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• Natural and urban gulls' fatty acids
profiles were described to assess diet
quality.

• Effects of ingesting debris on gulls' fatty
acids composition were investigated.

• Physiologically important fatty acids
were lower in the most urbanized
location.

• Urban gulls rely on a diet with lower
nutritional quality than natural ones.

• No effect of the ingestion of debris was
found on gulls' fatty acids composition.
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Urban habitats offer spatially and temporally predictable anthropogenic food sources for opportunistic species, such
as several species of gulls that are known to exploit urban areas and take advantage of accessible and diverse food
sources, reducing foraging time and energy expenditure. However, human-derived food may have a poorer nutri-
tional quality than the typical natural food resources and foraging in urbanhabitatsmay increase birds' susceptibility
of ingesting anthropogenic debrismaterials,with unknownphysiological consequences for urbandwellers. Herewe
compare the fatty acids (FA) composition of twoopportunistic gull species (the yellow-legged gull, Larusmichahellis,
and the lesser black-backed gull, Larus fuscus) fromareaswithdifferent levels of urbanization, to assess differences in
birds' diet quality among foraging habitats, and we investigate the effects of ingesting anthropogenic materials, a
toxicological stressor, on gulls' FA composition. Using GC–MS, 23 FAs were identified in the adipose tissue of both
gull species. Significant differences in gulls' FA composition were detected among the three urbanization levels,
mainly due to physiologically important highly unsaturated FAs that had lower percentages in gulls from the
most urbanized habitats, consistent with a diet based on anthropogenic food resources. The deficiency in omega
(ω)-3 FAs and the higher ω-6:ω-3 FAs ratio in gulls from the most urbanized location may indicate a diet-
induced susceptibility to inflammation. No significant differences in overall FA compositionwere detected between
gull species.Whilewewere unable to detect any effect of ingested anthropogenicmaterials on gulls' FA composition,
thesedata constitute a valuable contribution to the limited FA literature in gulls.Weencourage studies to explore the
long-term physiological effects of the lower nutritional quality diet for urban dwellers, and to detect the sub-lethal
impacts of the ingestion of anthropogenic materials.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Over the years, population growth and consequent urbanization
transformed natural coastal habitats into novel urban environments
(Aronson et al., 2014; Marzluff, 2001) affecting ecosystems processes
and dynamics (Oro et al., 2013), as well as animal physiology and be-
haviour (Rosenblatt and Schmitz, 2016). Features from the urban envi-
ronment, such as air, light and noise pollution, put urban dwelling
wildlife under stress thatmay result in severalmolecular andphysiolog-
ical changes including altered gene expression, endocrinemodifications
and increased oxidative stress (Partecke et al., 2006; Salmón et al., 2016;
Watson et al., 2017). The existence of suitable breeding sites and the
availability of food resources are crucial for animal populations to strive
and survive in urban conditions (Belant, 1997; Oro et al., 2013). Human-
modified environments offer high, isolated and protected buildings that
allownesting in safer sites, without humandisturbance, aswell as abun-
dant, predictable and readily available anthropogenic food, which at-
tracts a multiple number of generalist and opportunistic animals, such
as gulls, rats or foxes (Belant, 1997; Parra-Torres et al., 2020; Winton
and River, 2017).

Urban-derived food may be easier to access when compared to nat-
ural sources (Bartumeus et al., 2010), allowing opportunistic species to
reduce foraging time and energy expenditure (Fuirst et al., 2018;
Zorrozua et al., 2020). However, the increase in anthropogenic food sub-
sidies may act as an ecological trap as human-derived food has typically
a poorer nutritional quality than the natural food resources (Auman
et al., 2008), which may lead to a reduced growth rate and body condi-
tion (Annett and Pierotti, 1999; Pierotti and Annett, 1991). Animals
exploiting these locations to foragemay be susceptible to a higher expo-
sure to contaminants, poisoning and pathogen infections (Seif et al.,
2018; Sorais et al., 2020; Yorio et al., 2020), aswell as an increased prob-
ability of interacting with anthropogenic debris materials such as glass,
fabric, metal, paper and especially plastics (Lopes et al., 2020, 2021). In
fact, coastal and more generalist seabirds such as gulls are particularly
exposed to such anthropogenic materials (Kühn and van Franeker,
2020; Lopes et al., 2021) and vulnerable to the direct deleterious im-
pacts of their ingestion, whichmay include the obstruction to food pas-
sage, stomach ulcers and perforations of the gastrointestinal tract,
disturbance in the assimilation of nutrients, damage to tissues, morbid-
ity and starvation (Gregory, 2009; Henry et al., 2011; Kühn et al., 2015;
Lavers et al., 2014; Ryan, 1987). In addition to these physical impacts, a
range of less visible toxicological effects may be caused by the ingestion
of anthropogenic materials, including a possible exposure to hazardous
chemicals, especially from plastics containing known or suspected en-
docrine disrupting chemicals as additives (Gallo et al., 2018) which
might contribute to neurological, endocrine and reproductive complica-
tions, and ultimately to death (Bouland et al., 2012; Rochman et al.,
2016). In fact, examining toxicological effects of the ingestion of
anthropogenic materials is difficult and evidence about the transfer of
chemicals between plastics and animals is ambiguous. Most studies
report that plastic ingestion may contribute to a higher exposure of
‘plastic-adhered pollutants’ (Lavers and Bond, 2016; Tanaka et al.,
2013; Yamashita et al., 2011; also see Herzke et al., 2016; Provencher
et al., 2018; Roman et al., 2019). Yet, this transfer of chemicals may be
bidirectional and also occur from the animal to the plastic particles,
with such particles acting as “cleaning” factors and reducing the
chemicals that are already present in the animal (Thaysen et al.,
2020). The toxicological effects of ingested anthropogenic materials
and whether they are a source or sink of chemicals to bird species are
complex and dependent on the species' ecological context (e.g. expo-
sure level and feeding ecology, Thaysen et al., 2020).

Large gulls Laridae, among them the yellow-legged gull (YLG; Larus
michahellis) and the lesser black-backed gull (LBBG; Larus fuscus) have
becomemore common in urban areas, with established breeding popu-
lations around the world, benefiting from a more temperate and stable
microclimate and fewer natural predators than in natural habitats
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(Auman et al., 2008; Huig et al., 2016; Méndez et al., 2020; Pais de
Faria et al., 2021a; Spelt et al., 2019). As opportunistic foragers, gulls
use a wide variety of foraging habitats and strategies, being capable of
exploiting different food types, especially anthropogenic food remains
collected in landfills and within urban habitats (Gyimesi et al., 2016;
Matos et al., 2018; Pais de Faria et al., 2021b; Parra-Torres et al., 2020;
Ramos et al., 2009; Spelt et al., 2019). This resulted in an increase of
their urban population numbers over the last few years (Duhem et al.,
2008; Nager and O'Hanlon, 2016; Vidal et al., 1998). Foraging gulls are
known to ingest anthropogenicmaterials when foraging at their natural
habitats (review by Battisti et al., 2019) and at urban areas and landfills
(Lopes et al., 2021). Yet, possible invisible physiological effects that may
arise from ingesting those materials are poorly known as it may not re-
sult in birds' death but in a poorer health condition, possibly only de-
tectable at molecular and cellular organization levels (Lavers et al.,
2019; Roman et al., 2019). Many impacts from the exposure to plastics
and other anthropogenic materials are perceived, but regarding subtle
effects not all perceived impacts are truly demonstrated, measured
and supported by evidence, and even fewer are empirically verified in
realistic exposure scenarios (Koelmans et al., 2017; Rochman et al.,
2016). Therefore, sub-lethal impacts of the ingestion of anthropogenic
materials may be difficult to detect and may suffer from confounding
bias (Roman et al., 2021), as factors other than debris ingestion might
influence the observed effects at the individual level (Rochman et al.,
2016). Generally, birds capable to survive and even thrive in urbanized
areas are known to experience behavioral and physiological adaptations
(Isaksson et al., 2015; Partecke et al., 2006; Shochat et al., 2010). Despite
the known capability of gulls to exploit urban habitats and human-
derived food resources, little is known about the associated physiologi-
cal consequences of doing so, and if there are any consequences to their
physiology from the ingestion of anthropogenic materials.

