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ARTICLE INFO ABSTRACT
Keywords: Plastic pollution represents a widespread threat to marine ecosystems. As top predators, seabirds are capable of
Seabird ingesting substantial amounts of plastic waste, which can cause physical harm and may serve as a route for heavy
Stercorarius

Plastic pollution
Heavy metals
Health status

metal contamination, with potential repercussions on physiology and body condition. This study investigates
plastic in regurgitated pellets of brown skua Stercorarius antarcticus and south polar skua S. maccormicki chicks at
Bahia Esperanza/Hope Bay, Antarctic Peninsula, and its association with blood total mercury (THg) concen-

trations, trophic ecology, anthropogenic activity and health markers. Regurgitated pellets (n = 445) were
collected from active nests during the chick-rearing period and the plastic content was analyzed (occurrence,
size, color and polymer composition). Additionally, THg concentrations and stable isotopes of carbon (513C) and
nitrogen (5'°N), which are proxies of foraging habitat and trophic level, respectively, were determined in the
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blood of fully fledged chicks (n = 39). A total of 33 plastics were identified in pellets, with pink and polyvinyl
chloride being the most common color (45.4%) and polymer (69.7%), respectively. A significant positive rela-
tionship was found between blood THg concentrations and the number of plastic in pellets and their surface area.
Chicks with higher blood THg concentrations were fed with prey from terrestrial-coastal areas, rather than
offshore/pelagic prey. Additionally, increased glutamic-oxaloacetic transaminase activity was associated with
higher blood THg concentrations. Based on these findings, our hypothesis is that interaction with plastics may act
as an alternative exposure route of Hg to seabirds.

1. Introduction

Plastic contamination has become a major issue in marine environ-
ments, entering food webs at many different trophic levels (Bargagli
et al., 1998; Ibanez et al., 2020). Plastic ingestion by seabirds was first
recorded in the 1960s (Ryan, 2016), and may occur indirectly (sec-
ondary ingestion in prey) or directly, as seabirds can easily mistake
macro- (>25 mm) or mesoplastics (5-25 mm) for prey or for gastroliths
used to facilitate digestion (Waring et al., 2018; Lavers and Bond, 2023).
Ingestion in chicks may also occur through intergenerational transfer
(Rodriguez et al., 2025). Plastic ingestion has been demonstrated to
have harmful and potentially fatal effects on seabirds (Battisti et al.,
2019; Lavers et al., 2019; Puskic et al., 2020; Ryan and Jackson, 1987;
Sievert and Sileo, 1993). For instance, plastic ingestion was found to
have deleterious effects on physiology, leading to renal and liver failure
(Lavers et al., 2019), body mass loss (Sievert and Sileo, 1993), physical
damage, gut obstruction and nutritional deprivation (Pierce et al.,
2004), as well as loss of appetite with subsequent effect on growth
rate (Ryan and Fraser, 1988; Sievert and Sileo, 1993). Additionally, the
surface of plastic debris is known to be a reservoir for chemical additives
and trace elements used during their manufacture, and other pollutants
(such as organic compounds and heavy metals) adsorbed from the
environment (Bradney et al., 2019; Hirai et al., 2011). Specifically,
metals can interact in many ways with plastic either physically by
adsorption of cations, chemically by complexation and co-precipitation
or, by adsorption onto hydrous oxides (Bradney et al., 2019).

In seabirds, evidence suggests that although heavy metals can be
incorporated through the diet (Ibanez et al., 2022a), chronic ingestion of
plastic could also lead to exposure to contaminants (Hirai et al., 2011;
Lavers and Bond, 2016; but see Mills et al., 2024b). Mercury (Hg) is
known to accumulate on the plastic surface by adsorption at much
higher concentrations than in the environment (Santos-Echeandia et al.,
2020). Hg is a non-essential metal that is present in the environment due
to anthropogenic and natural sources (Keane et al., 2023; Mao de Ferro
et al., 2014). Antarctica is slowly becoming a storage region for Hg. Its
gaseous form (Hg®) can disperse through long-range atmospheric
transport from emission sites, reaching remote sites such as the Polar
Regions (Nerentorp Mastromonaco et al., 2017). Natural sources of Hg
include volcanic activity and the melting sea ice (Mao de Ferro et al.,
2014), whereas human inputs include artisanal and small-scale gold
mining and the combustion of coal (Fisher et al., 2023). Additionally,
tourism and research stations may also be contributing as local factors in
the Antarctic continent (Acero et al., 1996). Once deposited in the ma-
rine environment, microorganisms methylate Hg to its most toxic form,
methyl-Hg [CH;-,Hg]+ (Driscoll et al., 2013), which is, thereafter,
incorporated into the food chain and ultimately biomagnified and bio-
accumulated by top predators, such as seabirds (Ibanez et al., 2022a;
Mills et al., 2022). Hg exhibits negative effects on seabirds, particularly
on hepatic and immune functions (Ibanez et al., 2024), body condition
(Scheuhammer et al., 2007), egg volume (Fort et al., 2014; Ibanez et al.,
2024), behavior (Goutte et al., 2015; Tartu et al., 2015) and breeding
success (Mills et al., 2020; Tartu et al., 2014).

Antarctic seabirds are exposed to different contaminants during the
breeding and non-breeding periods. Indeed, most Antarctic seabirds
show migratory patterns to lower latitudes during their non-breeding
season (Mills et al., 2024a), where they can be exposed to other

sources of contamination either on their migratory route or on their
wintering grounds, where pollutants can be at higher concentrations
than breeding sites (Albert et al., 2022). As top predators, skuas are an
ideal group to monitor pollutants in the Antarctic and subantarctic re-
gion (Ibanez et al., 2020, 2022a, 2024; Mills et al., 2022, 2025). Skuas
regurgitate indigestible parts of their prey and non-food items (e.g.,
rocks, plastics) in the form of compacted discrete masses (pellets) pro-
duced in the gizzard (Ibanez et al., 2020). Analyses of pellets indicate
that brown skuas (Stercorarius antarcticus) and south polar skuas
(S. maccormicki) exhibit generalist feeding habits, and, in the Antarctic,
their diets include penguins (eggs and chicks), other seabirds, fish,
mollusks, and krill, among others (Ibanez et al., 2022b; Morales et al.,
2025). Their foraging strategies comprise preying, scavenging, fishing
and kleptoparasitism (Furness, 1978; Reinhardt et al., 1998; Trivelpiece
et al., 1980). Brown skuas, when breeding in sympatry with south polar
skuas, monopolize land-based resources such as penguins (eggs and
chicks) and other breeding seabirds, forcing south polar skuas to feed in
inshore and offshore waters (Grilli and Montalti, 2012). These particu-
larities in diet and foraging behavior between brown and south polar
skuas can be an explanatory reason for differences in their Hg load
(Goutte et al., 2014a, 2014b; Mills et al., 2025; Tartu et al., 2014, 2015).
However, it is unclear whether the interspecific difference in feeding
behavior ultimately reflects a different level of exposure to anthropo-
genic debris ingestion.

Skuas bioaccumulate Hg through their diet (Ibanez et al., 2022a;
Mills et al., 2022), and in the Southern Ocean, exhibit higher concen-
trations at lower latitudes (Carravieri et al., 2017; Ibanez et al., 2022a;
Mills et al., 2022, 2025). Moreover, Hg induces negative effects on the
immunity and hepatic dysfunction in breeding skuas (Ibanez et al.,
2024). At Bahia Esperanza/Hope Bay, brown skuas were found to suf-
fer incidental consumption of macro- and mesoplastics available in their
breeding site as a byproduct of anthropogenic activities and in relation
to the breeding stage, which could represent an alternative route of Hg
entrance (Ibanez et al., 2020). Throughout the breeding season, plastic
ingestion was higher in areas of high anthropogenic activities and dur-
ing chick-rearing when skuas broaden their foraging niche (Ibanez et al.,
2020). Building from this, chicks are well-suited for Hg studies, since
concentrations in their tissues reflect their recent and local exposure
(Carravieri et al., 2020; Burger and Gochfeld, 2004). Considering all
these, we hypothesize that plastics may be an alternative source of Hg
contamination of skua chicks, which ultimately affects their health
status. Focusing on meso- and macroplastics detected by stereo-
microscopy in pellets, the present study aims to: (i) Describe plastics
found in skua pellets (including presence, surface area, colour and
polymer composition), (ii) Examine how plastic ingestion differed in
relation to species, anthropogenic activity and diet; (iii) Assess the main
drivers of THg concentrations at this site, including plastic, anthropo-
genic activity and diet; (iv) examine relationships between THg con-
centrations with health status markers.

2. Material and methods
2.1. Study area

Fieldwork was conducted during the 2022/2023 breeding season
(from December to February) at Bahia Esperanza, northern Antarctic
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Peninsula (63°24'S, 57°01'W) (Fig. 1a). At this location, from November
to February/March, brown skuas and south polar skuas breed in sym-
patry with a high avian diversity that includes one of the largest Adélie
penguin (Pygoscelis adeliae) colonies, with approximately 100,000
breeding pairs (Santos et al., 2018). Here, brown skuas feed mainly on
penguin eggs and chicks during their reproductive cycle (Ibanez et al.,
2022b). This location has two distinctive areas (Fig. 1b), one with
High Anthropogenic Activity (HAA), due to its closeness to the Argen-
tinean (Esperanza) and Uruguayan (Ruperto Elichiribehety) Antarctic
research stations, and one with Low Anthropogenic Activity (LAA),
which is less disturbed and farther away from research stations or
tourism activities (Carlini et al., 2007; Ibanez et al., 2020). At Bahia
Esperanza, brown and south polar skua populations reach their
maximum number during mid-January, with around 42 nests (Ibanez
et al., 2022b). During the breeding season of 2022/2023, 39 breeding
pairs (28 brown skua pairs, 4 mixed couples and 7 south polar skua
pairs) were counted.

2.2. Sample collection

2.2.1. Pellet collection and analysis

Fresh regurgitated pellets (n = 445) were collected from 22 brown
skuas and 3 south polar skua nests surrounding areas (within 2 m from
the nest), every four days. To ensure a sampling of only new regurgitated
pellets, nesting areas were cleaned upon arrival at the colony discarding
all previously produced pellets. The sampling period encompasses the
period from egg hatching to fledging (40-45 days old), and coincides
with the timeframe of chick pellet production. Previous studies have
shown that chicks regurgitate more pellets than expected per meal
(Votier et al., 2001), and that the number of pellets in the nesting area
increases greatly once the chick hatches (Ibanez et al., 2022b). There-
fore, we assume that most pellets found in nests are likely produced by
chicks. In addition, and contrary to adults which perform foraging trips
and can or might regurgitate pellets farther away from the nest, chicks
remain within the original nesting area producing pellets in situ.
Although, we acknowledge that this approach does not consider smaller
plastic particles (microplastics), which may also contribute to contam-
inant exposure, we consider plastics in pellets found in the nesting area
as a proxy of the plastic load that chicks were exposed to.

Once in the laboratory, pellets were dried at room temperature,
placed in nylon stockings and stored in cardboard boxes until their
analysis. Pellets were disassembled in a Petri dish and plastic-like debris
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larger than 5 mm (meso- and macroplastics) were visually identified on
those pellets, collected, dried and sorted by type (fragment, fiber, film)
and color (pink, blue, brown, green, grey, white, transparent) following
Verlis et al. (2013). Plastics were then measured and photographed with
a Euromex-Edublue stereomicroscope equipped with a USB digital
camera with a 0.01 mm precision. Photographs of plastic debris were
scaled and their total area was measured and calculated with the ImageJ
software (Schneider et al., 2012). Debris polymer composition was
analyzed with Attenuated Total Reflectance Fourier Transform Infrared
(ATR-FTIR). ATR-FTIR spectra were obtained in a Thermo-Scientific
Nicolet iS10 apparatus with a Smart iTR-Diamond ATR module, using
the OMNIC version 9.1.26 software (Thermo Fisher Scientific Inc.,
Massachusetts, USA). Spectra were taken at a range of 4000-800 cm ™!
with a 4 ecm™! resolution (data spacing of 0.483 cm_l) using 32 scans.
Between samples, the ATR-crystal was cleaned with isopropanol, and
background signal was updated between sample analyses. The obtained
spectra were compared in the Omnic 9.1.26 (ThermoFisher Scientific
Inc., Massachusetts, USA) with spectra of the software and libraries
generated with reference material. Particles were classified as plastics
when the match confidence was >70% (Edo et al., 2025).

