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ARTICLE INFO ABSTRACT

Fishery discards and landfills provide major subsidies to scavenging seabirds, shaping their foraging behaviour
and population dynamics. However, few studies have compared the behaviour and health of individuals with and
without access to such predictable anthropogenic food subsidies (PAFS). We assessed the foraging behaviour and
immuno-haematological condition of incubating Audouin's (Ichthyaetus audouinii) and yellow-legged gulls (Larus
michahellis) in response to an experimental restriction of access to fisheries and landfill food subsidies in southern
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Predictable anthropogenic food subsidies
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Portugal. In response to food restrictions, gulls from both species increased their foraging distance from the
colony, likely relying on alternative prey, and/or foraging in association with other fishing fleets in Portuguese or

nearby Spanish waters. This was supported by a decrease in the number of yellow-legged gulls observed at both
the landfill and the Culatra fishing harbour during the food restriction trials. These changes were followed by
alterations in the leucocyte profiles of yellow-legged gulls, characterised by a predominance of heterophils over
lymphocytes, i.e. an indicator of physiological stress. Our findings show that limited access to PAFS can influence
gulls' foraging behaviour and physiological condition, highlighting their reliance/dependence on these pre-
dictable subsidies. These short-term responses suggest that PAFS may function as ecological traps for opportu-
nistic seabirds during the breeding period. Understanding such responses is critical to predict long-term
ecological consequences and to develop waste and fisheries management policies aligned with EU strategies.

1. Introduction

Human activities have negatively impacted global biodiversity
(Newbold et al., 2015; O'Hara et al., 2021), but can also create ecological
opportunities by providing predictable anthropogenic food subsidies
(PAFS) (Oro et al., 2013). Anthropogenic food subsidies, such as landfills
and fishery discards, are increasingly used by wildlife, contributing to
the growth of specific wildlife populations (Bicknell et al., 2013; Plaza
and Lambertucci, 2017). For instance, urban red foxes (Vulpes vulpes),
urban coyotes (Canis latrans) or urban yellow-legged gulls (Larus
michahellis) consume predominantly human-related food compared to
their rural or natural counterparts (Contesse et al., 2004; Murray et al.,
2015; Pais De Faria et al., 2021).

Fishery discards significantly influence seabird diet by providing
new prey items such as bathypelagic and demersal species, which would
otherwise not be available to surface-feeders (Alonso et al., 2015;
Mariano-Jelicich et al., 2014). This suggests a strong association be-
tween gulls' foraging distribution and fishery activities, a global pattern
observed in many gull populations and species (Arcos and Oro, 2002;
Calado et al., 2021; Marinao et al., 2018). Dietary analyses indicate that
the most consumed fish species by yellow-legged gulls across four
breeding colonies in the western Iberian Peninsula are similar to the
most landed fish species by local fisheries (Calado et al., 2021).

The predictable and consistent availability of anthropogenic food
from landfills and fishery discards can contribute to reduce starvation
risk (Bartumeus et al., 2010; Oro et al., 2013). Moreover, the reduced
foraging effort may lower energy expenditure (Fuirst et al., 2018),
allowing animals to allocate more energy towards other energetically
demanding processes like growth and reproduction. Although, foraging
on anthropogenic food subsidies may also have negative effects, as these
are often poor in certain nutrients (Grémillet et al., 2008), and may
contain higher levels of contaminant loads (Sorais et al., 2020) and
pathogens (Martin-Vélez et al., 2025), potentially jeopardising the
health condition of consumers. However, there are virtually no
population-level studies simultaneously comparing the foraging
behaviour and health of animals with and without easy access to
anthropogenic food subsidies.

In this context, understanding the foraging behaviour and immuno-
haematological consequences of restricted access to anthropogenic food
subsidies is particularly relevant for Audouin's (Ichthyaetus audouinii)
and the yellow-legged gulls, which breed in sympatry at Ria Formosa,
southern Portugal. Previous studies have shown that Audouin's gulls
breeding in Ria Formosa forage exclusively at-sea, relying mainly on
small pelagic and demersal fish species obtained from fishery discards
(Calado et al., 2021; Matos et al., 2018). According to individual
tracking information, Audouin's gulls from Ria Formosa are not known
to forage on land, unlike some other Mediterranean populations which
regularly use terrestrial habitats such as rice fields or other agricultural
areas (Bécares et al., 2015). Despite the strong population increase over
the past decade in the Ria Formosa region (SPEA, unpublished data),
Audouin's gull remains listed as Vulnerable by the IUCN. In contrast,
yellow-legged gulls breeding in Ria Formosa forage mainly in associa-
tion with local fisheries (Pereira et al., 2025), but they also make regular
use of fishing harbours and terrestrial landfills (Matos et al., 2018;

