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Abstract
Human-altered landscapes expose wildlife to interacting stressors, including contamination, habitat modification, and
altered food resources, potentially causing sublethal and often overlooked effects on health, immune function, and
parasite dynamics. We assessed these effects by evaluating the physiological condition and hemoparasite prevalence
and intensity of two gull species breeding in contrasting anthropogenic contexts in eastern Spain: yellow-legged gull
(Larus michahellis, YLG) and Audouin’s gull (Ichthyaetus audouinii, AG). We quantified hematological parameters, plasma
B-esterase activities, and hemoparasite occurrence and metrics. Principal component analyses revealed species-
specific multivariate responses. YLG showed weak inter-colony differentiation in hematological variables and similar B-
esterase activities across sites. In contrast, AG exhibited clear habitat-associated differences. Individuals from the
highly agriculture-modified Ebro Delta, where rice fields made up much of the habitat used, had elevated total leukocyte
counts, eosinophils, and monocytes, consistent with innate immune activation potentially related to parasite exposure.
They also showed consistently lower activities of all six B-esterases measured compared with other colonies.
Erythrocyte abnormalities did not vary among sites within species but were higher in AG than in YLG. Both species
hosted Haemoproteus sp., while Babesia sp. was detected only in AG. Hemoparasite prevalence was similar between
species, whereas infection intensity was positively associated with monocytes and immature erythrocytes. Integrative
blood biomarkers revealed subtle, species-specific physiological responses to human-altered environments, with
greater inter-colony physiological and hemoparasite variation in AG than in YLG. Combining physiological biomarkers
with hemoparasite analyses provides sensitive early-warning indicators of environmental stress, supporting wildlife
health assessments and evidence-based urban planning.

INTRODUCTION
Human population growth and the expansion of human-altered landscapes have reshaped natural ecosystems and
posed new challenges and opportunities for wildlife (Isaksson 2020; Moreau et al. 2022). Humans subsidize terrestrial
and marine resources, supporting population growth of several taxa (Parra and Tellería 2004; Méndez et al. 2020;
Laurich et al. 2019). Concurrently, anthropogenic environments expose wildlife to multiple stressors, including pollution,
pathogens, intensified predation, habitat loss, and altered food resources, that can compromise wildlife health and
population dynamics (Isaksson 2018; Sinkovics et al. 2021; Solís et al. 2023). While numerous studies have examined
how wildlife exploit urban and other anthropogenic habitats through behavioral adjustments (e.g., Ferrer Vilaplana et al.
2024; Navarro et al. 2024), far fewer have explored the physiological consequences of exploiting human-modified
environments, including potential exposure to parasites (Nos et al. 2024; Oliveira et al. 2025).

Because these physiological effects may arise from interacting stressors, a multi-method integrative approach is
required to understand how human-driven environmental modifications translate into measurable changes in avian
physiology. Biomarkers are powerful tools to quantify biological effects, evaluate environmental quality, and detect
toxicities associated with complex chemical mixtures (Martínez-Haro et al. 2015). Biochemical biomarkers can act as
early warning signs of long-term population-level consequences (Salama and Chennaoui 2024) and help assess wildlife
sensitivity or resilience to urbanization (Isaksson 2020). In birds, pollution-related biomarkers (i.e., blood-related ones)
have also been proposed as indicators of environmental health (Serafini et al. 2026).

In this context, multi-marker approaches combining immune parameters, genotoxicity metrics, neurotoxicity assays and
parasite screening provide complementary information on different dimensions of physiological condition. Cellular
immune responses—such as leukocyte profiles and heterophil/lymphocyte ratios—can reflect immune status, infection,
inflammation and physiological stress. Genotoxic biomarkers, including erythrocyte nuclear abnormality assays, can
indicate DNA damage and genomic instability associated with chemical contamination. Neurotoxicity can be assessed
through enzyme activity measures such as plasma B-esterase activity, which is sensitive to exposure to mainly
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pesticides. Finally, blood-borne parasite screening allows quantification of infection occurrence and intensity, providing
insight into host–parasite dynamics and potentially into the health consequences of exposure to anthropogenic
stressors. Using biomarkers selected based on their demonstrated sensitivity to environmental quality and individual
condition in wild birds (Valkiūnas 2004; Atkinson et al. 2001; Casini et al. 2006; Oudi et al. 2019; Nwaogu et al. 2023;
Solé et al. 2022), comparisons across human-altered landscapes can identify environment-specific physiological
challenges related to pollution, habitat modification, and parasite exposure (Isaksson 2020; Oliveira et al. 2025).