Fatty acids (hereafter FA) are the largest constituent of lipids
(e.g. triglycerides, phospholipids and wax esters) which have differ-
ent metabolic functions within an animal's body from storage of en-
ergy to structural components of cell membranes (Williams and
Buck, 2010). FAs are obtained via dietary sources or by de novo biosyn-
thesis, however, as birds are only capable of synthesising certain FAs,
themajority of birds' FAs are acquired through their diet and, therefore,
FA signatures of storage tissues largely reflect diet (Williams and Buck,
2010). FA analysis has been used to assess birds' diet quality and to ex-
amine differences or changes in foraging patterns and/or diets both
within and between populations of predator species (Iverson et al.,
2007; Karnovsky et al., 2012;Wang et al., 2009). Recently, the potential
of using FA composition as a response to toxicological factors has been
explored to assess the sub-lethal impacts of plastic ingestion in seabirds
(in Procellariforms, Puskic et al., 2019), after some reports of a negative
correlation between ingested plastic and fat deposition in seabirds
(Auman et al., 1997; Connors and Smith, 1982).

FA signatures of fledgling gulls are known to differ between urban
and natural habitats (Pais de Faria et al., 2021b), however, variation
in FA composition has rarely been investigated in the context of ur-
banization, with the exception of passerines (e.g. Andersson et al.,
2015; Isaksson et al., 2017). Polyunsaturated (PUFAs) and highly un-
saturated fatty acids (HUFAs) are especially relevant to characterize
as they are involved in regulating birds' physiological processes
(Watson et al., 2017). These FAs are strictly dietary (i.e. essential
fatty acids, EFAs) for all birds, mainly obtained by feeding on aquatic
prey (e.g. fish; Gladyshev et al., 2009), and can affect some aspects of
birds' performance (Twining et al., 2018). The ratio omega (ω)-6:ω-
3 FAs is also interesting to assess in urbanization studies as it is re-
lated with inflammatory responses and oxidative stress (Isaksson,
2015; Romieu et al., 2008). A high total of this ratio is associated
with increased sensitivity to antigens by promoting inflammatory
reactions and oxidative stress (Romieu et al., 2008). Overall, the FA
composition of blood and tissues can play an important role on
birds' health in urban habitats.



Fig. 1. Location of the Portuguese wildlife rescue centres fromwhere gulls were sampled:
Centro de Recuperação do Parque Biológico de Gaia (PBGaia), Centro de Recuperação de
Animais Silvestres de Lisboa (LxCRAS) and Centro de Recuperação e Investigação de
Animais Selvagens (RIAS).

C.S. Lopes, R.C.C. Antunes, V.H. Paiva et al. Science of the Total Environment 809 (2022) 151093
In this study we aim to 1) compare the FA composition of two gull
species (YLG and LBBG) from three wildlife rescue centres that receive
gulls from areas with different levels of urbanization, and to 2) investi-
gate if there is any effect of ingesting anthropogenic materials on FA
composition. We predict that FA composition will differ between
urban and natural dwellers (i.e. between individuals from different
wildlife rescue centres) mainly due to differences in diet between
urban and natural habitats. As urban dwellers foragemore on anthropo-
genic food resources than on marine prey, when compared to natural
dwellers, we expect individuals from themost urbanized area to exhibit
lower percentages of ω-3 PUFAs and HUFAs and a higher ω-6:ω-3 FAs
ratio. As both species are known to be generalist and to forage on similar
anthropogenic food subsidies, we do not anticipatemajor differences in
overall FA composition between both gull species. We suggest that dif-
ferences in diet among habitats should be themain driver for the possi-
ble differences in FA composition, however, differences in FA profiles
may be also a response to toxicological stressors such as the ingestion
of anthropogenic materials that may disrupt nutritional pathways. De-
spite the difficulty in detecting sub-lethal impacts from the exposure
to anthropogenic materials, we predict that their ingestion, if it occurs
at high and toxic levels, could have physiological consequences for
gulls and thus their FA composition should present differences as a re-
sponse to this toxicological stress.

2. Material and methods

2.1. Study sites and sampling processing

This study analysed 47 individuals from both yellow-legged (YLG,
Larus michahellis, n = 23) and lesser black-backed gulls (LBBG, Larus
fuscus, n = 24). All individuals used in this study were found stranded
as a result of injury, illness or exhaustion, and brought by national au-
thorities (Institute of Nature Conservation and Forests, ICNF) or by lo-
cals to one of the three wildlife rescue centres considered for this
study, located across Portugal: Centro de Recuperação do Parque
Biológico de Gaia (PBGaia, 41° 05′ 52″ N, 8° 33′ 23″W, n= 12), Centro
de Recuperação de Animais Silvestres de Lisboa (LxCRAS, 38° 44′ 24″ N,
9° 11′ 11″ W, n = 15) and Centro de Recuperação e Investigação de
Animais Selvagens (RIAS, 37° 02′ 03″ N, 7° 48′ 47″ W, n = 20, Fig. 1).
These three rescue centres serve distinct areas of the country, with dif-
ferent characteristics, and animals entering these wildlife centres
should be experiencing different habitats and distinct levels of urbani-
zation prior to their admission. In addition to other areas, PBGaiamostly
serves theMetropolitan Area of Porto, where Porto is the second largest
city of Portugal (PORDATA, 2011) that lies on the right side of themouth
of theDouro River, close to sea. A knownpopulation of urban gulls dwell
in the city of Porto throughout the year, using certain areas of the city to
rest (Pais de Faria et al., 2021a), and public and private buildings to con-
struct their rooftop nests (Lopes et al., 2020). On the contrary, RIAS
serves mostly the Ria Formosa Natural Park which has five barrier
sandy islands and two peninsulas that form a narrow strip of dunes
that separate the lagoon from the Atlantic Ocean (Ceia et al., 2010),
and is located relatively far from metropolitan and populated urban
centres. For this study, all studied gulls from PBGaia were collected in
the urban metropolitan area of Porto, and all studied gulls from RIAS
were collected in natural areas of the Ria Formosa Natural Park. LxCRAS,
in turn, serves not only themetropolitan area of Lisbon but also the nat-
ural breeding and resting areas around the city. Thus, gulls entering this
recovery centre should either come from the breeding population of the
metropolitan area of Lisbon or fromnatural colonies such as Berlenga Is-
land (39° 24′ 49″N, 9° 30′ 29″W), fromwhich individuals are known to
forage over fisheries leftovers at the seashore south of Lisbon (Ceia et al.,
2014). Necropsies were performed, preferably, on recently dead ani-
mals, which either died right before or after admission (~60% of the
total necropsied gulls), followed by individuals with the shortest hospi-
talization time possible, never longer than 2 weeks. Such selection of
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individuals intends to reflect the conditions of the environment in
which gulls dwelled (i.e. urban vs. natural locations) as much as possi-
ble, rather than conditions at each rescue centre. All individuals were
collected between September 2019 and January 2020, each bird was la-
belled and kept frozen at−20 °C until dissection, and necropsies were
performed in November 2019 at RIAS, January 2020 at PBGaia and
March and May 2020 at Anatomical Pathology Laboratory, Faculty of
Veterinary Medicine, University of Lisbon (FMV-UL, individuals from
LxCRAS).