2.2.2. Blood sampling

Skua chicks were identified with a hook-and-loop tape, which
included a unique identifier for the nest and chick. Once chicks were at
their fully fledged stage, they were captured by hand from the nest and
the tape was removed. Handling time was kept to a minimum, not
exceeding 8 min, to avoid negative effects and stressful responses. After
capture, blood samples (1.5 ml) were taken from the brachial vein with a
25-G needle from chicks of brown skuas (n = 29, LAAn =19, HAAn =
10) from 19 nests (LAA n = 13, HAA n = 6) and south polar skuas (n =
10, LAAn =7, HAA n = 3) from 6 nests (LAA n = 4, HAA n = 2). Blood
samples were preserved at 4°C for 6 h, and then centrifuged for 10 min at
2000 rpm to isolate the red blood cells (RBCs) from the serum (Ibanez
et al., 2022a, 2024; Mills et al., 2022). Serum and RBCs were stored
frozen at —20°C prior to subsequent laboratory analyses.
Glutamic-oxaloacetic transaminase (GOT), a hepatic enzyme involved in
metabolic reactions and a marker of hepatic health, was measured in
serum (Ibanez et al., 2024) with colorimetric commercial kits (Wiener
Lab) using an automatic analyzer (Ibanez et al., 2024).
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2.3. Total Hg determinations

Hg partitions preferentially into the cellular component of blood
(Tavares et al., 2013) and, for skuas, blood total Hg (THg) concentra-
tions are almost exclusively in the form of methyl-Hg (>90%) (Renedo
et al., 2020). THg has a half-life of 30-60 days in the RBCs of adults of
the closely-related great skua S. skua (Bearhop et al., 2000a). Although
in growing skua chicks there are no reports about this parameter, in
other seabird chicks, blood THg has been estimated to have a half-life of
5-10 days (Fournier et al., 2002; Monteiro and Furness, 2001). The
shorter half-life relative to the adult has been attributed to the rapid
growth of body tissues and feathers (Lewis and Furness, 1991; Renedo
et al., 2021). RBCs were freeze-dried and homogenized to measure
THg concentrations with an Advanced Mercury Analyzer spectropho-
tometer (Altec AMA 254 Altec®) at the laboratory Littoral Environne-
ment et Sociétés (LIENSs, France) at La Rochelle Université (La Rochelle,
France) as previously described (Chouvelon et al., 2009). For each
sample, two or three aliquots were analyzed (range: 0.17 to 3.38 mg dry
weight [dw]) until the relative standard deviations were <10%. Blanks
were analyzed at the beginning of each set of samples and to assess
accuracy and reproducibility of the measurements, lobster hepatopan-
creas TORT-3 (National Research Centre, Canada; certified THg con-
centration: 0.292 + 0.022 pg g~! dw) was used as certified reference
material (CRM). The CRM was analyzed at the beginning of each set of
samples and for every 10 blood samples. Mass of the CRM was adjusted
to match a comparable amount of Hg in the samples. The measured
value of the CRM (0.30 + 0.01 pg g’1 dw, n = 15) was in agreement with
the certified value and corresponded to a recovery of 102.2 + 0.9%. The
limit of detection of the AMA was 0.1 ng. THg concentrations are given
in pg g~ ! dw.

2.4. Stable isotope analyses

Stable isotope analysis is a valuable tool to investigate trophic
drivers of contaminant exposure in seabirds (Bearhop et al., 2000b;
Petalas et al., 2025). Particularly, stable isotope ratios of carbon
*3c:'2c, expressed as 5'3C) and nitrogen (*5N:1N, 6'°N) are among the
most commonly isotopes analyzed in avian blood (Bearhop et al., 2000b;
Morales et al., 2025). Stable isotope analyses were run on freeze-dried
RBCs. For great skuas, 6'3C and 5'°N values have half-lives of 15.7
and 14.4 days in the blood, respectively (Bearhop et al., 2002). There-
fore, there is a reasonable overlap with the half-life of THg in the blood.
Due to the low lipid content of avian red blood cells, lipids were not
removed from blood samples (Cherel et al., 2005). Subsamples of ho-
mogenized material (~0.2 mg) were weighed into tin capsules using a
microbalance (Sartorius Cubis™). Stable isotope values of 5'3C and §*°N
were determined at the University of Reading Chemical Analysis Facility
using a continuous flow-isotope ratio mass spectrometer coupled to a
ThermoFisher™ DeltaV Advantage fitted with an Isolink CNSOH Tem-
perature Conversion Elemental Analyzer (TC/EA) and smart function.
Results are expressed in the conventional §-values in parts per thousand
or per mil (%o) relative to Vienna PeeDee Belemnite (VPDB) for carbon,
and atmospheric Na (AIR) for nitrogen. All samples were analyzed in
triplicate. Data were corrected for linearity and instrument drift by
analysing in-house standards every five samples. Replicate measure-
ments of international and in-house standards indicated analytical er-
rors of <0.2 %o for 5'3C and 5'°N values.

2.5. Data analysis

Data were analyzed using R version 4.5.0 (R Core Team, 2015) in R
studio 2025.05.0 (Posit team, 2025). Figures were generated with the
ggplot2 package (Wickham, 2016).

Isotopic niches for each species, and for skuas with and without
plastic interaction were calculated using SIBER (Jackson et al., 2011),
that calculates Standard Ellipses Areas Corrected for small sample size
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(SEA(), and a Bayesian estimation (SEAg) on the posterior distribution of
the covariance matrix for each group which is a proxy of niche width.
The Bayesian probability of one group's area being larger than the other
was also calculated, as well as the overlapping area of isotopic niches.
Linear mixed models were used to examine if there were differences
between 5'3C and 5'°N values for each species, and for those skuas that
evidenced plastic interaction and those that did not. Linear mixed
models were run with the lme4 package (Bates et al., 2015), and nest
identity was set as a random effect in all models because chicks from the
same nest could not be treated as independent samples. Model as-
sumptions were evaluated to see if they met normality and homosce-
dasticity. Dataset analyzed includes those nests with related data from
chicks that were captured.

To study if the presence of plastic in pellets (plastic presence, number
of plastics and plastic surface area), zone (HAA and LAA) and/or trophic
markers (5'°C and §'°N values) were drivers of blood THg, linear mixed
models were run. THg values were log transformed. Selected models of
predictor variables were ranked according to the Akaike Information
Criteria (AIC) adjusted for small sample sizes (AICc), the models with
the lowest AIC; values and within a range of 2 AIC; units were
considered to have received the most support (Burnham and Anderson,
2002). Finally, to study health markers levels and its relation to plastic
exposure and THg concentrations, LMMs were conducted.

2.6. Ethics approval

All applicable international, national and institutional guidelines for
sampling, care and experimental use of animals for the study were fol-
lowed as established by Article III, Annex II of the Madrid Protocol, Law
24.216 (Taking, Harmful Intrusion and introduction of Species) within
the framework of the projects evaluated and approved by the Environ-
ment Office of the Instituto Antartico Argentino and Direccién Nacional
del Antartico (permits number 2022-FEAMB-CT-GA-22). In addition, all
protocols conducted in this project were evaluated and approved by the
Institutional Committee for the Care and Use of Study Animals (CICUAE
002.03.2022) of Natural Science and Museum Faculty (FCNyM-UNLP).

3. Results
3.1. Plastics in pellets: polymer and color composition

Plastic debris was only found in pellets from nests located near
research stations (i.e. the HAA area), while no plastic was found in the
LAA area (Fig. 1b; Fig. 2a). From all studied nests, 24% (6/25) contained
pellets with meso- and macroplastics. Of those nests, 83.3% (5/6)
belonged to brown skuas, and one belonged to south polar skuas. A total
of 33 meso- and macroplastics were recovered from pellets of these
nests. The mean (+SD) length of plastics was 22.6 + 14.0 mm (range:
6.4 - 77.3 mm), with areas of 229.8 + 298.2 mm? (10.3 - 1517.3 mm?).
The most common plastic color was pink (n = 15; 45.4%) followed by
white (n = 9; 27.3%) (Fig. 2b). Other colors found were brown (n = 3;
9.1%), grey (n = 2; 6.1%), blue (n = 1; 3.0%), green (n = 1; 3.0%),
orange (n = 1; 3.0%) and transparent (n = 1; 3.0%). ATR-FTIR analysis
highlighted a high abundance of polyvinyl chloride (PVC; n = 23,
69.7%) (Fig. 2c), with minor contributions of polypropylene (PP, n = 5;
15.1%), polystyrene (PS, n = 3; 9.1%), and polyethylene (PE, n = 2;
6.1%) (Fig. 2c).

3.2. Stable isotopes values and seabird-plastic interaction

No interspecific differences were observed in 513C values (LMM, est
= 0.03, p = 0.849), whereas south polar skuas exhibited higher 5°N
values than brown skua chicks (LMM, est = 0.96, p < 0.001) (Table 1).
Brown skuas exhibited a greater isotopic niche width than south polar
skuas (Table 1, Fig. 3); Bayesian probability (pp) of south polar skua
niche being larger than brown skuas was 0.0. The overlap between the
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Table 1

Stable isotopes values (mean + SD) and SIBER analyses of skuas. Metrics include 513C, 515N, Total area (TA), Standard Ellipse Areas (%02) corrected for small sample
sizes (SEAC), the overlap of areas, and the Bayesian Standard Ellipse Areas (SEAB, %02), with its probability (pb). Comparisons are made between species, and between

plastic presence/absence in pellets of the total sample and within the HAA.

53¢ 5°N TA (%0%) SEAG (%0%) Overlap (%0%) SEAg (%0%) PB
Mean + SD (%o) Mean + SD (%o)
Brown skuas -23.1+04 9.3+0.8 3.71 1.03 0.07 0.98 0.0
South polar skuas -23.1 £0.14 10.3 £ 0.5 0.43 0.22 0.19
Plastic —22.9+0.2 9.5 + 0.9 1.07 0.78 0.58 0.67 0.81
No plastic -23.1+0.4 9.6 + 0.9 3.57 1.03 0.97
HAA plastic -22.9+0.3 9.0 + 0.4 1.07 0.78 0.07 0.64 0.62
HAA no plastic —23.1+0.3 10.4 £ 0.9 0.33 0.72 0.57

species standard ellipse areas corrected was 7%.

No differences in the §'3C and 5'°N values were observed between
skua chicks that interacted with plastic debris and those that did not
(LMM, est = 0.16, p = 0.29; LMM, est = —0.08, p = 0.86, respectively)
(Table 1). Isotopic niches of skuas with plastic debris had smaller areas
than those that evidence no plastic interaction (Table 1 and Fig. 3b);
Bayesian probability (ps) was 0.81. The overlap between groups stan-
dard ellipse corrected areas was 58%.

Within the HAA, slight differences in the isotopic values were
observed in skua chicks that had evidence of plastic debris interaction
from those that did not (Table 1). Within the HAA, isotopic niche of skua
chicks with plastic debris interaction had larger SEA¢ values than those
that evidence no plastic in their diet (Table 1 and Fig. 3c); Bayesian
probability (pp) was 0.62. The overlap between group standard ellipse
areas which were corrected scaled to contain 95% of the bivariate dis-
tribution was 7.2%.

3.3. Drivers of blood THg concentrations

Mean (£SD) blood THg concentrations of skua chicks at Bahia
Esperanza was 0.10 + 0.12 pg g ! dw (Table 2). To account for non-
independence among sibling chicks, we performed an ANOVA be-
tween models with and without (null model) nest as a random effect. We
found a significant nest influence in THg chick load (X% = 39.13, p <
0.001) (Fig. S1).

The most parsimonious LMM explaining THg concentrations
included the number of plastics in pellets as a fixed effect (p < 0.001)
(Table S1). An equally plausible model (i.e., AAICc < 2.0) included the
number of plastics and plastic surface area (p < 0.001) as fixed effects
(Table S1). Models that included zone, plastic presence, 513C or 6'°N
received less support. Both the number of plastics in regurgitated pellets
and the surface area of plastic debris were positively associated with
blood THg concentrations in skua chicks (LMM, est = 0.025 p < 0.001
and est = 0.0001 p < 0.001, respectively) (Fig. 4). This association was
also observed within brown skuas that had plastic evidence in their
pellets (LMM number of plastic, est = 9.858e %2 p = 0.001; plastic
surface, est = 5.193e™% p < 0.001). Blood THg was unrelated to 5'>C
and 5'°N.