Gulls, as synanthropic species that exploit human-derived food subsidies, exemplify how human-related alterations of
natural landscapes and increased food availability can drive population growth and modulate shifts in breeding
distribution (Ouled-Cheikh et al. 2021; Fernández-Chacón et al. 2013; Oro et al. 2023). These changes have facilitated
the expansion of breeding populations into novel habitats, including urban environments, where many gull species now
reproduce successfully and establish persistent colonies (Coccon et al. 2022; Goumas et al. 2024; Martín-Vélez et al.
2026).

The yellow-legged gull (Larus michahellis), henceforth YLG, is a paradigmatic example of an opportunistic,
overpopulated, and human-commensal gull. Its European population is close to 1,000,000, and it breeds widely across
the Mediterranean Sea and northwestern Atlantic Ocean (BirdLife International 2021), including highly anthropogenic
areas. Its population has surged due to its flexible diet and dependence on human-derived food (Ouled-Cheikh et al.
2021), exploiting resources in landfills and agricultural areas (Martín-Vélez et al. 2024). Many gulls have colonized
cities, breeding and foraging on diverse urban resources (Méndez et al. 2020; Martín-Vélez et al. 2026).

The Audouin's gull (Ichthyaetus audouinii), henceforth AG, is historically endemic to the Mediterranean region and is
currently classified as “Vulnerable” (BirdLife International 2021). Although traditionally considered a specialist feeder, in
recent decades it has adapted to exploit fisheries discards and freshwater resources (Ferrer Vilaplana et al. 2024). It is
now colonizing areas in the Atlantic Ocean. From the 2000s to the early 2010s, most of the global population (70%, ≈
15,396 breeding pairs) was concentrated in a relatively natural area in the Ebro Delta (NE Spain) (Fernández-Chacón et
al. 2013). Since 2017, the population has progressively dispersed to other breeding areas (Oro et al. 2023), including
human-modified environments like industrial ports and industrial sites. This expansion is likely a survival mechanism
(Payo-Payo et al. 2017), and although their adaptability to new resources and feeding opportunities during dispersal has
recently been studied (Ferrer Vilaplana et al. 2024), their physiological and health conditions during this process remain
largely unknown.

The study aimed to evaluate the physiological condition of two gull species (YLG and AG) breeding in colonies located
in human-altered landscapes with different levels of anthropogenic pressure in the eastern Iberian Peninsula, Spain. By
applying a conservative multi-biomarker approach, we provide a framework for assessing the physiological
consequences of wildlife exploitation of human food subsidies and the use of human-altered habitats.

MATERIAL AND METHODS

Study area and fieldwork
Fieldwork was conducted along the western Mediterranean (Spain, Fig. 1). The selected breeding colonies were
surrounded by diverse degrees of anthropogenic foraging habitats, significantly altered and shaped by human activities.
These included Barcelona (BCN) and Ivars Lake (IV) for YLG, and BCN, the Ebro Delta (ED), Castelló (CAS) and
Torrevieja (TV) for AG (Fig. 1). These colonies were in contrasting anthropogenic landscapes, including urban,
agricultural and livestock areas, fishing ports, rice fields, saltpans, and protected natural areas, where both gull species
can exploit marine and terrestrial resources near their breeding colonies (Ferrer Vilaplana et al. 2024; Navarro et al.
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2024; Martín-Vélez et al. 2024). Specifically, BCN was mainly associated with urban and port environments, including
human garbage sources; IV with agricultural landscapes, small towns, livestock farms, irrigation ponds, and small
dumps; ED with rice fields, agriculture/livestock areas, and fishing ports; CAS with urban areas, fishing ports, and
agriculture/livestock habitats; and TV with urban, saltpans and agriculture/livestock habitats.