Necropsies were performed following the dissection techniques of
Peleteiro (2016) and van Franeker (2004). Whenever possible, data on
body condition, probable cause of death (clinical history), body weight,
age and sex were recorded for each individual. Body condition score
(BCS) was recorded based on the pectoral muscle condition, assessed
by its palpation using a scale of 1 (cachexic/lean) to 5 (obese). Probable
cause of deathwasdetermined considering clinical history, clinical signs
and/or necropsy findings for each individual, and gulls were diagnosed
with gulls' paretic syndrome, trauma or unknown causes of death. Pa-
retic syndrome affecting gulls in coastal Portugal has undetermined
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causes, outbreaks occur mainly in September and October each year,
and results in gulls' inability tofly, diarrhoea, paresis, dyspnoea, stiffness
of neck and dehydration (Costa et al., 2021). Individuals chosen for this
study had identical degrees of the disease, with similar symptoms.
Trauma category included gulls that presented fractured bones (mainly
wing bone fractures), articular dislocations and open wounds most
likely linked with human-related collisions (e.g. cars, boats) during
their foraging activities in fishing harbours and urbanized areas. Sex
was determined through direct observation of the reproductive tract
at the celomic cavity and age was recorded as adult (more than
3 years old) or immature (1–3 years) gulls, based on their plumage eval-
uation. All individuals were weighted on an electronic balance to the
nearest 1 g.

Birds' entire digestive system (mouth, proventriculus, gizzard, intes-
tines and cloaca) was carefully examined for the presence of plastics
and other anthropogenic materials (glass, wood, rubber, fabric, etc.).
Visible anthropogenic items (>1 mm) were collected and washed in a
glass petri dish with saline solution. These materials were stored in
tubeswith saline solution and properly labelled per bird and the respec-
tive location on the digestive system, until further analysis.

In the laboratory, anthropogenic items were left at room tempera-
ture until they were completely dry. Items were sorted, counted and
categorized into several categories of materials: plastic, glass, wood,
metal, fabric, rubber and paper (adapted from Provencher et al.,
2017). As the last four categories were found in a small number of sam-
ples, to simplify they were grouped in a “other” category. Plastics were
also sub-divided in four different types: sheetlike (e.g. plastic bags and
cling film), threadlike (e.g. fishing lines, plastic strings, and ribbons),
fragments (unidentifiable fragments from the break-up of larger plastic
items as well as intact items), and foamed plastics (e.g. styrofoam).
Items' colours were also noted following Provencher et al. (2017) and
included the categories: white/clear, yellow, green, blue/purple, red/
pink, brown/orange, grey/silver, black and more than one colour. The
biggest axis of each item was measured using graph paper, with an ac-
curacy of 0.5 mm. Debris items were weighted per individual and per
category to the nearest 0.0001 g using a precision balance.

2.2. FA quantification

From each necropsied bird, a sample of subcutaneous adipose tissue
from the breast, specifically from the interior side of the pelvic limb,was
collected. Fat tissues were stored in microtubes with alcohol 70% cover-
ing the sample, individually labelled and stored at −4 °C. Fat tissues
were then dried andweighted (0.03–0.6 g) and submitted to the FA ex-
traction protocol. The extraction of total lipids and methylation to fatty
acid methyl esters (FAMEs) was performed following the methodology
described by Gonçalves et al. (2012). Samples were incubated with
methanol for the extraction of lipids. The nonadecanoic acid (C19:0,
Fluka 74208) was added as an internal standard for further quantifica-
tion. Samples were centrifuged and vacuum dried. FAMEs identification
was carried out through Gas Chromatography-Mass Spectrometry (GC–
MS), using a Thermo Scientific Trace 1310 Network (Waltham, MA,
USA) equipment, equipped with TR-FFAP (Ton Refrigeration Free Fatty
Acid Phase) column of 0.32 mm internal diameter (i.d.), 0.25 μm film
thickness, and 30 m long. The sample was injected at an injector tem-
perature of 250 °C, lined with a split glass liner of 4.0 mm i.d. The initial
oven temperature was 80 °C, followed by three ramps of linear temper-
ature increase: 25 °Cmin−1 until 160 °C; 2 °Cmin−1 until 210 °C and fi-
nally an increase of 40 °C min−1 until a final temperature of 230 °C was
reached and maintained for 10min. Heliumwas used as carrier gas at a
flow rate of 1.4 mL min−1. A Thermo Scientific ISQ 7000 Network Mass
Selective Detector at scanning m/z ranges specific for fatty acids in Se-
lected Ion Monitoring (SIM) mode acquisition was used. The detector
starts operating 3.5 min after injection, corresponding to solvent
delay. The injector ion source and transfer line were maintained at
240 °C and 230 °C, respectively. Integration of FAME peaks were carried
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out using the equipment's software. Identification of each peakwas per-
formed by retention time and mass spectrum of each FAME, comparing
to the Supelco®37 component FAME mix (Sigma-Aldrich, Steinheim,
Germany). Finally, each peak area was extracted and then quantified
as μg/g.

2.3. Statistical analysis

Each FA of the gulls' adipose tissue, initially in abundances (μg/g),
was converted to a percentage of the total FAs, per individual.

Firstly, general linearmodels (GLMs)withGaussian family and iden-
tity linkwere performed to evaluate the effect of thewildlife rescue cen-
tre (PBGaia, LxCRAS and RIAS) and species (YLG and LBBG) on the
percentages of FA groups (SFAs, MUFAs, PUFAs, HUFAs, ω-3 and ω-6)
and on the total ω-6/ω-3 ratio. When the main effect of rescue centre
or species was significant in the model, we proceeded by traditional
post-hoc Tukey tests.

To normalize FAs percentages data, we used the arcsine transforma-
tion. To analyse the effect of gulls' characteristics (wildlife rescue centre,
species, age, sex, body condition score and clinical history) on their FA
composition, we used partial least scares discriminant analysis (PLS-
DA), a supervised multi-dimensional statistical model analysis that fo-
cuses on covariance while reducing dimensionality and takes into con-
sideration both dependent and independent variables (Hadi and Ling,
1998). PLS-DAwere performedusing all transformed FApercentages in-
dependently of their origin (dietary or non-dietary) and the number of
double-bonds (saturated or unsaturated FA).

To understand how the number of anthropogenicmaterials per indi-
vidual (number of items) differed between wildlife rescue centres and
species,we performed zero inflatedmodels, with negative binomial dis-
tributions to account for overdispersion. Models were performed con-
sidering the total number of items per individual (all debris) and the
total number of plastic items per individual (all plastic). Zero inflated
models use a reference category against which the remaining data is
compared, thus, PBGaia was assigned as the reference rescue centre
and LBBG was assigned as the reference species.

Mass of ingested anthropogenic materials was log10 transformed
to attain normality. General linear models (GLMs) with Gaussian
family and identity link function were performed to evaluate the
effect of wildlife rescue centre and species in the mass of ingested
anthropogenic materials.

