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Seabirds from the poles:
microplastics pollution sentinels
Davide Taurozzi1* and Massimiliano Scalici 1,2

1Department of Science, Roma Tre University, Rome, Italy, 2National Biodiversity Future Center,
Palermo, Italy
The Arctic and Antarctica represent two of the most inhospitable and poorly

investigated biomes in the world. Although polar regions are still perceived as

some of the most pristine places still in existence, these remote places are no

longer immune to anthropogenic pollution, in particular, micro- and

nanoplastics. Seabirds, avian species feeding mainly at sea, are indicators of

change in the environment and represent an early study group of ecological

indicators for plastic pollution. The goal of this bibliometric overview is to

evaluate international research trends on the impacts of microplastics (MPs)

and nanoplastics (NPs) on seabirds inhabiting polar regions. A total of at least 13

seabird species were reported to have ingested MPs from 1983–2023. Overall,

1130 samples were investigated, including stomach content, pouch content,

guano, and pellets. Pellets were the most investigated substrate (699), followed

by stomach contents (309), guano (101), and pouch contents (21). A median of

31.5 MPs per sample was found in the Arctic, with an average of 7.2 MPs per

sample. A median of 35 MPs per sample was found in Antarctica, with an average

of 1.1 MPs per sample. Overall, MPs weremost frequently found in fragment form.

A total of 3526 MPs were retrieved from stomachs (3013), pellets (398), guano

(75), and pouch contents (40). Polyethylene was the dominant plastic polymer

found, followed by polypropylene and polystyrene. The monitoring of MP

ingestion is crucial to mitigating the impacts on marine and terrestrial

organisms. Standardized protocols could boost the safeguarding of seabirds

and reduce the impacts of MPs on polar regions.
KEYWORDS

Arctic, Antarctica, stomach contents, guano, pellet, pouch content, polyethylene,
fragments
1 Introduction

Polar regions, alongside desert biomes, represent the most inhospitable and

uninhabited places for humans (Anisimov et al., 2007). The Arctic, covering

approximately 6% of the Earth’s surface, is considered a well-preserved ecosystem,

distant from the industrial and agricultural pathways of lower latitudes (Donaldson

et al., 2010). However, recently, the Arctic has been undergoing unprecedented change,

being exposed to a wide range of human pressures of local, regional, and global origin
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(Townhill et al., 2022). The North Sea Route is gaining notoriety as

an alternative maritime commercial route connecting the Atlantic

and Pacific Oceans (Buixadé Farré et al., 2014). Furthermore, the

Arctic is under heavy pressure from ongoing ocean warming and

escalating human intervention, such as industrial fisheries

(Christiansen et al., 2014) and oil and gas platforms (Young et al.,

2020). Unfortunately, it is still one of the most poorly understood

biomes in the world (Colella et al., 2020). Antarctica is the most

isolated continent in the world (Verleyen et al., 2021), characterized

by extreme climatic and ecological conditions (Koerich et al., 2023).

This continent represents the largest freshwater reservoir in the

world, playing an important role in the ecological balance of the

globe and influencing the atmospheric and oceanic circulation (da

Silva et al., 2023). Despite the increasing recent tourism fluxes

(Tejedo et al., 2022) and human activities, the Artic and Antarctica

are still perceived as two of the most pristine places still in existence

(Gross, 2022); in particular, commercial activities in Antarctica

have a lower impact on biota than those in the Arctic, resulting in a

better conservation status regarding human pressures (Dibbern,

2010). The extreme cold temperatures, the dry lands, and the

difficulty humans face in accessing these regions make the Arctic

and Antarctica remote places, characterized by areas with high

biodiversity values (Shaw et al., 2014).

Life on Earth is threatened daily by many anthropogenic

pressures, including the emission of toxic chemicals and materials

produced by human activities (Chown et al., 2022; Cordero et al.,

2022; Akhtar et al., 2021; Folke et al., 2021). The main

anthropogenic pollutants affecting the Earth’s ecosystems can be

summarized as air pollutants, derived from the combustion of fossil

fuels (coal, oil, and gas); water pollutants, Häder et al., 2020 i.e.,

chemicals or other foreign substances, such as fertilizers and

pesticides/insecticides/herbicides from agricultural runoff, heavy

metals, and chemical wastes from industrial discharges; and soil

pollutants, like potential trace elements (PTEs) and organic

pollutants (Arihilam and Arihilam, 2019). Among these, plastic

represents a widely distributed anthropogenic pollutant (Windsor

et al., 2019), which is a global threat affecting all continents and

ecosystems, and polar regions are no exception (Mishra et al., 2021).

Even though polar regions are remote (Chu et al., 2019), they are no

longer immune to anthropogenic pollution (Cunningham et al.,

2020). While the Southern Ocean is isolated from the input of lower

latitude contaminants by oceanic circulation (Chu et al., 2019), the

Arctic Ocean is impacted by water inflow from the Atlantic Ocean

(Hänninen et al., 2021). Atlantic inflow is one of the biggest sources

of microplastic in the Arctic (Berezina et al., 2023), and

consequently, plastic debris is mainly transported from remote

areas (Cózar et al., 2017) by oceanic circulation or derived from

local fishing activities (Tosǐć et al., 2020).

