c2 =

2.601846, p = 0.005) and surface fish-feeders (c2 = -1.67684, p = 0.047) (Figure 2b); however,

this was driven by a very large individual value of DMP (see supplementary materials). DEHP

composed the highest proportion of total phthalates for the diving plankton-feeder guild, DBP
was the greatest contributor for diving fish-feeders and surface fish-feeders, and DMP was the

greatest contributor for opportunistic feeders (Figure 3b).
The nMDS indicated no relationship between individual phthalate congener

concentrations and feeding guild (Figure 4b: 2D stress = 0.17). Congener composition did not
differ among feeding guilds across island regions (Figure 3b, Figure 4b; two-way ANOSIM; R =
0.178, p = 0.06). However, pairwise tests indicated moderate differences in congener

composition between diving plankton-feeders and surface fish-feeders (two-way ANOSIM
pairwise; R = 0.573, p = 0.1), diving fish-feeders (two-way ANOSIM pairwise; R = 0.522, p =

0.1), and opportunistic feeders (two-way ANOSIM pairwise; R = 0.504, p = 0.3).
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3.3.4 Plastic particles in stomach contents
We detected plastic particles in 36.5% of the subsampled stomachs (n = 74, Table 2.2),
although we suspect a high possibility of false negatives considering the coarse methods used.

Consequently, we did not statistically evaluate correlations between phthalate concentrations and

plastic ingestion. Other analyses such as acid digestion (Claessens et al., 2013), Raman
spectroscopy (Araujo et al., 2018) or FTIR (Elert et al., 2017) may help to detect plastic

ingestion in a larger number of samples in future studies. While we cannot determine whether

plastic ingestion is the main route of phthalate exposure among seabirds in the Aleutian Islands,
the data presented here confirm that seabirds in this region are susceptible to plastic ingestion,

which may play a role in phthalate exposure over the course of their lifetimes.

3.4 Discussion

3.4.1 Phthalate concentrations in seabird muscle tissues
With regards to wildlife studies, seabirds are model organisms for tracking phthalates, as

many are upper trophic level consumers in marine food webs and are exposed to a wide range of

contaminants that can potentially sequester in various tissues (Burger et al., 2007). Even in
remote areas, ocean currents potentially expose seabirds to debris, waste, and contaminants from

distant locations (Law et al., 2010). Other recent studies have measured phthalate concentrations
in tissues of marine wildlife, providing evidence for the wide distribution of these chemicals in
marine ecosystems, such as in the Mediterranean Sea (Fossi et al., 2012), Australia (Hardesty et
al., 2015), and Norway (Huber et al., 2015). To date, our study is the first to investigate phthalate

concentrations in wildlife within the Bering Sea region and contributes to a growing body of
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work that aims to document the occurrence of plastic-derived chemicals in marine ecosystems
and species.

Other studies have detected phthalates in seabird tissues from other parts of the world at

comparable concentrations to the levels we measured in Aleutian specimens (3.64 to 539.64
ng/g). For example, an assessment of three widespread seabird species in Norway—Common
Eider (Somateria mollisima), European Shag (Phalacrocorax aristotelis aristotelis), and
European Herring Gull (Larus argentatus)—detected two phthalate congeners (DEHP and

DINP) above the LODs in all species, with concentrations ranging from <3 ng/g to 42 ng/g

(Huber et al., 2015). Similarly, another investigation in Australia detected three phthalate
congeners, DBP, DEHP, and DMP, in preening oils collected from both live and necropsied
specimens of Short-tailed Shearwater (Puffinus tenuirostris) from Phillip Island and Port Fairy,

Wedge-tailed Shearwater (Ardenna pacifica) from Heron Island, and Sooty (Onychoprion

fuscatus) and Bridled terns (O. anaethetus) from Hautman Abrolhos Islands (Hardesty et al.,
2015). Analyses mainly detected DBP and DEHP, with concentrations in preening oil from

necropsied birds from Phillip Island ranging from 20 ng/g to 200 ng/g (these samples typically
had plastics in their stomach contents), and concentrations in preening oil from live birds from

Port Fairy and Heron Island ranging from 20 ng/g to 220 ng/g. Analyses did not detect phthalate

residues from the tern species sampled on Hautman Abrolhos Islands (Hardesty et al., 2015). A
more recently published study of Northern Fulmars in the Canadian Arctic could not find

detectable levels of phthalates in preening oil from 10 specimens (Provencher et al., 2020).
Because it is not yet fully understood how phthalate exposure may impact the long-term

health of wildlife species like seabirds, there is no broad consensus on which tissues might be the
best indicators of phthalate exposure in the body. While it is difficult to draw direct comparisons
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among seabird studies that have analyzed various tissue types (e.g., Abdul-Ghani et al., 2012;
Hardesty et al., 2015; Huber et al., 2015; this study), the studies collectively show that: 1)

detectable levels of various phthalate congeners were found in seabirds from a broad geographic
distribution, and 2) these chemicals are being sequestered in various tissues throughout seabirds'

bodies, such as muscles, preening oils, and embryos. Because the metabolic pathways of
sequestration are not fully understood, inclusion of phthalate analyses of multiple tissue types in

future studies will add to the growing knowledge of phthalate exposure and impacts on seabirds
globally.

In our study, DEHP and DBP were most prevalent, generally registering at concentrations
an order of magnitude higher than the other congeners. Of the wildlife studies reviewed above

(Fossi et al., 2014; Hardesty et al., 2015; Huber et al., 2015; Savoca et al., 2016), all detected

DEHP in their samples, while two of the four studies detected DBP in their samples (Hardesty et
al. 2015 and Savoca et al. 2016; Huber et al. 2015 and Fossi et al. 2014 did not screen for DBP).

This suggests that DEHP might be relatively widespread throughout marine ecosystems, as the
studies span the Northern and Southern Hemispheres. Additionally, seabirds across the Aleutian
Islands may be at highest risk of exposure to these two congeners. The di-ester side chains in an
ortho configuration on the benzene ring in phthalate congeners like DEHP increase its toxic

potential (Fabjan et al., 2006). It may be prudent to use DEHP and DBP in future controlled

feeding and exposure studies on these seabirds to better understand the long-term health risks

associated with phthalate exposure.

3.4.2 Potential consequences of phthalate exposure

Currently, much of what we know of the health effects associated with exposure to
phthalates comes from controlled laboratory studies on rodents and human medical studies
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(Skakkebaek et al., 2001; Foster, 2006; Halden, 2010; Zhou et al., 2011; Xu et al., 2013; Zheng

et al., 2013), although studies in bird models are growing (Abdul-Ghani et al., 2012; Luo et al.,
2019). Controlled laboratory studies typically expose animals to known doses of phthalates, but
do not measure the resulting concentrations in animal tissues. In contrast, we do not know the

concentrations of phthalates to which Aleutian seabirds were exposed (i.e., the “dose”) but we
were able to measure phthalates in their breast muscle. Therefore, we are not able to draw direct

inferences from studies examining health effects of phthalates about possible consequences of
exposure for seabirds. The following brief review of known effects of phthalates in controlled
experimental studies provides broader context for the current study.

In fishes and marine invertebrates, experimental studies have shown that phthalate
exposure during embryonic development is associated with negative reproductive outcomes. For

example, DBP and DEP exposure induced oxidative stress, innate immune related gene
expression, antioxidant defense and immune responses in zebrafish (Danio rerio) embryos (Xu

et al., 2013). Abalone (Haliotis diversicolor supertexta) embryos exposed to varying
concentrations of DBP, DEP, DMP, DOP and DEHP resulted in reduced hatchability, increased
malformations during development and suppressed larval metamorphosis. The possible

toxicological mechanisms underlying these effects could have been interruptions to the Na+-K+
and Ca2+-Mg2+ pump activities (Zhou et al., 2011). Finally, freshwater goldfish (Carassius

auratus) that were exposed to 17 phthalate congeners resulted in adverse antioxidant responses
in their liver tissues, confirmed by the inhibited action of antioxidant enzymes (Zheng et al.,

2013).
Although limited research has been conducted on marine species to examine the effects

of DEHP and DBP (the congeners most prevalent in seabirds we examined), experimental
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studies on other organisms show that these congeners can have negative reproductive effects. For
example, DEHP exposure early in the lives of laboratory rodents resulted in severe disorders in
developing male reproductive organs (Swan, 2008; Lyche et al., 2009) and permanent
feminization of the male reproductive system (Foster, 2006). Additionally, solely measuring

DEHP may not be reflective of the full extent of exposure considering its complex
metabolization (Heudorf et al., 2007). Bacteria can break down phthalate compounds such as

DEHP into stable metabolites such as MEHP (Horn et al., 2004). The secondary oxidized
metabolites that form DEHP are strong developmental toxicants (Regnier et al., 2004; Stroheker

et al., 2005) and thus may be more favorable for biomonitoring (Koch and Calafat, 2009). An
experimental study on white leghorn chick (Gallus gallus domesticus) embryos treated with

combinations of DBP and folic acid (FA), ferrous sulfate (FeSO4), and choline (CHO) found
neural tube defects resulting from DBP exposure at 10-7 M, 10-5 M, 10-4 M and 10-3 M (Wang et
al., 2019). Research on the quail avian (Coturnix japonica) model has shown that DBP is anti-

androgenic, causing alterations in the seminiferous tubular histology and impairing Leydig cell

steroidogenesis in male quail specimens (Bello et al., 2019).

3.4.3 Possible mechanisms of phthalate exposure
While we were able to detect phthalates in seabird muscle tissues from the Aleutian
Islands, our analysis could not definitively determine the route through which seabirds had been
exposed to these phthalate congeners. We hypothesize that exposure could have come about

from at least three non-mutually exclusive scenarios: 1) seabirds may have directly ingested

plastic particles, phthalates leached off those particles while inside the bird, and the bird excreted
the particles prior to sample collection; 2) seabirds could have been indirectly exposed through
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their diet, i.e., from consumption of prey items that contained plastic particles or plastic-

associated chemicals in their bodies; and/or 3) seabirds may have been exposed to phthalates
through the environment itself (i.e., through inhalation or dermal sorption) as phthalates have
been detected in water and air samples (Teuten et al., 2009; Net et al., 2015). While all these

pathways of exposure have been documented in a variety of species (reviewed by Teuten et al.,
2009), the predominant route is likely through plastic ingestion (Teuten et al., 2009). We
detected plastic particles in 36.5% of the seabird stomachs examined in this study, indicating that
direct ingestion is a plausible route of exposure for Aleutian seabirds.
Plastic marine debris is a particularly large threat to seabird populations worldwide.

Seabirds may mistake plastic for food (Provencher et al., 2010; van Franeker et al., 2011), which
can result in ulcerations, starvation, or death (Robards et al., 1995; Rios et al., 2007). Plastic

ingestion has been detected in numerous seabird species globally (Hutton et al., 2008; Brandao et
al., 2011; Gray et al., 2012; Codina-García et al., 2013; Provencher et al., 2014). Plastic ingestion

by seabirds in the subarctic waters of Alaska, including the Aleutian Islands, was first detected in
1969 (Day, 1980). A temporal comparison of seabird gut contents between 1969-1977 and
1988-1990 provided evidence of increasing plastic ingestion among subarctic Alaskan seabirds

in that short timeframe (Robards et al., 1995). Robards et al. (1995) did not find any evidence of
geographic trends in plastic ingestion among subarctic seabirds, suggesting that plastic pollution

is ubiquitous across the subarctic waters of Alaska. The ten species we examined in our current
study were included in these past studies and plastics occurred in all species sampled by Robards

et al. (1995), except Red-faced Cormorants and Glaucous-winged Gulls. While we cannot
directly compare our plastic ingestion data to the data from prior research, collectively, these
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studies provide evidence that subarctic seabirds have been exposed to plastic pollution for many
decades now.

We used a relatively coarse method for detecting microplastics in seabird stomachs,
which was the standard at the time samples were processed. This method is also subject to error,
such as observer bias (Dekiff et al., 2014), misidentification of materials or lack of detection

altogether when particles are too small to be seen with the naked eye or dissecting microscope
(Filella, 2015). In recent years, research on identifying objects such as microplastics and

microfibers in environmental samples has greatly advanced, allowing researchers to identify

plastic particles that are too small for detection with the naked eye or a dissecting microscope
(Qiu et al., 2016). For example, various spectroscopy methods (FT-IR spectroscopy, near

infrared spectroscopy, UV, and Raman spectroscopy) have been used to determine the chemical

composition of unknown plastic fragments with high reliability (Hidalgo-Ruz et al., 2012). In
light of these advancements in techniques, it is likely that we failed to detect all of the plastic

particles in the stomachs we examined. Therefore, the occurrence of plastic particles in seabird
stomachs reported in this study is likely a conservative estimate. Analyses of seabird samples
collected after 2015 from this region now utilize more quantitative procedures involving Nile

Red staining, UV and FT-IR illumination (D. Causey, pers. comm.).
We found that there was significant variation in total phthalate concentrations between
particular feeding guilds; specifically, diving plankton-feeders had significantly higher total
phthalate concentrations in comparison to members of three other feeding guilds. An important

caveat to this result is that we only had one representative species within each of the diving
plankton feeder and opportunistic feeder guilds (i.e., Crested Auklet and Glaucous-winged Gull,
respectively). The inclusion of additional diving plankton feeder species in the analysis would
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allow us to better assess whether Crested Auklets specifically or diving plankton feeders more
generally are at a relatively higher risk of phthalate exposure. We cannot conclusively determine

the underlying mechanism for high phthalate exposure in this diving plankton-feeding species;

however, it may result from direct ingestion of plastic particles if foraging birds mistake
microplastics for prey items in the water column. This mechanism was suggested for another
diving plankton feeding seabird, the Little Auk (Alle alle), in East Greenland, where

microplastics were found in chick meals (Amelineau et al., 2016).

3.4.4 Future research needs and conclusions
Sample sizes and collection locations in this study were limited by the costs and

challenges of working in remote areas of Alaska. Future research endeavors would benefit from
continued sampling of diving plankton feeders, opportunistic feeders, and diving and surface fish

feeders from the Aleutian Islands. This study included only one species within the diving
plankton feeder guild; while phthalate concentrations in that species were significantly different
from the other groups, the inclusion of additional diving plankton feeder species will be
important to evaluate the extent to which this group of seabirds is at risk of phthalate exposure.

Our results indicate that geographic variation in phthalates among Aleutian Island seabirds is

very minimal; however, sample sizes were relatively small across a large spatial extent.
Continued collection efforts could focus on the central and eastern island regions, and also

include seabird colonies in the northern Bering Sea, Gulf of Alaska, and Prince William Sound.
More contemporary information from these regions would not only expand the work to include
some of the largest seabird breeding colonies in North America but would also help us to better

understand whether phthalate exposure varies on a broader geographic scale. Despite its
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limitations, our study provides valuable information on current levels of phthalate concentrations

in wild seabirds that can be compared to measurements from future research and monitoring

efforts. This and other studies on the geographic distribution of phthalates in marine wildlife

provide an essential foundation for better understanding the impacts of plastic-derived

contaminants on the health of wildlife populations.

3.5 Acknowledgments

This research was supported by funding from a Conoco Phillips endowment fund to the

University of Alaska Anchorage. We are indebted to the US Fish and Wildlife Service Alaska
Maritime National Wildlife Refuge for their in-kind funding and support by allowing us time for
sampling aboard the R/V Tiglax, the geographic extent of our sampling would not be possible

without their generosity. This project would not have been possible without laboratory and field

support from numerous volunteers and assistants, but special thanks goes to Ashley Stanek for
field collection and Rachel Dunbar for laboratory analyses. Thank you to Tuula Hollmen, Brenda
Konar, and Andrew McDonnell for guidance and review of manuscript drafts. Finally, thank you

to our anonymous reviewer for comments that allowed us to make final edits to this manuscript.

3.6 Literature cited

Abdul-Ghani, S., Yanai, J., Abdul-Ghani, R., Pinkas, A., Abdeen, Z., 2012. The teratogenicity
and behavioral teratogenicity of di(2-ethylhexyl) phthalate (DEHP) and di-butyl phthalate
(DBP) in a chick model. Neurotoxicol. Teratol. 34, 56-62.

Adeogun, A.O., Ibor, O.R., Omogbemi, E.D., Chukwuka, A. V, Adegbola, R.A., Adewuyi, G.A.,
Arukwe, A., 2015. Environmental occurrence and biota concentration of phthalate esters
in Epe and Lagos Lagoons, Nigeria. Mar. Environ. Res. 108, 24-32.

74

Amelineau, F., Bonnet, D., Heitz, O., Mortreux, V., Harding, A.M.A., Karnovsky, N., Walkusz,
W., Fort, J., Gremillet, D., 2016. Microplastic pollution in the Greenland Sea:
Background levels and selective contamination of planktivorous diving seabirds.
Environ. Pollut. 219, 1131-1139.

Araujo, C.F., Nolasco, M.M., Ribeiro, A.M.P., Ribeiro-Claro, P.J.A., 2018. Identification of
microplastics using Raman spectroscopy: Latest developments and future prospects.
Water Res. 142, 426-440.
Bauer, M.J., Herrmann, R., 1997. Estimation of the environmental contamination by phthalic
acid esters leaching from household wastes. Sci. Total Environ. 208, 49-57.

Becker, K., Seiwert, M., Angerer, J., Heger, W., Koch, H.M., Nagorka, R., Rosskamp, E.,
Schtoter, C., Seifert, B., Ullrich, D., 2004. DEHP metabolites in urine of children and
DEHP in house dust. Int. J. Hyg. Environ. Health 207, 409-417.
Bello, U.M., Aire, T.A., Imam, J., Abdulazeez, J., Igbokwe, C.O., 2019. Dose-specific
morphological changes in the Sertoli cell of the adult male Japanese quail testes exposed
to di(n-butyl)phthalate DBP prepubertally. FASEB J. 33(S1), 802-78.
Blanca, M.J., Alarcón, R., Arnau, J., Bono, R., Bendayan, R., 2017. Non-normal data: Is
ANOVA still a valid option? Psicothema 29, 552-557.
Brandao, M.L., Braga, K.M., Luque, J.L., 2011. Marine debris ingestion by Magellanic
Penguins, Spheniscus magellanicus (Aves: Sphenisciformes), from the Brazilian coastal
zone. Mar. Pollut. Bull. 62, 2246-2249.
Burger, J., Gochfeld, M., Sullivan, K., Irons, D., 2007. Mercury, arsenic, cadmium, chromium
lead, and selenium in feathers of Pigeon Guillemots (Cepphus columba) from Prince
William Sound and the Aleutian Islands of Alaska. Sci. Total Environ. 387, 175-84.

Byrd, V., 2007. Seabird monitoring on Alaska Maritime National Wildlife Refuge, in: Brewer,
R. (Ed.), Community-Based Coastal Observing in Alaska: Aleutian Life Forum 2006.
Alaska Sea Grant College Program, University of Alaska, Fairbanks, AK, pp. 33-45.
Cartwright, C., Thompson, I., Burns, R., 2000. Degradation and impact of phthalate plasticizers
on soil microbial communities. Environ. Toxicol. Chem. 19, 1253-1261.

Chen, C.F., Chen, C.W., Ju, Y.R., Dong, C.D., 2017. Determination and assessment of phthalate
esters content in sediments from Kaohsiung Harbor, Taiwan. Mar. Pollut. Bull. 124, 767
774.

Claessens, M., Van Cauwenberghe, L., Vandegehuchte, M.B., Janssen, C.R., 2013. New
techniques for the detection of microplastics in sediments and field collected organisms.
Mar. Pollut. Bull. 70, 227-233.
Clarke, K., Gorley, R., 2015. PRIMER version 7: User manual/tutorial. PRIMER-E 192.

75

Codina-García, M., Militao, T., Moreno, J., González-Solís, J., 2013. Plastic debris in
Mediterranean seabirds. Mar. Pollut. Bull. 77, 220-226.

Crisp, T.M., Clegg, E.D., Cooper, R.L., Wood, W.P., Anderson, D.G., Baetcke, K.P., Hoffmann,
J.L., Morrow, M.S., Rodier, D.J., Schaeffer, J.E., Touart, L.W., Zeeman, M.G., Patel,
Y.M., 1998. Environmental endocrine disruption: An effects assessment and analysis.
Environ. Health Perspect. 106, 11-56.
Day, R., 1980. The occurrence and characteristics of plastic pollution in Alaska's marine birds.
Doctoral Dissertation, University of Alaska Fairbanks.