Mendes et al., 2018). This behavioural flexibility has contributed to the
strong population increase across Europe, including in mainland
Portugal (Oliveira et al., 2023), with the species being currently classi-
fied as Least Concern by the IUCN. As part of the LIFE Ilhas Barreira
project https://www lifeilhasbarreira.pt/en/, in 2023, falconry was
used for one month in May to prevent gulls from accessing the largest
landfill in the region during the breeding period. Contemporaneously,
both species experienced a restriction in fishery discards availability
during this period, as the local fishing fleet from the main harbours in
the gulls' colony surroundings (Olhao and Culatra) was provided with
containers and encouraged, through awareness campaigns, to retain
offal and discards, releasing them exclusively while navigating to the
ports, i.e. a period of low gull attendance to fishing vessels (Frade et al.,
2025). As a result, yellow-legged gulls were prevented from accessing
two important food resources (landfills and fishery discards), whereas
Audouin's gulls were only prevented from accessing fishery discards.

In response to restricted access to anthropogenic food subsidies from
both landfills and fisheries, we hypothesise that breeding Audouin's and
yellow-legged gulls will increase their foraging effort and face greater
physiological stress. Based on this hypothesis, we predict that gulls of
both species will travel longer distances and expand their foraging
ranges (Langley et al., 2021; Matos et al., 2018). We also predict that
immuno-haematological parameters of both gull species will be nega-
tively affected, with a stronger effect on yellow-legged gulls (Oro et al.,
2013). This study is particularly relevant for informing waste manage-
ment strategies, as many European countries are progressively closing
landfill sites in compliance with the EU Directive 2018/850. This re-
striction in access to waste is expected to significantly decrease food
sources for landfill-foraging species, such as yellow-legged gulls,
potentially leading to ecological consequences that remain poorly un-
derstood (Oro et al., 2013). Moreover, this study is still relevant to the
reform of the Common Fisheries Policy of the European Union, which
includes the discard ban policy that leads to an obligation to land the
unwanted part of the catch (EU 1380/2013, Article 15). Although aimed
at improving the sustainability of the fishing industry, this policy may
also negatively affect vulnerable species such as Audouin's gulls, high-
lighting the importance of assessing how changes in anthropogenic food
subsidies influence wildlife body condition and health from a conser-
vation perspective (Bicknell et al., 2013).

2. Materials and methods
2.1. Experimental design and monitoring

Experimental food restriction trials were conducted from 1 to 31 May
2023, during the breeding period of Audouin's and yellow-legged gulls,
at the Sotavento (also known as the leeward region or eastern Algarve)
landfill and at the fishing harbours of Olhao and Culatra (Fig. 1). The
Sotavento landfill is the largest in the region, with an annual solid waste
capacity of approximately 130,000 t (https://www.algar.com.pt/pt/al
gar/historia/). The fishing harbour of Culatra holds a small artisanal
fishing fleet, whereas Olhao, located just 4 km away, is one of the most
important harbours in the region. In 2023, the fishing harbour of Olhao
accounted for approximately 58 % (3865 t) of the fish landed by
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polyvalent fisheries in the Algarve region (Instituto Nacional de Esta-
tistica, 2023).

At the Sotavento landfill, falconry was used to deter gulls and limit
their feeding. Falcons were deployed daily from 6:30 a.m. to 2:30 p.m.,
matching the peak gull activity period identified in previous years
through systematic observations at the landfill (SPEA, unpublished
data). At the fishing harbours of Olhao and Culatra, awareness cam-
paigns encouraged fishermen to avoid feeding gulls after fishing,
particularly while cleaning and mending their nets. Moreover, infor-
mational panels were installed, and fishermen were provided with
secure 25 L containers. They were encouraged to retain offal, and fishery
discards in the containers during fishing and release them in controlled
batches while returning to the fishing harbour. A recent study found that
this practice significantly reduced interactions with scavenging seabirds
(i.e. gulls and gannets) during fishing operations in the artisanal bottom-
set net fleet in our study area (Frade et al., 2025).