The Arctic and Antarctica have been impacted since the 13th

century (Silva-Sánchez et al., 2015; McConnell et al., 2021) by

anthropogenic pollution, long before the first human commercial

activities reached these lands. The first direct sources of pollution

in Antarctica started in 1790 with commercial sealing and whaling

in the Southern Ocean, followed by the construction of scientific

research stations (75 in 2019) and oil tanks to refill ships, fisheries,

tourism, and military presence (da Silva et al., 2023). Although the
Frontiers in Marine Science 02
human presence in these continents is limited, research stations

represent one of the largest forms of anthropogenic activity and are

the main source of locally derived contamination in Antarctica (Lo

Giudice et al., 2019; Stark et al., 2023). Annually, there are

approximately 5000 national operator staff working in Antarctica

(Hughes and Convey, 2020). Most of the Antarctic research

stations are in ice-free areas within 5 km of the coast, which

represent only a small part of the total land area of the continent

(Poland et al., 2003) but are very rich in terms of biodiversity (Shaw

et al., 2014). Moreover, more than 39,000 tourists visit this

continent every year (Chu et al., 2019), looking for adventures in

unexplored wild places (da Silva et al., 2023). In the last years, these

continents have also lost important masses of ice, becoming ever

more vulnerable to climate change (Stokes et al., 2022).

Furthermore, available data suggest that many anthropogenic

pollutants, in particular plastic, could reach the Arctic and

Antarctica via Long-range Atmospheric Transport (LRAT) from

other continents (Bargagli, 2008; Bard, 1999) and lower latitudes

(Ikenoue et al., 2023b). Ikenoue et al. (2023a; 2023b) estimated the

microplastic input in these remote regions at 5236 ± 6127 pieces

km−2 for the Chukchi Sea and 7570 ± 7600 pieces km−2 for the

Beaufort Sea (Arctic), highlighting an important plastic

contamination issue originating both from local sources and

ocean-water transport.

Plastic pollution in polar regions is an emerging threat, and the

studies on this topic have increased over the last decades (Caruso et al.,

2022). According to van Emmerik and Schwarz (2020), plastics are

classified based on their size: macroplastics (> 5 cm) mesoplastics

(5 mm – 5 cm), microplastics (0.1 mm – 5 mm), and nanoplastic (< 0.1

mm). Such remote regions represent potential model environments to

understand the mechanisms and interactions between microplastics,

nanoplastics, and biota (Hwengwere et al., 2022; Rota et al., 2022). The

smallest fragments, derived from the degradation of larger plastics, can

have several effects on biota, including blockage of the gastrointestinal

tract of animals, translocation from the intestines into other tissues,

particle toxicity, oxidative stress, and immune response (Besseling et al.,

2019). Anthropogenic environmental pollution in polar regions has led

to a recognition of the potential negative impacts on the organisms

living there (Mishra et al., 2021). Seabirds, avian species that feed

mainly at sea, are indicators of change in the environment and

represent an early study group of ecological indicators for plastic

pollution (Orlando-Bonaca et al., 2022). Indeed, plastic ingestion by

seabirds is a large-scale problem affecting remote areas (Baak et al.,

2020). Plastic ingestion is correlated with human activities: the more

shipping activities increase, the more seabirds ingest plastics (Baak

et al., 2020). Seabirds have been declining globally in recent years,

particularly in polar regions (Descamps and Ramıŕez, 2021). To date,

there are 64 seabird species inhabiting the Arctic (described as

“seabirds” for their breeding distribution, due to the lack of a

univocal definition) (Descamps and Ramıŕez, 2021). In Antarctica,

there are 43 species of seabirds, 38 of them living both on land and at

sea: 7 species of penguin; 2 of petrels; 2 of cormorants; and 5 species of

gulls, skuas, and terns (Woods et al., 2009). In total, 43 Important Bird

Areas were then identified in Antarctica, based on bird concentration

across the continent (Harris et al., 2011). Threats to seabirds are

represented by two types of biological interactions with plastic:
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entanglement and ingestion (Golubev et al., 2020). The effect of plastic

ingestion on seabirds has been of concern. This concern is due to the

high frequency of ingestion of plastic by seabirds and because of the

emerging evidence of both impacts on bird general health and the

biomagnification of toxic chemicals, which can influence mortality or

reproduction (Wilcox et al., 2015).