The relationship between ingested anthropogenic materials' mass
and number of items on YLG and LBBG body mass was investigated
using linear regression. A Cook's distance of >3 identified one statistical
outlier that was excluded from this analysis (Rousseeuw and Leroy,
2005). To analyse possible patterns of ingested anthropogenic mate-
rials'mass effects on FA composition,we performed partial least squares
regression (PLSR), also with all transformed FA percentages indepen-
dently of their origin (dietary or non-dietary) and the number of
double-bonds (saturated or unsaturated FA).

The R statistical program (R Core Team, 2019) was used in all analy-
ses, with a significance level of p < 0.05. GLM models were performed
using MASS R package (Venables and Ripley, 2002) and post hoc tests
were performed using lsmeans R package (Lenth, 2016). Zero-inflated
models were performed using pscl R package (Zeileis et al., 2008;
Jackman, 2017). PLS-DA and PLSR were performed using mixOmics R
package (Rohart et al., 2017).

3. Results

3.1. FA composition among wildlife rescue centres and species

A total of 23 FAs were found and quantified in the adipose tissue of
YLG and LBBG from the threewildlife rescue centres (Table 1).Monoun-
saturated FAs (MUFAs) were the predominant FA group accounting for,
on average, 48.1% of all FAs, ranging from 44.2% (for LBBG in RIAS) to



Table 1
Relative abundance of adipose tissue fatty acids (% of the total fatty acid content) in two gull species (yellow-legged gull, YLG, Larus michahellis and lesser black-backed gull, LBBG, Larus
fuscus) from three wildlife rescue centres (Centro de Recuperação do Parque Biológico de Gaia, PBGaia; Centro de Recuperação de Animais Silvestres de Lisboa, LxCRAS and Centro de
Recuperação e Investigação de Animais Selvagens, RIAS). Individuals from PBGaia represent the most urbanized gull population, gulls from RIAS represent the most natural individuals
and LxCRAS individuals are both natural andurban dwellers. Data is presented asmeans± standard error of themeans (SEM). C:D=number of carbon atoms:double bonds; N=number
of individuals with that fatty acid detected in their adipose tissue (for Total SFA, Total MUFA, Total PUFA and Total HUFA: N = diversity of FAs per wildlife rescue centre and species, in
italics); LA= linoleic acid;αLNA=α-linolenic acid; DGLA= dihomo-γ-linolenic acid; ARA= arachidonic acid; EPA= eicosapentaenoic acid; DHA= docosahexaenoic acid; SFA= sat-
urated fatty acids; MUFA = Monounsaturated fatty acids; PUFA = Polyunsaturated fatty acids; HUFA = Highly unsaturated fatty acids.

PBGaia (n = 12) LxCRAS (n = 15) RIAS (n = 20)

YLG (n = 10) LBBG (n = 2) YLG (n = 4) LBBG (n = 11) YLG (n = 9) LBBG (n = 11)

FA C:D N Mean ± SEM N Mean ± SEM N Mean ± SEM N Mean ± SEM N Mean ± SEM N Mean ± SEM
Lauric acid C12:0 9 0.82 ± 0.15 1 0.28 ± 0.28 2 0.43 ± 0.27 9 0.36 ± 0.09 4 0.37 ± 0.19 4 0.27 ± 0.16
Tridecylic acid C13:0 0 0 0 2 0.02 ± 0.02 1 0.01 ± 0.01 1 0.01 ± 0.01
Myristic acid C14:0 10 2.59 ± 0.31 2 1.37 ± 0.29 4 4.27 ± 1.38 11 4.51 ± 0.95 9 5.49 ± 0.72 11 4.67 ± 0.61
Pentadecylic acid C15:0 10 1.13 ± 0.18 2 0.95 ± 0.26 4 0.64 ± 0.14 11 0.94 ± 0.14 9 1.01 ± 0.14 11 0.77 ± 0.09
Palmitic acid C16:0 10 20.27 ± 2.32 2 22.15 ± 4.88 4 22.84 ± 0.74 11 22.67 ± 1.13 9 22.76 ± 1.94 11 21.75 ± 0.84
Margaric acid C17:0 10 0.4 ± 0.03 2 0.24 ± 0.02 4 0.57 ± 0.11 11 0.61 ± 0.07 9 0.76 ± 0.09 11 0.65 ± 0.06
Stearic acid C18:0 10 9.53 ± 0.72 2 10.79 ± 0.34 4 8.46 ± 1.2 11 8.13 ± 0.63 9 7.86 ± 0.32 11 8.46 ± 0.79
Arachidic acid C20:0 10 0.37 ± 0.05 2 0.49 ± 0.2 4 0.37 ± 0.11 11 0.38 ± 0.06 9 0.6 ± 0.12 11 0.4 ± 0.07
Behenic acid C22:0 1 0.03 ± 0.03 0 0 0 0 1 0.01 ± 0.01
Tricosylic acid C23:0 1 0.09 ± 0.09 0 0 1 0.07 ± 0.07 0 1 0.24 ± 0.24
Total SFA 9 35.24 ± 2 7 36.27 ± 5.31 7 37.59 ± 1.14 9 37.7 ± 1.49 8 38.86 ± 2.78 10 37.24 ± 1.42
Palmitoleic acid C16:1n-7 10 6.01 ± 1.61 2 2.3 ± 0.5 4 7.04 ± 2.44 11 6.69 ± 1.13 9 8.66 ± 1.16 11 7.8 ± 0.75
Heptadecenoic acid C17:1n-10 8 0.33 ± 0.07 1 0.08 ± 0.08 3 0.51 ± 0.24 10 0.47 ± 0.07 8 0.7 ± 0.11 11 0.65 ± 0.08
Oleic acid C18:1n-9 10 43.34 ± 3.02 2 50.17 ± 0.27 4 31.04 ± 4 11 34.62 ± 3.73 9 26.1 ± 2.58 11 30.04 ± 2.55
Eicosenoic acid C20:1n-9 10 1.57 ± 0.28 2 1.7 ± 0.14 4 3.36 ± 0.8 11 3.85 ± 0.99 9 5.14 ± 0.96 11 3.28 ± 0.54
Cetoleic acid C22:1n-11 5 0.75 ± 0.33 0 4 2.45 ± 0.72 9 3.33 ± 1.25 9 7.26 ± 3.35 9 2.34 ± 0.54
Nervonic acid C24:1n-9 0 0 1 0.23 ± 0.23 0 0 2 0.11 ± 0.08
Total MUFA 5 51.99 ± 2.13 4 54.25 ± 0.71 6 44.63 ± 1.13 5 48.97 ± 3.06 5 47.85 ± 2.39 6 44.22 ± 2.24
LA (ω-6) C18:2n-6 10 10.5 ± 1.86 2 9.1 ± 5.64 4 7.67 ± 3.38 11 5.96 ± 0.85 9 4.68 ± 0.95 11 6.41 ± 1.21
α-LNA (ω-3) C18:3n-3 4 0.13 ± 0.06 0 3 0.6 ± 0.21 6 0.42 ± 0.18 6 0.54 ± 0.16 10 0.64 ± 0.13
Eicosadienoic acid (ω-6) C20:2n-6 2 0.09 ± 0.07 0 3 0.25 ± 0.09 6 0.28 ± 0.12 5 0.15 ± 0.05 8 0.26 ± 0.05
DGLA (ω-6) C20:3n-6 0 0 0 0 0 1 0.04 ± 0.04
Total PUFA 3 10.72 ± 1.94 1 9.1 ± 5.64 3 8.52 ± 3.46 3 6.66 ± 0.81 3 5.37 ± 0.94 4 7.34 ± 1.15
ARA (ω-6) C20:4n-6 3 1.83 ± 1.76 1 0.38 ± 0.38 4 1.92 ± 1.02 7 1.13 ± 0.62 7 0.99 ± 0.5 9 1.9 ± 1.3
EPA (ω-3) C20:5n-3 1 0.04 ± 0.04 0 3 2.14 ± 1.02 5 1.34 ± 0.76 7 1.57 ± 0.57 10 2.25 ± 0.76
DHA (ω-3) C22:6n-3 1 0.18 ± 0.18 0 3 5.2 ± 2.42 6 4.2 ± 1.96 8 5.36 ± 1.37 10 7.04 ± 2.06
Total HUFA 3 2.05 ± 1.98 1 0.38 ± 0.38 3 9.26 ± 3.7 3 6.67 ± 2.89 3 7.92 ± 2.1 3 11.2 ± 3.04
Mean number of FAs/individual 13.5 ± 0.54 11.5 ± 0.5 16.5 ± 0.96 15.55 ± 0.85 16.11 ± 0.68 17 ± 0.47
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54.3% (for LBBG in PBGaia, Fig. 2A). This was particularly due to the high
percentages of the oleic acid (C18:1n-9) in all individuals (Table 1). The
second most abundant FA group was the saturated FAs (SFAs) that
accounted for, on average, 37.2% of all FAs, ranging from 35.2% (for
YLG in PBGaia) to 38.9% (for YLG in RIAS, Fig. 2A). PUFAs (polyunsatu-
rated FAs) presented higher percentages than HUFAs (highly unsatu-
rated FAs) in gulls from PBGaia (9.1–10.7% vs. 0.38–2.1%, respectively),
but this did not occur in individuals from LxCRAS (6.7–8.5% PUFAs vs.
6.7–9.3% HUFAs) nor from RIAS (5.4–7.3% PUFAs vs. 7.9–11.2% HUFAs,
Table 1, Fig. 2A). Individuals from PBGaia presented the lowest percent-
age of ω-3 FAs (0% for LBBG and 0.4% for YLG vs. a range of ~6% in
LxCRAS to ~10% in RIAS, both for LBBG, Fig. 2B). On the contrary, ω-6
FAs presented the highest percentage for YLGs from PBGaia (12.4%,
Fig. 2B), but the range of detected ω-6 FAs percentages was not so
wide as that of ω-3 FAs (range of 5.8% in RIAS to 9.8% in LxCRAS, both
for YLG, Fig. 2B). The total ω-6/ω-3 ratio was the highest for PBGaia
YLGs (38.8), and the lowest for RIAS individuals (1.8 for YLG and 4.7
for LBBG, Fig. 2B).