Dekiff, J.H., Remy, D., Klasmeier, J., Fries, E., 2014. Occurrence and spatial distribution of
microplastics in sediments from Norderney. Environ. Pollut. 186, 248-256.
Doull, J., Cattley, R., Elcombe, C., Lake, B.G., Swenberg, J., Wilkinson, C., Williams, G., van
Gemert, M., 1999. A cancer risk assessment of di(2-ethylhexyl)phthalate: application of
the new U.S. EPA risk assessment guidelines. Regul. Toxicol. Pharmacol. 29, 327-357.

Doyle, M.J., Watson, W., Bowlin, N.M., Sheavly, S.B., 2011. Plastic particles in coastal pelagic
ecosystems of the Northeast Pacific Ocean. Mar. Environ. Res. 71, 41-52.
Dragoo, D.E., Renner, H.M., Kaler, R.S.A., 2020. Breeding status and population trends of
seabirds in Alaska, 2019. U.S. Fish Wildl. Serv. Rep. AMNWR 2020/01 64.

Elert, A.M., Becker, R., Duemichen, E., Eisentraut, P., Falkenhagen, J., Sturm, H., Braun, U.,
2017. Comparison of different methods for MP detection: What can we learn from them,
and why asking the right question before measurements matters. Environ. Pollut. 231,
1256-1264.
Fabjan, E., Hulzebos, E., Mennes, W., Piersma, A.H., 2006. A category approach for
reproductive effects of phthalates. Crit. Rev. Toxicol. 36, 695-726.

Fankhauser-Noti, A., Grob, K., 2007. Blank problems in trace analysis of diethylhexyl and
dibutyl phthalate: Investigation of the sources, tips and tricks. Anal. Chim. Acta 582,
353-360.
Filella, M., 2015. Questions of size and numbers in environmental research on microplastics:
methodological and conceptual aspects. Environ. Chem. 12, 527-538.

Fossi, M.C., Coppola, D., Baini, M., Giannetti, M., Guerranti, C., Marsili, L., Panti, C., de
Sabata, E., Clo, S., 2014. Large filter feeding marine organisms as indicators of
microplastic in the pelagic environment: The case studies of the Mediterranean basking
shark (Cetorhinus maximus) and fin whale (Balaenoptera physalus). Mar. Environ. Res.
100, 17-24.
Fossi, M.C., Panti, C., Guerranti, C., Coppola, D., Giannetti, M., Marsili, L., Minutoli, R., 2012.
Are baleen whales exposed to the threat of microplastics? A case study of the
Mediterranean fin whale (Balaenoptera physalus). Mar. Pollut. Bull. 64, 2374-2379.

76

Foster, P.M.D., 2006. Disruption of reproductive development in male rat offspring following in
utero exposure to phthalate esters. Int. J. Androl. 29, 140-147.

Gray, H., Lattin, G.L., Moore, C.J., 2012. Incidence, mass and variety of plastics ingested by
Laysan (Phoebastria immutabilis) and Black-footed Albatrosses (P. nigripes) recovered
as by-catch in the North Pacific Ocean. Mar. Pollut. Bull. 64, 2190-2192.
Halden, R.U., 2010. Plastics and health risks. Annu. Rev. Public Health 31, 179-94.
Hardesty, B.D., Good, T.P., Wilcox, C., 2015. Novel methods, new results and science-based
solutions to tackle marine debris impacts on wildlife. Ocean Coast. Manag. 115, 4-9.
Harris, D.C., 2010. Quantitative chemical analysis. Freeman and Company, New York, NY.

Hassanzadeh, N., Sari, A.E., Khodabandeh, S., Bahramifar, N., 2014. Occurrence and
distribution of two phthalate esters in the sediments of the Anzali wetlands on the coast
of the Caspian Sea (Iran). Mar. Pollut. Bull. 89, 128-135.

Heudorf, U., Mersch-Sundermann, V., Angerer, J., 2007. Phthalates: toxicology and exposure.
Int. J. Hyg. Environ. Health. 210, 623-34.
Hidalgo-Ruz, V., Gutow, L., Thompson, R.C., Thiel, M., 2012. Microplastics in the marine
environment: A review of the methods used for identification and quantification.
Environ. Sci. Technol. 46, 3060-3075.
Hobson, K.A., Clark, R.G., 1992. Assessing avian diets using stable isotopes I: Turnover of 13C
in tissues. Condor. 94, 181-188.

Horn, O., Nalli, S., Cooper, D., Nicell, J., 2004. Plasticizer metabolites in the environment.
Water Res. 38, 3693-3698.
Hornung, R.W., Reed, L.D., 1990. Estimation of average concentrations in the presence of
nondetectable values. Appl. Occup. Environ. Hyg. 5, 46-51.

Hu, L., Chernick, M., Lewis, A.M., Ferguson, P.L. and Hinton, D.E., 2020. Chronic microfiber
exposure in adult Japanese medaka (Oryzias latipes). PloS one, 15(3), p.e0229962.
Huber, S., Warner, N.A., Nygard, T., Remberger, M., Harju, M., Uggerud, H.T., Kaj, L.,
Hanssen, L., 2015. A broad cocktail of environmental pollutants found in eggs of three
seabird species from remote colonies in Norway. Environ. Toxicol. Chem. 34, 1296
1308.
Hutton, I., Carlile, N., Priddel, D., 2008. Plastic ingestion by Flesh-footed (Puffinus carneipes)
and Wedge-tailed (P. pacificus) shearwaters. Pap. Proc. R. Soc. Tasmania 142, 1-6.

Jaeger, R.J., Rubin, R.J., 1970. Plasticizers from plastic devices: Extraction, metabolism, and
accumulation by biological systems. Science. 170(3956), 460-462.

77

Kamrin, M.A., 2009. Phthalate risks, phthalate regulation, and public health: A review. J.
Toxicol. Environ. Health. B. Crit. Rev. 12, 157-174.

Koch, H.M., Calafat, A.M., 2009. Human body burdens of chemicals used in plastic
manufacture. Philos. Trans. R. Soc. B Biol. Sci. 364, 2063-2078.
Konar, B., Edwards, M.S., Bland, A., Metzger, J., Ravelo, A., Traiger, S., Weitzman, B., 2017. A
swath across the great divide: Kelp forests across the Samalga Pass biogeographic break.
Cont. Shelf Res. 143, 78-88.

Latini, G., 2005. Monitoring phthalate exposure in humans. Clin. Chim. Acta 361, 20-29.

Law, K.L., Moret-Ferguson, S., Maximenko, N.A., Proskurowski, G., Peacock, E.E., Hafner, J.,
Reddy, C.M., 2010. Plastic accumulation in the North Atlantic subtropical gyre. Science.
329(5996), 1185-1188.
Lubecki, L., Kowalewska, G., 2019. Plastic-derived contaminants in sediments from the coastal
zone of the southern Baltic Sea. Mar. Pollut. Bull. 146, 255-262.

Luo, Y., Li, X.-N., Zhao, Y., Du, Z.-H., Li, J.-L., 2019. DEHP triggers cerebral mitochondrial
dysfunction and oxidative stress in quail (Coturnix japonica) via modulating
mitochondrial dynamics and biogenesis and activating Nrf2-mediated defense response.
Chemosphere 224, 626-633.
Lyche, J.L., Gutleb, A.C., Ropstad, E., Saunders, M., Skaare, J.U., 2009. Reproductive and
developmental toxicity of phthalates. J. Toxicol. Environ. Heal. Part B Crit. Rev. 12,
225-249.
Marega, M., Grob, K., Moret, S., Conte, L., 2013. Phthalate analysis by gas chromatography
mass spectrometry: Blank problems related to the syringe needle. J. Chromatogr. A 1273,
105-110.

Martins, K., Hagedorn, B., Kennish, J., Applegate, B., Leu, M., Epp, L., Pallister, C., Zwollo, P.,
2016. Tissue phthalate levels correlate with changes in immune gene expression in a
population of juvenile wild salmon. Arch. Environ. Contam. Toxicol. 71, 35-47.
Meeker, J.D., Sathyanarayana, S., Swan, S.H., 2009. Phthalates and other additives in plastics:
human exposure and associated health outcomes. Philos. Trans. R. Soc. Lond. B. Biol.
Sci. 364, 2097-2113.

Mi, L., Xie, Z., Zhao, Z., Zhong, M., Mi, W., Ebinghaus, R., Tang, J., 2019. Occurrence and
spatial distribution of phthalate esters in sediments of the Bohai and Yellow seas. Sci.
Total Environ. 653, 792-800.
Net, S., Delmont, A., Sempere, R., Paluselli, A., Ouddane, B., 2015. Reliable quantification of
phthalates in environmental matrices (air, water, sludge, sediment and soil): A review.
Sci. Total Environ. 515, 162-180.

78

Paluselli, A., Fauvelle, V., Schmidt, N., Galgani, F., Net, S., Sempere, R., 2018. Distribution of
phthalates in Marseille Bay (NW Mediterranean Sea). Sci. Total Environ. 621, 578-587.
Paluselli, A., Kim, S.-K., 2020. Horizontal and vertical distribution of phthalates acid ester
(PAEs) in seawater and sediment of East China Sea and Korean South Sea: Traces of
plastic debris? Mar. Pollut. Bull. 151, 110831.

Plastics Europe, 2018. Data From: Plastics - The Facts 2018: An analysis of European plastics
production, demand and waste data (EB/OL). https://plasticseurope.org/knowledgehub/plastics-the-facts-2018/

Provencher, J.F., Avery-Gomm, S., Braune, B.M., Letcher, R.J., Dey, C.J., Mallory, M.L., 2020.
Are phthalate ester contaminants in northern fulmar preen oil higher in birds that have
ingested more plastic? Mar. Pollut. Bull. 150, 110679.
Provencher, J.F., Bond, A.L., Hedd, A., Montevecchi, W.A., Muzaffar, S.B., Courchesne, S.J.,
Gilchrist, H.G., Jamieson, S.E., Merkel, F.R., Falk, K., Durinck, J., Mallory, M.L., 2014.
Prevalence of marine debris in marine birds from the North Atlantic. Mar. Pollut. Bull.
84, 411-7.
Provencher, J.F., Gaston, A.J., Mallory, M.L., Patrick, D.O., Gilchrist, H.G., 2010. Ingested
plastic in a diving seabird, the Thick-billed Murre (Uria lomvia), in the eastern Canadian
Arctic. Mar. Pollut. Bull. 60, 1406-1411.
Qiu, Q., Tan, Z., Wang, J., Peng, J., Li, M., Zhan, Z., 2016. Extraction, enumeration and
identification methods for monitoring microplastics in the environment. Estuar. Coast.
Shelf Sci. 176, 102-109.

R Core Team, 2019. R: A language and environment for statistical computing.
Ramzi, A., Gireeshkumar, T.R., Rahman, K.H., Manu, M., Balachandran, K.K., Chacko, J.,
Chandramohanakumar, N., 2018. Distribution and contamination status of phthalic acid
esters in the sediments of a tropical monsoonal estuary, Cochin - India. Chemosphere
210, 232-238.

Regnier, J., Bowden, C., Lhuguenot, J., 2004. Effects on rat embryonic development in vitro of
di-(2-ethylhexyl) phthalate (DEHP) and its metabolites. Toxicologist 78, 38-39.

Rios, L.M., Moore, C., Jones, P.R., 2007. Persistent organic pollutants carried by synthetic
polymers in the ocean environment. Mar. Pollut. Bull. 54, 1230-1237.

Robards, M.D., Piatt, J.F., Wohl, K.D., 1995. Increasing frequency of plastic particles ingested
by seabirds in the subarctic North Pacific. Mar. Pollut. Bull. 30, 151-157.
Saliu, F., Montano, S., Leoni, B., Lasagni, M., Galli, P., 2019. Microplastics as a threat to coral
reef environments: Detection of phthalate esters in neuston and scleractinian corals from
the Faafu Atoll, Maldives. Mar. Pollut. Bull. 142, 234-241.

79

Savoca, D., Arculeo, M., Barreca, S., Buscemi, S., Caracappa, S., Gentile, A., Persichetti, M.F.,
Pace, A., 2018. Chasing phthalates in tissues of marine turtles from the Mediterranean
Sea. Mar. Pollut. Bull. 127, 165-169.
Savoca, M.S., Wohlfeil, M.E., Ebeler, S.E., Nevitt, G.A., 2016. Marine plastic debris emits a
keystone infochemical for olfactory foraging seabirds. Sci. Adv. 2, e1600395.

Skakkebaek, N.E., De Meyts, E.R., Main, K.M., 2001. Testicular dysgenesis syndrome: An
increasingly common developmental disorder with environmental aspects. APMIS 109,
S22-S30.
Stabeno, P.J., Schumacher, J.D., Ohtani, K., 1999. The physical oceanography of the Bering Sea,
in: Loughlin, T.R., Ohtani, K. (Eds.), Dynamics of the Bering Sea. University of Alaska
Sea Grant, Fairbanks, AK, pp. 1-28.

Staples, C., Peterson, D., Parkerton, T., Adams, W., 1997. The environmental fate of phthalate
esters: A literature review. Chemosphere 35, 667-749.
Stephensen, S.W., Irons, D.B., 2003. Comparison of colonial breeding seabirds in the eastern
Bering Sea and Gulf of Alaska. Mar. Ornithol. 31, 167-173.
Stroheker, T., Cabaton, N., Nourdin, G., Regnier, J.F., Lhuguenot, J.C., Chagnon, M.C., 2005.
Evaluation of antiandrogenic activity of di-(2-ethylhexyl)phthalate. Toxicology 208,
115-121.

Swan, S.H., 2008. Environmental phthalate exposure in relation to reproductive outcomes and
other health endpoints in humans. Environ. Res. 108, 177-184.
Taylor, B.F., Curry, R.W., Corcoran, E.F., 1981. Potential for biodegredation of phthalic-acid
esters in marine regions. Appl. Environ. Microbiol. 42, 590-595.
Teuten E.L., Saquing, J.M., Knappe, D.R., Barlaz, M.A., Jonsson, S., Bjorn, A., Rowland, S.J.,
Thompson, R.C., Galloway, T.S., Yamashita, R., Ochi, D., Watanuki, Y., Moore, C.,
Viet, P.H., Tana, T.S., Prudente, M., Boonyatumanond, R., Zakaria, M.P., Akkhavong,
K., Ogata, Y., Hirai, H., Iwasa, S., Mizukawa, K., Hagino, Y., Imamura, A., Saha, M.,
Takada, H., 2009. Transport and release of chemicals from plastics to the environment
and to wildlife. Philos Trans R Soc Lond B Biol Sci. 364, 2027-2045.

Thuren, A., Larsson, P., 1990. Phthalate esters in the Swedish atmosphere. Environ. Sci.
Technol. 24, 554-559.
US Environmental Protection Agency, 2014. Code of Federal Regulations Priority Pollutant List,
Appendix A to 40 CFR, Part 423-126 Priority Pollutants.

van Franeker, J.A., Blaize, C., Danielsen, J., Fairclough, K., Gollan, J., Guse, N., Hansen, P.L.,
Heubeck, M., Jensen, J.K., Le Guillou, G., Olsen, B., Olsen, K.O., Pedersen, J., Stienen,
E.W.M., Turner, D.M., 2011. Monitoring plastic ingestion by the northern fulmar
Fulmarus glacialis in the North Sea. Environ. Pollut. 159, 2609-2615.
80

Wang, J., Bo, L., Li, L., Wang, D., Chen, G., Christie, P., Teng, Y., 2014. Occurrence of
phthalate esters in river sediments in areas with different land use patterns. Sci. Total
Environ. 500, 113-119.
Wang, R., Sun, D.G., Song, G., Guan, C.Y., Cui, Y., Ma, X., Xia, H.-F., 2019. Choline, not
folate, can attenuate the teratogenic effects of dibutyl phthalate (DBP) during early chick
embryo development. Environ. Sci. Pollut. Res. 26, 29763-29779.
Wickham, H., 2016. ggplot2: Elegant graphics for data analysis. Springer-Verlag, New York,
NY.
Wofford, H.W., Wilsey, C.D., Neff, G.S., Giam, C.S. and Neff, J.M., 1981. Bioaccumulation and
metabolism of phthalate esters by oysters, brown shrimp, and sheepshead
minnows. Ecotoxicol. Environ. Saf., 5, 202-210.

Xu, H., Shao, X., Zhang, Z., Zou, Y., Wu, X., Yang, L., 2013. Oxidative stress and immune
related gene expression following exposure to di-n-butyl phthalate and diethyl phthalate
in zebrafish embryos. Ecotoxicol. Environ. Saf. 93, 39-44.
Zhang, Q., Song, J., Li, X., Peng, Q., Yuan, H., Li, N., Duan, L., Ma, J., 2019. Concentrations
and distribution of phthalate esters in the seamount area of the Tropical Western Pacific
Ocean. Mar. Pollut. Bull. 140, 107-115.
Zheng, Q., Feng, M., Dai, Y., 2013. Comparative antioxidant responses in liver of Carassius
auratus exposed to phthalates: An integrated biomarker approach. Environ. Toxicol.
Pharmacol. 36, 741-749.
Zhou, J., Cai, Z.-H., Xing, K.-Z., 2011. Potential mechanisms of phthalate ester embryotoxicity
in the abalone Haliotis diversicolor supertexta. Environ. Pollut. 159, 1114-1122.

81

3.7 Tables

Table 3.1: Sample sizes of seabirds by island region and feeding guild.
Feeding Guild (n)
diving
Island
surface fish
opportunistic diving fish
plankton
Region (n)
feeders
feeders
feeders
feeders
9
4
0
7
Eastern
3
10
Central
4
1
9
52
Western
6
10
Total
71
16
10
18

Total

20
18
77
115

Table 3.2: Species of seabirds represented within this study, categorized by feeding guild (Byrd,
2007). We report the number of individuals for which tissues and stomach contents were
analyzed (n total) and the number of samples containing plastic or inorganic material.
n containing
n
Feeding Guild
Species
tontal
plastic/inorganic
analyzed
material
Common Murre
8
6
1
(Uria aalge)
Horned Puffin
3
3
1
(Fratercula corniculata)
Pelagic Cormorant
10
10
3
(Phalacrocorax pelagicus)
Diving fish-feeders
Pigeon Guillemot
8
8
0
(Cepphus columba)
Red-faced Cormorant
12
10
3
(Phalacrocorax urile)
Tufted Puffin
30
19
7
(Fratercula cirrhala)
Crested Auklet
7
6
Diving plankton-feeders
10
(Aethia cristatella)
Glaucous-winged Gull
2
1
Opportunistic feeders
16
(Larus glaucescens)
Black-legged Kittiwake
11
5
1
(Rissa tridactyla)
Surface fish-feeders
Northern Fulmar
7
4
4
(Fulmarus glacialis)
27
74
Total
115
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3.8 Figures
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Figure 3.1: Map of the Aleutian Islands, indicating the western, central, and eastern island regions (circled), and island groups within
each island region. Arrows indicate the paths and directions of major ocean currents. W = Western Island Region; C = Central Island
Region; E = Eastern Island Region.
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Figure 3.2: Mean (+SD) total phthalates (ng/g) in Aleutian Island seabird muscle tissue by (2a) island region and (2b) feeding guild.
Total phthalates did not differ significantly among island regions. Lowercase letters above the error bars in (2b) signify significant
differences between diving plankton feeders and other feeding guilds (i.e., guilds with the same letter did not differ based on an
ANOVA).
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Figure 3.3: Composition of phthalate congeners in Aleutian Island seabird muscle tissue by (3a) island region and (3b) feeding guild.
Percent concentration was calculated as the percentage of each individual congener out of the total phthalate concentration (in ng/g)
for each group.

86

Figure 3.4: Nonmetric multidimensional scaling (nMDS) of phthalate congener concentrations in Aleutian Island seabird muscle
tissue. Each point represents an individual seabird specimen and symbols are coded by (4a) island region and (4b) feeding guild. The
nMDS ordination shows no relationship between individual phthalate congener concentrations and geography or feeding guild.

Chapter 4: Including coastal community voices in the marine debris conversation:

Perspectives from St. Paul Island, Alaska3

Abstract

Marine debris is ubiquitous across the global ocean and is an increasing threat to human
health, economies, habitats, and wildlife. In the United States, action plans to address marine

debris issues are being developed at local to national scales. While these proposals are an
important first step, they do not necessarily reflect the needs of the coastal communities that are

most heavily impacted. Coastal communities, particularly those in Alaska, often do not create the
marine debris impacting their ecosystems, some of which originates far from their communities.