To monitor gulls at the landfill and fishing harbours, bird counts
were conducted on two days in April (one weekday and one weekend
day) before the experimental food restriction trials, and followed the
same schedule twice per week in May during the trials. At the landfill,
observations were made from vantage points, with one count per hour
and a minimum of eight counts per day exclusively between 6:30 a.m.
and 2:30 p.m. This matched falconry activity in May (during the trials)
and no observations were made outside this time-window. At the fishing
harbours, counts were carried out along a transect covering the entire
harbour area, with a minimum of three daily counts spaced at one-hour
intervals. Data were used for statistical analysis as the sum of gulls
observed per hour. While the observed gulls likely included individuals
from more than one colony, most are expected to originate from Deserta
Island, which holds the largest breeding population of Audouin's gulls in
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the Ria Formosa, with 3821 breeding pairs, and 612 breeding pairs of
yellow-legged gulls in 2025 (SPEA, unpublished data). A smaller colony
is located on Culatra Island, approximately 8 km northeast of Deserta
Island, with 1300 breeding pairs of Audouin's gulls and 250 breeding
pairs of yellow-legged gulls also in 2025 (SPEA, unpublished data).

2.2. Fieldwork and data collection

The foraging and physiological responses of incubating Audouin's
and yellow-legged gulls to experimental food restriction trials were
studied at Deserta Island (36°57'40"N, 7°53'20"W). Deserta Island
(Fig. 1) is a sandy island located in the Ria Formosa Natural Park, in the
Algarve region of southern Portugal. It lies approximately 35 km from
the Sotavento landfill, 9 km from the Olhao fishing harbour, and 6 km
from the fishing harbour of Culatra. Before the experimental food re-
striction trials, on April 26-27, we captured incubating gulls with full
clutches using nest traps. All captured individuals were breeding adults
of unknown age. Each bird was ringed, weighed (to the nearest 5 g) with
a Pesola® spring balance, and equipped with a GPS device. We collected
approximately 150 pL of blood from the tarsal vein using two hepari-
nised capillary tubes and immediately stored the samples in a cool box.
Whole blood was used for sex identification and total haemoglobin
quantification. Additionally, blood smears were prepared from fresh
samples and fixed in absolute methanol after air-drying. We recaptured
the gulls to retrieve GPS loggers and collect additional blood samples
and smears from 7 to 13 days (mean + SD: 9.7 £ 1.5 days) after the start
of the experimental food restriction trials (from May 5 to 10).

Silves

Sé&o Bras de
Alportel

Albufeira

1. Sotavento landfill

2. Culatra fishing harbour
3. Olh&o fishing harbour
% Deserta Island (colony)

0 75 15 km
)

7.Q°W
Castro Marim
Alcoutim
F37.2°N
F37.0°N
F36.8°N

Fig. 1. Map of the study area showing the locations of the food restriction trials: (1) Sotavento landfill, (2) Culatra fishing harbour, and (3) Olhao fishing harbour. A
red star marks the breeding colony at Deserta Island, where Audouin's and yellow-legged gulls were GPS-tracked and sampled for physiological parameters dur-

ing incubation.
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2.3. GPS-tagging and analysis

GPS loggers (CatLog2, Perthold Engineering) were also attached to
Audouin's and yellow-legged gulls during incubation (April 26-27). GPS
devices were attached to the gulls' four central tail feathers using TESA®
tape, programmed to record positions every 5 min, and retrieved
approximately 10 days after deployment. These devices weighed
approximately 15 g for Audouin's gulls (2.9 % of the body mass of the
lightest tagged bird), and 17 g for yellow-legged gulls (2.5 % of the body
mass of the lightest tagged bird). We found no significant differences in
the number of days tracked between Audouin's and yellow-legged gulls
(9.8 &+ 1.9 days vs. 9.5 £ 1.1 days, respectively; to4 = 0.387, p = 0.70).
Similarly, there was no significant change in body mass between capture
and recapture in tagged Audouin's gulls (644.8 + 54.7 g vs. 614.2 +
77.9 g, respectively; t3p = 1.31, p = 0.20) and yellow-legged gulls
(1024.0 £ 166.2 g vs. 1046.2 + 163.1 g, respectively; t3; = 0.38, p =
0.71).