In this review, we provide a synthesis of the peer-reviewed

literature published from the late 1980s to 2023 reporting the

ingestion of micro- and nanoplastics by seabirds from polar

regions. This work documents prominent trends in research

topics and methods, the kinds of plastic sources that have been

studied, the substrates and organic material analyzed, and the gaps

and perspectives in research coverage that merit attention in future

research. Then, we highlight how this information is important for

seabird conservation and the implementation of meaningful

mitigation measures. The goal of this bibliometric overview is to

evaluate international research trends on the impacts of

microplastics (MPs) and nanoplastics (NPs) on seabirds

inhabiting polar regions.
2 Materials and methods

The Preferred Reporting Items for Systematic Reviews and

Meta-Analyses (PRISMA) guidelines and protocol were applied

for this systematic review (Figure 1) (Moher et al., 2009). In this
Frontiers in Marine Science 03
study, the bibliographic database was built from sources extracted

from Scopus and Web of Science (WOS). Bibliometric data in a 40-

year time frame (1983–2023) were collected using the following

keyword combinations from the Scopus and WOS website:
a) Microplastic AND “seabird” AND “Arctic”

b) Microplastic AND “bird” AND “Arctic”

c) Nanoplastic AND “seabird” AND “Arctic”

d) Nanoplastic AND “bird” AND “Arctic”

e) Microplastic AND “seabird” AND “Antarctica”

f) Microplastic AND “bird” AND “Antarctica”

g) Nanoplastic AND “seabird” AND “Antarctica”

h) Nanoplastic AND “bird” AND “Antarctica”
The systematic review is structured in four stages: identification,

screening, eligibility, and inclusion in the analysis. In the

identification phase, all original publications were included. All

the articles were screened, and information about title, year of

publication, and DOI were collected. Firstly, duplicate articles were

eliminated by a preliminary screening based on the title of the

articles. From the analysis of the abstracts, articles about macro-

and mesoplastic and seabirds not inhabiting the Arctic and

Antarctica were excluded. Aiming to target the ingestion that

occurred only under natural conditions in the marine and

terrestrial environment, studies corresponding to MP and NP
FIGURE 1

Flow diagram of the articles examined in the four stages of PRISMA. The numbers in brackets correspond to the number of articles included at each
step. Source of PRISMA Flow Diagram: Moher et al. (2009).
frontiersin.org

https://doi.org/10.3389/fmars.2024.1343617
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Taurozzi and Scalici 10.3389/fmars.2024.1343617
identification analyzing different biological comparts were included.

Thus, studies based on the analysis of environmental matrices

around bird nesting colonies and referring to terrestrial birds

were also excluded. Papers on birds breeding in polar regions but

inhabiting other continents were included. Throughout the

eligibility stage, a full-text review was conducted, and the same

exclusion criteria were applied. The collected information at this

stage included (a) year of publication, (b) study area, (c) the

organism (taxonomic groups, species, number of individuals, and

MP and NP occurrences), (d) the research (research topic,

methodological approach, and examined tissue), and (e) the MPs

and NPs (number of total ingested MPs and NPs, MPs, and NPs per

individual and description of the most frequently ingested type and

polymer material). If the above-described information was grouped

with findings of plastics greater than 5 mm in size or papers not

showing plastic dimensions, it was excluded from the analysis.

Information about the study sites and relative coordinates were

taken from the paper body.

Online databases were used for the further collection of data

related to the taxonomy (class and family) and the feeding behavior

of the examined organism: Avibase (Lepage, 2021) and BirdLife

Data Zone (BirdLife International Datazone, 2020). QGIS (QGIS

Development Team, 2023) was used for mapping the distribution

of sites.
3 Results

3.1 Description of the dataset

The primary search (identification stage) included 40 articles

from 1983 to 2023, which mainly originated from the literature

search on the Scopus database and WOS. Through the screening

process and the application of the inclusion criteria, 14 articles were

selected. Mainly, the articles were excluded because of a lack of data

about plastic dimensions, because their focus was on plastics larger

than 5 mm, or because they referred to birds not linked to the sea

for reproductive strategies or foraging or birds not inhabiting the

polar regions. Overall, 24 papers focused on meso- and

macroplastics, highlighting an important discrepancy between the

number of papers referring to these two-dimensional classes of

plastics investigated. The first record of MP ingestion by seabird

dates to 1983 (Furness, 1983), and the records have increased in the

last 4 years, with 10 articles published since 2019 (5 for the Arctic, 6

for Antarctica). All the recorded articles refer to MP ingestion,

excluding articles on macroplastic and mesoplastic ingestion, while

there are no studies on NP ingestion by seabirds in polar areas.
3.2 Geographical distribution of study sites

Overall, 9 study sites were considered for the Arctic and 16

study sites were considered for Antarctica. The distribution of sites

in the Arctic covers three countries: Canada (4), Denmark (1), and

Norway (3). The distribution of sites in Antarctica covers one
Frontiers in Marine Science 04
country: the United Kingdom (3). Other sampling sites in

Antarctica are politically part of the continent (Table 1).
3.3 MP ingestion across seabirds

From 1983 to 2023, four seabird species from the Arctic and

nine seabird species from Antarctica were analyzed under the scope

of MP ingestion (Figure 2).

In the Arctic, the species considered were Alle alle, Fulmarus

glacialis, Larus hyperboreus, and Uria lomvia.