However, they often bear the brunt of the marine debris issue and are left with the responsibility
of cleaning it up. Thus, the detrimental effects of marine debris are not only an ecological
problem, but an issue of environmental justice. This project aims to catalyze the inclusion of

local knowledge in marine debris solutions for St. Paul Island, Alaska, by documenting
community members' perceptions of marine debris, including its origin, impacts, and proposed

solutions. We interviewed thirty-six St. Paul Island community members from 2017 to 2020

about the types, amount, distribution, and impacts of marine debris they have observed on the

island and its surrounding waters over recent decades. Research participants reported increases in
plastic debris since the 1980s, particularly plastic bottles. Additionally, participants often

identified fishing gear as a major type of marine debris. Overall, participants were generally

aware that materials like plastics persist in the environment over multiple generations; nearly

3 Padula, V.P., Causey, D., Beaudreau, A.H. Including Coastal Community Voices in the Marine Debris
Conversation: Perspectives from St. Paul Island, Alaska. In preparation for Marine Pollution Bulletin.
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80% expressed concern about impacts to subsistence resources, including entanglement and
ingestion of plastic particles by marine mammals and fishes. Participants had varying views

about the source of debris, but many noted the role of ocean currents in transporting debris from

distant locations. Participants had varying views on the effectiveness of marine debris cleanups,
but many expressed the need to stop debris at its source. The results of this study will inform
development of locally relevant action plans to remove marine debris. Moreover, St. Paul Island
community members' experiences highlight that solving the problem of marine debris cannot

rely on local efforts alone but requires broader policies and mitigation strategies to address the

sources of debris and advance environmental justice for coastal communities.

4.1 Introduction

Marine debris, particularly plastic debris, is ubiquitous and persistent in the ocean and an
increasing threat to human health, economies, aquatic habitats, and wildlife (Kandziora et al.,
2019). Plastic materials are so prevalent that scientists refer to the interactions between plastics

and the environment as the “plastisphere” (United Nations Environment Programme, 2021).
Some have even expressed concern that a “silent spring for the ocean” is on the horizon as
plastic pollution can be detrimental to ocean health (Worm, 2015). If unchecked, the amount of
plastic produced by 2040 could reach approximately 29 million metric tons annually (United

Nations Environment Programme, 2021). Plastic materials travel a complicated path from

production to disposal, with many impacts on ecosystems and communities along the way,
including, but not limited to, leakage of waste and toxic materials that result in ecosystem

degradation, fossil fuel emissions during production and incineration of plastic materials
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(Neufeld et al., 2016). Ineffective solid waste management, ineffective wastewater treatment,
littering, illegal waste dumping, and natural disasters lead to the high volume of waste entering
the oceans (Kandziora et al., 2019).

Oceanic plastic pollution is a “transboundary challenge” because it is problematic to
assign responsibility to one entity (e.g., a particular country) for its removal when it is found in
Areas Beyond National Jurisdiction (Vince and Hardesty, 2018). Additionally, it is difficult to

identify the origins of marine debris, especially if individual pieces of debris have been greatly

eroded and degraded over time. A 2015 study estimated that approximately 10% (about 7.25

million metric tons annually) of the plastics produced worldwide become waste and eventually
reach the ocean (Jambeck et al., 2015). That 8-million-ton estimate has since become a
benchmark against which to measure the amount of plastic pollution entering the ocean annually.

The broad scale reporting of this estimate has garnered responses from NGOs, policymakers, and

industry (Law et al., 2020), such as focused remediation efforts in South and Southeast Asian
countries (Ocean Conservancy, 2015; Association of Southeast Asian Nations, 2019). More

recent analyses show that the coastal population of the United States created more plastic waste
than any country (13.8 million tons for 112.9 million people) as of 2010, followed by the EU-28
countries (14.8 million tons for 187.3 million people) and China (11.6 million tons for 262.9

million people) (Law et al., 2020).
Island and coastal communities have witnessed the degradation of their environment over
time as marine debris accumulates on their shorelines and endangers marine organisms. For

example, marine fauna that provide a valuable food resource to communities are susceptible to
lethal or sub-lethal impacts such as entanglement in debris, ingestion of plastic, and chemical
contamination from plastics (Wilcox et al., 2016). Filter-feeding marine organisms can
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concentrate microplastics in their tissues, which can then be ingested by humans (Ivar do Sul and

Costa, 2014). In the United States, negative impacts of marine debris on remote coastal
communities often go unnoticed by government agencies that are tasked with addressing the

problem at broader scales. However, national legislation to address the marine debris crisis is an
important first step. For example, Save Our Seas Act 2.0 calls for reports on sources and impacts

of derelict fishing gear and incentives for fishermen to collect and dispose of plastics found at
sea (Public Law 116 - 224, 2020). The Act also calls for international cooperation to combat

marine debris and has a heavy focus on debris prevention. In addition to broad policies,
community-centered approaches are needed to better include stakeholders and knowledge

bearers, build capacity and good practice protocols, and celebrate achievements to stimulate
further actions that protect the health of the oceans and marine resources (Kandziora et al.,
2019).

People in remote coastal communities of Alaska are not often included in the marine

debris conversation, although they witness the impacts of marine debris on their homes and
livelihoods firsthand. Marine debris is not a new problem in Alaska, as it has been observed there

since at least the 1930s (Fowler, 1987). Government programs have assisted communities and
organizations in making substantial strides in debris removal. The National Oceanic and
Atmospheric Administration (NOAA) Marine Debris Program

(https://marinedebris.noaa.gov/alaska ), for example, has provided funding to some Alaskan
communities for marine debris removal and prevention efforts and has highlighted stories from

Alaskan communities through their outreach and communication platforms. Another federal
government initiative in five National Parks in Alaska removed over 10,000 kg of debris from 80

km of coastline (Polasek et al., 2017). Despite the benefits of these projects, funding for them is
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limited and not every community is provided the resources necessary for marine debris removal
each year.

An important step towards addressing the disproportionate impacts of marine debris and
plastic pollution on Alaskan coastal communities is to include local voices in defining the scope
of the problem and potential solutions. Rarely have the impacts of marine debris and plastic

pollution been considered through the lens of environmental justice, even though coastal
communities bear an undue burden of the negative impacts of plastic pollution from production

to disposal (Bullard, 1994). The movement to view marine debris as an environmental justice

issue has gained traction in recent years and more work is being done to report the undue
burdens coastal communities face from marine debris. Our study meets this challenge by
reporting community members' historical and current observations of marine debris on and

around St. Paul Island, Alaska, and their perceptions of marine debris impacts on the
environment and subsistence resources.

This study provides a unique and otherwise undocumented perspective of the long-term

impacts of marine debris on a remote island community in the Bering Sea, a region where ocean

resources support cultures, subsistence needs, livelihoods, and economies. Our first objective
was to examine trends in type, relative abundance, and distribution of marine debris over several
decades based on St. Paul Island residents' observations. We hypothesized that community
members would report increases in marine debris, as well as changes in the types of marine

debris, over their lifetimes. Our second objective was to understand individual community
members' perceptions of the origins of various types of marine debris and its impacts on the

local environment. Our findings can contribute to development of locally relevant action plans to
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manage marine debris by including the voices of community members and serve to educate a

broader audience on the environmental challenges remote coastal communities face.

4.2 Methods

4.2.1 Study community
St. Paul Island (100 km2) is one of five remote, volcanic islands in the Pribilof Islands

region in the central Bering Sea, located approximately 483 km from the Alaska mainland

(https://www.aleut.com/about/ ; Figure 3.1). The primary residential area is located on a
peninsula on the southern tip of St. Paul Island; there are 481 residents in the community

according to a 2019 population estimate (U.S. Census Bureau, 2019). The Unangan people have
continuously occupied the Aleutian Islands chain and the Pribilof Islands region of Alaska for
centuries and St. Paul Island is home to the largest Unangan community in the world. Unangax

identify St. Paul Island as Tánax'-Ámix, or “The Island-Uncle” (Jochelson, 2003), a name that is
still used today by the St. Paul Island community. The community harvests northern fur seals

(Callorhinus ursinus), Steller sea lions (Eumetopias jubatus), Pacific halibut (Hippoglossus

stenolepis), green sea urchins (Strongylocentrotus droebachiensis), and various seabird and duck
species for customary and traditional use (“subsistence”). Commercial fisheries in the region also
depend on marine resources, including Pacific halibut, red king crab (Paralithodes
camtschaticus) and Alaska snow crab (Chionoecetes opilio).
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4.2.2 Interview methodology
We conducted semi-structured interviews with St. Paul Island community members over
18 years of age with long-term seasonal or year-round residency (>10 years) and knowledge of

the area, who interact with the environment through commercial fishing, subsistence harvesting,

walking along the coast, and/or participating in beach cleanups. Prior to interviews, we
developed an interview guide, consent form, one-page introduction to the project, and
recruitment materials that were reviewed and approved by the Alaska Area Institutional Review

Board (2017-06-024), University of Alaska Fairbanks Institutional Review Board (protocol
#1072734-1), and informally by the Aleut Community of St. Paul Island Tribal Government

(ACSPI). We recruited participants using public service announcements posted in public spaces
on St. Paul Island (grocery store, clinic, tribal government office, municipality office) and

through personal contacts of the lead author, who has conducted field work on St. Paul Island

since 2015 and has been employed by ACSPI since 2017. Once we began interviews, we also
used snowball sampling (chain referral) to identify potential participants recommended by

interviewees, a technique that is effective for recruiting participants with specific experience or
expertise in small communities, where it is possible to build an exhaustive network of potential

interview candidates (Bernard, 2011). At the start of each interview, we reviewed the project and

consent form with the participant, highlighting the objectives of the study, benefits and risks to
participation, and researchers' contact information. We audio-recorded interviews if participants
gave informed consent. All interviews were conducted by the lead author and ranged from 30 to

60 minutes in duration (average 40 minutes). Interview questions were entirely voluntary, and
participants were free to skip questions or elaborate on topics of particular importance to them.
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During the first part of the interview, participants were asked about their residency on St.
Paul Island and their fishing and hunting experience on the island, including harvested species,
gear types used, and typical harvesting seasons. Participants were also asked about the areas of
the island where they most commonly fished, hunted, or recreated and to demarcate those

locations on a map of St. Paul Island (provided in the interview guide). The next part of the

interview was designed to elicit participants' observations of marine debris and its impacts on the
St. Paul Island environment. Participants were asked to provide examples and definitions of

marine debris that they have seen on St. Paul Island, indicate where they have seen it (e.g.,

shoreline, floating in the ocean, on or inside animals' bodies), and discuss possible origins of the

debris and its persistence in the environment. A subset of interview questions was designed to
track trends in marine debris over time. We asked participants if they have seen changes in the
amounts or types of debris over time. They were then asked to score the relative abundance of

different debris types (i.e., line/rope, buoys, fishing line, fishing gear, food wrappers, plastic
bottles, glass bottles, containers, small pieces of plastic, aluminum cans, and Styrofoam) on a 7point Likert scale, from very low to very high, for each decade in which they had made
observations. Finally, we asked participants what concerns they had regarding marine debris and

their perceptions about the efficacy of marine debris cleanups on St. Paul Island.

4.2.3 Analysis

Quantitative, Likert-scale data (i.e., relative abundance of debris types) were analyzed
using R Studio (R Core Team, 2019). We converted the categorical responses (very low to very

high) to numerical indices (1-7) for each participant. Because individuals may have different
historical baselines from which to compare changes in abundance (e.g., Beaudreau and Levin,
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2014), we calculated normalized relative abundance indices for each participant as follows. For

each interviewee, we calculated a mean and standard deviation of reported abundance indices.
Abundance index values were then normalized by subtracting the mean and dividing by the
standard deviation. The distribution of normalized relative abundance indices across interview
participants was visualized as a series of box plots (Figure 3.2), where the box shows the

interquartile range of indices reported by participants and the line within the box indicates the

median value for a given material type and time period. Together, the box plots show how
relative abundance of each material type has changed over time since 1960, according to
participants' observations.

We interpreted qualitative data collected through interviews using thematic analysis, a

widely used method for identifying patterns in qualitative content (Boyatzis, 1998; Roulston,
2001). Thematic analysis describes a flexible approach for identifying and summarizing patterns

or conceptual themes in qualitative data (Braun and Clarke, 2006) that allows for interpretation
of those themes within multiple theoretical frameworks (Boyatzis, 1998). We followed the
phases of thematic analysis outlined by Braun and Clarke (2006); first, we gained familiarity

with the data through repeated and active reading of interview transcripts, then generated an

initial, inclusive set of codes that described basic ideas in the data, aggregated codes under

broader themes and sub-themes, and iteratively reviewed and refined themes to reach a final set
of nested themes. We visualized these nested themes by creating thematic network diagrams
organized into three hierarchical levels: (1) basic themes, which are the lowest-order themes

derived from data; (2) organizing themes, which are middle-order themes that arise when basic
themes are organized into clusters that reflect the same main idea, and are more abstract yet more

revealing than basic themes; and (3) global themes, which are highest-order themes that reflect
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principal concepts in the data overall and arise when organizing themes are clustered to present

an assertion about a given reality or issue (Attride-Stirling, 2001).

To illustrate, we provide an example of deductive coding of interview responses to the
questions about definitions and descriptions of marine debris (Appendix). Interviewees often
referenced unique material types or specific objects by way of defining marine debris more

broadly. Unique codes were defined for each material type (e.g., plastic, glass) and object (e.g.,
fishing line, plastic bottle), where “material type” and “object” constitute basic themes that

together fall under the organizing theme of “definitions of marine debris.” The organizing
themes “definitions of marine debris” and “descriptions of marine debris” are grouped under the
global theme, “Marine debris is diverse and prevalent on St. Paul Island.”

4.3 Results

We conducted 30 interviews, comprising 36 participants; 42% of the participants
identified as female and 58% identified as male. Most participants (approximately 81%)
identified as Alaska Native or American Indian, while approximately 19% identified as another
race or ethnicity. Ages of participants ranged from young adults in their twenties to Elders in

their seventies. Most participants were year-round residents who had lived on St. Paul their entire

lives, while a portion lived on the island seasonally (e.g., to fish commercially in summer), but
had spent at least part of the year on St. Paul Island for decades. All participants earned at least
their high school degree, with many having attended some college or having attained a
bachelor's degree and a few having attained a graduate degree. The sample sizes vary throughout

the analyses because not all participants answered every question during interviews. We

identified four global themes outlined in Table 3.1 and detailed below.
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4.3.1 Global theme 1

Marine debris is diverse and prevalent on St. Paul IslandParticipants defined marine debris in
their own terms and described the kinds of materials that comprise marine debris. All
participants gave examples of what they have seen while recreating, hunting, or participating in

other activities along the shore. Some participants also gave examples of what they have seen

while fishing in the waters surrounding St. Paul Island. Together, these observations captured the

wide range of debris types that are most commonly observed on and around St. Paul Island.
Within this global theme, organizing themes were delineated into “definitions of marine debris”

and “descriptions of marine debris.”
Many participants defined marine debris in terms of both the materials of which it is

made and examples of objects found in the environment that are made from those materials.
Fishing gear was a prominent response, with most participants (79%) specifically mentioning the

words “fishing gear” or giving an example of gear such as nets, rope/line, or buoys. Other
examples included bottles, packaging, boxes, containers, packing bands, wrappers, bonfire trash,
and assorted individual items that stood out as debris oddities to participants such as radio sondes
(a National Weather Service station is located on St. Paul Island), toothbrushes, and various

clothing items. Almost all participants (89%) mentioned plastic when asked to define marine
debris and the materials of which marine debris is made. Other material types included metal,
glass, rubber, foam, chemicals, oil, nylon, wood, and fiberglass. The detail with which
participants described marine debris illustrated both their familiarity with it and the ubiquity of

diverse debris types in the local environment.
Participants also expressed varying sentiments about marine debris or observations of its
prevalence. More than half of the participants (57%) mentioned that marine debris is “manmade”
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or “unnatural,” suggesting that it does not belong in the environment in the first place. They also

described marine debris as “abundant” and expressed concerns that marine debris occurs on

shorelines in such large amounts that it is difficult to remove. We asked participants about where
on the island and in which habitats they have seen marine debris (or litter in general), as well as

their perceptions of the origins of marine debris on St. Paul Island. All participants said they had

seen marine debris along the shorelines on St. Paul Island and floating in the ocean. Many

interviewees had also seen debris on (87%) or inside (37%) animals' bodies. For example,
northern fur seal entanglements in fishing nets or plastic packing bands were often mentioned.

Other places where people reported seeing debris included inland and along roads, in Pribilof

Island Arctic fox (Alopex lagopus pribilofensis) scat, at the boatyard, and on the grassy tundra.

4.3.2 Global theme 2

Marine debris quantity has been stable or increased since the 1960s, with variation among
specific types of debris

We asked participants if they have seen changes in the amounts and types of marine

debris on and in the waters surrounding St. Paul Island. Participants' responses generally
clustered into two organizing themes, “changes in marine debris over time” and “present day

conditions.” In discussing changes in marine debris over time, participants' observations

reflected variation in perceptions and patchiness of debris in time and space. Basic themes in the

qualitative data reflected some participants' uncertainty in how debris has changed over time,
others' observations of little change or increases in quantity of debris over time, and changes in

some materials or types of debris, but not others (Table 3.1).
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The quantitative Likert-scale data helped to explain some of this variation in qualitative

descriptions of long-term changes in marine debris prevalence and distribution. Plastic bottles
stand out as the item that has increased most over time (Figure 3.2). The median relative

abundance index for plastic bottles increased sharply from the 1970s to the 1980s and then
continued to increase gradually thereafter (Figure 3.2). The relatively narrow spread around

median indices indicates strong agreement among participants. This increasing trend was
described by one person who grew up on St. Paul Island:
“Plastic containers, plastic bottles, plastic oil barrels, buckets—I see a lot of that

out there.. .and we hardly ever seen any plastic other than like an occasional hard
hat or maybe a boot or something like that, but that was in the ‘70s going into the
early ‘80s, and from the ‘80s on there were fishing debris on the beach back then

in the ‘70s and early ‘80s—like line and nets and things like that—and those were
the kind of plastics that I think we probably seen the most of back then. And then
the trend started going towards plastic in the ‘80s for sure, ‘90s, and all the way

up. It's just—it's amazing how fast the plastic has exploded on the beaches...we
were walking over at Southwest Point where the hair seals haul out and I was like,

there's plastic all over the place, it was everywhere.”
Participants reported an overall decrease in glass bottles over the same period (Figure 3.2).

Median abundance scores increased slightly for other items over time, such as food wrappers and
rope (line); however, the interquartile ranges around the median abundance scores are wider,
indicating less agreement in relative abundance levels for these items. Median abundance scores
for containers and buoys were relatively flat over time, with large interquartile ranges, while

fishing line and fishing gear varied without trend (Figure 3.2).
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Participants expressed more confidence in their observations of debris during the most

recent decade (late 2000s to present) compared to earlier periods. This may indicate that while
community members noticed marine debris on the island's beaches and around town in the past,

they may not have been gauging quantities, or are more uncertain in their recollections from
decades past. Additionally, local awareness of marine debris may have grown in recent years, as

global concern about marine debris has increased in the past two decades. While it was difficult

in some instances for participants to recollect historical changes in marine debris, many
described in detail the types and quantities of debris they see most often now. According to
participants (n = 23) who provided a relative ranking of the types of debris they see most often,

plastic bottles and lines were most often observed, followed by plastic bottles, plastic bags,
beverage cans, plastic, nets and floats. Many participants also observed seasonal changes in the

amount of marine debris, citing severe weather conditions as a possible reason for increases in
marine debris during winter.

4.3.3 Global theme 3
Most marine debris does not originate on St. Paul Island
A prevailing theme from interviews was that most of the marine debris does not originate
on St. Paul Island but arises from natural processes and human activities that carry marine debris

to the island from elsewhere (Table 1). Most participants (93%) said that natural processes, such

as currents and tides, wind/weather, and tsunamis and other natural disasters, bring marine debris
to St. Paul Island. One individual who had participated in environmental education events also

mentioned that work with scientists helped to build a better understanding of how currents move
debris around St. Paul Island itself:
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“[A scientist] put out these wood blocks to see the currents around the island.. .we
were connecting the currents around the island and ‘debris catch-alls' as we were
calling them then, that you're going to have debris that is going to wash up over

here behind black bluffs, you're going to have debris that is on either end of north
beach or etcetera.”