Tracking data were first filtered to remove positions within a 200 m
radius of the nest to reduce the influence of the colony. Next, we iden-
tified individual foraging trips and calculated the maximum distance
from the colony (linear distance between the furthest location of the trip
and the breeding colony, in km). To characterise birds' foraging
behaviour during each trip, we used the ‘Expectation-Maximisation binary
Clustering’ algorithm from package ‘EmbC’ (Garriga et al., 2016) to
classify each GPS position in either (1) travelling (high velocity, low
tortuosity), (2) extensive search (high velocity, high tortuosity), (3)
intensive search (low velocity, high tortuosity) or (4) resting (low ve-
locity, low tortuosity). Intensive and extensive search behaviours were
grouped as foraging positions, and the percentage of time individuals
spent foraging was then calculated.

Kernel density estimates were generated for the foraging positions
only (i.e. intensive and extensive search) using the ‘adehabitatHR’ R
package (Calenge, 2006). We further calculated the area (in km?) of 50
% kernel Utilization Distributions (UDs) in the foraging trips of each
individual, before (26-30 April) and during (1-10 May) the experi-
mental food restriction trials. The most appropriate smoothing param-
eter (h) was calculated using the R package ‘track2KBA’ (Beal et al.,
2021), as the average value of area-restricted search (ARS) behaviour for
each species (8 km for Audouin's gulls and 3 km for yellow-legged gulls).

2.4. Immuno-haematological analysis

To examine the blood smears, we initially stained them with Giemsa.
Subsequently, each blood smear was observed through a microscope
using the 1000x objective lens. Twenty-three distinct fields were
selected randomly, ensuring no overlap or gaps in the distribution of red
blood cells (RBCs), representing an average of 10,000 RBCs per smear.
Data were recorded on the number and type of white blood cells (WBCs),
from which the ratio of heterophils:lymphocytes was calculated (H/L, in
100 WBCs), the number and type of abnormalities in RBCs' nucleus and
the number of polychromatic RBCs (immature cells). If the WBC count
did not reach at least 100 cells at the end of the 23 fields, additional
random fields were observed until this threshold was met to ensure a
proper calculation of the H/L ratio.

To assess blood haemoglobin concentration (g/dL), we diluted 10 pL
of whole blood (ensuring no presence of clots) in 1 mL of Spinreact
working reagent, following the instructions of the kit (Spinreact hae-
moglobin quantification kit, Girona, Spain). Samples were read in
duplicate at 540 nm in a total of 200 pL reaction volume per well.
Haemoglobin concentration was calculated using the formula (absor-
bance sample - absorbance blank)/ (absorbance standard - absorbance
blank)*15 by comparison with a known standard of 15 g/dL (haemo-
globin from bovine blood, Sigma-Aldrich, Saint Louis, USA).
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2.5. Statistical analysis

We used Wilcoxon rank-sum tests to evaluate whether the abundance
of gulls at the Sotavento landfill and the fishing harbours of Olhao and
Culatra varied during the experimental food restriction trials. The tests
were conducted separately for each site, with the period of the trials
(before vs. during) as a fixed effect and the total abundance of gulls at
each site as the response variable in each model. Although gull counts
were conducted twice per week throughout May, for the statistical an-
alyses we only included counts from the first two weeks of May to match
the period of GPS tracking and blood sampling of the individuals from
Deserta Island. Counts from the last two weeks of May, as well as the raw
dataset used, are reported in Supplementary Material Tables S1 (Sota-
vento landfill) and S2 (Olhao and Culatra fishing harbours). Due to
difficulties in accurately distinguishing immature lesser black-backed
gulls (Larus fuscus) and yellow-legged gulls in large mixed flocks, both
species were merged into a single group. However, during this period,
lesser black-backed gulls are very low in abundance in the region, rep-
resenting less than 5 % of all identified gulls at the species level.

To explore patterns in foraging behaviour and physiological condi-
tion in the experimental food restriction trials, a principal component
analysis (PCA) was applied to normalised tracking variables (maximum
distance from the colony, proportion of time spent foraging, and area of
50 % kernel UDs) and immuno-haematological parameters (count of
WBCs, heterophils, lymphocytes, erythrocyte nuclear abnormalities,
immature erythrocytes, and total blood haemoglobin). PCA computa-
tion and visualisation were performed using the ‘FactoMineR’ R package
(Le et al., 2008). We then used generalised linear models (GLMs) to test
whether the experimental food restriction trials influenced gulls'
foraging behaviour and physiological condition. Separate models were
fitted for each species, using the scores of the first two principal com-
ponents (PC1 and PC2) as response variables in each model. In each
model, we included the period in the experimental food restriction trials
(before vs. during) and sex (females vs. males) as fixed effects. We chose
PCA to reduce the potentially correlated foraging and physiological
variables, rather than conducting univariate tests for each variable, to
minimise the risk of Type I and Type II errors associated with multiple
testing. Lastly, we checked the models for normality and homogeneity
by visual inspection of residual plots using the ‘performance’ R package
(Liidecke et al., 2021).