In April 2022, during the breeding season, 26 YLG (12 in BCN and 14 in IV) and 47 AG (12 in BCN, 8 in CAS, 7 in TV, and
20 in ED) breeding adults were captured from their respective nests using walk-in wire mesh traps. Individuals were
captured and sampled late in the incubation period from synchronous colonies, selecting nests with three eggs. Blood
samples (0.5–1.0 mL) were collected from the brachial vein using 2 mL syringes with 23G needles and stored on ice (4
ºC) for approximately 3–4 h until centrifugation in the laboratory. Thin blood smears were prepared with a drop of fresh
blood and fixed with ethanol for 3 min. All birds were released at the capture site after sampling (CSIC Ethics
Committee: REF 28-04-15-237; Generalitat de Catalonia REF: AC/059 − 23, SF/0068/23).

Hematological parameters
Hematological analyses included leukocyte profile (an indicator of cellular immune activity and infection/inflammation),
the physiological stress index (typically based on the heterophil-to-lymphocyte ratio (H/L), reflecting chronic stress),
thrombocyte counts (related to blood clotting and, in birds, also immune and inflammatory responses), immature
erythrocyte counts (reflecting erythropoietic activity and red blood cell regeneration), and erythrocytic nuclear
abnormality counts (ENA; a proxy of genotoxic damage; Van Ngan et al. 2007, Davis et al. 2008). These analyses were
performed under a light microscope by analyzing the monolayer regions of the blood smear previously stained with Diff-
Quick stain (Mgg Quick Stain, Bio-optica). The leukocyte profile was assessed by estimation of the total leukocyte count
(or total white blood cell count, tWBC) and its five leukocyte types (heterophils, eosinophils, basophils, lymphocytes, and
monocytes). The tWBC was estimated by counting all leukocytes in ten consecutive 40x monolayer fields (D’Amico et
al. 2010). Leukocyte type proportions were obtained as the proportion of each leukocyte type in a sample of 100
leukocytes under 100x microscope magnification (Campbell 1995). This count includes an estimate of the number of
thrombocytes. The immature erythrocytes percentage was estimated by counting all immature cells in relation to 2000
mature erythrocytes under 100x microscope magnification. The number of erythrocytic nuclear abnormalities (ENAs)
was scored for each blood smear in relation to 2000 mature erythrocytes (D’Amico et al. 2016). Nuclear abnormalities
included amorphous nuclei (with undefined and irregular edges), displaced nuclei, notched nuclei, kidney-shaped nuclei,
bilobulated nuclei, and micronuclei. Results are expressed as the frequency of the total number of abnormalities per
2000 cells (D’Amico et al. 2016). Sample sizes differ between hematological and enzymatic parameters across colonies
due to a combination of factors: blood smears and plasma samples were not always obtained from the same subset of
individuals, and in some cases plasma volume was insufficient for B-esterase analysis due to hemolysis or sample
degradation (see Table 2).
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Table 2
Physiological parameters for Audouin’s gull (Ichthyaetus audouinii) adults sampled across four colonies in 2022 in the

eastern Iberian Peninsula (Spain). tWBC: total white blood cells; H/L ratio: heterophil/lymphocyte ratio; ImmEr:
immature erythrocytes; ENAs: erythrocytes nuclear abnormalities. Leucocyte types are expressed as %. Enzymatic
activities are expressed as nmol/min/mL plasma. AChE: acetylcholine esterase; BChE: butyrylcholine esterase; CE:

carboxylesterase; pNPA: p-nitrophenyl acetate; pNPB: p-nitrophenyl butyrate; αNA: α-naphthyl acetate; αNB: α-naphthyl
butyrate.