This understanding of ocean processes therefore helped deepen an understanding of how and
why debris settles in certain areas of the island.
Participants identified shipping and waste from other countries as the primary human

activities that served as a major source of debris to the island (Table 1). While some participants
used general terms like “ships” or “boats,” other participants were more specific about the type

of ship or boat, distinguishing among large commercial vessels fishing in waters near St. Paul

Island, the small-boat fishing fleet (i.e., Pacific halibut fishing vessels homeported in St. Paul
Island Harbor), and cruise ships and/or foreign ships that are not engaging in fishing activities.
Participants made a clear distinction between the local fleet and the larger ships that utilize the

Bering Sea region for fishing, tourism, and commerce. Not many participants believed the local

fleet was responsible for the debris they see on the shorelines; this is supported by the fact that

much of the fishing gear removed during major marine debris cleanups are derelict trawl nets,
whereas the local fleet use longlines to catch Pacific halibut. Few participants specifically said
that marine debris originates because of fishing industry practices, but the frequent mention of

fishing vessels suggests a connection between commercial fishing and marine debris. One
interviewee who had participated in beach cleanups since the early 2000s described multiple

sources of debris, distinguishing between debris from off-island sources and trash or litter that is
local in origin, saying,
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“It's pretty obvious, fishing vessels, vessels in general, that would be the number

one. The second one would be natural disasters... that's a possibility... I don't see

a lot of trash that is blown from the community [to the shore]. Twenty to thirty
years ago it was bad, especially with the plastic bags that used to be allowed at the

store. Today, it's maintained quite a bit, maintained a lot better, and so when I see

marine debris on the beaches today or trash or items on the beach, I almost look at
all of it as marine debris not so much as island trash.”

Just under half of the participants (45%) mentioned specific geographic origins of marine debris.
“Asia” and “Russia” were both mentioned, suggesting that some participants believe that debris

enters the western boundaries of the Bering Sea and Pacific Ocean (e.g., the coastlines of East
Asian countries and Russia) and is transported to their shorelines. As noted by some participants,
marine debris cleanup crews on St. Paul Island have found plastic bottles with labels printed in
Russian and East Asian languages. More rarely, participants mentioned other sources of debris,
including wildlife (e.g., entangled seals bringing debris onshore, cormorants utilizing waste
fishing line in their nests), the oil and gas industry, floating “garbage islands” in the ocean, and

the local landfill.

4.3.4 Global theme 4
St. Paul Island community members are concerned about the impacts of marine debris
Longstanding traditions of Indigenous stewardship guide harvest practices and caretaking

of the land and sea, including removal of debris from shorelines. Community members have

been clearing the beaches of the northern fur seal rookeries for generations in preparation for the
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seals' arrival for breeding season each year. One participant who grew up on St. Paul Island

described it this way:
“Being aware of the island and our people watching the shorelines for feeding

purposes and hearing things like our chiefs at the time would say ‘ok no more
hunting on this particular rookery, seals are starting to come ashore' and they
would clean it and my dad would tell me people would remove any little things
that were there at the time in the ‘30s and ‘40s, and then it became too much by
the ‘60s, ‘70s, and ‘80s. Too much marine debris, too much garbage, but the fact

that we come from a people that were preparing for the animals to return home

was always a connection to my past and what my people did.”
The community began conducting federally funded large-scale marine debris cleanups in the

1990s, during which groups of 10-15 people would remove tens of thousands of kilograms of
marine debris from shorelines over the course of 10 days. These major marine debris cleanups
have been occurring at least bi-annually (sometimes annually) since that time. When these
cleanups began, the community faced issues with where to place the collected debris. One
interview participant who had participated in cleanups on St. Paul Island since their inception
explained,

“At some point we were collecting debris galore, galore enough that the city did
not want us to be taking it to the landfill because it was messing with their

equipment and getting caught, so we were trying to figure out how to keep

collecting debris.”
Marine debris collected today is stored in super sacks at the landfill until a barge can

remove them from St. Paul Island and transport them to a facility in Seattle, Washington.
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Marine debris cleanups remain logistically complex and difficult operations that continue
to be successfully executed by the community.

Participants discussed the impacts of marine debris on the St. Paul Island environment
and community and identified mitigation measures, with special attention to plastic marine
debris. Participants discussed concerns about marine debris, particularly its negative impacts on
animals and traditional land-based practices. They unanimously agreed that plastic has long-term

effects on the environment. Many participants expressed a general concern for animals,
providing examples such as ingestion of plastic, entanglement in plastic, starvation or death,
absorption of chemicals, and declining populations. One participant concisely stated that “It

affects the wildlife, harms the wildlife.” Concern expressed by participants about the well-being
of animals, without specific reference to those animals being subsistence resources, reflects a

general empathy for wildlife and reciprocal relationship with the natural world. Other sentiments
expressed by participants were that marine debris causes harm to the environment, introduces

chemicals into the ocean, is ugly, and pollutes shorelines and the ocean.
A majority (79%) of participants believed that plastic marine debris impacts subsistence

resources on St. Paul Island, while fewer were unsure about the effects. A number of participants

provided examples of the types of subsistence resources they believe are impacted by plastic
marine debris, including seals, birds, fishes, and whales. Participants expressed concern that
plastic marine debris interferes with the food they eat, affects resource availability, and impacts
the food web. As one person with many years of fishing and hunting experience explained,
“.. .the stuff does constantly shed the microplastics, no matter what, even through

ingestion. I think I probably worry more about absorption into the tissue of the
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animals that we're actually subsisting off of, that can't be good, it's a petroleum

product.”
Marine debris was also seen as interfering with intergenerational, land-based practices of

subsistence harvesting. As one St. Paul Island resident who has participated in marine debris
cleanup activities for over 20 years explained,
“[Marine debris cleanup] was met with a lot of frustration also where you would
have visitors come and they were aware of all the cool things we were doing with
young people with cleaning up beaches and disentangling fur seals from marine

debris and I was like, what is cool about that? We shouldn't even be having to do

this. No, it's not cool that I'm going out with a group of kids and we're picking up
garbage, we should be out here gathering good things and eating good things and

enjoying life. Don't tell me we're doing wonderful things.”
Participants had varying views about how to address the issue of marine debris. A little

over one-third of participants had engaged in a large-scale marine debris cleanup at some point
in their lives, while many had not. Almost half of the participants (48%) expressed the sentiment
that marine debris cleanups do not fix the problem regardless of whether they had participated in

a cleanup, noting that it is a temporary solution to a problem that returns repeatedly. Some that
had participated in cleanups expressed frustration at returning to a beach they had cleaned to find

it filled with trash again, as if their hard work had been erased. As one participant with at least 40
years of fishing experience commented,
“It's like a cat chasing its tail—they go out, they make a beach pristine, and we go
out there a year or two later and bam, tons and tons of garbage again. I think to be
impactful we would even have to get to the source of the problem, a lot of this
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stuff can be biodegradable like water bottles. You can use hemp, that stuff
biodegrades over time, if a fish eats it or a bird eats, oh well, it's a plant right?”

In contrast, 38% of participants expressed the general sentiment that marine debris
cleanups are an important part of the solution because they bring awareness to the issue, prevent
debris from getting washed back out to the ocean, and help prevent wildlife entanglements. Some

participants went further to express concern over the difficulty in recycling plastic on St. Paul
Island and the chemicals that may be emitted into the atmosphere when plastic is burned, which

is a practice at the landfill on St. Paul Island. Some participants expressed the need to go to the

source of the waste creation and fix that issue before it reaches the ocean and becomes marine

debris. This suggestion highlights the idea that much of the marine debris collected on St. Paul
Island is not generated there. The community and the ecosystem are subject to pollution created

in other parts of the world but are responsible for cleaning it up; yet it seems that many people do
not believe marine debris cleanups will ever entirely fix the issue if the sources of pollution are
not controlled. Finally, 83% of participants do not think plastic can biodegrade, while the

remaining respondents did think plastic could biodegrade or were unsure. However, it seems that

St. Paul Island community members generally understand that plastic lasts a very long time in
the environment.
4.4 Discussion

4.4.1 Marine debris challenges and solutions for island communities
St. Paul Island, by nature of its location in the Bering Sea, is exposed to large amounts of
marine debris accumulating on its shorelines, which puts the community's subsistence,
economic, and cultural resources at risk. St. Paul Island residents have observed increases in
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certain types of marine debris over time, particularly plastics and fishing gear, and are concerned
about the impacts of marine debris on the ecosystem, particularly the health and well-being of
wildlife populations. These observations of increasing marine debris over time might reflect the

overall global increase in the use of plastic items, especially single-use plastics like plastic
bottles, but it might also indicate the difficulty in properly managing single-use plastic waste or

plastic recycling. Likewise, observations of declines in glass bottles may be related to the
increase in plastic bottles, as plastic bottles often replaced glass since plastic is lightweight and
less expensive to ship. Driven by a deep commitment to environmental stewardship, the St. Paul

Island community has responded to the marine debris crisis in various ways. This includes
banning plastic bags at the local grocery store, conducting large scale marine debris cleanups,
and leading a northern fur seal disentanglement program. While local efforts are critical in
stemming the tide of marine debris, they are no match for the global contribution to debris that

accumulates on and around St. Paul Island. This view was expressed by many participants in the
study, who believed that a large proportion of the waste accumulating on St. Paul Island

originates elsewhere and is transported to the island as waste that falls off ships (either barges
that may lose containers or fishing vessels that lose gear) and ocean currents. Many commented
that stopping waste at its source, or preventing waste creation altogether, is a critical step in

reducing the impact of marine debris on St. Paul Island.
Remote coastal communities are not major contributors to marine debris but are often

disproportionately impacted by it and may lack adequate capacity to mitigate the harm caused by
marine debris (Stoett and Vince, 2019). St. Paul Island is not alone in this struggle. One study

found that marine debris incidents and cleanups cost communities of the Azores archipelago,

located in the Northeast Atlantic, an average of €710,698 ($839,007 USD) per year, or 0.02% of
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the Azores Gross Domestic Product (Rodríguez et al., 2020). Local authorities spent €214,900
($253,698) to remove marine debris from 42 coastal sites (Rodríguez et al., 2020). Study

participants cited derelict fishing gear, including floating items and gear submerged on the
seafloor, as a primary cause for incidents, followed by soft plastics (Rodríguez et al., 2020).
Similarly, in remote coastal communities of Indonesia, litter on shorelines is a growing problem

driven by both ocean plastic pollution and local plastic use and waste disposal (Phelan et al.,

2020).
Action plans to address the marine debris crisis in the United States are being developed

at international, regional, national, and local levels. The Basel Convention is an international
accord that provides guidelines for plastic waste management (Basel Convention Secretariat,
2002) and the Law of the Sea Convention was created to protect the marine environment from
sea and land-based sources of pollution (Law of the Sea Convention, 1994). However, these

efforts to tackle marine debris and its related issues have historically excluded the perspectives of
communities that are often most heavily impacted by plastic pollution, such as the remote coastal
communities of Alaska (United Nations Environment Programme, 2021). Environmental justice

is attained by providing opportunities for input from all stakeholders, involving affected
communities in decision and policy making, and acting according to their guidance to correct the

environmental injustices they have faced over time (Anand, 2017).
Continued documentation of marine debris' impacts on remote coastal communities is an
important step towards identifying policies that specifically address the needs of these

communities. In the case of St. Paul Island and other coastal communities, future policies and

protocols must tackle the most immediate issue first - stopping waste at its source. This means
policies that hold the plastics industry more accountable for its role in the marine debris crisis,
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especially considering that it uses approximately eight percent of global oil production, leaving
an immense ecological footprint on the planet (Redclift, 1996; Thompson et al., 2009; Clapp,
2012). It also means improving and strengthening waste management strategies, which currently

are not sufficient in protecting communities against plastic pollution. Even strategies that might

claim to efficiently tackle plastic waste, such as incineration, are harmful because they release
toxins into the atmosphere and increase CO2 emissions (United Nations Environment

Programme, 2021). Other actions include but are not limited to: improved waste management
policies, financial support of marine debris cleanups, more widespread education and

communication tools, development of innovative recycling technologies, development of new
materials that can replace plastics, inclusion of critical stakeholders in policy decisions, research
on long-term ecological impacts of marine debris, and zoning around chemical and

manufacturing plants.

4.4.2 Marine debris impacts on subsistence and community-based mitigation measures
Coastal communities are closely tied to the marine ecosystem through subsistence and

cultural traditions (Garcia Rodrigues et al., 2017), so marine debris is a threat to traditional and
contemporary subsistence practices. Negative effects of marine debris on subsistence species,
such as seabirds (Hyrenbach et al., 2009) and marine mammals (Fossi et al. 2012), have been

documented in Alaska. Wildlife can ingest or become entangled in marine debris (Gall and
Thompson, 2015). This is especially true for laaqudax (northern fur seals) (Laist, 1987), which

experience some of the highest entanglement rates of any pinniped species (Antonelis et al.,
2006). Northern fur seals are a cultural foundation of the St. Paul Island community and a

primary subsistence resource (Veltre and Veltre, 1987; Zavadil and Lestenkof, 2003). Young
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seals and pups are particularly susceptible to entanglement in packing bands because they are

more curious and tend to interact with bands when encountered in the environment (Goldstein et
al., 1999; Hanni and Pyle, 2000).

St. Paul Island had a long tradition of removing debris, such as natural items like
driftwood, from northern fur seal rookeries prior to their arrival for the breeding season. As more
anthropogenic debris littered the beaches, it became too cumbersome to remove and therefore the
tradition faded away. It was then revived in the form of major marine debris cleanups in the

1990s, which continue today. However, leaving communities like St. Paul Island “holding the
bag” for marine debris means they often must find funding sources to execute cleanups. As more
debris washes up on shorelines and communities compete for limited funding, more labor is

required of communities to apply for funding, do the actual work of removing debris from the
environment, ship the debris to landfills or recycling facilities, and report the statistics to funding
agencies. St. Paul Island entities have invested a great deal of time and effort to secure funding

for marine debris cleanups, but funding is not guaranteed every year. This pressure was evident

in some of the participants' responses, that noted that fewer cleanups due to limited funding may
have contributed to more marine debris on the shorelines. One St. Paul Island resident described
the changes in frequency of cleanups and the necessity of focusing cleanups in small geographic

areas, saying, “Early 2000s, I believe they would have a marine debris cleanup every year so you

didn't see as much of [the debris] then because it was actually being cleaned up in springtime...
You can only do so much of the island too, you go by sections of the island.”
Some participants expressed doubt over the value and need for marine debris cleanups,

having witnessed the tedious and time-consuming work of removing tons of marine debris from
the island's shorelines, only to see more debris wash up in the following months and years.
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However, as other participants noted, marine debris cleanups are important for reducing harm to

wildlife and environmental contamination. Removal of large plastic debris is also critical to
prevent further breakdown of debris into microplastics (Weinstein et al., 2016), whose removal

from the environment is vastly more complex (Rochman, 2016).

This situation is not unique to St. Paul Island; other island communities in Alaska, such
as Kodiak Island in the northern Gulf of Alaska, face the never-ending task of marine debris

removal as well. Organizations like Island Trails Network (https://www.islandtrails.org/ ) and
Ocean Plastics Recovery Project (https://oceanplasticsrecovery.com/ ) have been tackling this

issue in the Kodiak region for almost 15 years and have also removed tons of debris from the

shorelines. The Center for Alaskan Coastal Studies (https://www.akcoastalstudies.org/ ) in Homer
has led marine debris cleanup efforts in the Kachemak Bay region near Homer, Alaska since
2010. The Sitka Sound Science Center maintains a database of marine debris cleanups conducted

from 2008 to 2018 (https://sitkascience.org/research-projects/marine-debris/). In that time,

people in 16 Bering Sea communities and two regions - Gambell, Savoonga, Wales, Brevig
Mission, Golovin, St. Michael, Stebbins, Alakanuk, Shelikof, Kodiak, Port Heiden, Nelson
Lagoon, Unalaska, St. George Island, St. Paul Island and Hooper Bay, plus the Norton Sound

coast and Alaska Peninsula - collectively removed almost 544,311 kg of marine debris from
their shorelines.

Marine debris cleanups must be done in parallel with efforts to manage waste at its

source such that it never has the possibility of becoming marine debris. Many participants
suggested this, although it is difficult to identify the origins of plastic pollution on St. Paul Island

itself, a common challenge in regions with high concentrations of marine debris from multiple
sources (Sheavly and Register, 2007). This necessitates a more global approach to investigating
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the sources of marine debris, especially sources on land since studies have shown that at least

three-quarters of debris in the ocean originates from land-based sources (Derraik, 2002; Hardesty

et al., 2014; Jambeck et al., 2015).

4.4.3 Fishing industry contribution to marine debris
Participants often cited commercial fishing as a source of marine debris on St. Paul

Island's shorelines. Marine debris cleanup data also support this observation, as fishing gear

often makes up the largest proportion (by weight) of what is collected during major marine
debris cleanups on St. Paul Island. For example, in 2019, the St. Paul Island marine debris

cleanup crew removed an estimated 5,418 kg of rope and line, 684 kg of nets, 514 kg of

soft/inflatable buoys, and 476 kg hard plastic buoys from the northern shores of the island,
accounting for more than half of the total 9,030 kg removed during that cleanup effort (Divine

and Padula, 2020). This total does not account for a single large fishing net that weighed

hundreds of kilograms, which was later removed by the U.S. Coast Guard. A 2009 report to the
United Nations Environment Program estimated that 640,000 tons of fishing gear is lost to the

marine environment annually (Macfadyen et al., 2009).
Understanding the specific circumstances in which gear is lost near St. Paul Island will be
important for identifying strategies to reduce derelict gear. For example, research in Australia's

Gulf of Carpentaria identified three types of events that could cause gear loss: events leading to
stowed gear washing overboard, events leading to gear loss or abandonment during operations,
and events leading to worn out nets and/or repair scraps discarded overboard (Richardson et al.,

2018). Economic pressures also seemed to drive decision making that could lead to gear loss
(Richardson et al., 2018). This knowledge of debris sources led to several strategies to reduce
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pollution originating from the northern prawn fishery (Australian Government Publishing

Service, 1989; Pownall, 1994; White, 2003; AFMA, 2014), including spatial and temporal
fishery closures, restrictions on certain gear types, vessel monitoring systems, waste management

education for vessel crews and a signficiant reduction in the overall size of the fleet (Richardson

et al., 2018). Research conducted by the Northwest Straits Marine Conservation Initiative, which
has removed derelict fishing gear from sites throughout Puget Sound, Washington, USA, has
showed that gear removal could help in ecosystem recovery and function (June and Antonelis,

2009).
The Bering Sea region supports some of the largest commercial fisheries in the world, as
well as small-boat commercial fisheries that support livelihoods and cultures in a region with
limited economic development opportunities (Aydin et al., 2019). Therefore, specific measures
to reduce fishing gear loss will be fleet-specific and must be done in collaboration with local

communities and the fishing industry. As study participants noted, the local Pacific halibut
fishing fleet on St. Paul Island has shown leadership in addressing this issue. The Central Bering

Sea Fishermen's Association (CBSFA, https://www.cbsfa.com/index2.html ) recently teamed up
with Blue Ocean Gear (https://blueoceangear.com/ ) to pilot ‘Smart Buoys' on Pacific halibut

longlines. Smart Buoys have tracking devices to aid fishermen in finding their sets should they
drift from the original location, reducing the potential for gear loss. CBSFA also provides a
funding match for the federal funds used to execute major marine debris cleanups on St. Paul
Island. This stewardship by the fishing industry is a key part of the solutions to addressing

marine debris locally and regionally.
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4.5 Conclusion

Marine debris is a complex environmental crisis that is intricately linked to other
environmental problems associated with climate change, biodiversity loss, and human health

issues (Vince and Stoett, 2018). St. Paul Island is one of thousands of coastal communities that is

disproportionately affected by marine debris and plastic pollution. Much of the waste that
pollutes the island's shorelines does not originate within the community, yet the community

assumes a central role in cleaning up the marine debris. As our research has shown, the
community is particularly concerned with the negative effects of marine debris on wildlife, such

as entanglement and ingestion. Reducing the impacts of marine debris on St. Paul Island and
other island communities requires a multi-pronged approach that includes local to global actions.