All statistical analyses were carried out in R v. 4.1 (R Core Team,
2024). All data are presented as mean + SD (standard deviation) unless
otherwise stated. Differences were considered statistically significant at
p < 0.05.

3. Results
3.1. Abundance of gulls at the landfill and fishing harbours

The average number of yellow-legged gulls at the Sotavento landfill
decreased by 80.6 % during the first two weeks of the experimental food
restriction trials (152.0 + 131.5 birds/day before vs. 29.5 + 46.3 birds/
day during this period; W = 93.5, p = 0.006), with most counts
recording fewer than 50 gulls (Supplementary Material Table S1). At the
fishing harbours, the average number of yellow-legged gulls remained
unchanged at the Olhao harbour (93.5 + 35.9 birds/day before vs. 114.5
+ 81.9 birds/day during the first two weeks of trials; W = 33, p = 0.62,
respectively; Supplementary Material Table S2). At Culatra fishing
harbour, the average number of yellow-legged gulls decreased by 25.6 %
during the first two weeks of the experimental food restriction trials
(211.6 + 33.9 birds/day before vs. 157.5 + 34.5 birds/day during this
period; W = 50.5, p = 0.04), although the number of gulls remained
relatively high during the entire month of May (Supplementary Material
Table S2). Audouin's gulls were rarely observed at the landfill or at the
fishing harbours, either before or during the experimental food restric-
tion trials (Supplementary Material Tables S1 and S2).
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3.2. Changes in foraging behaviour and physiological condition

A total of 19 incubating Audouin's gulls (9 females, 10 males) and 20
yellow-legged gulls (9 females, 11 males) were GPS-tracked and
sampled for physiological parameters both before and during the
experimental food restriction trials. Sample sizes and summary statistics
for tracking variables and immuno-haematological parameters are
provided in Table 1.

For Audouin's gulls, PC1 and PC2 explained 46.1 % of the total
variance in the PCA (Table 2). PC1 scores ranged from —2.91 to 3.05,
with higher values indicating a greater number of heterophils and lower
values corresponding to higher number of lymphocytes (Table 2 and
Fig. 2). PC2 scores ranged from —2.87 to 3.30, with higher values
indicating a larger 50 % kernel UD area and greater maximum distance
from the colony, while lower values reflected more time spent foraging
(Table 2 and Fig. 2). Audouin's gulls increased foraging effort during the
food restriction trials (PC2 scores: Fp 29 = 9.76; # + SE: 1.38 £ 0.44, t =
3.12, p = 0.004; Figs. 3 and 4a). Their physiological condition showed
no significant change, though the result was marginal (PC1 scores: Fy 29
=4.10; f + SE: 1.04 + 0.51, t = 2.02, p = 0.05). We found no evidence
for sex-differences in PC1 (Fg 29 = 1.56; & SE: —0.69 + 0.50, t = 1.38,
p =0.18) and PC2 (F3 29 = 0.46; § & SE: 0.21 + 0.43,t=0.48 + 0.51, p
= 0.64).

For yellow-legged gulls, PC1 and PC2 explained 51.4 % of the total
variance in the PCA (Table 2). PC1 scores ranged from —3.45 to 3.85,
with higher values indicating greater maximum distance from the col-
ony and a higher number of heterophils, while lower values were
associated with higher number of lymphocytes (Table 2 and Fig. 2). PC2
scores ranged from —2.69 to 3.34, with lower values reflecting more
time spent foraging and higher values indicating a larger 50 % kernel UD
area (Table 2 and Fig. 2). Yellow-legged gulls increased foraging effort
and showed a decline in physiological condition during the food re-
striction trials (PC1 scores: Fp 30 = 18.51; § & SE: 2.06 + 0.48, t = 4.30,
p < 0.001; Figs. 3 and 4b). There were no changes in PC2 before and
during the experimental food restriction trials (PC2 scores: Fp 30 = 1.94;
B + SE: —0.69 + 0.49, t = 1.39, p = 0.17). Moreover, we found no ev-
idence for sex-differences in PC1 (Fy30 = 0.24; § + SE: 0.06 + 0.47, t =
0.12, p = 0.91) or PC2 (Fy 30 = 0.67; f & SE: 0.45 £ 0.48,t = 0.94,p =
0.36).