Ichthyaetus
audouinii

Ebro Delta Castelló Torrevieja Barcelona

Parameter Mean SD N Mean SD N Mean SD N Mean SD N

tWBC 128684 59151 19 81000 33299 6 88714 31837 7 73750 30899 12

Lymphocytes 42 8 19 46 12 6 48 7 7 47 11 12

Heterophils 44 11 19 43 16 6 40 5 7 43 8 12

Eosinophils 3 2 19 2 1 6 1 1 7 1 1 12

Basophils 0 0 19 0 0 6 0 0 7 0 0 12

Monocytes 16 7 19 9 2 6 11 5 7 13 5 12

Thrombocytes 122 58 19 75 48 6 130 39 7 164 56 12

H/L ratio 1.10 0.44 19 1.06 0.69 6 0.85 0.19 7 0.99 0.38 12

ImmEr 25 11 19 17 10 6 16 12 7 20 9 12

ENAs 2.51 1.14 19 2.7 1.57 6 1.69 0.49 7 2.92 1.1 12

AChE 495.3 155.6 7 644.6 222.0 8 746.8 210.55 7 732.2 166.9 12

BChE 603.1 240.0 7 856.3 311.8 8 967.2 297.21 7 988.1 238.5 12

pNPA-CE 260.5 21.8 7 301.0 443.0 8 340.4 62.57 7 531.5 375.5 12

pNPB-CE 205.0 38.8 7 260.7 68.0 8 300.9 80 7 442.1 352.8 12

αNA-CE 318.6 64.8 7 494.9 165.2 8 560.4 129.24 7 665.8 241.9 12

αNB-CE 552.1 116.2 7 670.9 193.6 8 740.2 213.82 7 970.4 421.5 12

N indicates the number of individuals analyzed for each parameter. Sample sizes differ between hematological and
enzymatic determinations because blood smears and plasma samples were not always obtained from the same
individuals within each colony.

Plasma B-esterases activity
B-esterases (selected as indicators of neurotoxicity) comprised acetylcholine esterase (AChE) and butyrylcholine
esterase (BChE) as cholinesterases, while the carboxylesterases (CE) were measured using p-nitrophenyl acetate
(pNPA), p-nitrophenyl butyrate (pNPB), α-naphthyl acetate (αNA), and α-naphthyl butyrate (αNB) as substrates. All these
B-esterases were measured from the plasma obtained after blood sample centrifugation at 2,000 g (Multispin 12, Argo
LAB).

AChE was measured using 25 µL of 1/10 diluted plasma following the protocol outlined in Ellman et al. (1961).
Specifically, we added to the sample 180 µM of 5,5′-dithiobis-2-nitrobenzoic acid (DTNB). After 2 min of pre-incubation,
the substrates acetylthiocholine (ATC) or butyrylthiocholine (BTC) were added, each at a 1 mM final assay
concentration to indicate AChE and BChE activities, respectively. CE activity was measured using pNPA or pNPB as
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substrates. The reaction consisted of adding 25 µL of 1/10 diluted plasma to 200 µL of phosphate buffer 100 mM pH
8.0, containing a final concentration of 1 mM pNPA or pNPB. The formation of p-nitrophenol was recorded at 405 nm as
described in Hosokawa and Satoh (2001). The substrates αNA or αNB, each at 0.25 mM concentration, were incubated
with the same phosphate buffer and 25 µL of a 1/20 diluted plasma. Readings were done at 235 nm in the UV mode
(Mastropaolo and Yourno 1981). Linearity of the measures (in triplicate) was ensured during the 5-min kinetics at 25 ºC
in a TECAN Infinite 200 microplate reader using transparent 96-well microplates. Only linear reactions were considered,
and these were registered using the kinetic assays mode of Magellan V6.0 data analysis software. Enzyme activity was
expressed as nmol/min/mL plasma.

Hemoparasites analyses
Blood smears were used to identify protozoan hemoparasites and quantify them in relation to 2000 erythrocytes under
a light microscope at 100x magnification (Godfrey et al. 1987). The prevalence (the percentage of individuals infected
with a specific parasite), mean intensity (the average number of parasites -erythrocytes infected by merozoites or
gametocytes- of a particular species on infected hosts), and mean abundance (the average number of parasites per
host in the total sample, including both infected and uninfected hosts) of parasites were obtained (Bush et al. 1997).
For the specific determination of hemoparasites (Haemoproteus sp., Plasmodium sp., and Leucocytozoon sp.),
molecular analyses were performed on stored blood samples. DNA was extracted using the DNeasy Blood & Tissue Kit
(Qiagen, Germany) according to the manufacturer’s instructions, and nested PCR of the cytochrome b region of
mitochondrial DNA was performed with primers specific for different hemoparasites following the protocol of Hellgren
et al. (2004).

Prevalence was calculated using the combined blood smear/PCR analyses, whereas intensity and abundance were
calculated exclusively from blood smears. For YLG, 17 available smears were examined (BCN = 10; IV = 7), and PCR
analyses were performed on stored blood samples from the 17 individuals (BCN = 10; IV = 7). For AG, 44 individuals
were screened for hemoparasites using available blood smears (BCN = 12; TV = 7, CAS = 6, ED = 19), and PCR analyses
were conducted on stored blood samples from 46 individuals (BCN = 12; TV = 7, CAS = 7, ED = 20).