Among these approaches is increasing awareness among the broader public through media and
educational materials about how their personal choices can impact coastal communities and

increasing resources to coastal communities to support their leadership role in the development
or improvement of locally-relevant marine debris action plans. Funding and logistical support

from governments is a key component to addressing the unique challenges remote coastal
communities face in marine debris removal. Ultimately, environmental justice is only achieved

through a global effort to hold industries more accountable for their actions, create financial
incentives for industries to curb their pollution and improve waste management strategies, and

reduce waste entering the ocean.
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4.8 Tables

Table 4.1: The four global themes reflecting observations and concerns about marine debris on
St. Paul Island, Alaska, with associated organizing and basic themes for each global theme.
Global Theme
Marine debris is diverse and
prevalent on St. Paul Island

Organizing Theme

Basic Theme

Definitions of marine debris
Descriptions of marine debris

Object
Material type
Unnatural
Abundant in the environment
Uncertainty about changes

Marine debris quantity has
been stable or increased since
the 1960s, with variation
among specific types of
debris

Changes in marine debris over time

Present day conditions

Most marine debris does not
originate on St. Paul Island

Transport by natural processes
Transport by human activities

St. Paul Island community
members are concerned about
the impacts of marine debris

Concerns about impacts of marine
debris

Solutions to the marine debris issue
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Little change in quantity
Increases in quantity
Changes in specific materials or types of
debris
More awareness today
Seasonal changes in debris
Differences in prevalence of specific
materials

Weather events
Natural disasters
Ocean currents
Waste from other countries
Shipping (barges, fishing vessels)
Impacts on animals (e.g., starvation or
death, entanglements, ingestion of
chemical, etc.)
Source of pollution
Interference with traditional practices
(e.g., subsistence harvesting)
Efficacy of marine debris cleanups
Addressing marine debris at its source

4.9 Figures
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Figure 4.1: Map of St. Paul Island, Alaska. Many participants indicated they spend time recreating on and observing Lukanin and
Benson beaches on the eastern shores of the island. North Beach is regularly visited by fewer participants, but it was also the site of
the last major marine debris cleanup in 2019 and is a known catcher beach for marine debris.
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Figure 4.2: Box plots depicting the distribution of normalized relative abundance indices of various debris types seen around St. Paul
Island across interview participants where the box shows the interquartile range of indices reported by participants and the line within
the box indicates the median value for a given material type and time period. Together, the box plots show how relative abundance of
each material type has changed over time since 1960, according to participants' observations.

4.10 Supplemental materials

Interview guide
The interviewer will use this document as a guide for conducting semi-structured, in-person
interviews. It is not a script (i.e., will not be read verbatim), nor is it intended to be read by the
interview respondent (i.e., no written answers will be provided). Remind interview respondent
that all information will be kept confidential to the extent that is possible. Information we collect
from you will be stored with your study identification number and not your name or other
information that would identify you. Consent forms and any information collected on paper will
be stored in locked cabinets until digitized and then shredded. Digital data will be stored in
password-protected secure computer files.

Part 1: Experience and Personal history (Researcher fills out)
1. Did you grow up on St. Paul Island? _____________________________________________

a. If you did NOT grow up on St. Paul Island, where did you grow up? _____________
b. What year did you move to St. Paul Island? _________________________________

c. How old were you when you moved to St. Paul Island? ________________________
Part 2: Fishing and hunting knowledge of St. Paul Island
1. On St. Paul Island, what types of harvest have you participated in? Mark more than one if
applicable.
□ Commercial fishing
Which years: ____________________________________________________________
Target species: ___________________________________________________________
Methods / gear type(s) used: ________________________________________________
Approx. days per year:
□ Recreational fishing
Which years: ____________________________________________________________
Target species: ___________________________________________________________
Methods / gear type(s) used: _____________________________________
Approx. days per year:
□ Subsistence fishing / hunting
Which years: ____________________________________________________________
Target species: ___________________________________________________________
Methods / gear type(s) used: ________________________________________________
Approx. days per year:
□ Other, please specify: ___________________________________________
Which years: ____________________________________________________________
Target species: ___________________________________________________________
Method(s) used: __________________________________________________________
Approx. days per year:
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Part 3: Environmental knowledge of St. Paul Island
1. Have you been observing the beaches on St. Paul Island by walking or four-wheeling along
the beaches? ________________________________________________________________
2. Which years: _______________________________________________________________
3. Approx. days per year: _____________________________________
4. On the maps provided, mark the areas for each decade you have been observing the coastline
in one color, where you have hunted seabirds or marine mammals (if applicable) in another
color, and where you have fished (if applicable) in a third color.

Part 4. Marine debris in the environment
1. How would you define marine debris?

a. What kinds of materials are marine debris made of? ___________________________
2. Which of the following places have you seen trash?

a. Shorelines
b. Floating in the ocean near fishing sites

c. On animals' bodies
d. Inside animals

e. Other (specify)
3. Where do you think the marine debris comes from? _________________________________

a. If you think the marine debris comes from somewhere other than near St. Paul Island,
what brings the debris to St. Paul Island? ______________________________
Interviewees can answer the question about the ocean or the beach or both according to
which parts of the environment they have been observing

4. Have you ever noticed any debris in the areas of the ocean where you fish?

a. If YES, what kinds of trash? (Have notecards with categories and extra to jot down if
something new is said)
b. Please order the categories of debris in order from what you see most to what you see
the least.
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5. When you walk along the beach, what do you see that would fall under what you classify to
be marine debris?

a. If YES, what kinds of trash? (Have notecards with categories and extra to jot down if
something new is said)
b. Please order the categories of debris in order from what you see most to what you see
the least.
6. Have you seen changes in the amounts or types of trash over time in [places listed above]?

a. What type of trash do you see the most of? __________________________________
b. What type of trash has increased on the beaches over time? _____________________

Please specify the relative amounts you have observed for each type of debris over the span of
time you have been observing the coastline or in the ocean. Use categories in table (below): very
low, low, low medium, medium, medium high, high, very high.
1960s

1970s

1980s

1990s

early
2000s

late
2000s

since
2010

Rope
Buoys

Fishing line
Fishing gear

Food wrappers

Bottles
Containers
Small pieces of
plastic
Aluminum cans

Foam
7. If you have noticed any trash on or inside the bodies of fish or animals that you harvest, how
did you find it? Ask them to elaborate on what they have seen and how they have observed it
(e.g., cutting open fish, etc.).

a. If you have found debris inside any of the animals you have harvested, what was it?
b. Are you concerned by this? Why?
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8. Have you participated in beach cleanups? _________________________________________

a. If YES, please specify which years: _______________________________________
b. How much debris has the community approximately collected in the years you helped
with cleanups? ________________________________________________________

c. If you think marine debris is a problem for the environment, do you think beach
cleanups help fix the problem? ___________________________________________
Part 5. People's perception of plastic marine debris
1. What do you call these items/objects? (Show pictures of different types of marine debris, add
in pictures accordingly from previous answers in Part 4)
2. What is the material of each object? (match with pictures, fill in table)

Rope/line
Buoys

Fishing gear

Food and drink
containers
3. How long do you think it takes for these materials to break down?______________________
4. How would you define something that is biodegradable? (If unable to define, provide
definition to interviewee) ______________________________________________________
5. Do you think plastic can biodegrade? ____________________________________________
6. Do you think plastic affects the environment? _____________________________________

a. If YES, in what ways do you think plastic affects the environment? ______________
b. Do you think it impacts your subsistence resources? __________________________

Part 6: Demographic information (Respondents fill out, this information will remain
confidential and only be seen by Veronica Padula and Anne Beaudreau)
1. What is your sex? □ Male □ Female
2. What is your race, ethnicity or cultural background? Mark one or more boxes.

□ White
□ Black or African American
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□ Asian
□ Hispanic or Latino
□ Native Hawaiian or other Pacific Islander
□ American Indian or Alaska Native - Name of principal tribe:
□ Other, please specify:
□ Do not wish to provide
3. What is your primary profession? ________________________________________________
4. What year were you born? ______________________________________________________
5. Including yourself, how many people are in your household? __________________________
6. What is your highest level of education? [Pick one]

a. Less than high school
b. High school graduate

c. Some college, no degree
d. Associate or occupational degree

e. Bachelor's degree
f. Master's degree
g. Professional degree
h. Doctorate degree

Thank you so much for your time and knowledge. If I have any follow up questions, would you
be willing to discuss them again? Can you recommend anyone else to interview?
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Chapter 5: General conclusion

When researchers first reported evidence of plastic ingestion in seabirds in the Aleutian

Islands and across the world, the impacts of plastic pollution on wildlife populations and the
environment were poorly understood. Today, global awareness and concern over plastic

pollution are growing rapidly, and researchers are driven to document the extent and potential
impacts of plastic pollution on the environment. The research presented here has added to the

growing body of knowledge around marine debris by including a specific focus on the Bering
Sea region. It has shown that marine debris has been a concern in the region since the early
1930s with the evidence of entanglement of northern fur seals and that research in the region

continues today. It has also shown that wildlife, specifically seabirds, in the Bering Sea region,
are at risk of exposure to plastic-associated contaminants such as phthalates and has begun to

build a model of phthalate exposure pathways in the region. Such information is valuable if we
are to take steps to stop phthalates from entering the environment in the first place. While these
are the first steps toward knowing the concentrations and extent of phthalate pollution in the

Bering Sea, it opens the door to more research, such as building a better understanding of the

long-term health effects of phthalate exposure in wildlife. The seabirds we studied allowed us the
opportunity to tell their story again, but this time in a world more aware of the issue of plastic

pollution and willing to take action to fix it. Finally, connecting the marine debris issue to remote
coastal communities helped reinforce the concept that marine debris is not only an issue of
environmental health, but also an issue of environmental justice when remote communities are

subject to intense amounts of marine debris from other parts of the world and are left to clean up
the mess.
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My hope is that research and local knowledge together will inform policies that drive
improved solid waste management on land and at-sea, drive innovation in recycling technologies
so we can repurpose all types of plastic materials, protect ecosystems and vulnerable
communities from the damage done by plastic pollution, and leave the planet in better condition

for future generations. In the almost 15 years since the inception of this work, I have seen a great

deal of change on the local, national and international level that gives me hope for the future.

From a scientific perspective, I have connected with so many early-career scientists who have
focused their efforts on better understanding the impacts of plastic pollution on the environment,

wildlife, and human health. From an education perspective, countless teachers and informal

educators have invited me into their classrooms to talk to their students. The Alaska-based

schools participating in the National Oceanic and Atmospheric Administration (NOAA) Ocean

Guardian Schools Program (https://sanctuaries.noaa.gov/education/ocean_guardian/) have all
focused their efforts on reducing plastic waste in their schools and have done an excellent job in
achieving that goal. From an action perspective, various policies have been created to tackle

marine debris and waste management issues, from local plastic bag bans to international
agreements, such as a Plastics Treaty drafted by the United Nations, to curb plastic waste
generation and commit to marine debris cleanup (https://www.un.org/pga/73/plastics/ ). While it

would be easy to consider marine debris such a wicked issue that we cannot possibly resolve,
these examples give me reason to believe that we can work toward cleaning up the planet and
ensuring a healthy future for the generations that come after us.

Locally, our work within the Aleut Community of St. Paul Island Tribal Government has
focused on local solutions to the marine debris issue, such as continued beach cleanups, debris
monitoring, and debris prevention projects. The Tribe has developed marine debris lesson plans
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that help students on St. Paul Island understand the impacts of marine debris both at home and

globally, arming St. Paul Island youth with the knowledge to be active environmental stewards.
Furthermore, we are pursuing other efforts, such as mapping the seafloor around St. Paul Island

to identify the location of derelict fishing gear, specifically crab pots, for future removal efforts

and investigating innovative recycling solutions both on-site and through partnerships with

organizations such as Net Your Problem (https://www.netyourproblem.com/) and the Ocean
Plastics Recovery Project (https://oceanplasticsrecovery.com/ ). We are also collaborating with
the NOAA Marine Debris Program (https://marinedebris.noaa.gov/ ) and other organizations

across Alaska to help draft a marine debris action plan for Alaska. Representatives from Tribal
Government are also active participants on the Arctic Council's Marine Litter Working Group

(https://litterandmicroplastics.amap.no/ ), ensuring that Indigenous communities are represented
on an international stage.

In addition to these local actions, broader policies that tackle plastic marine debris issues

are also critical in turning the tide on this issue. One challenge in policy development is that

limited perspectives can dominate the discourse, losing sight of others that should be equally
important but are not valued, leading to numerous social and environmental implications for

those that are not heard (Scoones, 1999). Developing policy that centers equity and
environmental justice requires an increased understanding of the mechanisms of environmental

change and its impacts on marginalized communities, gained through multiple methods of

observation and the inclusion of different ways of knowing. This is particularly important in the
present moment when the Arctic environment is undergoing rapid and unpredictable changes.

Without a broad scope of information to help detect and predict these changes, we cannot

130

develop successful adaptation and mitigation strategies that protect communities and the
environment from the negative impacts of these changes (Huntington et al., 2004).
There are numerous examples from which to draw inspiration for drafting an accord that

promises to better tackle the marine debris crisis globally. Key actions to reduce plastic pollution
and marine debris include the International Convention for the Prevention of Pollution from

Ships (MARPOL); London Convention on the Prevention of Marine Pollution by Dumping of
Wastes and Other Matter; the United Nations Convention on the Law of The Sea

(UNCLOS); Agenda 21 and the Sustainable Development Goals (SDG); the Global Program of

Action; United Nations Environment Assembly Resolutions 1/6, 2/11, 3/7, 4/6, 4/7; the Regional
Seas Agreements; and the Basel Convention (Karasik et al., 2020). MARPOL and the London

Convention and Protocol were some of the first international policies with specific mention of
preventing maritime sources of plastic pollution and remain the only binding international

agreements (Karasik et al., 2020). Even in the 1970s, these conventions and protocols anticipated
the threats posed by plastic pollution (Haward, 2018). The UN Law of the Sea Convention

(UNCLOS) Part XII (Articles 192-237) as “the constitution for the oceans,” requires parties to
take pollution control measures (art. 194) but does not make specific commitments nor does it
address mechanisms to achieve pollution reduction (Karasik et al., 2020). Most of these

agreements and conventions are non-binding and, while motivating actions of governments to
tackle the marine debris crisis, future efforts will need to be more successful with greater

accountability measures and binding resolutions to reduce pollution.
Another international agreement, the 2011 Honolulu Commitment, focuses on the effects

of marine debris on island and coastal communities, recognizing the particular needs of

developing countries “for financial and technical assistance, technology transfer, training and

131

scientific cooperation to enhance their ability to prevent, reduce and manage marine debris” (The
Honolulu Commitment, 2011). The Honolulu Strategy was adopted, and the Global Partnership

on Marine Litter (GPML) was formed in 2012 by the United Nations Environment Programme

(UNEP) (Stoett and Vince, 2019). Some marine debris experts have called for the Honolulu
Strategy to be revisited, adopting a global accord to curb the amount of plastic waste entering the
ocean (Gold et al., 2013; Chen, 2015; Raubenheimer and McIlgorm, 2017).

These international efforts offer important successes and lessons learned as new and
updated policies are created and enforced. Drawing from the literature, there are several goals

that, if addressed, could increase the efficacy of future policies in stemming plastic pollution:
•

Focus on extended producer responsibility. Future policies and protocols that hold the
plastics industry more accountable would better address the pollution problem at its
source. This would also serve to address broader climate issues, as the plastics industry

uses approximately eight percent of global oil production (Redclift, 1996; Thompson et
al., 2009; Clapp, 2012).
•

Improve waste management policies and tools globally. Current waste management

strategies are not sufficient in protecting communities against plastic pollution. Even
strategies that claim to efficiently tackle plastic waste, such as incineration, release toxins

into the atmosphere and increase CO2 emissions (United Nations Environment
Programme, 2021). North American and European countries have long exported their
waste to other countries, including China; however, China implemented its National

Sword Policy in February 2017, minimizing the amount of waste they would accept into
the country (Raubenheimer and McIlgorm, 2018). Other Asian countries accepted waste

from the United States and Europe in China's place, until they saw the negative impact
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on their own lands and implemented policies like China, again limiting the amount of

waste they would accept. Future policies must hold countries more accountable for
proper waste management on their own lands, instead of exporting their waste to other

regions to be handled.
•

Secure and long-term financial funding for marine debris cleanups. Marine debris
cleanups remain a critical strategy in tackling the marine debris crisis. However, they are

costly and require a great deal of labor. Securing long-term funding for marine debris
cleanups across all communities should be incorporated into future policies. A fund
dedicated to supporting cleanups, such as the Global Marine Responsibility Fund, may be
one method of providing continuous funding. Returning to the concept of extended

producer responsibility, having industries post bonds, a practice used in the American
mining industry, could also create a secure source of funding for marine debris cleanups.
•

Secure and long-term financial support of research investigating the long-term
ecological impacts of marine debris. We have witnessed an explosion of marine debris

research in the past decade, but knowledge gaps remain. Particularly, scientists continue
to investigate the long-term ecological impacts caused by marine debris, especially
plastic marine debris. It is also critical to continue researching and communicating the
toxicological consequences of plastic pollution and connections to human health.
•

Develop efficient, environmentally friendly, and innovative recycling technologies.

The path to achieving environmental justice for communities plagued by marine debris

includes improving the recycling industry and making recycling more logistically

possible and less cost-prohibitive in small and remote communities. The recycling
industry as it is today falls short of its intended goal and has its own pollution and climate
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change issues (Stoett and Vince, 2019), but many are working to change that. For
example, in the United States, the Ocean Plastics Recovery Project
(https://oceanplasticsrecovery.com/) is working toward finding better recycling solutions.
The Netherlands is finding creative secondary uses of plastics, such as using plastics in
roads and sidewalks (Valentine, 2015). These and other efforts hold promise for an

improved and efficient recycling system.
•

Develop more environmentally friendly materials that can replace plastic.

Developing new materials to replace plastics must go beyond labeling something as

“biodegradable” because most plastic products that claim to be biodegradable today
decompose at extremely high temperatures (e.g., 50°C). If any of these types of products

become waste in waterways, they are very unlikely to break down (Stoett and Vince,
2019). Instead, innovative solutions should consider the life cycle of materials if by

chance they do become debris in our waterways - can those materials safely biodegrade

in fresh and marine waters? Will that be safe for the wildlife in those waterways? It is
also important to consider the emissions that come with the creation of these new
materials. Do they emit more greenhouse gases than the plastics manufacturing industry?

Any new materials that replace plastics must also have low emissions; otherwise, more
harm than good may come from them.
Ultimately, there is no single solution for the marine debris crisis. It is a complex

environmental and social issue that must be addressed on various scales: global to local actions

aimed at reducing plastic pollution, from macro debris to nanoplastics. Solving such a large
environmental problem needs to include people from all backgrounds, from local community

organizers to global diplomats, to build a shared understanding of how marine debris impacts
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communities and develop policies that are achievable within a reasonable timeframe. This is a

crisis that the global human population will collectively face for many generations to come, but
continued collaboration and commitment to address the issue will ensure a healthier planet for

future generations.
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Appendices

Appendix A: Overview of phthalate cycling in the environment and consequences for organisms

Global concern is growing about the toxic effects of chemicals from plastics, especially

in marine ecosystems, and research is emerging on widespread contamination from plastics.

Plastics, and especially microplastics, absorb toxic chemicals in the marine environment. High
concentrations of hydrophobic organic contaminants such as polyaromatic hydrocarbons (PAHs)
and polychlorinated biphenyls (PCBs) have been measured on plastic debris collected from the

environment (Endo et al., 2005; Rios et al., 2007). Toxin exposure can negatively alter normal
neurodevelopment in vertebrates and, consequently, the development of complex brain functions
and behaviors (Holahan and Smith, 2015). Research suggests that developing organisms, such as
embryos and neonates, are more negatively impacted by exposure to low levels of toxic
chemicals than adult organisms (Carruthers and Foster, 2005). Here, a brief review is provided
on (1) phthalate sources and concentrations detected in various components of the environment,

(2) residence time and degradation in the environment, and (3) phthalate exposure in organisms
and biological effects from wildlife and experimental studies, with a focus on birds.