3.4. THg concentrations and hepatic function markers

A positive relationship (LMM, est = 85.76, p = 0.001) was found
between blood THg and GOT activity in skua chicks (Fig. 5). For skuas
exposed to plastic contamination, no significant relationship was
observed between GOT activity and number of plastics (LMM, est =
0.63, p > 0.05).
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Fig. 3. 5'3C vs. 8'°N values of chicks of brown skuas (pink) and south polar skuas (blue) at Bahia Esperanza, Antarctic Peninsula. Left: biplot with the Corrected
Standard Ellipses Areas (SEAc) and the boxplot of the §'3C and 5'°N distribution per group; right: Bayesian Standard Ellipse Area (SEAg) of a) brown (pink), and south
polar (blue) skuas; b) skuas exposed (grey, triangles) and not exposed to plastic debris (black, circles); c) skuas exposed (grey, triangles) and not exposed to plastic

(black, circles) from the HAA area. Abbreviation: P, plastic; NP, no plastic.

4. Discussion
4.1. Plastics in pellets: polymer and color composition

During chick-rearing, plastic was only found in regurgitated pellets
from brown and south polar skuas breeding in the HAA area at Bahia
Esperanza, and no plastics were found in the LAA area. This could be
mainly due to the fact that overall HAAs have more plastic availability as

reported for this site (Ibanez et al., 2020; Lozoya et al., 2026), and other
Antarctic locations (Absher et al., 2019; Golubev, 2020). A large per-
centage of birds worldwide are known to have incidentally ingested
plastics and many times evidenced by their presence in regurgitated
pellets (Caldwell et al., 2020; Ibanez et al., 2020; Lavers and Bond, 2016;
Ryan, 1987; Santos et al., 2021). Particularly, plastic ingestion in some
seabird chicks is reported to have increased over the decades (Lavers and
Bond, 2016). Skuas are highly exposed to plastic pollution in the
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Table 2

Blood THg concentrations (ug g~ ! dw) in chicks of brown skuas and south polar
skuas at Bahia Esperanza, Antarctic Peninsula. Mean, standard deviation, min-
imum and maximum values are shown for the total dataset, both species, skuas
with evidence of plastic interaction, skuas with no plastic interaction recorded,
for each zone, and for skuas with evidence of plastic interaction and no plastic
interaction within the HAA.

THg pg g ' dw

n Mean + SD Min Max
Total 39 0.101 + 0.064 0.065 0.390
Brown skuas 29 0.101 + 0.074 0.065 0.390
South polar skuas 10 0.102 + 0.025 0.077 0.154
Plastic 9 0.161 £ 0.118 0.072 0.390
No plastic 30 0.083 + 0.011 0.065 0.109
HAA 13 0.138 +£0.103 0.072 0.39
LAA 26 0.083 + 0.012 0.065 0.109
HAA plastic 9 0.182 + 0.141 0.083 0.39
HAA no plastic 4 0.1 £0.031 0.072 0.154

Southern Ocean and Antarctica with evidence found in their pellets,
scats and their gastrointestinal content (Bottari et al., 2026; Golubev,
20205 Tbanez et al., 2020; Lenzi et al., 2022; Ryan, 1987). As skuas are
visual foragers, the interaction with debris and its ingestion might be
due to incidentally picking plastic from their environment by confusion
with a prey or gastroliths, or from trophic transfer from their prey
(Carrillo et al., 2025; Lavers and Bond, 2023; Provencher et al., 2019;
Roman et al., 2019).

Among the plastics recovered from regurgitated skua pellets, pink
was the most abundant color followed by white (Fig. 2). This result is
consistent with plastic color found in skua pellets from Isla 25 de Mayo/
King George Island (South Shetland Islands) (Lenzi et al., 2022),
although other studies have shown no specific patterns (Ryan and
Fraser, 1988). Color frequency seems to be related to their prey simi-
larity and foraging strategies (Roman et al., 2019; Ryan, 1987). Pink
color is abundant among their prey (i.e., penguin flesh, krill), as well as
in the plastic debris found in this study (Fig. 2b). For animals feeding at
sea by surface-seizing, color contrast with sea-water (as perceived from
above) may also serve as a visual cue. Hence, white plastic debris could
be a good match (Ryan, 1987) and a plausible explanation for its high
frequency in skua pellets. Regardless of color availability in their envi-
ronment being a limiting factor for color picking, seabirds have shown to
select colors at a significantly different frequency from the available
ones, also for their nesting areas (Hidalgo-Ruz et al., 2021; Verlis et al.,
2014).
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FTIR analysis indicated that the most abundant plastic polymer was
PVC followed by PP, PS and PE in minor amounts (Fig. 2). These poly-
mers are some of the most abundant found in the coastline of Bahia
Esperanza (Lozoya et al., 2026), surface waters around the Antarctic
Peninsula (Caruso et al., 2022), and in seabird regurgitations over the
world (Bilal et al., 2023; Furtado et al., 2016). These polymers originate
from local sources, such as sewage (treated or untreated), from tourism,
fishing and research vessels, and scientific research stations. Widely
used as a material for construction, packaging and plumbing, PVC is
closely associated with research stations and related infrastructure in
Antarctica (Gurumoorthi and Luis, 2023). Indeed, the lack of plastics
identified from nests in LAA areas indicates that anthropogenic activity
occurring near nests is an important source of plastic to skuas on the
northern Antarctic Peninsula. Furthermore, PVC is one of the most
common polymers found to be ingested by other seabirds such as auks
(Otsuki et al., 2024) and Procellariiformes (Van Hassel et al., 2024), and
it is known for its rapid adsorption rates for heavy metals such as Hg
(Santos-Echeandia et al., 2020; Spedding and Hamilton, 1982). There-
fore, plastic debris, together with its polymeric composition and
chemical capacity to adsorb additional metal, represents a major
concern due to the potential adverse effects on wildlife.

4.2. Plastic and diet

Generalist seabirds with flexible feeding behaviors and more varied
diets tend to exhibit a higher occurrence of plastic than specialist ones
(Ryan, 1987; Schutten et al., 2024). In this study, closely related skua
species exhibited interspecific differences in their isotopic niche, likely
reflecting differences in resource utilization during the chick-rearing
period. Brown skua chicks showed a greater isotopic niche than south
polar skuas. There is a low isotopic niche overlap between them. These
results are in line with previous studies in other Antarctic locations
where brown skuas and south polar skuas breed in sympatry (Grilli and
Montalti, 2012). RBCs §'°N values in south polar skuas chicks were
higher than in brown skua chicks, suggesting that they are fed on prey
from higher trophic levels. The lower §'°N values in the brown skuas
could result from the secondary ingestion of penguin stomach contents,
which mainly fed on krill Euphausia superba (Silvestro and Casaux,
2023), and may distort the apparent prey spectrum underestimating
prey of higher trophic levels (Grilli and Montalti, 2012; Morales et al.,
2025). At Bahia Esperanza, the diet of south polar skua chicks highly
relies on fish (Ibanez unpublished data), whereas chicks of brown skua
are mainly fed on penguins and in minor amounts on other seabirds
(Ibanez et al., 2022b). Furthermore, the greater isotopic niche breadth
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Fig. 4. Relationship between Log blood THg concentration (g g~ dw) and a) number of plastics in regurgitated pellets and b) plastic surface area (mm?) in brown
skuas (pink) and south polar skuas (blue) chicks from Bahia Esperanza that had plastic evidence in their pellets (triangles).
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Fig. 5. Relationship between THg (ug g~! dw) and GOT (U/1) in brown skuas
(pink) and south polar skuas (blue) chicks at Bahia Esperanza.

observed in brown skua chicks is supported by the dietary flexibility and
the increase in the trophic niche breadth reported in adults (Ibanez et al.,
2022b).

Due to their generalist feeding habits and their visual and surface
feeding strategies, skuas have been found to exhibit a high risk of plastic
ingestion and incidence (Ibanez et al., 2020; Lenzi et al., 2022; Roman
et al., 2019; Ryan, 1987). In areas where plastic debris are available, a
generalist foraging strategy correlates with an increased threat of plastic
consumption (Acampora et al., 2017; Caldwell et al., 2020; Ibanez et al.,
2020; Lenzi et al., 2016; Provencher et al., 2015; Ryan, 1987; Schutten
et al., 2024; Wayman et al., 2024). In support of this, brown skuas
exhibited a broader foraging niche (i.e. more generalist) and experi-
enced more frequent exposure to plastic contamination than south polar
skuas (5 nests with plastics versus 1 nest with plastics, respectively) in
the HAA. Stable isotopes values showed no differences in the isotopic
niche breadth between skua chicks that were exposed to plastic and
those that were not (Fig. 3b-Table 1), and isotopic niche overlap be-
tween groups was considerable (approximately 58%). Skua chicks with
evidence of plastic interaction exhibited slightly higher §'3C values,
which relates to a more inshore/terrestrial feeding habitat (Hobson
et al., 1994), where plastics are usually more abundant and accessible
(Lozoya et al., 2026). In contrast, the niche of skuas with no evidence of
plastic ingestion tended to be more pelagic, with more negative 5'C
values (Bond and Jones, 2009; Hobson et al., 1994). No differences were
observed for §'°N values (between groups that interacted or did not with
plastics) likely reflecting that both fed on similar prey. Hence, the
plastic-seabird interaction may be associated with the available debris in
the area where skuas nest and forage (Ibanez et al., 2020; Roman et al.,
2019). Information on plastic availability in the nesting area as well as in
coastal areas, melting ice streams and surrounding area of the nests
might shed light to this matter.

4.3. Plastic as a potential driver of THg concentrations

Blood THg concentrations of skua chicks at Bahia Esperanza were
lower than those found for brown and south polar skua chicks in
northern and southern locations (Carravieri et al., 2017), for chicks of
great skuas from Great Britain (Bearhop et al., 2000b), and for adult
skuas from Bahia Esperanza (Ibanez et al., 2022a). Variation of THg in
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chicks from the same nest was low, and they were significantly different
than between nest variation (see section 3.3 and Fig. S1). Additionally, a
latitudinal trend was found for skua chicks in Antarctica and the sub-
antarctic, as well as in the northern hemisphere, such that THg con-
centrations are higher at lower latitudes (Bearhop et al., 2000b;
Carravieri et al., 2017).

Feathers act as a means of excreting mercury in birds (Lewis and
Furness, 1991). In some birds, 70% of the Hg body load is concen-
trated in feathers (Honda et al., 1986). In great skua chicks, feathers THg
was between 5 and 8 times higher than blood THg (Bearhop et al.,
2000b). Chicks actively excrete Hg through their growing juvenile
feathers; hence their blood THg might not be representing the entire Hg
exposure during their first weeks of life (Honda et al., 1986). Addi-
tionally, THg concentration in seabird tissues seems to be high at
hatching due to mother transfer then decreases due to deposition in
growing feathers, and then increases again when deposition into grown
feathers is no longer possible (Ackerman et al., 2011). Despite the low
values of blood THg measured here (Table 2), we found that THg con-
centrations in chicks are associated with number of plastics — found in
their pellets — and their surface area.

In the majority of studies conducted, Hg concentrations are linked to
diet and trophic level (Ibanez et al., 2022b; Mills et al., 2022); however
models that included stable isotopes were not the best fit to explain THg
variation within our study. This might be because skuas at Bahia
Esperanza rely mainly on penguins (Ibanez et al, 2022a). We
acknowledge that dietary intake is likely the primary driver of THg
concentrations in the colony. However, subtle THg differences among
chicks may be partially associated with plastic interaction. It is also
important to note that our assessment was restricted to meso- and
macroplastics recovered from regurgitated pellets, and therefore does
not account for smaller particles potentially retained within the
gastrointestinal tract. Inclusion of microplastic burdens could poten-
tially strengthen the observed patterns, but such analyses would require
invasive sampling procedures that were beyond the scope of the present
study. As such, our findings should be interpreted as reflecting the
detectable fraction of plastic ingested, rather than the total plastic
burden. Although establishing causal relationships between plastic
interaction and pollutant concentrations in seabirds remains challenging
due to multiple ecological drivers and limited sample sizes (Roman
et al., 2020; Mills et al., 2024b), our results suggest a potential associ-
ation between plastic interaction and variation in THg concentrations
among skua chicks.