In Antarctica, the species considered were Aptenodytes

patagonicus, Procellaria aequinoctialis, Puffinus gravis, Puffinus

griseus, Pygoscelis adeliae, Pygoscelis antarcticus, Pygoscelis papua,

Stercorarius antarcticus, and Stercorarius maccormicki.

All the species belong to five families: Alcidae, Laridae,

Procellaridae, Spheniscidae, and Stercoraridae.

Overall, 1130 samples were investigated, including stomach

content, pouch content, guano, and pellets. Stomach content

represents the ingested compound of a bird present in its gastro-

intestinal system at the moment of its death (Manko, 2016); pouch

content is the food stored by little auks and few other birds on their

foraging trips on a gular pouch located below the beak (Steen et al.,

2007); guano is the complex excrement of seabirds, made of a
TABLE 1 Study sites in the Arctic and Antarctica and
relative coordinates.

Area Coordinates Reference

Arctic 70°29’23”N 21°35’57”W Amélineau et al., 2016

Arctic 54°09’01”N 56°56’56”W Avery-Gomm et al., 2018

Arctic 78°22’59”N 15°58’59”E Benjaminsen et al., 2022

Arctic 67°13’59”N 62°28’00”W
66°55’59”N 61°46’00”W

Bourdages et al., 2021

Arctic 74°26’31”N 19°03’26”E Collard et al., 2023

Arctic 67°10’56”N 62°33’25”W Hamilton et al., 2021

Arctic 56°27’14”N 58°02’26”W Provencher et al., 2018

Arctic 78°55’00”N 11°55’59”E Tulatz et al., 2023

Antarctica 54°00’00”S 38°00’00”W
60°00’00”S 45°00’00”W

Bessa et al., 2019a

Antarctica 64°50’59”S 62°53’59”W
62°37’00”S 61°04’00”W
64°08’59”S 60°56’59”W
62°58’00”S 60°38’59”W
62°38’59”S 60°35’59”W
62°22’59”S 58°26’59”W
64°47’59”S 62°50’59”W
64°43’00”S 62°40’59”W
65°13’59”S 64°10’00”W
54°00’00”S 38°04’59”W

Fragão et al., 2021

Antarctica 34°04’59”S 18°04’59”E Furness, 1983

Antarctica 62°14’09”S 58°46’29”W Kim et al., 2023

Antarctica 54°38’59”S 36°26’59”W Le Guen et al., 2020

Antarctica 62°11’58”S 58°58’36”W Lenzi et al., 2022
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mixture of food residues and metabolic waste products, with uric

acid as the main component (De La Peña-Lastra, 2021); pellets are

regurgitations of indigestible food (Jordan, 2005). Pellets were the

most investigated substrate (699), followed by stomach contents

(309), guano (101), and pouch contents (21). Studies on MPs in

stomach contents date back to 1983, while investigations on MPs in

pellets were first recorded in 2019.

Among the 374 samples investigated in the Arctic, 90% (all

except 30) had at least one piece of MP in their content; 82% of

stomach contents had MPs (Table 2). Pellets were not considered in

studies in the Arctic. A median of 31.5 MPs per sample were found

in the Arctic, with an average of 7.2 MPs per sample.

For Antarctica, 756 birds (individuals) were considered,

investigating 699 pellets and 57 stomach contents. Among the

756 samples investigated, 97% (all except 23) had at least one

piece of MP in their content; 60% of stomach contents had MPs,

while 100% of pellet samples contained MPs (Table 3). Guano and

pouch content were not considered for studies in Antarctica. A

median of 35 MPs per sample were found in Antarctica, with an

average of 1.1 MPs per sample.
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3.4 Ingested MPs characterization

Overall, 3523MPs were retrieved from stomachs, pellets, guano,

and pouch contents. The number of MPs per sample was highly

variable, with an average of 3.1 MPs per bird (min = 0, max = 36).

Regarding MP shape, fragments were the dominant shape, making

up 79%, while fibers accounted for 21% (Figure 3). Most of the

fragments (Arctic, F.O. (Frequency of Occurrence) = 99%, n = 1687;

Antarctic, F.O. = 79%, n = 308) were found in stomach contents,

while the fibers were mainly found on pellets (Antarctica, F.O. =

81%, n = 315).

Regarding MP type, cellulose-based plastic was the dominant

type of plastic, making up 32%, followed by sheet (28%), plastic

thread (15%), foam (12%), film (7%), and pellet (6%). Overall, 14

plastic polymers were identified and classified; in addition, two

classes were created, called “miscellaneous” and “unknown”, to

categorize, respectively, mixed polymers and unidentified polymers

(some of the articles lacked information about the characterization

of plastic polymers and/or did not perform an identification).

Polystyrene (PS), polypropylene (PP), polyethylene terephthalate
FIGURE 2

Global distribution of study sites and relative 13 species considered (red dots = Arctic sites; red line = Arctic species and samples; yellow dots =
Antarctica sites; yellow line = Antarctica species and samples). For each species, the matrices analyzed are shown in a dot near the species’ picture.
The articles considered analyzed pellets, stomach contents, pouch contents, and guano. The number of samples considered for each matrix is
presented on the bottom, separated for the Arctic (red line) and Antarctica (yellow line).
TABLE 2 Species considered, relative family, number of articles, number of samples, and relative number of MPs found (in brackets) for each
biological matrix considered in the Arctic (N, number of studies considering the relative species).