1. Phthalate sources and concentrations in the environment

Phthalates make up a class of chemical compounds that are broadly used for industrial
and commercial purposes, mainly as additives or plasticizers for many plastic polymers, rubber,

cellulose, and styrene (Doull et al., 1999). Phthalates have been utilized in plastic manufacturing

processes since the 1930s and are found in various items such as personal care products, paint,
lubricants, adhesives and packaging (Roslev et al., 2007; Daiem et al., 2012; Peng et al., 2013).
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Global production of phthalates has increased over time, with over 7.25 million metric tons

produced in 2011 (Peijnenburg and Struijs, 2006; Net et al., 2015). They make up approximately

70% of the U.S. plasticizer market and are highly susceptible to leaching into the environment

(Halden, 2010). Scientists first documented phthalates leaching off plastics and into the
environment in 1970 (Jaeger and Rubin, 1970). A large number of phthalate congeners have

been detected in the environment (Table A.1).
As plastic production and use have increased over time, the production and use of

phthalates have concurrently increased, creating more waste and pollution. Consequently,
concerns over plastic and phthalate pollution and their potential impacts on the environment have

sparked the need for further research into the distribution and extent of such pollution and its

impacts on the environment. Phthalates leak into the environment during all stages of the
manufacturing process, including when they are stored within phthalate-containing products and
during the disposal of those products (Staples et al., 1997; Clausen et al., 2012). Phthalates have

been detected in soils (Bauer and Herrmann, 1997; Cartwright et al., 2000), in water (Taylor et
al., 1981; Staples et al., 1997; Horn et al., 2004), in indoor air (Becker et al., 2004), and in the

atmosphere (Thuren and Larsson, 1990) (Table A.2).
Phthalates can be retained in water bodies, as well as riverine, estuarine, and marine
sediments (Tables A.3 - A.7). A study of the Jiulong River estuary in Fujian, Southeast China,

detected six phthalate congeners (DMP, DEP, DIBP, DBP, DEHP, and DINP, refer to Table A.1
for full names of congeners) in water, suspended particulate matter (SPM), and sediment (Li et

al., 2017). Total phthalate concentrations ranged from 3.01 to 26.4 μg/L in water, 1.56 to 48.7

mg/kg in SPM, and 0.037 to 0.443 μg/kg in sediment (Li et al., 2017). A range of environmental
and anthropogenic factors influenced the spatial distribution of phthalates in this study, including
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river runoff and hydrodynamic processes; the proximity to waste created from harbors,
anchorages, sewage discharge, tourist industries and shipping lanes; and the physicochemical

properties of the phthalates themselves, such as molecular structure and polarity (Li et al., 2017).
Phthalates have weak polarities that allows them to accumulate on SPM and sediments; the

results of the study reflect this as phthalate concentrations were orders of magnitude higher in
SPM and sediment in comparison to water (Li et al., 2017).
Phthalates are also released into the atmosphere (Zeng et al., 2010; Annamalai and

Namasivayam, 2015), deposited as gaseous molecules that can then directly adsorb onto

atmospheric particulate matter (Weschler et al., 2008) (Table A.8). DEHP and DBP are the most
abundant phthalate congeners detected in the atmosphere (Gao and Wen, 2016). For example, in
the Arctic, DEHP was detected at 0.59 μg/m3 and DBP was detected at 0.14 μg/m3 (Xie et al.,

2007). Phthalate behaviors and concentrations in the atmosphere are impacted by temperature,
with decreasing concentrations as temperatures increase (Thuren and Larsson, 1990). For

example, a study in East China measured maximum phthalate concentrations in cold weather
during January and minimum concentrations in hot weather during July (Wang et al., 2008). A

similar pattern was detected in Raipur, India, where phthalate concentrations were lower during
the summer and monsoon seasons (Deshmukh et al., 2012). The underlying reasons for these

patterns may be that inversion layers during cold seasons may concentration phthalates in the air,
as well as provide more particulates onto which phthalates can adsorb, while in the warmer

seasons photochemical reactions may increase the degradation of phthalates in the atmosphere
(Wang et al., 2008; Deshmukh et al., 2012). Furthermore, atmospheric concentrations of

phthalates are influenced by human activity. For example, phthalates are found in higher

concentrations in urban areas in comparison to suburban areas (Salgueiro-González et al., 2015).
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2. Residence time and degradation of phthalates in the environment

Major sources of phthalate pollution in the atmosphere and water bodies include
municipal and industrial wastewater discharge (Chen et al., 2017), land application of sewage
sludge, and leaching after municipal and industrial waste has been disposed (Paluselli et al.,

2018; Abtahi et al., 2019). In the atmosphere, phthalates may be broken down via photolysis or
enter water bodies via deposition (Gao and Wen, 2016). In water bodies, phthalates can break
down via hydrolysis or biotransformation, such as biodegradation by microbes. Phthalates can
also reenter the atmosphere from water via volatilization (Gao and Wen, 2016). Phthalates often

enter soils/sediments via adsorption, but an ongoing process of suspension and diffusion results

in phthalates regularly moving between water and soils/sediments, where phthalates are adsorbed
onto particulates that get suspended in the water column (Gao and Wen, 2016).
Phthalates photodegrade and hydrolyze slowly under natural conditions. For example, in

neutral pH conditions, the half-lives of phthalates range from approximately three years for DMP
to 2000 years for DEHP (Gledhill, 1975; Staples et al., 1997). However, phthalates are more

rapidly broken down through biological processes and concentrations in the environment are
reduced through biodegradation (Staples et al., 1997). Phthalates in soil can also be degraded and
released through microbial biotransformation (Gao and Wen, 2016). Microorganisms such as

bacteria and actinomycetes are capable of degrading phthalates under various aerobic and
anaerobic environmental conditions (Liang et al., 2008).

The half-lives of phthalates range from 1 day to 2 weeks in surface water and from 1
week to several months in soil, but these timeframes are extended in harsher environmental

conditions such as anaerobic, oligotrophic, and cold environments (Staples et al., 1997). For
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example, the half-lives of DMP, DEP, dipropyl phthalate, DBP, diamyl phthalate, diheptyl
phthalate, DOP, dinonyl phthalate and diundecyl phthalate ranged from 0.30 to 5.65 days in
average conditions, but in anaerobic conditions half-lives were extended to a range of 81.5 to

445.5 days (Staples et al., 1997; Wu et al., 2005; Xia et al., 2006, 2004, 2002; Net et al., 2015).
However, sediments will impact the duration of phthalate half-lives, as phthalates increasingly

adsorb to sediments, therefore not biodegrading and remaining in the environment longer
(Kickham et al., 2012).
The occurrence and biodegradation of phthalates in the environment occurs via several

mechanisms (Gao and Wen, 2016). Several factors influence the biodegradation of phthalates by

microbes under aerobic, anoxic and anaerobic conditions, including chemical structure, whether
the chemical mixture is pure or mixed and biodegradation pathways (Liang et al., 2008).

Generally, the two-biodegradation pathway for phthalates consists of two processes, a primary
biodegradation from the preliminary phthalate diesters (PDEs) to phthalate monoesters (PMEs)
to phthalic acid (PA) and a second biodegradation from PA to CO2 and/or CH4 (Staples et al.,

1997). Primary biodegradation can occur via de-esterification or dealkylation, β-oxidation or
trans-esterification (Liang et al., 2008). De-esterification is the most common reaction; however

β-oxidation occurs in phthalates with side chains longer than what DEP contains (Amir et al.,

2005). Trans-esterification occurs when an ethyl group is replaced with a methyl group during
the biodegradation process (Cartwright et al., 2000).

3. Phthalate exposure in organisms and potential biological effects

3.1. Wildlife studies
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A point of concern is that the ultimate fate of phthalates may not be in the abiotic
components of ecosystems, but that they may be absorbed into living organisms through multiple

pathways of exposure and metabolized or sequestered in the tissues of these organisms. The risk
of phthalate contamination in the environment, and consequent exposure to wildlife, is a point of
concern because phthalates are endocrine disrupting compounds (Latini, 2005; Kamrin, 2009;

Meeker et al., 2009), i.e., natural or synthetic compounds that mimic or interfere with the
biosynthesis, metabolism, or action of endogenous hormones (Crisp et al., 1998). Phthalates with

the greatest toxic potential contain di-ester side chains in an ortho configuration on the benzene

ring, like diethyl hexyl phthalate (DEHP) (Fabjan et al., 2006). Experimental exposure data with

a subsample of these phthalate congeners help elucidate toxicity of these chemicals, but more
data, gathered both through laboratory experiments and field measurements, are necessary to
better understand the toxicological variations among these congeners (Kamrin, 2009). They can

interfere with the biological processes of living organisms resulting in teratogenicity,
mutagenicity and carcinogenicity (Becker et al., 2004; Caldwell, 2012; Park et al., 2012). The

toxicological consequences of plastic pollution and mechanisms of exposure for wild populations
are still being investigated, and continued research on the occurrence and geographic distribution

of phthalates in marine species is a critical step towards understanding the effects of plastic

pollution on marine species and food webs.
Because phthalates are quickly metabolized in organisms, there is little evidence they

bioaccumulate. This makes it difficult to measure phthalate exposure in wild organisms, but
experimental studies can elucidate potential dose-response relationships (see Appendix section

3.2). Relatively few studies of phthalates in wild organisms have been conducted and are briefly
summarized here. A study in a rural region of western China examined phthalate concentrations
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in biological (human and farm animals), river, indoor and outdoor air samples; while overall
phthalate levels were low in comparison to global values, due to the rural location and distance

from major human activity, the study found that phthalate profiles in biological samples differed
from environmental samples owing to how certain phthalates are quickly metabolized and
providing evidence that bioaccumulation is not occurring (He et al., 2020).

An assessment of three widespread seabird species in Norway, Common Eider
(Somateria mollisima), European Shag (Phalacrocorax aristotelis aristotelis), and European
Herring Gull (Larus argentatus), detected two phthalate congeners (DEHP and DINP) above the

levels of detection (LODs) in all species, with concentrations ranging from <3 ng/g to 42 ng/g

(Huber et al., 2015). Similarly, another investigation in Australia detected three phthalate
congeners, DBP, DEHP, and DMP (in very small quantities), in preening oils collected from

both live and necropsied specimens of Short-tailed Shearwater (Puffinus tenuirostris), Wedge
tailed Shearwater (Ardenna pacifica), Sooty Tern (Onychoprion fuscatus), and Bridled Tern

(Onychoprion anaethetus), with concentrations ranging from 0.02 to 0.22 ng∕μL (Hardesty et al.,
2015). Furthermore, evidence suggests that organisms in the Mediterranean Sea are susceptible
to phthalate exposure. One study detected DEP, DBP, BBP and DEHP in one species of sea
turtle, Dermochelys coriacea, and DBP, BBP, DEHP and DOTP in another species of sea

turtle, Caretta caretta (Savoca et al., 2018). Another study in the Mediterranean Sea detected

DEHP (in one sample) and MEHP (the primary metabolite of DEHP) in the blubber of
Mediterranean fin whale (Balaenoptera physalus) and the muscle of basking shark (Cetorhinus

maximus) (Fossi et al., 2014).
Among phthalate congeners, DEHP and DBP appeared in the highest concentrations in

seabirds collected for this dissertation (Chapter 2), generally registering at concentrations an
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order of magnitude higher than the other congeners. Of the wildlife studies reviewed above

(Fossi et al., 2014; Hardesty et al., 2015; Huber et al., 2015; Savoca et al., 2018), all detected
DEHP in their samples, while two of the four studies detected DBP in their samples and one did
not screen for DBP. This suggests that DEHP might be relatively widespread throughout marine

ecosystems, as the studies span the Northern and Southern Hemispheres. The di-ester side chains

in an ortho configuration on the benzene ring in phthalate congeners, like diethyl hexyl phthalate
(DEHP), increases its toxic potential (Fabjan et al., 2006). If future controlled feeding and
exposure studies were to be conducted for seabirds and other wildlife to better understand the

long-term health risks associated with phthalate exposure, it may be prudent to begin
experiments using DEHP and DBP.
3.2. Experimental studies
Currently, what we know of the health effects associated with exposure to phthalates

comes largely from controlled laboratory exposure studies on mice and human medical studies.

DEHP has been of particular concern for human health because much of the two million tons of
DEHP produced annually is widely used in medical devices, resulting in direct exposure via IV
lines, surgical devices, and so forth (Latini, 2005; Sathyanarayana, 2008). DEHP exposure early

in the lives of laboratory rodents resulted in severe disorders in developing male reproductive
organs, including defects in external genitalia, undescended testes, testicular lesions (Swan,

2008; Lyche et al., 2009), and permanent feminization of the male reproductive system including
the retention of nipples and decreased anogenital distance (Foster, 2006). Additionally, solely

measuring DEHP may not be reflective of the full extent of exposure considering its complex
metabolization (Heudorf et al., 2007). Bacteria can breakdown phthalate compounds such as

DEHP into stable metabolites such as MEHP (Horn et al., 2004). The secondary oxidized
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metabolites that form from the metabolization of DEHP have been shown to be strong
developmental toxicants (Regnier et al., 2004; Stroheker et al., 2005).

An experimental study evaluating phthalate DEHP teratogenicity and neurobehavioral
teratogenicity in a white leghorn chick (Gallus gallus domesticus) model resulted in reduced

hatching success for eggs exposed to varying concentrations of DEHP, and developmental

deformities for exposed chicks that reached hatching, such as omphalocele or gastroschisis
(Abdul-Ghani et al., 2012). While the DEHP doses in this experiment were in concentrations on

the order of ppm, and the levels detected in Bering Sea seabirds were much less, on the order of
ppb (equivalent to ng/g; Chapter 2), the study found significantly reduced hatching success even

at the lowest dose. In other words, the study was not able to determine the lowest phthalate
concentration threshold that did not impact hatching success. This raises the question of whether

adult seabirds can transfer phthalates to eggs during reproduction, and if so, whether or not
phthalate presence during egg development will impact hatching success. Quails (Coturnix

japonica) have also been utilized as avian models to better understand the impacts of phthalate
exposure and recent research has shown that DEHP can have multiple adverse effects, including

cerebral toxicity via the disruption of mitochondrial function (Luo et al., 2019); cerebellar injury

(Du et al., 2017); renal injury and cardiotoxicity caused by activating the heat-shock response
(HSR) pathway in the heart (Wang et al., 2019a); hepatotoxicity caused by suppressing the HSR
signaling pathway (Zhao et al., 2019) or increased oxidative stress (Zhang et al., 2019); and

nephrotoxicity caused by activating the HSR pathway in the kidney (Li et al., 2018) or increased

oxidative stress (Zhao et al., 2018).
The other phthalate congener we detected at higher concentrations in Bering Sea seabirds

was DBP (Chapter 2), a chemical often used on PVC plastics, latex adhesives, cosmetic and
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personal care items, cellulose plastics and solvents for dyes (Heudorf et al., 2007). Previous

studies have suggested that exposure to foods and other materials with higher levels of DBP and
its metabolite, MBP, may result in abnormal embryonic and fetal development (Ema and
Miyawaki, 2001; Saillenfait et al., 2001; Chu et al., 2013). An experimental study on white

leghorn chick embryos treated with combinations of DBP and folic acid (FA), ferrous sulfate

(FeSO4) and choline (CHO) found neural tube defects resulting from DBP exposure (Wang et
al., 2019b). Abnormal embryonic development induced by DBP exposure was associated with an

elevated oxidative stress response (Wang et al., 2019b). Research on the quail avian model has
shown that DBP is anti-androgenic, causing alterations in the seminiferous tubular histology and

impairing Leydig cell steroidogenesis in male quail specimens (Bello et al., 2019). Emerging
research in human and animal models indicates an association between increased oxidative stress
and the induction of programmed cell death (PCD) during neurodevelopment (Vincent et al.,

2002; Takeda et al., 2003; Youn et al., 2007). A challenge in using experimental studies to infer
phthalate toxicity effects in wild birds and other organisms is that the experimental

concentrations are often lower than concentrations measured in wildlife by orders of magnitude.
Continued research to link experimental studies and field-based observations would help to
elucidate mechanisms of phthalate exposure and potential health consequences for wildlife.
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Table A.1. Examples of phthalate esters that are most studied (data from Cousins et al., 2003).
Abbreviation Molar mass (g mol-1)
Phthalate ester
DMP
194.2
Dimethyl phthalate
DEP
222.2
Diethyl phthalate
DAP
246.2
Diallyl phthalate
DPP
250.3
Dipropyl phthalate
DnBP
278.4
Di-n-butyl phthalate
DIBP
278.4
Diisobutyl phthalate
DnPP
250.3
Di-n-propyl phthalate
Butylbenzyl phthalate
BBP
312.4
DHP
334.4
Diisohexyl phthalate
DIHpP
362.5
Di-n-heptyl phthalate
390.6
Di-n-octyl phthalate
DnOP
334.4
Butyl 2-ethylhexyl phthalate
BOP
DEHP
390.6
Di(2-ethylhexyl) phthalate
390.6
Diisooctyl phthalate
DIOP
Di-n-nonyl phthalate
418.6
DnNP
Diisononyl phthalate
418.6
DINP
DnDP
446.7
Di-n-decyl phthalate
DIDP
446.7
Diisodecyl phthalate
447.7
Diundecyl phthalate
DUP
DTDP
530.8
Ditridecyl phthalate
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ates in various water sources

Table A.2. Concentrations
DMP

DEP

0.047 0.143

DPrP

DIBP

DBP

0.006 -

ND -

0.014 -

0.009 -

ND -

0.013

0.009

0.436

0.157

0.065

DMEP

BMPP

DEEP

ND

ND

ND

ND

DAP

DHXP

BBP

DBEP

DCHP

DEHP

DNOP

0.14 -

0.015 -

0.519

0.022

0.139 -

0.016 -

Reference

DOP

Location
Lakes Shichahai, Beijing,

China
Lakes in Summer Palace,
Beijing, China

0.039 -

ND -

ND -

0.018 -

0.058 -

0.028 -

0.082

0.011

ND

0.528

0.515

0.06

Guanting Reservoir, Beijing,

0.023 0.084

ND 0.006

ND 0.013

0.044 0.664

ND 0.594

ND 0.433

Water distribution system,
Tehran

0.08 0.67

ND 0.09

ND 0.14

Groundwater, Tehran

0.18 0.37

ND 0.05

Surface water, Tehran

0.22 0.46

China

Bottled water, Tehran

ND -

ND -

ND -

ND -

0.019

0.011

0.512

0.381

ND -

ND -

ND -

ND -

0.012

0.014

0.021

0.097

ND 0.013

ND ND

ND 1.246

ND

ND

(Zheng et al., 201 4)

(Zheng et al., 201 4)

0.393

0.024

0.043 0.149

0.013 0.029

(Zheng et al., 201 4)

0.05 0.15

ND 0.38

ND 0.11

(Abtahi et al., 201 9)

0.1 0.12

0.09 0.11

0.2 0.3

ND 0.06

(Abtahi et al., 201 9)

0.02 0.04

0.07 0.25

ND 0.16

0.17 0.87

ND 0.05

(Abtahi et al., 201 9)

0.37 -

0.05 -

ND -

0.03 -

0.07 -

ND -

0.59

0.26

0.12

0.13

0.12

0.04

ND

ND

1.0 1028.1

Elizabeth Harbor, South
Africa

ND

ND

(Abtahi et al., 201 9)

2.12306.8

(Fatoki and Noma,

2002)

0.7

Ebro River, Spain

(Peñalver et al., 2000)

Trent River, UK
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Klang River, Malaysia

ND 44.3

Velino River, Italy

(Long et al., 1 998)

3.164.3

(Tan, 1995)

ND 6.4

(Vitali et al., 1997)

0.41

Rhine River, Dutch

(Schwartz et al., 1 979)

Gulf of Mexico, America

(Giam et al., 1 978)

0.09
Missouri River, America

(Gledhill, 1975)
2

Tama River, Japan

(Morita et al., 1 974)
4.5

Surface water, Tokyo

(Morita et al., 1 974)

ND -

Middle and lower Yellow

River, China

Kaveri River, India

Jarama and Manzanares
rivers, Spain

Somme River, France

26.00

31.8

3.39 -

ND -

12.63

Jinshan, Shanghai

Taiwan rivers

0.347 (Sha et al., 2007)

1.90

(Zhang et al., 2003)

*
ND

ND 2.50

1.0 13.5

ND

ND 18.5

ND

0.02

0.24

0.25

0.04

0.51

0.03

ND

ND

0.25 1.76

ND

ND

0.02 0.25

0.26 6.98

0.22 3.86

ND

5.16 20.80

(Yuan et al., 2002)
(Selvaraj et al., 201 5)

(Domínguez-Morueco
et al., 2014)
ND

(Net et al., 2014)