Many studies have suggested that the amount of metal adsorbed is
dependent on plastic surface and its sorption points (Bradney et al.,
2019; Rochman et al., 2014). Plastic surface can adsorb trace elements
such as Hg (Bradney et al., 2019; Rochman et al., 2014) from the at-
mosphere (Spedding and Hamilton, 1982), sea surface (Nerentorp
Mastromonaco et al., 2017), or from the snow surface (Angot et al.,
2016) that washes the debris found around the research stations.
Bahia Esperanza records some of the highest THg concentration among
coastal Antarctic flora (Camacho et al., 2015), plausibly due to the
anthropogenic activity. Thus, Hg availability to be absorbed by plastics
would be high for this location.

Trace elements in plastic can be part of its inherent composition
when incorporated as additives during manufacturing (Turner et al.,
2020; Wang et al., 2017). Most of the plastics found in pellets are PVC
based (Fig. 2¢), a polymer known to be very prone to adsorb Hg at a very
high concentration on its surface (Spedding and Hamilton, 1982) due to
its intrinsic irregular form and polarity (Bradney et al., 2019; Rochman
et al., 2014). PVC can have additives (such as biocides to prevent bac-
terial growth) which can contain compounds based on Hg, among others
(Turner et al., 2020). In addition, the link between Hg and PVC is also
historical: Hg-based catalysts (HgCly) were used in acetylene-based
vinyl chloride monomer production, a route that has been progres-
sively replaced by Hg-free technologies. However, this should not imply
the presence of Hg residues in the finished PVC product to our
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knowledge (Johnston et al., 2015; Liu et al., 2020; Qiao et al., 2024).
Interestingly, Hg release rates can vary markedly across materials and
PVC exhibits adsorption-desorption behavior that can favor Hg remo-
bilization under certain conditions (Gao et al., 2023). The most
frequently found polymer in this study - PVC — known properties and its
type of interaction with Hg could be a good candidate to explain THg
levels in skua chicks. PVC could be acting as an entry way for Hg (either
adsorbed or as an additive in PVC) which can diffuse, during digestion
(Holmes et al., 2020), reaching skua chick blood and tissues. Based on
our results, we can hypothesize that not only plastic debris consumption,
but also its intrinsic polymeric composition might have a relationship
with skua chicks THg load at Bahia Esperanza.

Plastic influence on contaminant tissue levels such as metals and
POPs has been reported in previous studies and some attributed to
adsorption of contaminants from plastic surface (Lavers et al., 2014;
Lavers and Bond, 2016; Davranche et al., 2019; Roman et al., 2020;
Schutten et al., 2024; Tanaka et al., 2013), supporting our findings
(Fig. 4, Supplementary Table 1). In fact, in vitro studies have shown
mobilization of metals from polyethylene in simulating avian gastric
conditions by diffusion model (Holmes et al., 2020). Even when this
relationship has not been found in some seabirds studies (Pollet et al.,
2024; Mills et al., 2024b), evidence otherwise is overwhelming and
increasing year by year. Therefore, plastic interaction with seabird
shows a correspondence to Hg concentration and, with further explo-
ration, might offer an additional explanation for Hg load in skuas chicks.

4.4. Effects of plastic and THg concentrations on liver function

Plastics possess intrinsic toxic properties and become progressively
more hazardous as they adsorb pollutants such as Hg from the envi-
ronment (Roman et al., 2020). Additionally, upon ingestion, macro- and
mesoplastics can fragment into smaller components leading to the for-
mation of microplastics and nanoplastics which harm organisms (Ellos
et al., 2025). Both plastics and Hg, may induce deleterious effects on
seabird physiology and body condition (Haldar et al., 2023; Ibanez et al.,
2024; Provencher et al., 2016; Scheuhammer et al., 2007; Sievert and
Sileo, 1993). Harmful impacts of plastics include transference of pol-
lutants (Mills et al., 2024b; Roman et al., 2020) with multiorganic
dysfunction and neurodegeneration (de Jersey et al., 2025; Ellos et al.,
2025). Meanwhile, Hg exposure induces neurological, immune, endo-
crine and hepatic disruption, even at sublethal concentrations (Ibanez
et al., 2024; Tartu et al., 2013) and can, ultimately, have short-to
long-term fitness consequences for seabirds (Bustnes et al., 2007; A.
Goutte et al., 2014a, 2014b; Ibanez et al., 2024).

The liver is the major organ involved in detoxification, making it
more susceptible to pollutants and tissue damage. The GOT enzyme is an
adequate biochemical marker of impaired liver function and damage
(Choi et al., 2017; Yang et al., 2015). In this study, increased GOT ac-
tivity was observed in skua chicks with higher blood THg concentrations
(Fig. 5). We did not find a significant relationship between plastic
presence and GOT activity (Section 3.4). This might be due to the fact
that, as commented before, we did not assess total load of plastic
ingestion, as only meso- and macroplastic were considered. Micro-
plastics can have longer retention times and higher surface
area-to-volume ratios, potentially enhancing contaminant transfer and
their biological effects (Teuten et al., 2009; Provencher et al., 2019).
Therefore, the lack of association between mesoplastics and GOT ac-
tivity may reflect that the physiologically relevant exposure is mediated
by smaller particles not explicitly quantified here and/or other factors.
Although, we found differences of THg concentration within our sample
system related to plastic presence, diet is probably the main source of Hg
in skuas (Carravieri et al., 2017; Ibanez et al., 2022a). Therefore, we
would not expect plastic presence itself to have a direct correspondence
with GOT levels.

Our results of THg impact on liver activity are also supported by
previous studies on adult skuas and other organisms, in which the
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exposure to Hg contamination negatively affected GPT activity (Ibanez
et al., 2024), increased the activity of GOT, GPT and gamma
glutamyl-transferase in rodents (Wadaan, 2009), and induced hepato-
toxicity in zebrafish (Macirella et al., 2016). Our observations in GOT
activity in response to blood Hg concentration may indicate hepato-
toxicity in skua chicks.

CRediT authorship contribution statement

Nadia S. Haidr: Writing — review & editing, Writing — original draft,
Visualization, Methodology, Investigation, Funding acquisition, Formal
analysis, Data curation, Conceptualization. William F. Mills: Writing —
review & editing, Investigation, Funding acquisition. Micaela S. Car-
rillo: Investigation, Conceptualization. Carlos Edo: Writing — review &
editing, Methodology, Investigation. Paco Bustamante: Writing — re-
view & editing, Investigation, Funding acquisition. Juan P. Lozoya:
Writing — review & editing, Funding acquisition, Conceptualization.
Franco Teixeira-de-Mello: Writing — review & editing, Investigation,
Conceptualization. Diego Montalti: Writing — review & editing, Su-
pervision. Miguel Gonzalez-Pleiter: Writing — review & editing,
Investigation, Conceptualization. Andrés E. Ibanez: Writing — review &
editing, Writing — original draft, Supervision, Methodology, Investiga-
tion, Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

The authors are grateful to the Direccion Nacional del Antartico
(DNA) and Instituto Antartico Argentino (IAA) for their support during
the field-work activities in Antarctica. To the Consejo Nacional de
Investigaciones Cientificas y Tecnolégicas (CONICET) (PIP- CONICET
no. 0955 to AI), the bursary of Antarctic Science Ltd. for the financial
support (to NH), Becas Aves Argentinas (to NH), and Facultad de
Ciencias Naturales y Museo, Universidad Nacional de La Plata) for their
fellowship to NH. JPL and FTM especially thank the SNI and PEDECIBA
for all the support provided. We also would like to express our gratitude
to Instituto Antértico Uruguayo and particularly the ECARE staff of the
XXXVIII Uruguayan Antarctic expedition (2022-2023). Likewise, JPL
and FTM thank to logistic support of the Comité Polar Espanol (through
the BIO Hespérides), the Instituto Antartico Argentino, and the
COCOANTAR (Base Esperanza, Argentina).We are also grateful to Maud
Brault-Favrou and Carine Churlaud from the platform « Analyses
Elémentaires » of LIENSs for their support during Hg analyses. We thank
the CPER (Contrat de Plan Etat-Région) and the FEDER (Fonds Européen
de Développement Régional) for funding the AMA of LIENSs laboratory.
William F. Mills was supported by a Leverhulme Trust Early Career
Fellowship at the University of Reading (ECF-2023-761). We are
grateful to the editor of Chemosphere and the anonymous reviewer for
their insightful comments which improved the manuscript.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.chemosphere.2026.144990.

Data availability

Data will be made available on request.


https://doi.org/10.1016/j.chemosphere.2026.144990
https://doi.org/10.1016/j.chemosphere.2026.144990

N.S. Haidr et al.
References

Absher, T.M., Ferreira, S.L., Kern, Y., Ferreira, A.L., Christo, S.W., Ando, R.A., 2019.
Incidence and identification of microfibers in ocean waters in Admiralty Bay,
Antarctica. Environ. Sci. Pollut. Res. 26, 292-298. https://doi.org/10.1007/511356-
018-3509-6.

Acampora, H., Berrow, S., Newton, S., O'Connor, I., 2017. Presence of plastic litter in
pellets from Great Cormorant (Phalacrocorax carbo) in Ireland. Mar. Pollut. Bull.
117, 512-514. https://doi.org/10.1016/j.marpolbul.2017.02.015.

Acero, J.M., Agraz, J.L., Aguirre, C.A., 1996. Revision Ambiental De Las Actividades
Antarticas En Bahia Esperanza. Inst. Antdrtico Argentino, pp. 1-35.

Ackerman, J.T., Eagles-Smith, C.A., Herzog, M.P., 2011. Bird mercury concentrations
change rapidly as chicks age: toxicological risk is highest at hatching and fledging.
Environ. Sci. Technol. 45, 5418-5425. https://doi.org/10.1021/es200647g.

Albert, C., Strgm, H., Helgason, H.H., Brithen, V.S., Gudmundsson, F.T., Bustamante, P.,
Fort, J., 2022. Spatial variations in winter Hg contamination affect egg volume in an
Arctic seabird, the great skua (Stercorarius skua). Environ. Pollut. 314. https://doi.
0rg/10.1016/j.envpol.2022.120322.

Angot, H., Dion, L., Vogel, N., Legrand, M., Magand, O., Dommergue, A., 2016. Multi-
year record of atmospheric mercury at Dumont d'Urville, East Antarctic coast:
continental outflow and oceanic influences. Atmos. Chem. Phys. 16, 8265-8279.
https://doi.org/10.5194/acp-16-8265-2016.

Bargagli, R., Monaci, F., Cateni, D., 1998. Marine Coastal food web. Mar. Ecol. Prog. Ser.
169, 65-76.

Bates, D., Maechler, M., Bolker, B., Walker, S., Christensen, R.H.B., Singmann, H., Dai, B.,
Grothendieck, G., Green, P., Bolker, M. Ben, 2015. Package ‘lme4. * convergence 12,
2. https://doi.org/10.32614/CRAN.package.lme4.

Battisti, C., Staffieri, E., Poeta, G., Sorace, A., Luiselli, L., Amori, G., 2019. Interactions
between anthropogenic litter and birds: a global review with a ‘black-list’of species.
Mar. Pollut. Bull. 138, 93-114. https://doi.org/10.1016/j.marpolbul.2018.11.017.

Bearhop, S., Ruxton, G.D., Furness, R.W., 2000a. Dynamics of mercury in blood and
feathers of great skuas. Environ. Toxicol. Chem. 19, 1638-1643. https://doi.org/
10.1002/etc.5620190622.

Bearhop, S., Waldron, S., Thompson, D., Furness, R., 2000b. Bioamplification of mercury
in great skua Catharacta skua chicks: the influence of trophic status as determined by
stable isotope signatures of blood and feathers. Mar. Pollut. Bull. 40, 181-185.
https://doi.org/10.1016/50025-326X(99)00205-2.

Bearhop, S., Waldron, S., Votier, S.C., Furness, R.W., 2002. Factors that influence
assimilation rates and fractionation of nitrogen and carbon stable isotopes in avian
blood and feathers. Physiol. Biochem. Zool. 75, 451-458. https://doi.org/10.1086/
342800.