GLM results testing the effect of wildlife rescue centre and species
on the percentages of FAs groups (SFAs, MUFAs, PUFAs, HUFAs, ω-3
and ω-6) and the total ω-6/ω-3 ratio showed that the percentage
of all FA groups as well as the total ω-6/ω-3 ratio did not vary signif-
icantly among species (F < 1.58; p > 0.22, Table 2A). SFAs, MUFAs
and ω-6 also did not vary among rescue centres (F < 2.77;
p > 0.07), but PUFAs, HUFAs and ω-3 were significantly different
among rescue centres (F > 3.23; p < 0.05, Table 2A), more specifi-
cally between PBGaia and RIAS (all Tukey p < 0.045, Table 2B).
The total ω-6/ω-3 ratio was also different among rescue centres
(F2, 33 = 17.7; p < 0.001, Table 2A), in particular between PBGaia
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and RIAS and between PBGaia and LxCRAS (all Tukey p < 0.001,
Table 2B). RIAS and LxCRAS did not present significant differences
for the ratio ω-6/ω-3 (Table 2B).

Gulls fromPBGaia had a lower diversity of FAs, i.e. a lower number of
FAs per individual (Table 1), than gulls from RIAS and LxCRAS.We iden-
tified 5 FAs that individually accounted for >7% of the total FAs compo-
sition: C18:1n-9 (ranging from 26.1% for YLG in RIAS to 50.2% in PBGaia
for LBBG), C16:0 (ranging from20.3% in PBGaia to 22.8% in LxCRAS, both
for YLG), C18:0 (ranging from7.9% in RIAS for YLG to 10.8% in PBGaia for
LBBG), C16:1n-7 (ranging from 2.3% in PBGaia to 7.8% in RIAS, both for
LBBG) and C18:2n6 (ranging from 4.7% in RIAS to 10.5% in PBGaia,
both for YLG, Table 1).

3.2. Influence of gulls' characteristics on FA composition

From the 47 necropsied gulls, there were more immature individ-
uals than adults (34 immature vs. 13 adults) but sex was evenly distrib-
uted (23 female vs. 20 male gulls; the sex of 4 gulls was impossible to
determine). Considering the probable cause of death, 26 gulls died
from paretic syndrome complications and 18 from trauma lesions (3
gulls had unknown causes of death). Overall, 2 was the most common
BCS recorded (22 gulls), followed by BCS = 3 (12 gulls) and BCS = 1
(7 gulls, Table S1).

A PLS-DA was run on all the percentages (arcsine transformed) of
the FAs detected in the adipose tissue samples (Fig. 3) withwildlife res-
cue centre as response variable. Components (comp) 1, 2 and 3
accounted for 30%, 13% and 13% of the variation in the data, respectively
(Table S2). The three wildlife rescue centres grouped distinctly; in par-
ticular PBGaia (orange ellipse in Fig. 3) was clearly separated from the



Fig. 2. Percentages of A) saturated (SFAs), monounsaturated (MUFAs), polyunsaturated
(PUFAs) and highly unsaturated (HUFAs) fatty acids and B) omega (ω)-3, ω-6 and total
ω-6/ω-3 fatty acids ratio in adipose tissue of yellow-legged (YLG, Larus michahellis) and
lesser black-backed gulls (LBBG, Larus fuscus) from three wildlife rescue centres (PBGaia,
LxCRAS and RIAS, where individuals from PBGaia represent the most urbanized gull
population, gulls from RIAS represent the most natural individuals and LxCRAS
individuals are both natural and urban dwellers). Data are plotted as means ± standard
error of the means (SEM).
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remaining rescue centres (grey ellipse for LxCRAS and blue ellipse for
RIAS in Fig. 3).

The PLS-DA loadings (Fig. 4) revealed that DHA (C22:6n-3), C17:0
and EPA (C20:5n-3 all higher in RIAS and LxCRAS) as well as C18:1n-
9, LA (C18:2n-6) and C12:0 (all higher in PBGaia) were the FAs more
important in explaining variation along comp1 and, therefore, in segre-
gatingwildlife rescue centres (Figs. 3 and 4A). C13:0 and C20:2n-6, neg-
atively, as well as C20:0 and DGLA (C20:3n-6), positively, were the FAs
more important in explaining variation along comp2 (Fig. 4B). The FAs
Table 2
Statistics from the A) general linearmodels (GLMs) testing the effect of wildlife rescue centre (P
population, gulls from RIAS represent the most natural individuals and LxCRAS individuals are
black-backed gull, LBBG, Larus fuscus) on the percentages of each fatty acids (FA) group (SFAs, M
of 47 gulls, and B) Tukey adjusted p-values of pairwise post-hoc comparisons among wildlife
MUFAs = monounsaturated fatty acids; PUFAs = polyunsaturated fatty acids; HUFAs = highl

FA group (mean %) A B

Rescue centre Species PBG

SFAs F2, 44 = 0.8; p = 0.46 F1, 45 = 0.03; p = 0.86 0
MUFAs F2, 44 = 2.77; p = 0.07 F1, 45 = 0.65; p = 0.42 0
PUFAs F2, 44 = 3.23; p = 0.05 F1, 45 = 0.62; p = 0.43 0
HUFAs F2, 44 = 3.7; p = 0.03 F1, 45 = 1.12; p = 0.3 0
ω-3 F2, 44 = 5.28; p = 0.009 F1, 45 = 1.54; p = 0.22 0
ω-6 F2, 44 = 2.08; p = 0.14 F1, 45 = 0.45; p = 0.51 0
Total ω-6/ω-3 F2, 33 = 17.7; p < 0.001 F1, 34 = 1.58; p = 0.22 <0
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C15:0 and ARA (C20:4n-6) were the most important in explaining var-
iation along comp3 (negatively and positively, respectively, Fig. 4C).