Statistical analysis
Firstly, principal component analyses (PCA) were performed separately for YLG and AG to evaluate multivariate patterns
in hematological and plasma B-esterase activity among populations. Site differences were visualized using individual
scores and population centroids (mean ± SD) on the first two principal components. Variable loadings were examined to
identify the physiological parameters contributing most strongly to site differentiation. Then, for each species and for
each physiological parameter, the differences between sites were analyzed. Preliminary assessments of normality for
each variable were conducted using the Shapiro-Wilk test and Q-Q plots, and homogeneity of variances was evaluated
with Levene’s test. As in most of the cases, variables exhibited non-normal distributions and outliers; non-parametric
correlations were prioritized, and the Mann–Whitney (U) or the Kruskal-Wallis tests were employed. Post-hoc
comparisons among sites were also used.

Differences in hemoparasites prevalence among the four colonies of AG were assessed using Fisher's Exact Test, as
37.5% of cells in the contingency table had expected frequencies below 5, violating chi-square test assumptions.
Parasite abundance among colonies was compared using non-parametric Kruskal-Wallis tests. For YLG, differences in
prevalence between the two studied colonies (BCN vs IV) were analyzed using Fisher's Exact Test, appropriate for 2×2
contingency tables with small sample sizes (N = 17). Differences in parasite abundance were assessed using the Mann-
Whitney test, reporting the exact bilateral p-value given the small sample (N = 17). Associations between hematological
parameters and hemoparasites were evaluated using Spearman's rank correlation coefficient (rho) for variables that did
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not meet the assumption of normality, and Pearson's correlation coefficient (r) for variables that satisfied this
assumption, as assessed by the Shapiro-Wilk test. All statistical analyses were performed using SPSS 15.0.1 (SPSS
Inc., Chicago, IL, USA) and R version 4.5.2 (R Core Team 2026).

RESULTS

Hematological parameters
For YLG, the PCA explained 56% of the total variance (PC1 = 39.4%, PC2 = 16.6%; Fig. 2A). PC1 primarily separated
individuals along a gradient associated with monocytes (M), immature erythrocytes (ImmEr), and basophils (B), while
PC2 reflected additional variation in the hematological profile. Individuals from IV showed a relative positioning toward
higher eosinophils (E) and thrombocytes (Throm), whereas individuals from BCN were more closely aligned with
monocytes (M) and immature erythrocytes (ImmEr). Despite these tendencies, substantial overlap between populations
and large within-site dispersion indicated only weak differentiation between localities. For AG, the PCA also explained
49.8% of the total variance (PC1 = 30.4%, PC2 = 19.4%; Fig. 2B). But in this case, PC1 separated ED individuals from
those of TV and BCN. Individuals from ED were positioned toward higher total white blood cell counts (tWBC),
monocytes (M), basophils (B), and immature erythrocytes (ImmEr), whereas TV and BCN individuals showed a closer
alignment with lymphocytes (L). Individuals from CAS occupied an intermediate position and were aligned partly with
the thrombocytes (Throm) vector. As for YLG, substantial overlap among AG populations reflected considerable within-
site variability and only moderate differentiation among localities. Overall, the PCA structure suggested that local
conditions may influence the multidimensional hematological profile more clearly in AG than in YLG, where between-
location differences appeared subtler. In addition, the strong overlap between BCN and IV in YLG suggested a relatively
homogeneous physiological structure between these sites for the analyzed hematological parameters.

The leukocyte profile of YLG did not show significant differences between sites (Table 1), indicating a broadly similar
hematological status across habitats for this species. In contrast, AG exhibited significant variation in tWBC,
eosinophils, and monocytes (Table 2). The counts of the three parameters were higher in ED than in the other three
colonies (all post-hoc comparisons p ≤ 0.006) (Table 2). No significant differences were detected for the remaining
leukocyte types of AG among sites (Table 2).