Bilal, M., Yaqub, A., Hassan, H.U., Akhtar, S., Rafig, N., Ali Shah, M.L., Hussain, I.,
Salman Khan, M., Nawaz, A., Manoharadas, S., Rizwan Khan, M., Arai, T., Rios-
Escalante, P.D.L., 2023. Microplastic quantification in aquatic birds: biomonitoring
the environmental health of the panjkora River freshwater ecosystem in Pakistan.
Toxics 11, 972. https://doi.org/10.3390/toxics11120972.

Bond, A.L., Jones, L.L., 2009. A practical introduction to stable-isotope analysis for
seabird biologists: approaches, cautions and caveats. Mar. Ornithol. 37, 183-188.
https://doi.org/10.5038/2074-1235.37.3.841.

Bottari, T., Leonardi, A.A., Bruno, C.A., Giovanni Lanteri, I.G., Fabrizi, F., Irrera, A.,
Smedile, F., Azzaro, M., D'Angelo, G., Mancuso, M., 2026. Anthropogenic particles
and associated metals in Antarctic seabirds from Victoria Land (Antarctica).

J. Hazard. Mater. 502, 304-3894. https://doi.org/10.1016/j.jhazmat.2025.140627.

Bradney, L., Wijesekara, H., Palansooriya, K.N., Obadamudalige, N., Bolan, N.S., Ok, Y.
S., Rinklebe, J., Kim, K.H., Kirkham, M.B., 2019. Particulate plastics as a vector for
toxic trace-element uptake by aquatic and terrestrial organisms and human health
risk. Environ. Int. 131, 104937. https://doi.org/10.1016/j.envint.2019.104937.

Burger, J., Gochfeld, M., 2004. Marine birds as sentinels of environmental pollution.
EcoHealth 1, 263-274. https://doi.org/10.1007/510393-004-0096-4.

Burnham, K.P., Anderson, D.R., 2002. Model Selection and Multimodel Inference: a
Practical information-theoretic Approach. Springer, New York. https://doi.org/
10.1007/978-0-387-22456-5_6.

Bustnes, J.O., Tveraa, T., Varpe, @., Henden, J.A., Skaare, J.U., 2007. Reproductive
performance and organochlorine pollutants in an Antarctic marine top predator: the
south polar skua. Environ. Int. 33, 911-918. https://doi.org/10.1016/j.
envint.2007.04.010.

Caldwell, A., Seavey, J., Craig, E., 2020. Foraging strategy impacts plastic ingestion risk
in seabirds. Limnol. Oceanogr. Lett. 5, 163-168. https://doi.org/10.1002/
1012.10126.

Camacho, A., Rochera, C., Hennebelle, R., Ferrari, C., Quesada, A., 2015. Total mercury
and methyl-mercury contents and accumulation in polar microbial mats. Sci. Total
Environ. 509, 145-153. https://doi.org/10.1016/j.scitotenv.2014.09.012.

Carlini, A.R., Coria, N.R., Santos, M.M., Libertelli, M.M., Donini, G., 2007. Breeding
success and population trends in Adélie penguins in areas with low and high levels of
human disturbance. Polar Biol. 30, 917-924. https://doi.org/10.1007/s00300-006-
0251-1.

Carravieri, A., Bustamante, P., Labadie, P., Budzinski, H., Chastel, O., Cherel, Y., 2020.
Trace elements and persistent organic pollutants in chicks of 13 seabird species from
Antarctica to the subtropics. Environ. Int. 134, 105225. https://doi.org/10.1016/j.
envint.2019.105225.

Carravieri, A., Cherel, Y., Brault-Favrou, M., Churlaud, C., Peluhet, L., Labadie, P.,
Budzinski, H., Chastel, O., Bustamante, P., 2017. From Antarctica to the subtropics:
contrasted geographical concentrations of selenium, mercury, and persistent organic
pollutants in skua chicks (Catharacta spp.). Environ. Pollut. 228, 464-473. https://
doi.org/10.1016/j.envpol.2017.05.053.

10

Chemosphere 409 (2026) 144990

Carrillo, M.S., Archuby, D.I,, Lunardelli, M., Castresana, G., Montalti, D., Ibanez, A.E.,
2025. Dynamics of microplastic transfer through the food web in a migratory
seabird. Environ. Pollut. 383, 126784. https://doi.org/10.1016/].
envpol.2025.126784.

Caruso, G., Bergami, E., Singh, N., Corsi, I., 2022. Plastic occurrence, sources, and
impacts in Antarctic environment and biota. Water Biol. Secur. 1, 100034. https://
doi.org/10.1016/j.watbs.2022.100034.

Cherel, Y., Hobson, K.A., Hassani, S., 2005. Isotopic discrimination between food and
blood and feathers of captive penguins: implications for dietary studies in the wild.
Physiol. Biochem. Zool. 78, 106-115. https://doi.org/10.1086,/425202.

Choi, J., Bae, S., Lim, H., Lim, J.A., Lee, Y.H., Ha, M., Kwon, H.J., 2017. Mercury
exposure in association with decrease of liver function in adults: a longitudinal
study. J. Prev. Med. Public Heal. 50, 377-385. https://doi.org/10.3961/
jpmph.17.099.

Chouvelon, T., Warnau, M., Churlaud, C., Bustamante, P., 2009. Hg concentrations and
related risk assessment in coral reef crustaceans, molluscs and fish from New
Caledonia. Environ. Pollut. 157, 331-340. https://doi.org/10.1016/].
envpol.2008.06.027.

Davranche, M., Veclin, C., Pierson-Wickmann, A.C., El Hadri, H., Grassl, B.,
Rowenczyk, L., et al., 2019. Are nanoplastics able to bind significant amount of
metals? The lead example. Environ. Pollut. 249, 940-948. https://doi.org/10.1016/
j.envpol.2019.03.087.

de Jersey, A.M., Lavers, J.L., Bond, A.L., Wilson, R., Zosky, G.R., Rivers-Auty, J., 2025.
Seabirds in crisis: plastic ingestion induces proteomic signatures of multiorgan
failure and neurodegeneration. Sci. Adv. 11, 1-13. https://doi.org/10.1126/sciadv.
ads0834.

Driscoll, C.T., Mason, R.P., Chan, H.M., Jacob, D.J., Pirrone, N., 2013. Mercury as a
global pollutant: sources, pathways, and effects. Environ. Sci. Technol. 47,
4967-4983. https://doi.org/10.1021/es305071v.

Edo, C., Schiano, M.E., Alvarez-Méndez, S.J., Hernandez-Borges, J., Vega-Moreno, D.,
Molina-Rodriguez, A., Gémez, M., Herrera, A., Gonzélez-Pleiter, M., Fernandez-
Pinas, F., 2025. Chemometric discrimination of airborne fibres: microplastics,
regenerated cellulose and natural fibres. Environ. Res., 122082 https://doi.org/
10.1016/j.envres.2025.122082.

Ellos, D.M.C., Chien, M.-F., Inoue, C., Nakano, H., Isobe, A., Onda, D.F.L., Watanabe, K.,
Bacosa, H.P., 2025. Mesoplastics: a review of contamination status, analytical
methods, pollution sources, potential risks, and future perspectives of an emerging
global environmental pollutant. Toxics 13, 227. https://doi.org/10.3390/
toxics13030227.

Fisher, J.A., Schneider, L., Fostier, A.-H., Guerrero, S., Guimaraes, J.R.D.,
Labuschagne, C., Leaner, J.J., Martin, L.G., Mason, R.P., Somerset, V., Walters, C.A.,
2023. A synthesis of mercury research in the Southern Hemisphere, part 2:
anthropogenic perturbations. Ambio 52, 918-937. https://doi.org/10.1007/513280-
023-01840-5.

Fort, J., Robertson, G.J., Grémillet, D., Traisnel, G., Bustamante, P., 2014. Spatial
ecotoxicology: migratory arctic seabirds are exposed to mercury contamination
while overwintering in the northwest Atlantic. Environ. Sci. Technol. 48,
11560-11567. https://doi.org/10.1021/es504045g.

Fournier, F., Karasov, W.H., Kenow, K.P., Meyer, M.W., Hines, R.K., 2002. The oral
bioavailability and toxicokinetics of methylmercury in common loon (Gavia immer)
chicks. Comp. Biochem. Physiol. Part A Mol. Integr. Physiol. 133, 703-714. https://
doi.org/10.1016/51095-6433(02)00140-X.

Furness, R.W., 1978. Kleptoparasitism by great skuas (Catharacta skua Briinn.) and Arctic
skuas (Stercorarius parasiticus L.) at a Shetland seabird colony. Anim. Behav. 26,
1167-1177. https://doi.org/10.1016/0003-3472(78)90107-0.

Furtado, R., Menezes, D., Santos, C.J., Catry, P., 2016. White-faced storm-petrels
Pelagodroma marina predated by gulls as biological monitors of plastic pollution in
the pelagic subtropical Northeast Atlantic. Mar. Pollut. Bull. 112, 117-122. https://
doi.org/10.1016/j.marpolbul.2016.08.031.

Gao, Z., Cizdziel, J.V., Wontor, K., Olubusoye, B.S., 2023. Reference Adsorption/
desorption of mercury (II) by artificially weathered microplastics: kinetics,
isotherms, and influencing factors. Environ. Poll. 337, 122621. https://doi.org/
10.1016/j.envpol.2023.122621.

Golubev, S., 2020. Macroplastic in seabirds at Mirny, Antarctica. Birds 1, 13-18. https://
doi.org/10.3390/birds5020016.

Goutte, A., Barbraud, C., Meillere, A., Carravieri, A., Bustamante, P., Labadie, P.,
Budzinski, H., Delord, K., Cherel, Y., Weimerskirch, H., 2014a. Demographic
consequences of heavy metals and persistent organic pollutants in a vulnerable long-
lived bird, the wandering albatross. Proc. R. Soc. B Biol. Sci. 281, 20133313. https://
doi.org/10.1098/rspb.2013.3313.

Goutte, A., Bustamante, P., Barbraud, C., Delord, K., Weimerskirch, H., Chastel, O.,
2014b. Demographic responses to mercury exposure in two closely related antarctic
top predators. Ecology 95, 1075-1086. https://doi.org/10.1890/13-1229.1.

Goutte, A., Cherel, Y., Churlaud, C., Ponthus, J.-P., Massé, G., Bustamante, P., 2015.
Trace elements in Antarctic fish species and the influence of foraging habitats and
dietary habits on mercury levels. Sci. Total Environ. 538, 743-749. https://doi.org/
10.1016/j.scitotenv.2015.08.103.

Grilli, M.G., Montalti, D., 2012. Trophic interactions between brown and south polar
skuas at Deception Island, Antarctica. Polar Biol. 35, 299-304. https://doi.org/
10.1007/s00300-011-1054-6.

Gurumoorthi, K., Luis, A.J., 2023. Recent trends on microplastics abundance and risk
assessment in coastal Antarctica: regional meta-analysis. Environ. Pollut. 324,
121385. https://doi.org/10.1016/j.envpol.2023.121385.