Visually, YLG and LBBG did not group distinctly in the respective
PLS-DA andpresented a high overlap between FA percentages (for ellip-
ses of both species, see Fig. S1). None of the remaining gulls' character-
istics (age, sex, BCS and clinical history) grouped distinctly in each
corresponding PLS-DA (Fig. S2), presenting a high overlap between
age classes, sexes, body condition scores and clinical histories.

3.3. Influence of the ingestion of anthropogenic materials on gulls' FA
composition

From the 47 individuals studied, 25 (53.2%) had anthropogenic ma-
terials in their digestive systemswith amean (±SD) number of items of
2.13 ± 3.25 per individual (range 0–14 pieces), weighting 0.0703 ±
0.1633 g (range 0.0001–0.7867 g, Table 3). Detailed description of the
anthropogenic materials found in gulls' digestive tract for each species
and wildlife rescue centre, and the colours of the ingested materials
can be found on Table S3 and Fig. S3, respectively.

No differences were detected in the number of items (all debris)
found in gulls' digestive tract neither among rescue centres nor among
species (Table 4). The number of plastic items was significantly higher
for gulls from PBGaia than for gulls from LxCRAS (Z = −2.26; p =
0.02, Table 4). Mass of anthropogenic materials did not differ signifi-
cantly among rescue centres, but LBBG had materials with greater
mass in their digestive systems than YLG (F1,23 = 6.26; p = 0.02,
Table 4).

YLG's body mass was not significantly related with the number of
ingested items (F1,21 = 0.59, p = 0.45), but the number of ingested
items was positively related with LBBG's body mass (β = 9.75 ±
4.37 g number of items−1, r2 = 0.18, F1,22 = 4.97, p = 0.04, Table S4).
However, there was no significant relationship between the mass of
ingested anthropogenic materials and gulls' body mass (F1,45 = 1.28,
p = 0.26), both in terms of wildlife rescue centre and gull species
(Table S4). As for the number of ingested items, no significant relation
was found with gulls' body mass neither considering all data (F1,45 =
2.2, p = 0.15), nor considering each wildlife rescue centre separately
(Table S4).

The PLSR used to address the effect of the ingestion of anthropogenic
materials on gulls' FA composition showed no clear pattern between the
mass of ingested materials and FA composition (Fig. S4).

4. Discussion

In this study, the FA composition of two opportunistic gull species
from three wildlife rescue centres representative of areas with different
levels of urbanization was described and related with the ingestion of
anthropogenic materials. We detected significant differences in gulls'
FA composition between the three rescue centres, and therefore,
BGaia, LxCRAS and RIAS,where individuals from PBGaia represent themost urbanized gull
both natural and urban) and species (yellow-legged gull, YLG, Larus michahellis and lesser
UFAs, PUFAs, HUFAs,ω-3 andω-6) and on the totalω-6/ω-3 ratio from the adipose tissue
rescue centres. Significant effects are highlighted in bold. SFAs = saturated fatty acids;

y unsaturated fatty acids.

Main effect rescue centre

aia - LxCRAS LxCRAS - RIAS PBGaia - RIAS

.575 0.988 0.453

.279 0.734 0.06

.143 0.889 0.045 RIAS > PBGaia

.183 0.669 0.026 RIAS > PBGaia

.08 0.617 0.007 RIAS > PBGaia

.263 0.949 0.132

.001 0.332 <0.001 PBGaia > Others



Fig. 3. Partial Least Squares Discriminant Analysis (PLS-DA) score plot (component 1 and component 2) of 47 gulls' adipose tissue fatty acids mean percentages (arcsine transformed)
separated according to wildlife rescue centre (PBGaia: orange triangles; LxCRAS: grey points; RIAS: blue squares, where individuals from PBGaia represent the most urbanized gull
population, gulls from RIAS represent the most natural individuals and LxCRAS individuals are both natural and urban dwellers). Each triangle, point or square represents each
necropsied gull. 30% and 13% of the variance in fatty acids is explained by component 1 and component 2, respectively. Coloured ellipses represent 95% confidence intervals.

Fig. 4. Partial Least Squares Discriminant Analysis (PLS-DA) loadings plot of each one of the first three components (A: component 1, B: component 2 and C: component 3) of 47 gulls'
adipose tissue fatty acids mean percentages (arcsine transformed) separated according to wildlife rescue centre. LA = linoleic acid (C18:2n-6); αLNA = α-linolenic acid (C18:3n-3);
DGLA = dihomo-γ-linolenic acid (C20:3n-6); ARA = arachidonic acid (C20:4n-6); EPA = eicosapentaenoic acid (C20:5n-3); DHA = docosahexaenoic acid (C22:6n-3).

Table 3
Description of anthropogenic materials (debris) items present in 47 yellow-legged (YLG, Larus michahellis) and lesser black-backed gulls (LBBG Larus fuscus) necropsied at three wildlife
rescue centres along Portugal (PBGaia, LxCRAS and RIAS, where individuals from PBGaia represent the most urbanized gull population, gulls from RIAS represent the most natural indi-
viduals and LxCRAS individuals are both natural and urban dwellers). FO = Frequency of Occurrence. SD = Standard Deviation. NA = Not Applicable.

Rescue centre Species No. individuals FO (%) of debris Items per individual Mass of debris (g) Size of debris (cm) Total items

Mean ± SD Range Mean ± SD Range Mean ± SD Range

PBGaia YLG 10 80 2.5 ± 2.42 0–7 0.0108 ± 0.0115 0.0001–0.0338 5.87 ± 2.83 2.5–11 25
LBBG 2 50 6 ± 8.49 0–12 0.0880 ± NA 0.0880–0.0880 16.5 ± NA 16.5–16.5 12

LxCRAS YLG 4 0 0
LBBG 11 45.5 0.91 ± 1.76 0–6 0.0362 ± 0.0278 0.0055–0.0780 6.68 ± 1.56 5–9 10

RIAS YLG 9 55.6 2.22 ± 3.15 0–9 0.0713 ± 0.1358 0.0013–0.3132 4.34 ± 2.5 2.9–8.78 20
LBBG 11 54.6 3 ± 4.2 0–14 0.1741 ± 0.3043 0.0034–0.7867 10.62 ± 6.45 4.75–23 33