4. Discussion
In this study, we evaluated the consequences of experimental food

restriction trials on the foraging behaviour and physiology of two
sympatric gull species during incubation. When access to the landfill

Table 1
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Table 2

Variable loadings from principal component analysis (PCA) of normalised
tracking variables, i.e. maximum distance from the colony (MDC), proportion of
time spent foraging (TSF) and area of 50 % kernel UDs (UD50); and immuno-
haematological parameters, i.e. counts of white blood cells (WBC), heterophils
(HET), lymphocytes (LYM), erythrocyte nuclear abnormalities (ENA), immature
erythrocytes (IE), and haemoglobin (HB) collected from incubating Audouin's
and yellow-legged gulls before (26-30 April) and during (1-10 May) the
experimental food restriction trials. Variables are listed in ascending order based
on the variable loadings of PC1 per gull species.

Variables Audouin's gull

PC1 PC2
Lymphocytes (LYM) —0.64 0.06
White blood cells (WBC) —0.39 —0.09
Area of 50 % kernel UDs (UD50) -0.03 0.67
Haemoglobin (HB) 0.00 0.13
Immature erythrocytes (IE) 0.03 —0.12
Proportion of time spent foraging (TSF) 0.06 —0.44
Maximum distance from colony (MDC) 0.10 0.47
Erythrocyte nuclear abnormalities (ENA) 0.10 0.31
Heterophils (HET) 0.64 —0.05
Proportion of variance explained 25.1 21.0
Variables Yellow-legged gull

PC1 PC2

Lymphocytes (LYM) —0.44 0.39
Erythrocyte nuclear abnormalities (ENA) —0.32 0.27
Immature erythrocytes (IE) —0.17 —0.07
Haemoglobin (HB) -0.15 -0.33
Proportion of time spent foraging (STF) -0.11 —0.51
White blood cells (WBC) —0.11 0.21
Area of 50 % kernel UDs (UD50) 0.41 0.43
Heterophils (HET) 0.46 —-0.32
Maximum distance from colony (MDC) 0.51 0.26
Proportion of variance explained 29.8 21.6

site, a frequent foraging site for yellow-legged gulls in southern Portugal
(Matos et al., 2018; Mendes et al., 2018), and to fishery discards from
local fishing boats were restricted simultaneously, breeders of both gull
species increased their foraging distance from the colony. This behav-
ioural shift was further supported by a sharp decline in the number of
yellow-legged gulls observed both at the Sotavento landfill and at the
Culatra fishing harbour during the food restriction trials. In contrast,
Audouin's gulls at Ria Formosa are known to rely heavily on at-sea
discards from local fisheries during the breeding period (Calado et al.,
2021). Their response to the experimental restriction in food availability

Comparison between tracking variables (i.e. foraging behaviour) and immuno-haematological parameters (i.e. physiological condition) of incubating Audouin's and
yellow-legged gulls before (26-30 April) and during (1-10 May) the experimental food restriction trials. Values are mean + SD. Sample size refers to the total number

of individuals sampled.

Audouin's gull

Yellow-legged gull

Before During Before During

(N=19) (N=13) (N = 20) (N=13)
Tracking variables
Maximum distance from colony (km) 77.6 + 30.4 95.4 + 36.1 18.9 + 14.0 327 +£17.8
Proportion of time spent foraging (%) 452 +12.4 40.5 + 4.4 54.9 + 13.8 50.5 + 14.4
Area of 50 % kernel UDs (km?) 870.9 + 406.5 1293.6 + 563.8 387.2 £ 134.4 449.7 £178.2
Immuno-haematological parameters
White blood cells (counts) 66.2 + 27.1 60.7 £ 25.1 26.8 £19.4 245 £11.7
Heterophils (counts) 40.6 + 14.8 51.2+17.6 49.8 +12.9 75.2 + 8.7
Lymphocytes (counts) 55.9 + 15.0 46.5 + 17.5 43.4 + 14.2 20.4+7.5
Heterophils/ Lymphocytes ratio 0.9 + 0.6 1.5+1.2 1.4 +1.2 44+19
Erythrocyte nuclear abnormalities (counts) 36.8 +12.3 58.8 + 15.1 5.0 +5.8 2.8+27
Immature erythrocytes (counts) 49.1 +£11.7 47.9 £ 10.7 6.9 + 2.7 7.2+23
Haemoglobin (g/dL) 16.7 + 3.2 17.5+ 4.9 17.6 £ 5.5 18.2 + 3.7
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Fig. 2. Biplot of scores extracted by principal component analysis (PCA) on the two main components (PC1 and PC2) applied to normalised tracking variables, i.e.
maximum distance from the colony (MDC), proportion of time spent foraging (TSF) and area of 50 % kernel UDs (UD50); and immuno-haematological parameters, i.
e. counts of white blood cells (WBC), heterophils (HET), lymphocytes (LYM), erythrocyte nuclear abnormalities (ENA), immature erythrocytes (IE), and haemoglobin
(HB) - collected from incubating Audouin's and yellow-legged gulls before (26-30 April) and during (1-10 May) the experimental food restriction trials. Ellipses