Haldar, S., Yhome, N., Muralidaran, Y., Rajagopal, S., Mishra, P., 2023. Nanoplastics
toxicity specific to liver in inducing metabolic Dysfunction—A comprehensive
review. Genes 14, 590. https://doi.org/10.3390/genes14030590.


https://doi.org/10.1007/s11356-018-3509-6
https://doi.org/10.1007/s11356-018-3509-6
https://doi.org/10.1016/j.marpolbul.2017.02.015
http://refhub.elsevier.com/S0045-6535(26)00167-0/sref3
http://refhub.elsevier.com/S0045-6535(26)00167-0/sref3
https://doi.org/10.1021/es200647g
https://doi.org/10.1016/j.envpol.2022.120322
https://doi.org/10.1016/j.envpol.2022.120322
https://doi.org/10.5194/acp-16-8265-2016
http://refhub.elsevier.com/S0045-6535(26)00167-0/sref7
http://refhub.elsevier.com/S0045-6535(26)00167-0/sref7
https://doi.org/10.32614/CRAN.package.lme4
https://doi.org/10.1016/j.marpolbul.2018.11.017
https://doi.org/10.1002/etc.5620190622
https://doi.org/10.1002/etc.5620190622
https://doi.org/10.1016/S0025-326X(99)00205-2
https://doi.org/10.1086/342800
https://doi.org/10.1086/342800
https://doi.org/10.3390/toxics11120972
https://doi.org/10.5038/2074-1235.37.3.841
https://doi.org/10.1016/j.jhazmat.2025.140627
https://doi.org/10.1016/j.envint.2019.104937
https://doi.org/10.1007/s10393-004-0096-4
https://doi.org/10.1007/978-0-387-22456-5_6
https://doi.org/10.1007/978-0-387-22456-5_6
https://doi.org/10.1016/j.envint.2007.04.010
https://doi.org/10.1016/j.envint.2007.04.010
https://doi.org/10.1002/lol2.10126
https://doi.org/10.1002/lol2.10126
https://doi.org/10.1016/j.scitotenv.2014.09.012
https://doi.org/10.1007/s00300-006-0251-1
https://doi.org/10.1007/s00300-006-0251-1
https://doi.org/10.1016/j.envint.2019.105225
https://doi.org/10.1016/j.envint.2019.105225
https://doi.org/10.1016/j.envpol.2017.05.053
https://doi.org/10.1016/j.envpol.2017.05.053
https://doi.org/10.1016/j.envpol.2025.126784
https://doi.org/10.1016/j.envpol.2025.126784
https://doi.org/10.1016/j.watbs.2022.100034
https://doi.org/10.1016/j.watbs.2022.100034
https://doi.org/10.1086/425202
https://doi.org/10.3961/jpmph.17.099
https://doi.org/10.3961/jpmph.17.099
https://doi.org/10.1016/j.envpol.2008.06.027
https://doi.org/10.1016/j.envpol.2008.06.027
https://doi.org/10.1016/j.envpol.2019.03.087
https://doi.org/10.1016/j.envpol.2019.03.087
https://doi.org/10.1126/sciadv.ads0834
https://doi.org/10.1126/sciadv.ads0834
https://doi.org/10.1021/es305071v
https://doi.org/10.1016/j.envres.2025.122082
https://doi.org/10.1016/j.envres.2025.122082
https://doi.org/10.3390/toxics13030227
https://doi.org/10.3390/toxics13030227
https://doi.org/10.1007/s13280-023-01840-5
https://doi.org/10.1007/s13280-023-01840-5
https://doi.org/10.1021/es504045g
https://doi.org/10.1016/S1095-6433(02)00140-X
https://doi.org/10.1016/S1095-6433(02)00140-X
https://doi.org/10.1016/0003-3472(78)90107-0
https://doi.org/10.1016/j.marpolbul.2016.08.031
https://doi.org/10.1016/j.marpolbul.2016.08.031
https://doi.org/10.1016/j.envpol.2023.122621
https://doi.org/10.1016/j.envpol.2023.122621
https://doi.org/10.3390/birds5020016
https://doi.org/10.3390/birds5020016
https://doi.org/10.1098/rspb.2013.3313
https://doi.org/10.1098/rspb.2013.3313
https://doi.org/10.1890/13-1229.1
https://doi.org/10.1016/j.scitotenv.2015.08.103
https://doi.org/10.1016/j.scitotenv.2015.08.103
https://doi.org/10.1007/s00300-011-1054-6
https://doi.org/10.1007/s00300-011-1054-6
https://doi.org/10.1016/j.envpol.2023.121385
https://doi.org/10.3390/genes14030590

N.S. Haidr et al.

Hidalgo-Ruz, V., Luna-Jorquera, G., Eriksen, M., Frick, H., Miranda-Urbina, D., Portflitt-
Toro, M., Rivadeneira, M.M., Robertson, C.J.R., Scofield, R.P., Serratosa, J.,

Suazo, C.G., Thiel, M., 2021. Factors (type, colour, density, and shape) determining
the removal of marine plastic debris by seabirds from the South Pacific Ocean: is
there a pattern? Aquat. Conserv. Mar. Freshw. Ecosyst. 31, 389-407. https://doi.
org/10.1002/aqc.3453.

Hirai, H., Takada, H., Ogata, Y., Yamashita, R., Mizukawa, K., Saha, M., Kwan, C.,
Moore, C., Gray, H., Laursen, D., Zettler, E.R., Farrington, J.W., Reddy, C.M.,
Peacock, E.E., Ward, M.W., 2011. Organic micropollutants in marine plastics debris
from the open ocean and remote and urban beaches. Mar. Pollut. Bull. 62,
1683-1692. https://doi.org/10.1016/j.marpolbul.2011.06.004.

Hobson, K.A., Piatt, J.F., Pitocchelli, J., 1994. Using stable isotopes to determine Seabird
trophic relationships. J. Anim. Ecol. 63, 786. https://doi.org/10.2307/5256.

Holmes, L.A., Thompson, R.C., Turner, A., 2020. In vitro avian bioaccessibility of metals
adsorbed to microplastic pellets. Environ. Pollut. 261, 114107. https://doi.org/
10.1016/j.envpol.2020.114107.

Honda, K., Nasu, T., Tatsukawa, R., 1986. Seasonal changes in mercury accumulation in
the black-eared kite, Milvus migrans lineatus. Environ. Pollution. Ser. A, Ecol. Biol. 42,
325-334. https://doi.org/10.1016/0143-1471(86)90016-4.

Ibanez, A.E., Morales, L.M., Torres, D.S., Borghello, P., Haidr, N.S., Montalti, D., 2020.
Plastic ingestion risk is related to the anthropogenic activity and breeding stage in an
Antarctic top predator seabird species. Mar. Pollut. Bull. 157, 111351. https://doi.
org/10.1016/j.marpolbul.2020.111351.

Ibanez, A.E., Mills, W.F., Bustamante, P., McGill, R.A.R., Morales, L.M., Palacio, F.X.,
Torres, D.S., Haidr, N.S., Mariano-Jelicich, R., Phillips, R.A., Montalti, D., 2022a.
Variation in blood mercury concentrations in brown skuas (Stercorarius antarcticus) is
related to trophic ecology but not breeding success or adult body condition. Mar.
Pollut. Bull. 181, 113919. https://doi.org/10.1016/j.marpolbul.2022.113919.

Ibanez, A.E., Morales, L.M., Torres, D.S., Borghello, P., Montalti, D., 2022b. Pellet
analysis evidences flexibility in the diet of Brown Skua (Stercorarius antarcticus)
during breeding at Esperanza/Hope Bay (Antarctic Peninsula). Polar Biol. 45,
419-426. https://doi.org/10.1007/5s00300-021-02993-3.

Ibanez, A.E., Mills, W.F., Bustamante, P., Morales, L.M., Torres, D.S., D'Astek, B.,
Mariano-Jelicich, R., Phillips, R.A., Montalti, D., 2024. Deleterious effects of
mercury contamination on immunocompetence, liver function and egg volume in an
antarctic seabird. Chemosphere 346, 140630. https://doi.org/10.1016/j.
chemosphere.2023.140630.

Jackson, A.L., Inger, R., Parnell, A.C., Bearhop, S., 2011. Comparing isotopic niche
widths among and within communities: SIBER - stable Isotope Bayesian Ellipses in R.
J. Anim. Ecol. 80, 595-602. https://doi.org/10.1111/j.1365-2656.2011.01806.x.

Johnston, P., Carthey, N., Hutchings, G.J., 2015. Discovery, development, and
commercialization of gold catalysts for acetylene hydrochlorination. J. Am. Chem.
Soc. 137, 14548-14557. https://doi.org/10.1021/jacs.5b07752.

Keane, S., Bernaudat, L., Davis, K.J., Stylo, M., Mutemeri, N., Singo, P., Twala, P.,
Mutemeri, 1., Nakafeero, A., Etui, I.D., 2023. Mercury and artisanal and small-scale
gold mining: review of global use estimates and considerations for promoting
mercury-free alternatives. Ambio 52, 833-852. https://doi.org/10.1007/513280-
023-01843-2.

Lavers, J.L., Bond, A.L., 2016. Ingested plastic as a route for trace metals in Laysan
Albatross (Phoebastria immutabilis) and Bonin Petrel (Pterodroma hypoleuca) from
Midway Atoll. Mar. Pollut. Bull. 110, 493-500. https://doi.org/10.1016/j.
marpolbul.2016.06.001.

Lavers, J.L., Bond, A.L., 2023. Pumice ingestion in seabirds: interannual variation, and
relationships with chick growth and plastic ingestion. Mar. Biol. 170, 1-9. https://
doi.org/10.1007/s00227-023-04203-6.

Lavers, J.L., Bond, A.L., Hutton, I., 2014. Plastic ingestion by flesh-footed shearwaters
(Puffinus carneipes): implications for fledgling body condition and the accumulation
of plastic-derived chemicals. Environ. Pollut. 187, 124-129. https://doi.org/
10.1016/j.envpol.2013.12.020.

Lavers, J.L., Hutton, I., Bond, A.L., 2019. Clinical pathology of plastic ingestion in marine
birds and relationships with blood chemistry. Environ. Sci. Technol. 53, 9224-9231.
https://doi.org/10.1021/acs.est.9b02098.

Lenzi, J., Bresesti, F., Lozoya, J.P., De Feo, B., Krojmal, E., Lacerot, G., Braun, C., Teixeira
de Mello, F., 2022. Diet and debris ingestion of skuas on Fildes Peninsula, King
George Island, Antarctica. Mar. Pollut. Bull. 185, 114211. https://doi.org/10.1016/
j.marpolbul.2022.114211.

Lenzi, J., Burgues, M.F., Carrizo, D., Machin, E., Teixeira-de Mello, F., 2016. Plastic
ingestion by a generalist seabird on the coast of Uruguay. Mar. Pollut. Bull. 107,
71-76.

Lewis, S.A., Furness, R.W., 1991. Mercury accumulation and excretion in laboratory
reared black-headed gull Larus ridibundus chicks. Arch. Environ. Contam. Toxicol.
21, 316-320. https://doi.org/10.1007/BF01055352.

Liu, Y., Zhao, L., Zhang, Y., Zhang, L., Zan, X., 2020. Progress and challenges of mercury-
free catalysis for acetylene hydrochlorination. Catalysts 10, 1218. https://doi.org/
10.3390/catal10101218.

Lozoya, J.P., Gonzalez-Pleiter, M., Lacerot, G., De Feo, B., Krojmal, E., Edo, C.,
Fernandez-Pinas, F., Rosal, R., Teixeira de Mello, F., 2026. Plastic debris on the
shores of Bahia Esperanza/Hope Bay: stranded testimony of the historical occupation
in the northern Antarctic Peninsula. Sci. Total Environ. 1015, 181410. https://doi.
org/10.1016/j.scitotenv.2026.181410.

Macirella, R., Guardia, A., Pellegrino, D., Bernabo, I., Tronci, V., Ebbesson, L.O.E.,
Ebbesson, L.O.E., Tripepi, S., Brunelli, E., 2016. Effects of two sublethal
concentrations of mercury chloride on the morphology and metallothionein activity
in the liver of zebrafish (Danio rerio). Int. J. Mol. Sci. 17, 361. https://doi.org/
10.3390/ijms17030361.

11

Chemosphere 409 (2026) 144990

Mao de Ferro, A., Mota, A.M., Canario, J., 2014. Pathways and speciation of mercury in
the environmental compartments of Deception Island, Antarctica. Chemosphere 95,
227-233. https://doi.org/10.1016/j.chemosphere.2013.08.081.

Mills, W.F., Bustamante, P., McGill, R.A.R., Anderson, O.R.J., Bearhop, S., Cherel, Y.,
Votier, S.C., Phillips, R.A., 2020. Mercury exposure in an endangered seabird: Long-
term changes and relationships with trophic ecology and breeding success: mercury
exposure in albatrosses. Proc. R. Soc. B Biol. Sci. 287, 20202683. https://doi.org/
10.1098/rspb.2020.2683.

Mills, W.F., Ibanez, A.E., Bustamante, P., Carneiro, A.P.B., Bearhop, S., Cherel, Y.,
Mariano-Jelicich, R., McGill, R.A.R., Montalti, D., Votier, S.C., Phillips, R.A., 2022.
Spatial and sex differences in mercury contamination of skuas in the Southern
Ocean. Environ. Pollut. 297, 118841. https://doi.org/10.1016/j.
envpol.2022.118841.