PBGaia 12 75 3.08 ± 3.63 0–12 0.0194 ± 0.0279 0.0001–0.0880 7.05 ± 4.42 2.5–16.5 37
LxCRAS 15 33.3 0.67 ± 1.54 0–6 0.0362 ± 0.0278 0.0055–0.0780 6.68 ± 1.56 5–9 10
RIAS 20 55 2.65 ± 3.69 0–14 0.1274 ± 0.2378 0.0013–0.7867 7.76 ± 5.83 2.9–23 53
YLG 23 56.5 1.96 ± 2.62 0–9 0.0341 ± 0.0846 0.0001–0.3132 5.28 ± 2.71 2.5–11 45
LBBG 24 50 2.29 ± 3.8 0–14 0.1095 ± 0.2171 0.0034–0.7867 9.47 ± 5.34 4.75–23 55
Total 47 53.2 2.13 ± 3.25 0–14 0.0703 ± 0.1633 0.0001–0.7867 7.29 ± 4.61 2.5–23 100
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Table 4
Statistics from A) zero-inflated models and B) general linear models testing the effect of wildlife rescue centre (PBGaia, LxCRAS and RIAS, where individuals from PBGaia represent the
most urbanized gull population, gulls from RIAS represent the most natural individuals and LxCRAS individuals are both natural and urban dwellers) and species (YLG, Larus michahellis
and LBBG, Larus fuscus), in the number (A) andmass (B) of anthropogenic materials (all debris) and in the number (A) andmass (B) of plastic items (all plastic) detected in 47 necropsied
gulls. For zero-inflatedmodels (A), PBGaia and LBBGwere assigned as reference categories for rescue centre and species, respectively, and only results from count models are shown. Sig-
nificant effects are highlighted in bold.

A Rescue centre Species

No Items LxCRAS RIAS Main effect LBBG Main effect
All debris β ± SE = −1.14 ± 0.75

Z = −1.52
p = 0.13

β ± SE = 0.2 ± 0.5
Z = 0.40
p = 0.69

– β ± SE = −0.39 ± 0.53
Z = −0.74
p = 0.46

–

All plastic β ± SE = −2.61 ± 1.16
Z = −2.26
p = 0.02

β ± SE = −0.35 ± 0.83
Z = −0.43
p = 0.67

PBGaia > Others β ± SE = −0.78 ± 0.84
Z = −0.93
p = 0.35

–

B Rescue Centre Species

Mass All Debris F2,22 = 1.32; p = 0.29 – F1,23 = 6.26; p = 0.02 LBBG > YLG
All Plastic F2,11 = 0.30; p = 0.75 – F1,12 = 1.71; p = 0.22 –
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among urbanization levels, but not among species. A significant positive
relation between the number of ingested items and LBBG's body mass
was detected, but we were unable to identify any effect of the mass of
ingested anthropogenic materials on gulls' FA composition.

4.1. Differences in FA composition

Gulls from the rescue centre that represents themost urbanized area
(PBGaia) had significantly lower percentages of physiologically impor-
tant groups of FAs (HUFAs, PUFAs and ω-3 FAs) in their adipose tissue
than gulls from the remaining centres (LxCRAS and RIAS).We identified
the FAs responsible for the segregation between rescue centres, and
therefore, important in separating highly urbanized areas from more
natural habitats. The FAs DHA, C17:0 and EPA presented significantly
higher percentages in RIAS and LxCRAS, which are representative of
more natural habitats, whereas C18:1n-9, LA and C12:0 were higher in
PBGaia, the most urbanized location.

Gulls adipose tissue revealed a clear predominance of MUFAs rather
than SFAs. This is in accordance with other studies that report, for in-
stance, higher amounts of C18:1n-9 (MUFA) than C18:0 (SFA) on sea-
birds' fat tissue (Dahl et al., 2003; Käkelä et al., 2006; Puskic et al.,
2019), which is often related with a diet enriched on marine species
(Dahl et al., 2003). However, individuals from PBGaia (the most urban-
ized location) exhibited particularly higher percentages of the FA
C18:1n-9, accounting for 44% of the total FAs for that rescue centre vs.
28% in RIAS (the least urbanized site) and 34% in LxCRAS. Urban gulls
from PBGaia should have a highly diverse diet, including the presence
of anthropogenic food items in their diets such as remnants of human
meals, as reported for other gulls using and relying on urban habitats
(Egunez et al., 2018; Huig et al., 2016; Pais de Faria et al., 2021b; Real
et al., 2017). Unfavourable physiological states characterized by loss of
bodymass or periodic fasting associatedwith breeding, moult ormigra-
tion,which can be enhanced by a nutritionally poorer diet in urban hab-
itats, may result in the selectivemobilization of certain FAs, and de novo
biosynthesis of other FAs like C16:0 and C18:0, as well as their respec-
tive products C16:1n-7 and C18:1n-9 (Williams and Buck, 2010). This
may explain the higher proportions of C18:1n-9 in individuals from
PBGaia. Still, the major factor affecting FA composition is diet and, al-
though in smaller amounts, SFAs and MUFAs are also obtained from
diet (Iverson et al., 2007). Despite the highly diverse diet reported for
urban gulls from Porto, they still relied onmarine resources throughout
the year (Pais de Faria et al., 2021b),which alsomayhelp in understand-
ing the higher C18:1n-9 proportions in PBGaia urban gulls.

The SFA palmitic acid (C16:0) was the second most common FA on
adipose tissue of the studied individuals, in similar proportions for
each species and per wildlife rescue centre. This SFA, along with the
stearic acid (C18:0), are two of themost abundant FAs found in animals,
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and is a common released product from the de novo synthesis pathway
of 14‑carbon FAs within seabirds' liver (Dalsgaard et al., 2003; Käkelä
et al., 2009). This FAmay be stored in the adipose tissue or used rapidly
as an energy substrate (Williams and Buck, 2010). Palmitic acid was the
most abundant FA found in plasma of YLG fledglings in Porto urban
breeding colony and in Berlenga natural breeding colony (Pais de
Faria et al., 2021b). By being biosynthesised de novo by birds, both
SFAs and MUFAs relative levels can be controlled to a larger extent
than the levels of PUFAs and HUFAs (Isaksson et al., 2017), therefore
these SFAs andMUFAs results are likely a consequence ofmetabolic reg-
ulation combined with habitat specific diet.

Essential fatty acids (EFAs), such as theω-3 EPA and DHA cannot be
synthetised de novo and must be obtained through diet, being ex-
tremely important to bird physiology (Dalsgaard et al., 2003;
Gladyshev et al., 2009). In fact, EPA and DHA, both ω-3 FAs, were the
most important FAs in segregating wildlife rescue centres, all showing
higher percentages in individuals from RIAS, the least urbanized area,
and LxCRAS. The higher percentages of these ω-3 FAs in individuals
from LxCRAS and RIAS is consistent with a diet based on marine re-
sources (Calado et al., 2018, 2021; Dalsgaard et al., 2003). On the con-
trary, the deficiency in ω-3 FAs and the lower diversity of FAs (i.e.
mean number of FAs per individual, Table 1) in gulls from the most ur-
banized location (PBGaia) are indicators of terrestrial food-webs
(Taipale et al., 2014; Twining et al., 2018), suggesting a diet based on an-
thropogenic food resources. This FA composition suggests that urban
dwellers from PBGaia, have a poorer nutritional condition as items typ-
ically found in humanmeal leftovers are usually rich in fat and proteins,
allowing a greater energy intake, but might be deficient in essential nu-
trients (Patenaude-Monette et al., 2014). Theω-3 FAs deficiency in indi-
viduals from PBGaia is in accordance with previous work performed
with gull fledglings from the urban colony of Porto (Pais de Faria et al.,
2021b). The higher ω-6:ω-3 FAs ratio of individuals from PBGaia may
be suggestive of a higher propensity by urban gulls to an enhanced
diet-induced susceptibility to inflammation when exposed to antigens,
and to suffer from a higher oxidative stress status (Isaksson, 2015;
Isaksson et al., 2017; Romieu et al., 2008). Yet, we cannot exclude the
possibility that the levels of FAs detected by this study could be within
the range of healthy and normal FA variability and, therefore, may not
translate into health problems. An urban diet, typically rich in anthropo-
genic food resources and poor in marine items, and consequently with
low levels ofω-3 EFAs, may be responsible for lower egg quality and re-
duced chick weight in urban gulls (Dosch, 1997; Hebert et al., 2020).