include 95 % of the data points.
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Fig. 3. Overall foraging trips made by incubating Audouin's (N = 19) and yellow-legged gulls (N = 20) before (26-30 April) and during (1-10 May) the experimental
food restriction trials. The location of the breeding colony (Deserta Island) is marked with a red star.

likely reflects limited access to discards from local fisheries. While we the fleet, including industrial fisheries and boats from other fishing

acknowledged that discard management reduced seabird interactions harbours, remained available to gulls, though in limited quantities. Our
with local fisheries during the food restriction trials (Frade et al., 2025), results suggest that gulls from both species increased their foraging
we cannot exclude the possibility that discards from other segments of effort during the food restriction trials, likely relying on alternative prey
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Fig. 4. Model estimates and standard errors (SEs) from models explaining variation in PC2 for incubating (a) Audouin's gulls and in PC1 for (b) yellow-legged gulls,
based on tracking variables and immuno-haematological parameters collected before (26-30 April) and during (1-10 May) the experimental food restriction trials.

and/or associating with other fishing fleets operating in the Portuguese
Exclusive Economic Zone or adjacent Spanish waters. Future studies
combining habitat classification with diet (e.g. pellets, stable isotopes,
or fatty acids) would help confirming these potential habitat and dietary
shifts. Moreover, long-term GPS tracking would allow a more detailed
assessment of habitat use patterns throughout the breeding period.

Yellow-legged gulls, which were deprived of two important PAFS,
exhibited significant changes in their physiology, particularly in their
leucocyte profile, and showed a clear predominance of heterophils over
lymphocytes (resulting in an increased H/L ratio) during the food re-
striction periods. The increased circulation of heterophils in the blood-
stream is a secondary response to stress mediated by the activation of the
hypothalamus-pituitary- adrenal (HPA) axis (Maxwell et al., 1992). Asa
result, the H/L ratio is widely used as a general indicator of stress
exposure. Similar patterns have been observed in other seabird species
under food-related stress. For instance, Antarctic shags (Leucocarbo
bransfieldensis) breeding in an area with intense commercial fishing, and
likely reduced food availability, showed higher H/L ratio than shags
breeding in an area without commercial fishing (Beltran et al., 2024). In
addition to responding to variations in food availability, physiological
stress responses and immunological parameters change as the breeding
season of seabirds progresses (Fitzgerald et al., 2022; Kitaysky et al.,
1999), although the magnitude and direction of these changes may
differ between sexes (Wojczulanis-Jakubas et al., 2018). In our study, all
sampled gulls were in the incubation period, reducing potential varia-
tion in stress responses due to breeding stage. Moreover, we found no
sex-differences in physiological or foraging effort patterns in either
species, suggesting that the observed stress responses may have been
driven by the experimental food restrictions rather than natural
variation.

GPS data indicated that yellow-legged gulls increased their at-sea
foraging effort during the food restriction trials, yet their elevated
physiological stress suggests that this additional effort was insufficient
to overcome their nutritional needs. It is possible that yellow-legged
gulls shifted to alternative, lower-quality resources, including refuse
from urban areas or fishing harbours, and terrestrial prey from agri-
cultural fields, which further contributed to the decline of their health
condition. Comparable behavioural responses have been observed in
other gull species associated with urban environments and landfills. For
instance, after a landfill closure, (Langley et al., 2021) showed that
breeding lesser black-backed gulls increased foraging effort and shifted
foraging habitats, with gulls from one colony increasing their use of
agricultural areas, while at another colony they relied more on urban

habitats. Despite these behavioural changes, adult body condition
remained unaffected, suggesting that the impacts of PAFS restriction
may be subtle and primarily manifest at the physiological-level during
incubation (this study), or that adults may transfer the costs to offspring
through reduced breeding success and juvenile survival (Delgado et al.,
2021; Oro et al., 1995).