Mills, W.F., Ibanez, A.E., Carneiro, A.P.B., Morales, L.M., Mariano-Jelicich, R., McGill, R.
AR., Montalti, D., Phillips, R.A., 2024a. Migration strategies of skuas in the
southwest Atlantic Ocean revealed by stable isotopes. Mar. Biol. 171, 1-6. https://
doi.org/10.1007/500227-023-04347-5.

Mills, W.F., Norris, C., Black, S., Phillips, R.A., Hammer, S., Olsen, B., Danielsen, J.,
2024b. Plastic ingestion and trace element contamination of Manx shearwaters
Puffinus puffinus on the Faroe Islands. Mar. Pollut. Bull. 204, 116537. https://doi.
org/10.1016/j.marpolbul.2024.116537.

Mills, W.F., Ibanez, A.E., Bustamante, P., Waterman, J., Morales, L.M., Mariano-
Jelicich, R., Montalti, D., Black, S., 2025. Mercury contamination of sympatric
seabirds and associated health risks in an Antarctic ecosystem. Environ. Res. 281.
https://doi.org/10.1016/j.envres.2025.121990.

Monteiro, L.R., Furness, R.W., 2001. Kinetics, dose-response, excretion, and toxicity of
methylmercury in free-living Cory's shearwater chicks. Environ. Toxicol. Chem. 20,
1816-1823. https://doi.org/10.1002/etc.5620200827.

Morales, L.M., Mills, W.F., Bustamante, P., Torres, D.S., Mariano-Jelicich, R.,

Montalti, D., Ibanez, A.E., 2025. Feeding ecology of two congeneric seabirds at the
South Shetland Islands, Antarctica. Mar. Biol. 172, 1-16. https://doi.org/10.1007/
500227-025-04738-w.

Nerentorp Mastromonaco, M.G., Gardfeldt, K., Langer, S., 2017. Mercury flux over West
Antarctic Seas during winter, spring and summer. Mar. Chem. 193, 44-54. https://
doi.org/10.1016/j.marchem.2016.08.005.

Otsuki, M., Ogawa, M., Watanuki, Y., Mitani, Y., Ishizuka, M., Ikenaka, Y., Thiebot, J.B.,
2024. Brood patch size as a field indicator for feather mercury concentration, but not
plastic ingestion, in a harvested seabird of the high Arctic: the little auk Alle alle.
Polar Sci. 41, 101053. https://doi.org/10.1016/j.polar.2024.101053.

Petalas, C., Lacombe, R.M., Elliott, K.H., Lavoie, R.A., 2025. Coastal foraging increases
mercury concentrations in a breeding seabird: insights from isotopes, biologging,
and prey. Sci. Total Environ. 965, 178660. https://doi.org/10.1016/j.
scitotenv.2025.178660.

Pierce, K.E., Harris, R.J., Larned, L.S., Pokras, M.A., 2004. Obstruction and starvation
associated with plastic ingestion in a Northern Gannet Morus bassanus and a Greater
Shearwater Puffinus gravis. Mar. Ornithol. 32, 187-189. https://doi.org/10.5038/
2074-1235.32.2.623.

Pollet, L.L., Sululiit, A.C.M.C., Kelly, B.G., Baak, J.E., Hanifen, K.E., Maddox, M.L.,
Mallory, M.L., 2024. The relationship between plastic ingestion and trace element
concentrations in Arctic seabirds. Mar. Pollut. Bull. 203, 116509. https://doi.org/
10.1016/j.marpolbul.2024.116509.

Posit team, 2025. Rstudio: Integrated Development Environment for R. Posit Software.

Provencher, J.F., Bond, A.L., Mallory, M.L., 2015. Marine birds and plastic debris in
Canada: a national synthesis and a way forward. Environ. Rev. 23, 1-13. https://doi.
org/10.1139/er-2014-0039.

Provencher, J.F., Forbes, M.R., Hennin, H.L., Love, O.P., Braune, B.M., Mallory, M.L.,
Gilchrist, H.G., 2016. Implications of mercury and lead concentrations on breeding
physiology and phenology in an Arctic bird. Environ. Pollut. 218, 1014-1022.
https://doi.org/10.1016/j.envpol.2016.08.052.

Provencher, J.F., Ammendolia, J., Rochman, C.M., Mallory, M.L., 2019. Assessing plastic
debris in aquatic food webs: what we know and don't know about uptake and trophic
transfer. Environ. Rev. 27, 304-317. https://doi.org/10.1139/er-2018-0079.

Puskic, P.S., Lavers, J.L., Adams, L.R., Bond, A.L., 2020. Ingested plastic and trace
element concentrations in short-tailed Shearwaters (Ardenna tenuirostris). Mar.
Pollut. Bull. 155, 111143. https://doi.org/10.1016/j.marpolbul.2020.111143.

Qiao, X., Zhao, Z.H., Zhang, J., 2024. Progress in mercury-free catalysts for acetylene
hydrochlorination. Catal. Sci. Technol. 14, 3838-3852. https://doi.org/10.1039/
D4CY00549J.

R Core Team, 2015. R: a Language and Environment for Statistical Computing.

Reinhardt, K., Hahn, S., Peter, H.-U., 1998. The Role of Skuas in the Food Web of the
Potter Cove System-a Review.

Renedo, M., Bustamante, P., Cherel, Y., Pedrero, Z., Tessier, E., Amouroux, D., 2020.

A “seabird-eye” on mercury stable isotopes and cycling in the Southern Ocean. Sci.
Total Environ. 742, 140499. https://doi.org/10.1016/j.scitotenv.2020.140499.

Renedo, M., Pedrero, Z., Amouroux, D., Cherel, Y., Bustamante, P., 2021. Mercury
isotopes of key tissues document mercury metabolic processes in seabirds.
Chemosphere 263, 127777. https://doi.org/10.1016/j.chemosphere.2020.127777.

Rochman, C.M., Hentschel, B.T., The, S.J., 2014. Long-term sorption of metals is similar
among plastic types: implications for plastic debris in aquatic environments. PLoS
One 9, e85433. https://doi.org/10.1371/journal.pone.0085433.

Rodriguez, Y., Rodriguez, A., Pereira, J.M., Pham, C.K., 2025. Plastics reset in an adult
Procellariform seabird species during the breeding season. Mar. Environ. Res. 204,
1-9. https://doi.org/10.1016/j.marenvres.2024.106939.

Roman, L., Bell, E., Wilcox, C., Hardesty, B.D., Hindell, M., 2019. Ecological drivers of
marine debris ingestion in Procellariiform Seabirds. Sci. Rep. 9, 1-8. https://doi.org/
10.1038/541598-018-37324-w.


https://doi.org/10.1002/aqc.3453
https://doi.org/10.1002/aqc.3453
https://doi.org/10.1016/j.marpolbul.2011.06.004
https://doi.org/10.2307/5256
https://doi.org/10.1016/j.envpol.2020.114107
https://doi.org/10.1016/j.envpol.2020.114107
https://doi.org/10.1016/0143-1471(86)90016-4
https://doi.org/10.1016/j.marpolbul.2020.111351
https://doi.org/10.1016/j.marpolbul.2020.111351
https://doi.org/10.1016/j.marpolbul.2022.113919
https://doi.org/10.1007/s00300-021-02993-3
https://doi.org/10.1016/j.chemosphere.2023.140630
https://doi.org/10.1016/j.chemosphere.2023.140630
https://doi.org/10.1111/j.1365-2656.2011.01806.x
https://doi.org/10.1021/jacs.5b07752
https://doi.org/10.1007/s13280-023-01843-2
https://doi.org/10.1007/s13280-023-01843-2
https://doi.org/10.1016/j.marpolbul.2016.06.001
https://doi.org/10.1016/j.marpolbul.2016.06.001
https://doi.org/10.1007/s00227-023-04203-6
https://doi.org/10.1007/s00227-023-04203-6
https://doi.org/10.1016/j.envpol.2013.12.020
https://doi.org/10.1016/j.envpol.2013.12.020
https://doi.org/10.1021/acs.est.9b02098
https://doi.org/10.1016/j.marpolbul.2022.114211
https://doi.org/10.1016/j.marpolbul.2022.114211
http://refhub.elsevier.com/S0045-6535(26)00167-0/optI1Cs4BuWIQ
http://refhub.elsevier.com/S0045-6535(26)00167-0/optI1Cs4BuWIQ
http://refhub.elsevier.com/S0045-6535(26)00167-0/optI1Cs4BuWIQ
https://doi.org/10.1007/BF01055352
https://doi.org/10.3390/catal10101218
https://doi.org/10.3390/catal10101218
https://doi.org/10.1016/j.scitotenv.2026.181410
https://doi.org/10.1016/j.scitotenv.2026.181410
https://doi.org/10.3390/ijms17030361
https://doi.org/10.3390/ijms17030361
https://doi.org/10.1016/j.chemosphere.2013.08.081
https://doi.org/10.1098/rspb.2020.2683
https://doi.org/10.1098/rspb.2020.2683
https://doi.org/10.1016/j.envpol.2022.118841
https://doi.org/10.1016/j.envpol.2022.118841
https://doi.org/10.1007/s00227-023-04347-5
https://doi.org/10.1007/s00227-023-04347-5
https://doi.org/10.1016/j.marpolbul.2024.116537
https://doi.org/10.1016/j.marpolbul.2024.116537
https://doi.org/10.1016/j.envres.2025.121990
https://doi.org/10.1002/etc.5620200827
https://doi.org/10.1007/s00227-025-04738-w
https://doi.org/10.1007/s00227-025-04738-w
https://doi.org/10.1016/j.marchem.2016.08.005
https://doi.org/10.1016/j.marchem.2016.08.005
https://doi.org/10.1016/j.polar.2024.101053
https://doi.org/10.1016/j.scitotenv.2025.178660
https://doi.org/10.1016/j.scitotenv.2025.178660
https://doi.org/10.5038/2074-1235.32.2.623
https://doi.org/10.5038/2074-1235.32.2.623
https://doi.org/10.1016/j.marpolbul.2024.116509
https://doi.org/10.1016/j.marpolbul.2024.116509
http://refhub.elsevier.com/S0045-6535(26)00167-0/sref82
https://doi.org/10.1139/er-2014-0039
https://doi.org/10.1139/er-2014-0039
https://doi.org/10.1016/j.envpol.2016.08.052
https://doi.org/10.1139/er-2018-0079
https://doi.org/10.1016/j.marpolbul.2020.111143
https://doi.org/10.1039/D4CY00549J
https://doi.org/10.1039/D4CY00549J
http://refhub.elsevier.com/S0045-6535(26)00167-0/sref88
http://refhub.elsevier.com/S0045-6535(26)00167-0/sref89
http://refhub.elsevier.com/S0045-6535(26)00167-0/sref89
https://doi.org/10.1016/j.scitotenv.2020.140499
https://doi.org/10.1016/j.chemosphere.2020.127777
https://doi.org/10.1371/journal.pone.0085433
https://doi.org/10.1016/j.marenvres.2024.106939
https://doi.org/10.1038/s41598-018-37324-w
https://doi.org/10.1038/s41598-018-37324-w

N.S. Haidr et al.

Roman, L., Kastury, F., Petit, S., Aleman, R., Wilcox, C., Hardesty, B.D., Hindell, M.A.,
2020. Plastic, nutrition and pollution; relationships between ingested plastic and
metal concentrations in the livers of two Pachyptila seabirds. Sci. Rep. 10, 1-14.
https://doi.org/10.1038/541598-020-75024-6.

Ryan, P.G., 1987. The incidence and characteristics of plastic particles ingested by
seabirds. Mar. Environ. Res. 23, 175-206. https://doi.org/10.1016/0141-1136(87)
90028-6.

Ryan, P.G., 2016. Ingestion of plastics by marine organisms. In: Takada, H.,
Karapanagioti, H.K. (Eds.), Hazardous Chemicals Associated with Plastics in the
Environment. Springer, Berlin. https://doi.org/10.1007/698_2016_21.

Ryan, P.G., Fraser, M.W., 1988. The use of great skua pellets as indicators of plastic
pollution in seabirds. Emu 88, 16-19. https://doi.org/10.1071/MU9880016.

Ryan, P.G., Jackson, S., 1987. The lifespan of ingested plastic particles in seabirds and
their effect on digestive efficiency. Mar. Pollut. Bull. 18, 217-219.