Tables

0.74 18.0

Table A.2 Continued
0.04 Four rivers in Korea

0.98 -

0.01 -

0.07

15.10

1.33 -

1.69 -

ND -

2.07

2.26 -

(Cho et al., 2014)

0.69 -

Songhua River, China

4.12

6.67

11.80

4.39

11.6

6.14

(Gao et al., 2014)

Mopanshan Reservoir,

ND 0.06

0.05 4.50

ND

China

ND 0.04

0.13 6.57

ND 0.45

(Liu et al., 2013)

Jukskei River, South Africa
(Summer)

0.04 0.56

0.08 0.39

0.79 3.65

0.07 0.18

0.07 0.32

ND

0.16 0.31

ND

Seine River Estuary, France

0.03 0.18

River Seine, France

0.01 0.10

0.05 0.21

0.21 0.53

0.007 0.04

0.32 0.78

0.003 0.02

Netherlands

0.49 5.58

(Sibali et al., 2013)

(Dargnat et al., 2009)

0.08 2.35

(Peijnenburg and

0.06 197

(Fatoki and Noma,

Struijs, 2006)

East London Harbour,
South Africa

0.03 31.70

0.03 33.10

2.8 122

ND 0.31

ND 0.54

ND 0.06

ND 3.09

ND

Tama River, Japan

ND 0.09

0.002 0.005

0.05 0.35

0.05 0.244

0.002 0.006

0.17 0.44

0.005 0.04

False Creek Harbor, Canada

(Teil et al., 2007)

0.14 1.80

2002)

(Suzuki et al., 2001)
(Mackintosh et al.,

2006)

*ND = not detected
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Table A.3. Concentrations of phthalates in bays (ng/L)
Location

Marseille Bay, NW Mediterranean

Hangzhou Bay, East China Sea (summer)
Hangzhou Bay, East China Sea (autumn)

DNNP

BBP

DPP

DMP

DEP

DiBP

DnBP

BzBP

DEHP

0.8 - 11.9

3.3 - 50.0

27.5 383.4

12.0 596.0

2.6 - 6.1

15.8 923.8

1.66 - 55.6

31.2 - 426

1152 7896

2850 17503

57.4 9738

* - 1.95
ND

ND - 260

ND - 1386

ND - 19.3

ND - 18.6

(Wang et al., 2021)

1.18 - 110

19.5 2404

1402 17256

2955 17952

79 - 1649

ND - 3.32

3.28 - 76

7.13 - 274

2.46 - 52.2

ND - 16.4

(Wang et al., 2021)

DnOP

DAP

Reference

(Paluselli et al., 2018)

*ND = not detected
Table A.4. Concentration levels of phthalic acid esters (PAEs) in water-phase in the wet, medium and dry seasons (ng/L)
Location
Jiulong River estuary,
Southeast China (wet season)
Jiulong River estuary,
Southeast China (normal season)
Jiulong River estuary,
Southeast China (dry season)

*ND = not detected

DMP

DEP

DIBP

0.032 - 0.24

0.024 - 0.086

0.034 - 0.15
0.033 - 0.056

DBP

DEHP

DINP

1.09 - 11.8

0.30 - 1.77

0.62 - 12.4

*
ND
-0.39

(Li et al., 2017)

0.014 - 0.091

2.46 - 5.71

0.31-0.51

0.12 - 1.76

ND

(Li et al., 2017)

0.021-0.066

1.90 - 7.11

0.35 - 0.97

1.13 - 10.9

ND -0.52

(Li et al., 2017)

Reference

Table A.5. Concentrations of phthalates in seawater (ng/L)
Location
M2 seamount surface water, Tropical
Western Pacific Ocean

DMP

DEP

DiPrP

DPrP

DiBP

DBP

DPP

DiHP

BBP

DCHP

DPhP

DEHP

DOP

DDP

*ND 7.06

ND 2.11

ND 0.89

1.30 1.31

1.87 14.43

2.24 12.97

ND 1.64

ND 2.32

ND 5.48

1.09 7.29

0.84 5.30

2.01
9.19

ND 1.68

ND 4.37

<1

25 500

0.2

6.7

Tees Bay, UK
North Sea, Germany

Surface waters, the Netherlands
Coastal seawater, Mediterranean Sea,
Spain
Port sea, Mediterranean Sea, Spain

4 - 490

660 1100

DnBP

Reference

DnOP

(Zhang et al., 201 9)

980 2200

470 550

0.05

2.2

1.7

70 -

1 -

900 -

66 -

2.0 -

2300

3100

78.0

(Law et al., 1991)
(Xie et al., 2005)

1800

5000

3 - 140

24 480

1 - 100

30 620

(Sánchez-Avila et al.,
2012)

4.0 12.0

24 870

3 - 800

60 5970

(Sánchez-Avila et al.,
2012)

5

70 160

Mar-70

20 210

(Sánchez-Avila et al.,
2012)

River - sea interface, Mediterranean Sea,
Spain

18380

Ligurian Sea, Mediterranean Sea, Italy

(Fossi et al., 201 2)

23420

Sardinian Sea, Mediterranean Sea, Italy
Barkley Sound, Canada

10 950

Puget Sound, USA

60 640

(Vethaak et al., 2005)

(Fossi et al., 201 2)

180 3000

(Keil et al., 2011)
(Keil et al., 2011)

3100 -

Klang River estuary, Australia

64300

150

490

520

0.04

0.138

Caspian Sea, Iran
Arctic

(Tan, 1995)
(Hadjmohammadi et

al., 2011)
0.008

0.022

0.448

0.051

(Xie et al., 2007)

*ND = not detected
Table A.6. Concentration levels of phthalic acid esters (PAEs) in suspended particulate matter (SPM) in the wet, medium and dry
seasons (mg/kg)
Location
Jiulong River
estuary,
Southeast China
(wet season)
Jiulong River
estuary,
Southeast China
(normal season)
Jiulong River
estuary,
Southeast China
(dry season)
Lakes Shichahai,
Beijing, China

BMP
P

DAP

DHX
P

DCH
P

DME
P

DNO
P

DMP

DEP

DIBP

DBP

DEHP

DINP

*ND 0.062

0.26 2.36

0.514.56

0.40 4.27

0.67 12.5

ND 0.29

(Li et al.,
2017)

0.066
- 0.37

0.028
- 0.22

1.04 9.21

0.13 1.31

0.29 8.42

ND 0.50

(Li et al.,
2017)

ND 0.10

0.420
- 5.02

0.0711.80

0.57 43.5

0.10 2.44

(Li et al.,
2017)

14.6 96.3

30 99.7

64.3 461.9

48.4 232.1

0.015

0.033
8.5 35

ND

DEEP

1 - 7.3

5.8 20.8

1.5 6.7

BBP

6.9 67.9

DBEP

10.3 37.5

ND

4.2 28.4

4.6 39.2

DPrP

36.4 54.6

Reference

(Zheng et
al., 2014)

Table A.6 Continued
Lakes in Summer
Palace, Beijing,
China
Guanting
Reservoir,
Beijing, China

7.1 15.7

5.2 24.2

ND 70

58 118.6

81.9 262.8

ND

1.3 3.3

12.2 32

3.6 13.3

1.5 135.4

827.1

ND

1.5 19.1

ND 14.5

33.9 65.4

(Zheng et
al., 2014)

3.2 81.7

1.8 17.3

11.6 304.3

19.3 300.2

65.4 529

ND

2.1 21.1

6.1 58

1.8 34.2

14.1 179.6

1.3 57.4

ND

574.9

1.3 130

5.6 264.7

(Zheng et
al., 2014)

*ND = not detected
Table A.7. Concentration levels of phthalic acid esters (PAEs) in sediment-phase in the wet, medium and dry seasons (μg∕kg)
Location
Jiulong River estuary, Southeast
China (wet season)
Jiulong River estuary, Southeast
China (normal season)
Jiulong River estuary, Southeast
China (dry season)

Kaohsiung Harbor, Taiwan (ng/g)
East China and Korean South Sea
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Lakes Shichahai, Beijing, China
Lakes in Summer Palace, Beijing,
China
Guanting Reservoir, Beijing, China
Southern Jangsu, China

Klang River Basin, Malaysia

DEP

DIBP

DBP

DEHP

DINP

1.6 41.4

ND - 14

9.3 33.7

10.2 84.4
31.3 116.8
16.3 50.6
21.9 69.5

11.6 285.6
4.3 148.1
7.2 394.7
574 21,559

ND - 30

ND - 80

2 - 630

ND 67.3
ND 29.4
ND 110.5
392 26,500
15 6270

DMP
*ND 1.0

ND - 1.9

ND - 5.1

ND - 3.5

ND - 1.8

ND - 5.8

21.5 132.5
32.2 60.6
ND 94.5
ND 160

ND - 10

2.3 15.2
0.2 89.5
ND 1140

16.4 651.6
77.7 147.2
ND 1370.3
40 10290

ND - 3

67 - 637

2.4 - 20

1.2 - 2

Velino rivers, Italy

100 1100

Rivers of Taiwan, China
Brandenburg, Germany

Dutch aquatic, Netherlands
Yellow River, China

Guangzhou, China
Ogun River, Nigeria

Qiantang River, China

1.0 2500
ND 1040

1 - 430
ND 1050
ND 179

65 1200

0.5 - 1.1
28 1050

77 - 463

ND 218

3.0 28.3
300 30300
60 2080
34 1000
3630 72150
82 1260
160 2640
34 - 241

6.1-19.3

3.3 92.8

10.2 1113.5
44.9 224.5
ND 570.6

83.8 5754.7
254.3 2083.9
ND 278.4
1830 78560
493 15020
3.0 487
500 23900
210 7600
123 7600
5350 258500
210 14160
20 1160
365 6239

DnBP

DnOP

BBP

DiDP

DHP

Reference
(Li et al., 2017)
(Li et al., 2017)
(Li et al., 2017)

37.3 259

ND

ND

14.5 2621.8
ND 599.8
6.9 257.6
ND 7250
ND 193

ND 286.7
8.4 223.8
ND 379.5
ND 6390

3 - 510

4.0 - 17

2.0 - 55

0.3 18.2
ND 1800
ND 190
5.0 - 60

ND

171 3,796

ND

(Chen et al., 2017)
(Paluselli and
Kim, 2020)
(Zheng et al.,
2014)
(Zheng et al.,
2014)
(Zheng et al.,
2014)
(Wang et al.,
2014)

(Tan, 1995)
(Vitali et al.,
1997)
(Yuan et al., 2002)
(Fromme et al.,
2002)
(Vethaak et al.,
2005)

(Sha et al., 2007)

ND 629

ND 280

ND 193

ND - 21

(Zeng et al., 2008)
(Adeniyi et al.,
2011)

(Sun et al., 2013)

Table A.7 Continued
Kaohsiung Harbor, China
Kaveri River, India

Songhua River, China
Jukskei River, South Africa
(Summer)

ND

ND

1.6

16.5

25.20 87.80
0.22 12.80

26.70 38.20
2.48 44.80

ND 316

ND 137

Shallow lakes, China
Gomti River, India
Trent River, UK
Rhine River, Netherlands and
Germany
Gulf of Mexico, United States of
America
Missouri River, United States of
America
Tama River, Japan
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Surface water, Tokyo
Jinshan, Shanghai, China

400 34800

ND 1310
35.5
58.10 881

278

227 567
6.27 57.1
66.0 175

6.54 3660
320 760

ND -312

ND -947

100
80 - 130

4900
2500
2700
19 - 50

ND

2.6
ND 96.30

840 31000

70 - 90

ND 600

32 - 48

(Chen et al., 2013)
(Selvaraj et al.,
2015)
(Gao et al., 2014)
(Sibali et al.,
2013)
(Wang and Chi,
2012)
(Srivastava et al.,
2010)
(Long et al., 1998)
(Swartz et al.,
2003)
(Giam et al.,
1978)
(Gledhill, 1975)
(Morita et al.,
1974)
(Morita et al.,
1974)
(Zhang et al.,
2003)

*ND = not detected
Table A.8. Comparison of phthalic acid esters (PAEs) concentrations in outdoor air with other studies (ng/m3)
DOP
Location
DMP
DEP
DBP
BBP
DEHP
Reference
33.7 9.6 0.6 - 4.8
0.4 - 9.6
1.3 - 10.3
ND-3.6
Nanjing, China
94.7
133.8
(Wang et al., 2008)
0.5
10.7
22.2
4.6
18.9
0.5
Paris, France
(Teil et al., 2007)
*
ND
2.4 - 10.4
Sweden
0.3
(Thuren and Larsson, 1990)
9 - 70
8 - 333
(Peijnenburg and Struijs, 2006)
Netherlands
*ND = not detected
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Appendix B: IACUC Approvals

University of Alaska Anchorage

Memo
To:

Dr. Doug Causey

From:

Eric S. Murphy, Chair. IACUC

Date:

6/21/2009

Re:

IACUC protocol #2009Cause2

The Institutional Animal Care and Use Committee at the University OfAIaska Anchorage originally met on
5/14/2009 to evaluate your protocol “Seabird research in the western Aleutian Islands" that you sent us on

5/11/2009. Upon receiving the information that we requested from you. your protocol has been approved.
Please note that this approval is contingent upon your compliance with all relevant University, city, state, and

federal regulations, and requires that you possess all relevant permits before work is initiated. Your protocol ID
number is 2009Cause2. Your approval is good for a period of 3 years, and will expire on 6/21/2012. You are
required to submit an annual report of your activities prior to June 21st in each of the next two years. This form
is available at http://www.uaa.alaska.edu/research/ric/iacuc/forms.cfm.

We remind you that all changes in personnel and animal handling protocols must be submitted to the committee
priorto such Changestakingplace. In addition, Shouldyou experience any unexpected animal mortalities,
illnesses, or injury (to animals or personnel involved with the project), you are required to report such to the

IACUC immediately.
Thank you for your support of animal care guidelines. We hope that your research goes well.

Eric S. Murphy. Chair
UAAIACUC

3211 Providence Drive * Anchorage, AK 99508 * Phone: (907) 786-1626 * Fax: (907) 786-4898

163

Research &
Graduate Studies

3211 Providence Drive

Anchorage, Alaska 99508-4614

T 907.786.1099, F 907.786.1791

University of Alaska Anchorage

www.uaa.alaska.edu/research/ric

DATE:

April 18, 2012

TO:
FROM:

Douglas Causey, PhD
University OfAIaska Anchorage IACUC

STUDY TITLE:
IRB REFERENCE#:
SUBMISSION TYPE:

General Scientific Collection of Birds OfAIaska
[330005-2]
Amendment/Modification

ACTION:
APPROVAL DATE:
EXPIRATION DATE:
REVIEW TYPE:

APPROVED
April 18, 2012
April 18, 2015
Administrative Review

The Institutional Animal Care and Use Committee at the University OfAIaska Anchorage met on April
13, 2012and reviewedyourprotocol [330005-2] General ScientificcollectionofBirdsofAIaskathat
you submitted to us on April 11,2012. Upon receiving the requested modifications, I am pleased to
approve your protocol. Please note that this approval is contingent upon your compliance with all relevant
University, city, state, and federal regulations, and requires that you possess all relevant permits before
work is initiated. Your protocol ID number is 330005. Your approval is good for a period of 3 years, and
will expire on April 18, 2015. You are required to submit an annual report of your activities prior to April
18 in each of the next two years. This form is available in the Forms and Reference Library on IRBNet.
We remind you that all changes in personnel and animal handling protocols must be submitted to the
committee priorto such changes taking place. In addition, should you experience any unexpected animal
mortalities, illnesses, or injury (to animals or personnel involved with the project), you are required to
report such to the IACUC immediately.
Thank you for your support of animal care guidelines. We hope that your research goes well.

Eric S. Murphy, Ph.D.

Chair, UAA IACUC
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Research &
Graduate Studies

3211 Providence Drive

Anchorage, Alaska 99508-4614
T 907.786.1099, F 907.786.1791

University of Alaska Anchorage

DATE:
TO:
FROM:

www.uaa.alaska.edu/research/ric

April 12, 2013
Douglas Causey, PhD
University of Alaska Anchorage IACUC

PROJECT TITLE:
[330005-4] General Scientific Collection of Birds of Alaska
IRBNET REFERENCE#: 330005-4
SUBMISSION TYPE:
Continuing Review/Progress Report

ACTION:
APPROVAL DATE:
EXPIRATION DATE:
REVIEW TYPE:

APPROVED
April 12, 2013
April 18, 2015
Full Committee Review

The annual renewal for your UAA Institutional Animal Care and Use Committee project has been
approved. You are, therefore, authorized to continue research on vertebrate animals as authorized under
this protocol. Your next renewal will be due on April 12, 2014.

We remind you that all changes in personnel and animal handling protocols must be submitted to the
committee prior to these changes taking place. In addition, should you experience any unexpected animal
mortalities, illnesses, or injury (to animals or personnel involved with the project), you are required to
report such to the IACUC immediately.

Thank you for your support of animal care guidelines.

Tim Hinterberger, Ph.D.
Assoc. Professor, WWAMI School of Medical Education
Chair, Institutional Animal Care & Use Committee, University OfAIaska Anchorage
3211 Providence Drive
Anchorage, Alaska 99508
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Research &
Graduate Studies

3211 Providence Drive

Anchorage, Alaska 99508-4614

T 907.786.1099, F 907.786.1791

University «/Alaska Anchorage

DATE:
TO:
FROM:

www.uaa.alaska.edu/research/ric

May 18, 2016
Douglas Causey, PhD
University OfAIaska Anchorage IACUC

PROJECT TITLE:
[751485-3] General Scientific Collection of Birds In Alaska
IRBNET REFERENCE#: 751485-3
SUBMISSION TYPE:
Continuing Review/Progress Report
ACTION:
APPROVAL DATE:
EXPIRATION DATE:
REVIEW TYPE:

APPROVED
May 13, 2016
May 8, 2018
Full Committee Review

The annual renewal for your UAA Institutional Animal Care and Use Committee project has been
approved. You are, therefore, authorized to continue research on vertebrate animals as authorized under
this protocol. Your next renewal will be due before May 8, 2017.

We remind you that all changes in personnel and animal handling protocols must be submitted to the
committee prior to these changes taking place. In addition, should you experience any unexpected animal
mortalities, illnesses, or injury (to animals or personnel involved with the project), you are required to
report such to the IACUC immediately.
Thank you for your support of animal care guidelines.

Cindy Knall, Ph.D.
Associate Professor, WWAMI School of Medical Education
Chair, Institutional Animal Care and Use Committee
University OfAIaska Anchorage
3211 Providence Drive
Anchorage, Alaska 99508
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Appendix C: IRB Approvals
4315 Diplomacy Drive - IRB
Anchorage, AK 99508

Alaska Area Institutional Review Board

DATE:

October 25, 2017

TO:

Anne Beaudreau

Principal Investigator
University of Alaska Fairbanks

College of Fisheries and Ocean Studies
1701 Point Lena Loop Road
Juneau1 AK 99801

FROM:
STUDY TITLE:

Alaska Area Institutional Review Board (IHS IRB #2)

[1072734-6] Integrating traditional ecological knowledge and citizen science
to better understand marine debris and threats to subsistence species on St.
Paul Island, Alaska

IRB REFERENCE#:

2017-06-024

SUBMISSION TYPE:

New Project

ACTION:

APPROVED

APPROVAL DATE:

September 21, 2017

EXPIRATION DATE:

August 28, 2018

REVIEW TYPE:

Expedited Review

REVIEW CATEGORY:

Expedited Research

Dear Dr. Beaudreau:
The Alaska Area Institutional Review Board has given approval through Expedited Review to the protocol
2017-06-024 Integrating traditional ecological knowledge and citizen science to better understand marine
debris and threats to subsistence species on St. Paul Island, Alaska. Tribal approval is required in

addition to IRB approval. The protocol was approved on September 21, 2017 and has an expiration date
OfAugust 28, 2018

As a reminder, the protocol and all accompanying documents may not have modifications for this
decision to remain valid. It is your responsibility as Principal Investigator (PI) to maintain the status

of your project by tracking and monitoring all activities related to the protocol. All research approved
by the Alaska Area IRB is subject to 45 CFR 46 "Protection of Human Subjects" regulations, the US
Food and Drug Administration regulations and the principles of the Belmont Report. Investigators are

expected to be familiar with these provisions and adhere strictly to all requirements. You are required to
have all personnel involved in the research complete the training at www.citiprogram.org, once every 36
months with a 75% proficiency in all modules. Retain your completion certificates from the Collaborative

Institutional Training Initiative (CITI).
Prior to making any changes to the protocol you must receive approval from the Alaska Area IRB.