Audouin's gulls, deprived only of fisheries discards near the breeding
colony, displayed a weaker shift in leucocyte profile, with the trend only
nearly significant. Because this species also increased its foraging effort,
as yellow-legged gulls did during the food restriction trials, the differ-
ential physiological responses between the two species suggest that
restricted food availability (or increased unpredictability), rather than
foraging effort itself, was likely the primary stressor affecting gulls
(Beltran et al., 2024; Fokidis et al., 2012; Kitaysky et al., 1999). Unlike
yellow-legged gulls, these results suggest that Audouin's gulls were able
to cope with this change by foraging farther away, likely accessing prey
of similar quality to that available before the experimental restriction.
Our results are in line with previous research showing that Kelp gulls
(Larus dominicanus) feeding at a landfill in northern Patagonia exhibited
lower levels of biochemical parameters related to nutrition and immu-
nocompetence, including triglycerides, total proteins, plasmatic enzyme
activity, body condition index, and leucocyte count than those foraging
at a natural site (Adami et al., 2024). Together, these findings indicate
that the differential physiological responses of the two gull species
during the food restriction trials were likely driven by the availability
and quality of alternative prey. Audouin's gulls were able to maintain
physiological balance, while yellow-legged gulls experienced elevated
stress when alternative resources were insufficient or of lower quality.

Several studies including seminal experiments on the H/L ratio
variation in relation to food restriction in poultry (Maxwell et al., 1992),
and manipulative and correlative studies in wild birds have implicated
an increase of H/L ratio as a sensitive response to lower food availability
(Beltran et al., 2024; Hoi-Leitner et al., 2001; Johnstone et al., 2012).
For instance, supplemental feeding improved individual health in
several passerine forest bird species, leading to reduced stress (i.e. low
H/L ratio), increased antioxidant levels, and even improved body con-
dition index and innate immune defence (in some species), compared to
a control area (Wilcoxen et al., 2015). These differences disappeared
when feeders were removed. However, when evaluating responses to
food unpredictability, there is a higher potential for discrepant results in
stress-related physiological responses among studies and species
(Acquarone et al., 2002; Fokidis et al., 2012). This is due to differences
in body reserve regulation strategies, which arise from different risk-
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sensitive optimal foraging approaches across bird species (Krebs et al.,
1993). In this study, yellow-legged gulls showed lower numbers of
erythrocytic nuclear abnormalities during food restriction, reflecting
lower oxidative damage to DNA. The number of circulating erythrocytes
with abnormalities (other than micronucleus) depends on the erythro-
poietic rate (positively associated) and clearance in the liver (erythro-
cytic catabolism - negatively associated) (Pacheco and Santos, 2002).
Since erythropoiesis is an energetically demanding function, its reduc-
tion in resource-deprived yellow-legged gulls could have lowered the
circulation of erythrocytes with nuclear abnormalities in the blood-
stream. However, we did not detect a decrease in polychromasia or
haemoglobin concentration during the experiment to support this hy-
pothesis (Lebigre et al., 2012).

The observed physiological changes in our study likely reflect short-
term effects of an experimentally induced restriction in access to PAFS in
gulls, and long-term effects should be further evaluated through moni-
toring of physiological and reproductive parameters, such as breeding
success, chick growth, and adult survival (Delgado et al., 2021). Despite
the short data collection period, we detected immediate physiological
responses likely driven by restricted access to PAFS during the breeding
season. The activation of the HPA-axis constitutes an adaptive response
to cope with an acute stressor, but if exposure to stress persists, chronic
stress and a sustained inflammatory state may have fitness consequences
such as reduced breeding success and survival (Maness et al., 2023;
Minias et al., 2018). Unfortunately, we do not have data on the breeding
output of the sampled gulls, which would further contribute to linking
stress-induced physiological changes to fitness, although this remains
extremely challenging in field studies due to behavioural adaptation
(Lebigre et al., 2012). Still, this study provides important knowledge on
how PAFS may lead to ecological traps due to the reliance/dependence
of wild species on these resources, which are often of low nutritional
quality. In the case of yellow-legged gulls, limiting access to PAFS may
support population management efforts if future studies confirm asso-
ciated fitness costs such as reduced breeding success or survival
(Delgado et al., 2021).
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