Santos, M.M., Hinke, J.T., Coria, N.R., Fusaro, B., Silvestro, A., Juares, M.A., 2018.
Abundance estimation of Adélie penguins at the Esperanza/Hope Bay mega colony.
Polar Biol. 41, 2337-2342. https://doi.org/10.1007/s00300-018-2373-7.

Santos, R.G., Machovsky-Capuska, G.E., Andrades, R., 2021. Plastic ingestion as an
evolutionary trap: toward a holistic understanding. Science 373, 56-60. https://doi.
org/10.1126/science.abh0945.

Santos-Echeandia, J., Rivera-Hernandez, J.R., Rodrigues, J.P., Moltd, V., 2020.
Interaction of mercury with beached plastics with special attention to zonation,
degradation status and polymer type. Mar. Chem. 222, 103788. https://doi.org/
10.1016/j.marchem.2020.103788.

Scheuhammer, A.M., Meyer, M.W., Sandheinrich, M.B., Murray, M.W., 2007. Effects of
environmental methylmercury on the health of wild birds, mammals, and fish.
Ambio 36, 12-18. https://doi.org/10.1579/0044-7447(2007)36[12:EOEMOT]2.0.
CO;2.

Schneider, C.A., Rasband, W.S., Eliceiri, K.W., 2012. NIH Image to ImageJ: 25 years of
image analysis. Nat. Methods. 9, 671-675. https://doi.org/10.1038/nmeth.2089.

Schutten, K., Morrill, A., Chandrashekar, A., Stevens, B., Parmley, E.J., Cunningham, J.
T., Robertson, G.J., Mallory, M.L., Jardine, C., Provencher, J.F., 2024. Plastic
ingestion, accumulated heavy metals, and health metrics of four Larus gull species
feeding at a coastal landfill in eastern Canada. J. Hazard. Mater. 476, 135107.
https://doi.org/10.1016/j.jhazmat.2024.135107.

Sievert, P.R., Sileo, L., 1993. The effects of ingested plastic on growth and survival of
albatross chicks. In: The Status, Ecology, and Conservation of Marine Birds of the
North Pacific. Ottawa, pp. 212-217.

Silvestro, A.M., Casaux, R., 2023. Diet Composition of Adelie Penguins Pygoscelis adeliae
At Hope/Esperanza Bay during 2014-2019. Mar. Ornithol. 51, 61-64. https://doi.
org/10.5038/2074-1235.51.1.1520.

Spedding, D.J., Hamilton, R.B., 1982. Adsorption of mercury vapor by indoor surfaces.
Environ. Res. 29, 30-41. https://doi.org/10.1016/0013-9351(82)90003-2.

Tartu, S., Goutte, A., Bustamante, P., Angelier, F., Moe, B., Clément-Chastel, C., Bech, C.,
Gabrielsen, G.W., Bustnes, J.O., Chastel, O., 2013. To breed or not to breed:
endocrine response to mercury contamination by an Arctic seabird. Biol. Lett. 9,
20130317. https://doi.org/10.1098/rsbl.2013.0317.

Tartu, S., Bustamante, P., Goutte, A., Cherel, Y., Weimerskirch, H., Bustnes, J.O.,
Chastel, O., 2014. Age-related mercury contamination and relationship with
luteinizing hormone in a long-lived antarctic bird. PLoS One 9, e103642. https://doi.
org/10.1371/journal.pone.0103642.

Tanaka, K., Takada, H., Yamashita, R., Mizukawa, K., Fukuwaka, M.A., Watanuki, Y.,
2013. Accumulation of plastic-derived chemicals in tissues of seabirds ingesting
marine plastics. Mar. Poll. Bull. 69, 219-222.

12

Chemosphere 409 (2026) 144990

Tartu, S., Angelier, F., Wingfield, J.C., Bustamante, P., Labadie, P., Budzinski, H.,
Weimerskirch, H., Bustnes, J.O., Chastel, O., 2015. Corticosterone, prolactin and egg
neglect behavior in relation to mercury and legacy POPs in a long-lived Antarctic
bird. Sci. Total Environ. 505, 180-188. https://doi.org/10.1016/j.
scitotenv.2014.10.008.

Tavares, S., Xavier, J.C., Phillips, R.A., Pereira, M.E., Pardal, M.A., 2013. Influence of
age, sex and breeding status on mercury accumulation patterns in the wandering
albatross Diomedea exulans. Environ. Pollut. 181, 315-320. https://doi.org/
10.1016/j.envpol.2013.06.032.

Teuten, E.L., Saquing, J.M., Knappe, D.R., Barlaz, M.A., Jonsson, S., Bjorn, A.,

Takada, H., 2009. Transport and release of chemicals from plastics to the
environment and to wildlife.Philos. Trans. R. Soc. B Biol. Sci. 364, 2027-2045.
https://doi.org/10.1098/rstb.2008.0284.

Trivelpiece, W., Butler, R.G., Volkman, N.J., 1980. Feeding Territories of Brown Skuas
(Catharacta lonnbergi). Auk 97, 669-676. https://doi.org/10.1093/auk/97.4.669.

Turner, A., Holmes, L.A., Thompson, R.C., Fisher, A.S., 2020. Metals and marine
microplastics: adsorption from the environment versus addition during manufacture,
exemplified with lead. Water Res. 173, 115577. https://doi.org/10.1016/j.
watres.2020.115577.

Van Hassel, L., Scholl, G., Eppe, G., Poleunisc, C., Dupont-Gillain, C., Finkelstein, M.,
Debier, C., 2024. Dynamics of leaching of POPs and additives from plastic in a
Procellariiform gastric model: Diet- and polymer-dependent effects and implications
for long-term exposure. PLoS One 19, 1-19. https://doi.org/10.1371/journal.
pone.0299860.

Verlis, K.M., Campbell, M.L., Wilson, S.P., 2013. Ingestion of marine debris plastic by the
wedge-tailed shearwater Ardenna pacifica in the Great Barrier Reef, Australia. Mar.
Pollut. Bull. 72, 244-249. https://doi.org/10.1016/j.marpolbul.2013.03.017.

Verlis, K.M., Campbell, M.L., Wilson, S.P., 2014. Marine debris is selected as nesting
material by the brown booby (Sula leucogaster) within the Swain Reefs, Great Barrier
Reef, Australia. Mar. Pollut. Bull. 87, 180-190. https://doi.org/10.1016/j.
marpolbul.2014.07.060.

Votier, S.C., Bearhop, S., Ratcliffe, N., Furness, R.W., 2001. Pellets as indicators of diet in
great skuas Catharacta skua. Bird Study 48, 373-376. https://doi.org/10.1080/
00063650109461237.

Wadaan, M.A.M., 2009. Effects of mercury exposure on blood chemistry and liver
histopathology of male rats. J. Pharmacol. Toxicol. 4, 126-131. https://doi.org/
10.3923/jpt.2009.126.131.

Wang, J., Peng, J., Tan, Z., Gao, Y., Zhan, Z., Chen, Q., Cai, L., 2017. Microplastics in the
surface sediments from the Beijiang River littoral zone: composition, abundance,
surface textures and interaction with heavy metals. Chemosphere 171, 248-258.
https://doi.org/10.1016/j.chemosphere.2016.12.074.

Waring, R.H., Harris, R.M., Mitchell, S.C., 2018. Plastic contamination of the food chain:
a threat to human health? Maturitas 115, 64-68. https://doi.org/10.1016/j.
maturitas.2018.06.010.

Wayman, C., Fernandez-Pinas, F., Lopez-Marquez, 1., Ferndndez-Valeriano, R., Iglesias-
Lebrija, J.J., Gonzélez-Gonzalez, F., et al., 2024. Unraveling Plastic Pollution in
Protected Terrestrial raptors using regurgitated pellets. Microplastics 3, 671-684.
https://doi.org/10.3390/microplastics3040041.

Wickham, H., 2016. Ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag, New
York. ISBN 978-3-319-24277-4.

Yang, G., Zhou, Z., Cen, Y., Gui, X., Zeng, Q., Ao, Y., Li, Q., Wang, S., Li, J., Zhang, A.,
2015. Death receptor and mitochondria-mediated hepatocyte apoptosis underlies
liver dysfunction in rats exposed to organic pollutants from drinking water. Drug
Des. Devel. Ther. 9, 19-33. https://doi.org/10.2147/DDDT.S86843.


https://doi.org/10.1038/s41598-020-75024-6
https://doi.org/10.1016/0141-1136(87)90028-6
https://doi.org/10.1016/0141-1136(87)90028-6
https://doi.org/10.1007/698_2016_21
https://doi.org/10.1071/MU9880016
http://refhub.elsevier.com/S0045-6535(26)00167-0/sref99
http://refhub.elsevier.com/S0045-6535(26)00167-0/sref99
https://doi.org/10.1007/s00300-018-2373-7
https://doi.org/10.1126/science.abh0945
https://doi.org/10.1126/science.abh0945
https://doi.org/10.1016/j.marchem.2020.103788
https://doi.org/10.1016/j.marchem.2020.103788
https://doi.org/10.1579/0044-7447(2007)36[12:EOEMOT]2.0.CO;2
https://doi.org/10.1579/0044-7447(2007)36[12:EOEMOT]2.0.CO;2
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1016/j.jhazmat.2024.135107
http://refhub.elsevier.com/S0045-6535(26)00167-0/sref105
http://refhub.elsevier.com/S0045-6535(26)00167-0/sref105
http://refhub.elsevier.com/S0045-6535(26)00167-0/sref105
https://doi.org/10.5038/2074-1235.51.1.1520
https://doi.org/10.5038/2074-1235.51.1.1520
https://doi.org/10.1016/0013-9351(82)90003-2
https://doi.org/10.1098/rsbl.2013.0317
https://doi.org/10.1371/journal.pone.0103642
https://doi.org/10.1371/journal.pone.0103642
http://refhub.elsevier.com/S0045-6535(26)00167-0/optj6mylpHjDW
http://refhub.elsevier.com/S0045-6535(26)00167-0/optj6mylpHjDW
http://refhub.elsevier.com/S0045-6535(26)00167-0/optj6mylpHjDW
https://doi.org/10.1016/j.scitotenv.2014.10.008
https://doi.org/10.1016/j.scitotenv.2014.10.008
https://doi.org/10.1016/j.envpol.2013.06.032
https://doi.org/10.1016/j.envpol.2013.06.032
https://doi.org/10.1098/rstb.2008.0284
https://doi.org/10.1093/auk/97.4.669
https://doi.org/10.1016/j.watres.2020.115577
https://doi.org/10.1016/j.watres.2020.115577
https://doi.org/10.1371/journal.pone.0299860
https://doi.org/10.1371/journal.pone.0299860
https://doi.org/10.1016/j.marpolbul.2013.03.017
https://doi.org/10.1016/j.marpolbul.2014.07.060
https://doi.org/10.1016/j.marpolbul.2014.07.060
https://doi.org/10.1080/00063650109461237
https://doi.org/10.1080/00063650109461237
https://doi.org/10.3923/jpt.2009.126.131
https://doi.org/10.3923/jpt.2009.126.131
https://doi.org/10.1016/j.chemosphere.2016.12.074
https://doi.org/10.1016/j.maturitas.2018.06.010
https://doi.org/10.1016/j.maturitas.2018.06.010
https://doi.org/10.3390/microplastics3040041
http://refhub.elsevier.com/S0045-6535(26)00167-0/opt6MCOt5hXxe
http://refhub.elsevier.com/S0045-6535(26)00167-0/opt6MCOt5hXxe
https://doi.org/10.2147/DDDT.S86843

	Plastic in regurgitated pellets and mercury contamination of skua chicks on the Antarctic Peninsula
	1 Introduction
	2 Material and methods
	2.1 Study area
	2.2 Sample collection
	2.2.1 Pellet collection and analysis
	2.2.2 Blood sampling

	2.3 Total Hg determinations
	2.4 Stable isotope analyses
	2.5 Data analysis
	2.6 Ethics approval

	3 Results
	3.1 Plastics in pellets: polymer and color composition
	3.2 Stable isotopes values and seabird-plastic interaction
	3.3 Drivers of blood THg concentrations
	3.4 THg concentrations and hepatic function markers

	4 Discussion
	4.1 Plastics in pellets: polymer and color composition
	4.2 Plastic and diet
	4.3 Plastic as a potential driver of THg concentrations
	4.4 Effects of plastic and THg concentrations on liver function

	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	Data availability
	References