Species Family N Guano Pouch Stomach TOT

Fulmarus glacialis Procellaridae 6 71 (65) – 201 (2582) 272 (2647)

Larus hyperboreus Laridae 1 – – 21 (1) 21 (1)

Alle alle
Alcidae

1 – 21 (40) – 21 (40)

Uria lomvia 1 30 (0) – 30 (0) 60 (0)
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(PET), polyamide (PA), polyethylene (PE), and polyester (PES)

were the polymers found in both the Arctic and Antarctica samples.

Some MP polymers were not identified due to the author’s choice to

analyze only a subsample or because of the impossibility of

identifying them (small dimension of MPs, creation of a
Frontiers in Marine Science 06
subsample, etc.); in this case, MP polymers were classified as

“unknown” and were not reported in our results.

Summarizing the findings of the analysis, in the Arctic, PE was

the only polymer to be found in all the sample types considered

(stomach content, guano, pouch content), showing higher
TABLE 3 Species considered, relative family, number of articles, number of samples, and relative number of MPs found (in brackets) for each
biological matrix considered in Antarctica (N, number of studies considering the relative species).

Species Family N Pellet Stomach TOT

Aptenodytes patagonicus

Spheniscidae

1 47 (236) – 47 (236)

Pygoscelis adeliae 1 20 (3) – 20 (3)

Pygoscelis antarticus 1 57 (18) – 57 (18)

Pygoscelis papua 3 320 (90) 14 (378) 334 (468)

Procellaria aequinoctialis

Procellariidae

1 – 20 (52) 20 (52)

Puffinus gravis 1 – 10 (0) 10 (0)

Puffinus griseus 1 – 13 (0) 13 (0)

Stercorarius antarticus Stercorarius maccormiki Stercoraridae
1

255 (51) – 255 (51)
2

A B

DC

FIGURE 3

Number of MPs found in each matrix (A), number of MPs for each type of plastic (B), number of MP polymers (C), and percentage of MP polymers
for each bird (D) (red line = Arctic species and polymers; yellow line = Antarctica species and polymers). PS, Polystyrene; PP, Polypropylene; PET,
Polyethylene terephthalate; PA, Polyamide; PES, Polyester; PE, Polyethylene; PVC, Polyvinyl chloride; PUR, Polyurethane; ABS, Acrylonitrile butadiene
styrene; PAC, Polyacrilate; PAN, Polyacrylonitrile.
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occurrence in Fulmarus glacialis (n = 987), Alle alle (n = 12) and

Uria lomvia (n = 3); PES was also found in all the samples, showing

lower frequencies (Fulmarus glacialis, n = 13; Alle alle, n = 3). PP

was only found in Fulmarus glacialis (n = 380), while PVC was only

found in Alle alle pouches (n = 24). PET was only found in

Fulmarus glacialis stomach contents (Table 4).

In Antarctica, our results show that PE was the most occurring

polymer in Spheniscidae (n = 238), while PES was only found in

Spheniscidae (Genera Pygoscelis, n = 12; Gen. Aptenodytes, n = 6).

PP, PE, and PES were the only polymers found both in stomach

contents and pellets. PAC, PAN, PA, and PET were only found in

Pygoscelis Papua (Table 5).
4 Discussions

4.1 Evaluation of the dataset

Under this review, the occurrence of MP ingestion by seabirds

covered a period of 40 years. Although the number of publications

on plastic ingestion by fauna has increased in recent years (Markic

et al., 2020), the overall unseen growth of the research literature on

our topic could be linked both with the still poorly studied emerging

topic of seabird plastic contamination (Baak et al., 2020), the lacking

identification of size and polymer type in plastic analysis by some

publications, and the restricted knowledge about Arctic and

Antarctic plastic pollution dynamics (Bergmann et al., 2022;

Citterich et al., 2023). This study spans a period of 30 years (1983

– 2016): this data could be interpreted as an early, positive

awareness of modern themes and actual conservation interests

like the impact of plastic on seabirds. However, it could also be

interpreted as a recent development of studies and research on MP

ingestion by seabirds (Dehnhard et al., 2019; Roman et al., 2020),

considering that only one study was published before 2016. The

equal distribution of the number of studies in the polar regions (six

for the Arctic, seven for Antarctica) reflects the comparable number

of seabird species and that of scientific stations present in polar

regions. There is no doubt that research on this topic is largely poor

and needs to be boosted in the coming years to meet specific

challenges from plastic pollution in remote regions (Eriksen et al.,

2020). Thus, recent policies combined with the overall effort of the
Frontiers in Marine Science 07
research community have highlighted the urgency of quantifying

and monitoring the ingestion of MPs by marine fauna.
4.2 MP accumulation in
seabirds compounds