None of the gulls' characteristics (species, age, sex, body condition
score, clinical history) seemed to be important in explaining the global
variation in FA composition. Auman et al. (2008) described sex-based
differences in condition of urban gulls: males were heavier and larger
than the urban females of silver gull (Larus novaehollandiae). Such
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variation in condition could be further reflected in FA differences be-
tween males and females, as reported by Käkelä et al. (2006) for great
skuas (Stercorarius skua). The great skuas' FA variations were attributed
to sexual size dimorphism and division of labourwhile breeding. In YLG
and LBBG species, both male and female share their nest and chick
duties, and both leave the nest for feeding themselves and to provision
the chicks. Still, gull males are typically larger than females (Arizaga
et al., 2008) which could be responsible for sex-differences in FA com-
position. Both YLG and LBBG, adults and immatures, males and females,
are known to benefit from reliable and predictable food sources, either
by interacting with fishing boats and feeding on marine species with
higher nutritional value (i.e. fishery discards; Calado et al., 2018, 2021;
Mendes et al., 2018), mainly in natural habitats, or by feeding on
humanmeal leftovers collected from trash containers or in nearby land-
fills, in urbanhabitats (Lopes et al., 2021; Pais de Faria et al., 2021a; Spelt
et al., 2019). Also, in this study, we compared FA composition between
adults and immature gulls (1–3 years), and we did not consider fledg-
lings. All gulls were captured during their non-breeding season (Sep-
tember to January) and adipose tissue reflects a diet integrated over a
period of 1–2 months (Williams and Buck, 2010), therefore adults and
immatures of both sexes could be experiencing a similar energy-
demanding status as gulls were not breeding.

We acknowledge that some individuals in each habitat may not be
strict urban or natural dwellers as we stated, because the movement
ecology of each individual before capture is unknown. However, our
previous research indicates that gulls from Porto are largely urban
dwellers year-round (Pais de Faria et al., 2021a, 2021b), and those
from Ria Formosa forage mostly in interaction with fishing activities
also year-round (Calado et al., 2021).

When comparing to pellet and bolus analysis, the use of necropsies
presents several advantages including the possibility of determining
age, sex, health status and cause of death of the individuals, evaluating
the entire burden of anthropogenic materials, assessing potential inter-
nal pathologies (i.e. macroscopic lesions and related pathological pat-
terns) and sampling internal tissues for subsequent histopathological
or chemical analysis (Provencher et al., 2019). The use of animals from
wildlife rehabilitation centres may have skewed our samples as these
individuals were likely in a poorer health condition, presenting altered
physiological conditions beforehand that may have been confounded
with the treatment effects and introduced bias to our results. Despite
being an opportunistic methodology in relation to season or species, it
allows repeated sampling and constitutes a non-invasive approach, as
individuals are not purposely collected or killed for scientific research,
with the collection of a large amount of data on each individual
(Provencher et al., 2017).

4.2. Debris ingestion and FA composition

Overall, our study detected that 53.2% and 29.8% of the 47
necropsied gulls had anthropogenic materials and plastics, respectively,
in their digestive systems, with a mean of 2.13 debris items per individ-
ual and amean of 0.77 plastic items per individual. These values are rel-
atively similar to those of other gull debris studies using necropsies
(review by Seif et al., 2018). In previous studies, both YLG and LBBG ex-
hibited high levels of anthropogenic materials in their pellets (Alonso
et al., 2015; Calado et al., 2018), especially in urban and landfill environ-
ments (Lopes et al., 2021). However, the use of necropsies only allows
for the detection of a smaller amount of debris in gulls' digestive system
(Basto et al., 2019; Codina-García et al., 2013; this study) since gulls
have the ability to regurgitate a large part of non-edible food remnants,
including anthropogenic materials (Barrett et al., 2007), reducing the
time that these materials are in individuals' digestive system. In fact,
previous pellet analysis from breeding gulls of the same study areas in-
dicate a large amount of regurgitated anthropogenic materials, particu-
larly plastics by the urban gulls of Porto (Lopes et al., 2021). This
regurgitation capability allows the rejection of larger and heavier
9

items that weremore likely to physically block and/or damage gulls' di-
gestive tract and, therefore, items with greater masses and sizes may
have a lower impact on their digestive system. Still, some items are
known to remain in the gulls' digestive tracts (i.e. smaller items and
microplastics which may not be regurgitated, Provencher et al., 2017),
with an unknown retention time, and thesemay bemore likely to inter-
fere with birds' physiology and body condition (Puskic et al., 2019), but
comprehensive studies on how these debris items affect birds' health
are scarce, especially in an urbanization context.

Bodymass of fledgling flesh-footed shearwaters (Ardenna carneipes)
was inversely proportional to themass and thenumber of ingestedplas-
tic items, which may indicate sub-lethal effects of plastic pollution on
marine wildlife (Lavers et al., 2014). However, with a similar analysis,
Puskic et al. (2019) failed to detect a relationship between ingested
plastics, linear morphometrics and FA composition. Determining body
condition as body mass corrected for size may not be the best metric
to detect effects on animals which have ingested plastic and other an-
thropogenic materials, hence the reason why FA analysis are being ap-
plied to explore such problem. We were not able to detect a relation
between the ingestion of anthropogenic materials and FA composition,
and this may have different explanations. In fact, beyond the ingestion
of debris materials, other factors may be influencing our results. First,
by choosing individuals with similar symptoms and identical degrees
of disease (i.e. paretic syndrome),we attempted to reduce variability re-
garding their health status and clinical history, still we can not exclude
the possibility of bias in our samples that affected FA profile other
than the ingestion of anthropogenic materials. Second, the amount of
anthropogenic materials in gulls' guts turned out to be quite low com-
paring to what we were expecting, especially for urban gulls. Although
gulls are known to ingest large amounts of anthropogenic materials,
such debris may have been “excreted” via the production of pellets
(see Lopes et al., 2021) and, therefore, such levels of ingested anthropo-
genicmaterialsmay simply be below toxic levels andmay not cause im-
pairment nor sub-lethal impacts on the studied individuals. This is also a
reminder of the seasonal variability in debris ingestion, the individuals'
responses to ingestion, and ultimately the difficulty of identifying sub-
lethal impacts of the ingestion of anthropogenic materials in seabirds
(Rochman et al., 2016; Roman et al., 2019).

In conclusion, gulls inhabiting urban habitats may have some imme-
diate benefits when compared to gulls living in natural habitats, such as
reduced foraging energetic costs due to the high availability and acces-
sibility of anthropogenic food resources. Our study suggests that FA
composition of urban gulls has lower nutritional quality than that of
gulls inhabiting more natural habitats, and such nutritional costs may
have long-term effects for urban dwelling populations which deserve
further studies. FA analysis is thus a useful tool to elucidate how anthro-
pogenic materials may disturb metabolic pathways and to assess the
less visible impacts of their ingestion, even though our results suggest
that, at least with our sample of birds from a small period of time,
there was no such effect. In the long run, urban gulls may be more ex-
posed to several contaminants, pathogens (Alm et al., 2018; Sorais
et al., 2020) and anthropogenic materials (Lopes et al., 2020, 2021)
that might endanger gulls' health condition, survival and/or reproduc-
tive output.
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