The IRB does not accept modifications and the Status Report and Renewal Application at the same

time. Please ensure that project information is complete and submitted to the IRB using the electronic

submission process at IRBNet at least four weeks prior to the expiration date of the project. In addition
remember that the IRB agenda is closed on the first day of each month; all complete submissions

received after the first day of each month will be placed in the IRB queue for the next IRB meeting.
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The Alaska Area IRB has moved to an electronic submission process using IRBNet. To submit to the IRB
proceed to IRBNet (www.irbnet.org) and log in to your existing project. The continuing review information
must include but not be limited to the Alaska Area IRB Status Report and Renewal Application forms,
the current IRB approved protocol, a short abstract of the protocol, a current copy of the consent/assent
forms, and a cover letter to the IRB signed by the principal investigator. Submit to the Alaska Area
Institutional Review Board (I.H.S. IRB #2) by uploading into IRBNet and add each item to the project.
Informthe IRB by Ietterwhen the protocol is complete/closed.
As a reminder, the IRB must review and approve all human subjects' research protocols at intervals
appropriate to the degree of risk, but not less than once per year. Per 45 CFR 46.109(e), there is no grace
period beyond one year from the last IRB approval date unless the protocol approval period is shorter
than one year.

It is your responsibility as Principal Investigator (PI) to maintain approval status for your project by
tracking, renewing and obtaining IRB approval for all modifications to the protocol and the consent form.
Keep this approval in your protocol file as proof of IRB approval and as a reminder of the expiration date.
To avoid lapses in approval of your research which will result in suspension of participant enrollment
and/or termination of the protocol submit the protocol continuation request at least 4 weeks prior to the

expiration date OfAugust 28, 2018
All research involving staff, patients, or resources at the Alaska Native Medical Center (ANMC) must
be reviewed and approved by ANMCs parent organizations after the Alaska Area Institutional Review
Board approval is obtained. The parent organizations of ANMC are the Alaska Native Tribal Health
Consortium (ANTHC) and the Southcentral Foundation (SCF). Tribal review and approval is required
for all research protocols prior to initiation. Any manuscripts or abstracts for publication or presentations
involving ANMC staff, patients, or resources must also be reviewed and receive tribal approval prior to
submission. To initiate tribal review please with ANTHC contact rampreview@anthc.org and with SCF
contact scfresearchreview@scf.com. Please allow at least 8 weeks for tribal review and approval.
If you have further questions for the Alaska Area IRB you may contact us at
akaalaskaarealRB@anthc.org or call (907) 729-3924.
Sincerely,
Terry J. M. Powell
Alaska Area Institutional Review Board
IRB Administrator

168

4315 Diplomacy Drive - IRB
Anchorage, AK 99508

Alaska Area Institutional Review Board

DATE:

October 25, 2017

TO:

Anne Beaudreau
Principal Investigator
University of Alaska Fairbanks
College of Fisheries and Ocean Studies
1701 Point Lena Loop Road
Juneau, AK 99801

FROM:

Alaska Area Institutional Review Board (IHS IRB #2)

STUDY TITLE:

IRB REFERENCE#:
SUBMISSION TYPE:

[1072734-6] Integrating traditional ecological knowledge and citizen science
to better understand marine debris and threats to subsistence species on St.
Paul Island, Alaska
2017-06-024
New Project

ACTION:
APPROVAL DATE:
EXPIRATION DATE:
REVIEW TYPE:

APPROVED
September 21, 2017
August 28, 2018
Expedited Review

REVIEW CATEGORY:

Expedited Research

Dear Dr. Beaudreau:
The Alaska Area Institutional Review Board has given approval through Expedited Review to the protocol
2017-06-024 Integrating traditional ecological knowledge and citizen science to better understand marine
debris and threats to subsistence species on St. Paul Island. Alaska. Tribal approval is required in
addition to IRB approval. The protocol was approved on September 21, 2017 and has an expiration date
OfAugust 28, 2018

As a reminder, the protocol and all accompanying documents may not have modifications for this
decision to remain valid. It is your responsibility as Principal Investigator (PI) to maintain the status
of your project by tracking and monitoring all activities related to the protocol. All research approved
by the Alaska Area IRB is subject to 45 CFR 46 "Protection of Human Subjects" regulations, the US
Food and Drug Administration regulations and the principles of the Belmont Report. Investigators are
expected to be familiar with these provisions and adhere strictly to all requirements. You are required to
have all personnel involved in the research complete the training at www.citiprogram.org, once every 36
months with a 75% proficiency in all modules. Retain your completion certificates from the Collaborative
Institutional Training Initiative (CITI).

Prior to making any changes to the protocol you must receive approval from the Alaska Area IRB.
The IRB does not accept modifications and the Status Report and Renewal Application at the same
time. Please ensure that project information is complete and submitted to the IRB using the electronic
submission process at IRBNet at least four weeks prior to the expiration date of the project. In addition
remember that the IRB agenda is closed on the first day of each month; all complete submissions
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The Alaska Area IRB has moved to an electronic submission process using IRBNet. To submit to the IRB
proceed to IRBNet (www.irbnet.org) and log in to your existing project. The continuing review information
must include but not be limited to the Alaska Area IRB Status Report and Renewal Application forms,
the current IRB approved protocol, a short abstract of the protocol, a current copy of the consent/assent
forms, and a cover letter to the IRB signed by the principal investigator. Submit to the Alaska Area
Institutional Review Board (I.H.S. IRB #2) by uploading into IRBNet and add each item to the project.
Inform the IRB by letter when the protocol is complete/closed.

As a reminder, the IRB must review and approve all human subjects' research protocols at intervals
appropriate to the degree of risk, but not less than once per year. Per 45 CFR 46.109(e), there is no grace
period beyond one year from the last IRB approval date unless the protocol approval period is shorter
than one year.
It is your responsibility as Principal Investigator (PI) to maintain approval status for your project by
tracking, renewing and obtaining IRB approval for all modifications to the protocol and the consent form.
Keep this approval in your protocol file as proof of IRB approval and as a reminder of the expiration date.
To avoid lapses in approval of your research which will result in suspension of participant enrollment
and/or termination of the protocol submit the protocol continuation request at least 4 weeks prior to the

expiration date OfAugust 28, 2018
All research involving staff, patients, or resources at the Alaska Native Medical Center (ANMC) must
be reviewed and approved by ANMCs parent organizations after the Alaska Area Institutional Review
Board approval is obtained. The parent organizations of ANMC are the Alaska Native Tribal Health
Consortium (ANTHC) and the Southcentral Foundation (SCF). Tribal review and approval is required
for all research protocols prior to initiation. Any manuscripts or abstracts for publication or presentations
involving ANMC staff, patients, or resources must also be reviewed and receive tribal approval prior to
submission. To initiate tribal review please with ANTHC contact rampreview@anthc.org and with SCF
contact scfresearchreview@scf.com. Please allow at least 8 weeks for tribal review and approval.

Ifyou have further questions for the Alaska Area IRB you may contact us at
akaalaskaarealRB@anthc.org or call (907) 729-3924.
Sincerely,

Terry J. M. Powell
Alaska Area Institutional Review Board
IRB Administrator
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4315 Diplomacy Drive - IRB
Anchorage, AK 99508

Alaska Area Institutional Review Board

DATE:

July 1,2019

TO:

Anne Beaudreau
Principal Investigator
University of Alaska Fairbanks
College of Fisheries and Ocean Sciences
17101 Point Lena Loop Road
Juneau, AK 99801

FROM:

Alaska Area Institutional Review Board (IHS IRB #2)

STUDY TITLE:

IRB REFERENCE#:
SUBMISSION TYPE:

Integrating traditional ecological knowledge and citizen science to better
understand marine debris and threats to subsistence species on St. Paul
Island, Alaska
2017-06-024-9
Continuing Review/Progress Report

ACTION:
APPROVAL DATE:
EXPIRATION DATE:
REVIEW TYPE:

APPROVED
June 28, 2019
July 28, 2020
Expedited Review

REVIEW CATEGORY:

45 CFR 46.110

Dear Dr. Beaudreau:
The Alaska Area Institutional Review Board has given approval through Expedited
[2017-06-024-9] Integrating traditional ecological knowledge and citizen science to
marine debris and threats to subsistence species on St. Paul Island, Alaska. Tribal
in addition to IRB approval. The protocol was approved on June 28, 2019 and has

Review to the protocol
better understand
approval is required
an expiration date of

July 28, 2020

As a reminder, the protocol and all accompanying documents may not have modifications for this
decision to remain valid. It is your responsibility as Principal Investigator (PI) to maintain the status
of your project by tracking and monitoring all activities related to the protocol. All research approved
by the Alaska Area IRB is subject to 45 CFR 46 "Protection of Human Subjects" regulations, the US
Food and Drug Administration regulations and the principles of the Belmont Report. Investigators are
expected to be familiar with these provisions and adhere strictly to all requirements. You are required to
have all personnel involved in the research complete the training atwww.citiprogram.org, once every 36
months with a 75% proficiency in all modules. Retain your completion certificates from the Collaborative
Institutional Training Initiative (CITI).

Prior to making any changes to the protocol, you must receive approval from the Alaska Area IRB.
The IRB does not accept modifications and the Status Report and Renewal Application at the same
time. Please ensure that project information is complete and submitted to the IRB using the electronic
submission process at IRBNet at least four weeks prior to the expiration date of the project. In addition
remember that the IRB agenda is closed on the first day of each month; all complete submissions
received after the first day of each month will be placed in the IRB queue for the next IRB meeting.
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The Alaska Area IRB has moved to an electronic submission process using IRBNet. To submit to the IRB
proceed to IRBNet (www.irbnet.org) and log in to your existing project. The continuing review information
must include but not be limited to the Alaska Area IRB Status Report and Renewal Application form,
the current IRB approved protocol, a short abstract of the protocol, a current copy of the consent/assent
forms, and a cover letter to the IRB signed by the principal investigator. Submit to the Alaska Area
Institutional Review Board (I.H.S. IRB #2) by uploading into IRBNet and add each item to the project.
Inform the IRB by letter when the protocol is complete/closed.
As a reminder, the IRB must review and approve all human subjects' research protocols at intervals
appropriate to the degree of risk, but not less than once per year. Per 45 CFR 46.109(e), there is no grace
period beyond one year from the last IRB approval date unless the protocol approval period is shorter
than one year.

It is your responsibility as Principal Investigator (PI) to maintain approval status for your project by
tracking, renewing and obtaining IRB approval for all modifications to the protocol and the consent form.
Keep this approval in your protocol file as proof of IRB approval and as a reminder of the expiration date.
To avoid lapses in approval of your research that will result in suspension of participant enrollment and/or
termination of the protocol submit the protocol continuation request at least 4 weeks prior to the expiration
dateof July 28, 2020
All research involving staff, patients, or resources at the Alaska Native Medical Center (ANMC) must be
reviewed and approved by ANMCs parent organizations after the Alaska Area Institutional Review Board
approval is obtained. The parent organizations of ANMC are the Alaska Native Tribal Health Consortium
(ANTHC) and the Southcentral Foundation (SCF). Tribal review and approval is required for all research
protocols prior to initiation. Any manuscripts or abstracts for publication or presentations involving ANMC
staff, patients, or resources must also be reviewed and receive tribal approval prior to submission. To
initiate tribal review with ANTHC please contact ResearchReviewCmtee@anthc.org and with SCF
contact scfresearchreview@scf.cc. Please allow at least 8 weeks for tribal review and approval.
Ifyou have further questions for the Alaska Area IRB you may contact us at
akaalaskaarealRB@anthc.org or call (907) 729-3917.

Sincerely,

Lauren Smayda
Alaska Area Institutional Review Board
IRB Coordinator
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4315 Diplomacy Drive - IRB
Anchorage, AK 99508

Alaska Area Institutional Review Board

DATE:

August 7, 2020

TO:

Anne Beaudreau
Principal Investigator
University of Alaska Fairbanks
College of Fisheries and Ocean Science
17101 Point Lena Loop Road
Juneau, AK, 99801

FROM:

Alaska Area Institutional Review Board (IHS IRB #2)

STUDY TITLE:

IRB REFERENCE#:
SUBMISSION TYPE:

Integrating traditional ecological knowledge and citizen science to better
understand marine debris and threats to subsistence species on St. Paul
Island, Alaska
2017-06-024
Continuing Review/Progress Report

ACTION:
APPROVAL DATE:
EXPIRATION DATE:
REVIEW TYPE:

APPROVED WITH CONDITIONS
August 5, 2020
July 28, 2021
Expedited Review

REVIEW CATEGORY:

45 CFR 46.110

Dear Dr. Beaudreau:
The Alaska Area Institutional Review Board has given approval through Expedited Review to the protocol
[1072734-10] Integrating traditional ecological knowledge and citizen science to better understand
marine debris and threats to subsistence species on St. Paul Island, Alaska. Tribal approval is required in
addition to IRB approval. The protocol was approved on August 5, 2020 with the following conditions:

1. That no research activities took place during the expiration period of July 28, 2020 - August 5, 2020.
2. If the study continues remotely you must submit a modification request prior to conducting any
remote study activities so the AAIRB can review the operational and consenting procedures to
make sure they preserve confidentiality and that all details are complete and well organized.
This protocol has an expiration date of July 28, 2021. As a reminder, the protocol and all

accompanying documents may not have modifications for this decision to remain valid. It is your
responsibility as Principal Investigator (PI) to maintain the status of your project by tracking and
monitoring all activities related to the protocol. All research approved by the Alaska Area IRB is subject to
45 CFR 46 "Protection of Human Subjects" regulations, the US Food and Drug Administration regulations
and the principles of the Belmont Report. Investigators are expected to be familiar with these provisions
and adhere strictly to all requirements. You are required to have all personnel involved in the research
complete the training at www.citiprogram.org, once every 36 months with a 75% proficiency in all
modules. Retain your completion certificates from the Collaborative Institutional Training Initiative (CITI).
Prior to making any changes to the protocol, you must receive approval from the Alaska Area IRB.
The IRB does not accept modifications and the Status Report and Renewal Application at the same
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time. Please ensure that project information is complete and submitted to the IRB using the electronic
submission process at IRBNet at least four weeks prior to the expiration date of the project. In addition
remember that the IRB agenda is closed on the first day of each month; all complete submissions
received after the first day of each month will be placed in the IRB queue for the next IRB meeting.
The Alaska Area IRB has moved to an electronic submission process using IRBNet. To submit to the IRB
proceed to IRBNet (www.irbnet.org) and log in to your existing project. The continuing review information
must include but not be limited to the Alaska Area IRB Status Report and Renewal Application form,
the current IRB approved protocol, a short abstract of the protocol, a current copy of the consent/assent
forms, and a cover letter to the IRB signed by the principal investigator. Submit to the Alaska Area.
Institutional Review Board (I.H.S. IRB #2) by uploading into IRBNet and add each item to the project.
Inform the IRB by letter when the protocol is complete/closed.
As a reminder, the IRB must review and approve all human subjects' research protocols at intervals
appropriate to the degree of risk, but not less than once per year. Per 45 CFR 46.109(e), there is no grace
period beyond one year from the last IRB approval date unless the protocol approval period is shorter
than one year.

It is your responsibility as Principal Investigator (PI) to maintain approval status for your project by
tracking, renewing and obtaining IRB approval for all modifications to the protocol and the consent form.
Keep this approval in your protocol file as proof of IRB approval and as a reminder of the expiration
date. To avoid lapses in approval of your research that will result in suspension of participant enrollment
and/or termination of the protocol submit the protocol continuation request at least 4 weeks prior to the
expiration date of July 28, 2021.

All research involving staff, patients, or resources at the Alaska Native Medical Center (ANMC) must
be reviewed and approved by ANMCs parent organizations after the Alaska Area Institutional Review
Board approval is obtained. The parent organizations of ANMC are the Alaska Native Tribal Health
Consortium (ANTHC) and the Southcentral Foundation (SCF). Tribal review and approval is required
for all research protocols prior to initiation. Any manuscripts or abstracts for publication or presentations
involving ANMC staff, patients, or resources must also be reviewed and receive tribal approval prior to
submission. To initiate tribal review with ANTHC please contact rampreview@anthc.org and with SCF
contact scfresearchreview@scf.cc. Please allow at least 8 weeks for tribal review and approval.

If you have further questions for the Alaska Area IRB you may contact us at
akaalaskaarealRB@anthc.org .
Sincerely,
Eric Hatleberg
Alaska Area Institutional Review Board
IRB Analyst
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Alaska Area Institutional Review Board

4315 Diplomacy Drive - IRB
Anchorage, AK 99508

DATE:

August 7, 2020

TO:

Anne Beaudreau
Principal Investigator
University of Alaska Fairbanks
College of Fisheries and Ocean Science
17101 Point Lena Loop Road
Juneau, AK, 99801

FROM:

Alaska Area Institutional Review Board (IHS IRB #2)

STUDY TITLE:

IRB REFERENCE#:
SUBMISSION TYPE:

Integrating traditional ecological knowledge and citizen science to better
understand marine debris and threats to subsistence species on St. Paul
Island, Alaska
2017-06-024
Continuing Review/Progress Report

ACTION:
APPROVAL DATE:
EXPIRATION DATE:
REVIEW TYPE:

APPROVED WITH CONDITIONS
August 5, 2020
July 28, 2021
Expedited Review

REVIEW CATEGORY:

45 CFR 46.110

Dear Dr. Beaudreau:
The Alaska Area Institutional Review Board has given approval through Expedited Review to the protocol
[1072734-10] Integrating traditional ecological knowledge and citizen science to better understand
marine debris and threats to subsistence species on St. Paul Island, Alaska. Tribal approval is required in
addition to IRB approval. The protocol was approved on August 5, 2020 with the following conditions:

1. That no research activities took place during the expiration period of July 28, 2020 - August 5, 2020.
2. If the study continues remotely you must submit a modification request prior to conducting any
remote study activities so the AAIRB can review the operational and consenting procedures to
make sure they preserve confidentiality and that all details are complete and well organized.
This protocol has an expiration date of July 28, 2021. As a reminder, the protocol and all

accompanying documents may not have modifications for this decision to remain valid. It is your
responsibility as Principal Investigator (PI) to maintain the status of your project by tracking and
monitoring all activities related to the protocol. All research approved by the Alaska Area IRB is subject to
45 CFR 46 "Protection of Human Subjects" regulations, the US Food and Drug Administration regulations
and the principles of the Belmont Report. Investigators are expected to be familiar with these provisions
and adhere strictly to all requirements. You are required to have all personnel involved in the research
complete the training at www.citiprogram.org, once every 36 months with a 75% proficiency in all
modules. Retain your completion certificates from the Collaborative Institutional Training Initiative (CITI).

Prior to making any changes to the protocol, you must receive approval from the Alaska Area IRB

As a reminder, the IRB must review and approve all human subjects' research protocols at intervals
appropriate to the degree of risk, but not less than once per year. Per 45 CFR 46.109(e), there is no grace
period beyond one year from the last IRB approval date unless the protocol approval period is shorter
than one year.
It is your responsibility as Principal Investigator (PI) to maintain approval status for your project by
tracking, renewing and obtaining IRB approval for all modifications to the protocol and the consent form.
Keep this approval in your protocol file as proof of IRB approval and as a reminder of the expiration
date To avoid lapses in approval of your research that will result in suspension of participant enrollment
and/or termination of the protocol submit the protocol continuation request at least 4 weeks prior to the
expiration date of July 28, 2022.
All research involving staff, patients, or resources at the Alaska Native Medical Center (ANMC) must be
reviewed and approved by ANMCs parent organizations after the Alaska Area Institutional Review Board
approval is obtained. The parent organizations of ANMC are the Alaska Native Tribal Health Consortium
(ANTHC) and the Southcentral Foundation (SCF). Tribal review and approval is required for all research
protocols prior to initiation. Any manuscripts or abstracts for publication or presentations involving ANMC
staff, patients, or resources must also be reviewed and receive tribal approval prior to submission. To
initiate tribal review with ANTHC please contact ResearchReviewCmtee@anthc.org and with SCF contact
scfresearchreview@scf.cc. Please allow at least 8 weeks for tribal review and approval.
Ifyou have further questions for the Alaska Area IRB you may contact us at
akaalaskaarealRB@anthc.org or call (907) 729-3924.

Sincerely,
Eric Hatleberg, CIP
Alaska Area Institutional Review Board
IRB Analyst
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