To date, more than 100 seabird species inhabit polar regions

(BirdLife International Datazone, 2020), and at least 13 species have

been reported to have ingested MPs. MP ingestion was described for

different species belonging to different families, some of them with

similar evolutionary backgrounds: Alcidae, Laridae, and

Stercoraridae belong to the Charadriiformes order, while

Procellaridae belongs to the Procellariformes order and

Spheniscidae belongs to the Sphenisciformes order (BirdLife

International Datazone, 2020). Differences in biological

compounds considered between the polar regions may be

explained by the different species considered, differences in

human population density, and the relative historical cultures. In

the Arctic, stomach contents were considered three times more

frequently than in Antarctica as a result of the presence of species

highly adapted to marine life and swimming and with good flying

abilities. Scientific activities considering this seabirds species can

generate problems in birds catchment and to spot biological

compounds like pellets. The analysis of the stomach content,

sacrificing bird individuals, provide a complete overview of the

MPs ingested. Moreover, many birds inhabiting the Arctic, like

Fulmarus glacialis or Uria lomvia, use high cliffs as perches or as

nesting places (Boertmann, 2023) and guano is easily recognizable.

The absence of guano analysis on Laridae may be due to the low

number of studies (n = 1) considering this species. It is also

important to note that Arctic lands have a long history of

indigenous peoples before and European colonizers after that

were used to hunting seabirds (Winter et al., 2023); the destiny of

the now-extinct Pinguinus impennis is emblematic of this

(Hufthammer and Hufthammer, 2023). We hypothesize that this

historical and cultural background alongside the relatively difficult-

to-find seabird pellets (Barrett et al., 2007) has led to the use of

hunting techniques to analyze MP ingestion in the Arctic rather

than less invasive approaches. This hypothesis could also explain

the differences observed in the data regarding the first records of
TABLE 4 Species, samples, and number of MP polymers found in the Arctic.

Species Sample NS NPP PS PP PET PA PES PE PVC PUR ABS SD R

Alle alle Pouch 21 40 – – – – 3 12 24 – – – –

Fulmarus galcialis Stomach 201 2582 44 380 21 5 4 986 1 1 2

Guano 71 65 1 9 1 9 1

Larus hyperboreus Stomach 21 1 1 – – – – – – – – – –

Uria lomvia Stomach 30 0 – – – – – – – – – – –

Guano 30 10 1 3 1
fr
ontiersin
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MPs in stomach contents (1983) and pellets (2019), highlighting the

recent development of MPs research techniques based on pellets.

On the other hand, in Antarctica, a tendency has emerged to

consider pellets as biological compounds to investigate MP

accumulation rather than stomach contents. This result may be

related to the high percentage of samples from Spheniscidae

analyzed. Spheniscidae, represented by Aptenodytes patagonicus,

Pygoscelis adeliae, Pygoscelis antarcticus, and Pigoscelis papua, are

unable to fly (DeBlois and Motani, 2019) and are forced onto the

mainland; their pellets are easy to recognize and can be used as a

proxy for MP ingestion without sacrificing individual animals.

Laridae and Stercorariidae are sister groups, sharing similar

behavioral traits (Andersson, 1999); the different approaches to

detecting MP accumulation (stomach contents vs. pellets) between

the Arctic and Antarctica highlight how different scientific

backgrounds regarding historical culture can influence approaches

to investigating similar aims. At the same time, differences emerged

between the occurrence of fragments, mainly found in stomach

contents, and fibers, mainly found in pellets, highlighting a shift in

these two approaches. Pellets are unlikely to represent the full

plastic load of an individual and care must be taken in assessing

plastic occurrence when using this technique (Provencher et al.,

2017). Small pieces of plastics, like fragments, can potentially be lost

to the environment (wind, sea waves) before collection, while fibers

are likely to be incorporated into the intertwined structure of pellets.

We also hypothesized that fibers, due to their thin and mouldable

shape and structure, are easier to regurgitate by birds (Ghaffar et al.,

2022) than fragments.

Hamilton (2021) demonstrated the similarity in MP accumulation

between stomach contents and guano in Fulmarus glacialis. Bourdages

(2021), on the contrary, found less MP accumulation in Fulmarus

glacialis guano than in stomach contents (24 and 48 MP particles,

respectively), while in Alle alle, only guano contained MPs. This

difference in MP accumulation among similar biological matrices or

different compounds in the same species may be due to different

behavioral choices in foraging, different ecological preferences, and

daily stochastic differences (Hoang and Mitten, 2022). In any case,
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given the relatively higher number of MPs found in pellets with respect

to those in stomach contents and the non-invasive approach, we

suggest, when possible, to analyze pellets instead of stomach contents

(Duffy and Jackson, 1986). In other cases, when working with seabirds

that are expert flyers, stomach content analysis is the easier or the only

way to reach the aim of MP ingestion characterziation (Ryan and

Jackson, 1986; Ryan, 1987). Fulmarus glacialis, in particular, tends not

to regurgitate solid particles; as a consequence, its stomach contents

indicate levels of pollution encountered by the bird over a precise

period (Kühn and van Franeker, 2012).

In summary, we can suppose that the absence of non-flying

seabirds in Arctic regions could have led to a focus on the analysis of

the digestive tract of individual animals rather than pellets or guano.

The pouch content analysis performed by Amélineau et al. (2016)

on Alle alle individuals represents an interesting approach to

investigating MP ingestion; despite the gentle handling and

removal of pouch content, this must be considered an invasive

method. However, this is the only technique used until now that has

been able to characterize the exact number, dimension, and

composition of plastic compounds, preventing fragmentation

phenomena in the digestive tract (Karnovsky et al., 2012).

The total percentage of species that had ingested MPs was

considered high, as almost 78% of the total examined species had

ingested at least one MP item. It is also important to highlight that

some studies included no significant findings, where MP ingestion

was not detected, polymers were not identified, or only a subsample

was considered, which may have affected the estimations (Marmara

et al., 2023). In previous literature referring to plastic ingestion by

seabirds of the genera Puffinus (Pierce et al., 2004; Acampora et al.,

2014), data from Furness (1983) showing noMP ingestion in Puffinus

griseus and Puffinus gravis are not explained by the author, also

highlighting the similarity in feeding techniques between the

representatives of that genus. The highest abundances of MPs came

from ubiquitous (Fulmarus glacialis) and sedentary species

(Pygoscelis papua) (Mallory, 2006; Bost and Jouventin, 1990).

Fulmarus glacialis, considered a low concern for IUCN Red Lists

(BirdLife International, 2018), is defined by the Oslo-Paris
TABLE 5 Species, samples, and number of MP polymers found in Antarctica.

Species Sample NS NPP PS PP PET PA PE PES PAC PAN M

Aptenodytes patagonicus Pellet 47 236 – 2 – – 6 – – – –

Procellaria aequinoctialis Stomach 20 32 155 – – – – – – – –

Puffinus gravis Stomach 10 0 – – – – – – – – –

Puffinus griseus Stomach 13 0 – – – – – – – – –

Pygoscelis adeliae Pellet 77 3 – – – – 2 – – – –

Pygoscelis antarcticus Pellet 57 18 – – – – 3 – – – –

Pygoscelis papua Stomach 14 378 – 92 21 6 189 – – – –

Pellet 320 90 – 1 – – 9 12 1 1 –

Stercorarius antarcticus + Stercorarius maccormiki Pellet 255 51 – – – – – – – – 48
frontiersin
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Convention (OSPAR) as a bioindicator for plastic pollution (Trevail

et al., 2015), and the retrieved papers confirm the trend of this species

to accumulate MPs mainly in their stomach contents. Pygoscelis

papua is a top predator, considered a standard organism for

monitoring plastic pollution in Antarctica (Bessa et al., 2019a). The

data retrieved on MP accumulation confirm the effectiveness of this

species as a bioindicator. Next to this species, our results evidence the

effectiveness of Aptenodytes patagonicus as an indicator of MP

accumulation, while Procellariidae efficacy was proven more

frequently in the Arctic than in Antarctica. Fulmarus glacialis and

Larus hyperboreus, two top predators in the Arctic food web (Bustnes

et al., 2005) show similar ecology, breeding in close urban

environments and foraging over coasts, bays, harbors, and inshore

waters (Darby et al., 2021; Benjaminsen et al., 2022); however, MP

abundances retrieved in this review don’t support this ecological

overlapping, where a similar MP concentration was expected. Indeed,

13 MPs/sample for Fulmarus glacialis and 0.04 MPs/sample for Larus

hyperboreus were detected, which is an important difference

considering their similar foraging behavior.
4.3 MP polymer characterization

The sample size of the analyzed specimens could explain the high

number of MPs found, although the ecological conditions and

geographical isolation of polar regions could suggest a low level of

MP accumulation (Corsi et al., 2020). Fragments were the most

common type of MP in the Arctic, at 10 times higher than fibers,

which is in line with previous studies (Hänninen et al., 2021).

Fragments are often generated by the breakdown of larger plastic

debris (Hallanger and Gabrielsen, 2018) and represent the most

ingested type of MP by seabirds (Mallory, 2008; Baak et al., 2020).

Fibers in the Arctic represent only a small percentage of the total

types of MPs, which is in discordance with Marmara et al. (2023),

where fibers were also the most common type among Aves. PE

abundance in Arctic seabirds is in accordance with Bourdages et al.

(2021) but not with Rodrıǵuez-Torres et al. (2020), underling the

affinity of birds with PE accumulation rather than other fauna. PET is

a common thermoplastic widely used in commercial packages

(Lionetto et al., 2021) and had a similar occurrence in the Arctic

and Antarctica, impacting both Procellariidae and Spheniscidae.

Kleptoparasitism in birds is well documented (Morand-Ferron

et al., 2007), in particular in Laridae (Spencer et al., 2017). Many

birds steal food from humans (Raghav and Boogert, 2022) or other

birds (Morand-Ferron et al., 2007), with the associated risk of

ingesting plastic from packaging. However, in such remote lands, it

is difficult to identify the exact source of ingested plastic from

seabirds; ingestion is higher in breeding birds, which can ingest

high concentrations of plastics during migrations (Baak et al., 2020).

In general, based on the data gained from the papers and the analysis

conducted, it is clear that the use of standardized protocols for MP

detection in seabirds could contribute to the exact quantification and

comparison of MP ingestion. Analyzing the papers and data

retrieved, a significant number of studies did not report some

information considered necessary to categorize plastic polymers,
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and a complete overview is therefore difficult to show. Under this

review, PE and PP were the most abundant polymers in Antarctica,

found only in Pygoscelis Papua stomach contents. PE, mainly used in

packaging, is the dominant pollutant polymer in the Mediterranean,

followed by PP (Llorca et al., 2021). Zhang et al. (2017) found an

inverse relationship between PP abundance and relative plastic

dimensions in seas, suggesting an interesting trend in PP

compounds to degrade in MPs. PE and PP are often present as

marine aggregates, which deposit, after a certain period, at the bottom

of the sea (Sharma et al., 2021). Pygoscelis papua takes shorter trips to

forage for food than other species (e.g., Pygoscelis Adeĺie) (Williams

and Rothery, 1990), suggesting that MP ingestion happened near the

Antarctica coasts due to plastic pollution. Moreover, PE, PP, and PES

were found in Antarctic krill, one of the main food resources of

Pygoscelidae (Zhu et al., 2023). Krill represents an important limiting

factor for the breeding success of Fulmarus glacialis, and data from

the Arctic confirmed the high abundance of PE and PP in Fulmarus

glacialis (Creuwels et al., 2007). The data retrieved suggest

biomagnification of MPs through the food chain as the main

driving force of MP ingestion. PS, found both in the Arctic and

Antarctica, was ingested only by birds that can fly. Larus hyperboreus

and Fulmarus glacialis are the two seabird species impacted by PS in

the Arctic. The same ingestion trend was observed in Procellaria

aequinoctialis in Antarctica. There is more evidence of PS ingestion

by Laridae and Procellariidae in Europe (Nicastro et al., 2018; Ask

et al., 2020); PS is a light plastic polymer, which tends to float on the

water’s surface (Taurozzi et al., 2023). The observed occurrence of PS

can be due to the trend of Laridae and Procellariidae to feed on small

prey on the water’s surface, where plastics tend to float and

accumulate, making them highly susceptible to plastic ingestion

(Vanstreels et al., 2021).

Although the number of scientific papers related to MP ingestion

is increasing and the gaps in knowledge about MP ingestion by

seabirds have been partially bridged, the need for harmonized

protocols, as well as increased focus on the impact of MPs on

fauna from the polar regions remains. The use of a biological

matrix instead of an alternative could create discrepancies in the

correct evaluation of data: MPs found can be different in terms of

abundance and the results can be different between sampling

methods. Moreover, the use of established protocols for extraction

and/or quantification of microplastics in biota, which can be

categorized into two main classes, i.e. destructive and non-

destructive methods, should be harmonized when studying

comparable biological models (Bessa et al., 2019b). Stomach

contents analysis is a highly sensitive method of detecting MP

ingestion, more than pellets or guano, but it is a very invasive

method. Here, we suggest evaluating MP concentration in seabirds

using non-invasive methods or low-invasive methods, such as

stomach flushing (Goldsworthy et al., 2016) or fecal analysis

(Verkuil and Burg, 1996). The use of µFTIR or µRAMAN to

identify MP polymers is a very informative and non-destructive

approach (Bessa et al., 2019b). However, Independently of the

selected protocol, monitoring programs need to be designed,

allowing for comparisons across research teams and monitoring

authorities and countries (Bessa et al., 2019b).
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5 Conclusions

Under this review, MP ingestion in polar seabirds was examined

in 13 species, and its impacts were confirmed for all the species,

although with different levels of intensity. The most abundant MP

shape was fragments, followed by fibers. The mean MPs ingested by

individual animals was highly variable considering the different

matrices analyzed: in any case, it was identified, on average, as 7.5

MPs/ind in the Arctic and 1.1 MPs/ind in Antarctica. Looking

forward to the focus of the scientific community, the impact of MPs

is expected to be further investigated. Moreover, temporal trends of

papers on the impacts of MPs on polar fauna, in particular, seabirds,

do not suggest a rapid increase of studies on this topic in recent

future. The importance of seabirds as biological indicators and their

crucial role as top predators in the polar food chains renders them

in need of protection. The monitoring of MP ingestion is crucial to

mitigating the impacts on marine and terrestrial organisms.

Standardized protocols could boost the safeguarding of seabirds

and polar regions. Furthermore, new analytical approaches should

be developed considering all the stochastic and non-stochastic

variables affecting seabird MP ingestion, as a valuable solution to

mitigate the problem.
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