Page 7/21



Table 1
Physiological parameters of yellow-legged gull (YLG) adults sampled in BCN
and IV during 2022 in the eastern Iberian Peninsula (Spain). tWBC: total white

blood cells; H/L ratio: heterophil/lymphocyte ratio; ImmEr: immature
erythrocytes; ENAs: erythrocytes nuclear abnormalities. Leucocyte types are

expressed as %. Enzymatic activities are expressed as nmol/min/mL plasma.
AChE: acetylcholine esterase; BChE: butyrylcholine esterase; CE:

carboxylesterase; pNPA: p-nitrophenyl acetate; pNPB: p-nitrophenyl butyrate;
αNA: α-naphthyl acetate; αNB: α-naphthyl butyrate.

Larus michahellis Barcelona (BCN)   Ivars Lake (IV)

Parameter Mean SD N Mean SD N  

tWBC 110700 28581 12 105500 51244 14  

Lymphocytes 48 8 12 48 9 14  

Heterophils 43 8 12 44 10 14  

Eosinophils 3 2 12 4 2 14  

Basophils 1 1 12 1 1 14  

Monocytes 7 3 12 5 2 14  

Thrombocytes 166 73 12 138 45 14  

H/L ratio 0.95 0.36 12 0.99 0.48 14  

ImmEr 13 10 12 8 3 14  

ENAs 1.28 0.49 12 1.5 0.59 14  

AChE 1505.9 303.5 12 1626.7 351.8 14  

BChE 2062.6 529.8 12 2276.7 475.4 14  

pNPA-CE 801.5 541.2 12 594.1 337.7 14  

pNPB-CE 875.8 535.9 12 714.8 339.2 14  

αNA-CE 1227.9 360.2 12 1186.1 253.0 14  

αNB-CE 1428.1 537.3 12 1302.2 287.20 14  

Thrombocytes showed no statistical differences between sites for YLG (Table 1). However, thrombocyte counts in AG
were statistically higher in BCN (Table 2). In fact, thrombocyte counts differed significantly between the two industrial
colonies, with counts in BCN being 2.6 times higher than in CAS (Table 2). Regarding immature erythrocyte counts, both
YLG and AG showed similar patterns, with no significant differences among sites (Tables 1 and 2).

Erythrocyte nuclear abnormalities (ENAs) did not show any difference between sites for YLG. (Table 1). Similarly, no
significant differences in ENAS were detected among sites for AG (Table 2). However, ENAs occurrence differed
significantly between species (YLG and AG) regardless of location (U = 119.5, p < 0.001).

Plasma B-esterase activities
For YLG, the PCA explained 97.6% of the total variance (PC1 = 75.7%; PC2 = 21.9%; Fig. 2C). Individuals from BCN and IV
showed partial overlap in the ordination space, indicating generally similar enzymatic profiles between sites. However,
samples from IV tended to cluster toward positive PC2 values, associated with higher acetylcholine esterase (AChE)
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and butyrylcholine esterase (BChE) activities. In contrast, individuals from BCN displayed greater dispersion across the
ordination space, suggesting higher inter-individual variability. For AG, PCA accounted for 89.1% of the total variance
(PC1 = 68.3%; PC2 = 20.8%; Fig. 2D). Gulls from ED, CAS, and TV showed high overlap, indicating similar enzymatic
profiles. However, individuals from TV and CAS tended to associate with positive PC2 values and higher AChE, BChE,
and αNA-CE. Conversely, ED individuals were aligned to positive PC1 and displayed lower PC2 scores. Individuals from
BCN exhibited the greatest dispersion, including an extreme outlier, indicating high inter-individual variability.

Overall, no significant differences in the six B-esterase activities were seen for YLG individuals between the two
sampled sites (Table 1). In contrast, AG specimens exhibited significant differences across all six B-esterases when
comparing sites (Table 2). Those from ED showed consistently lower enzymatic activities for all six B-esterases (AChE,
BChE, pNPA-CE, pNPB-CE, αNA-CE, and αNB-CE) compared to those from the other locations (Table 2).

Hemoparasite analyses
Haemoproteus sp. was found in YLG (64.71% prevalence, 2.73 mean intensity, and 1.76 mean abundance, Table 3),
identified morphologically in blood smears and detected by PCR. The average number of parasites counted in the blood
smears was 1.9 per 2,000 erythrocytes (range: 0–24; SD = 6.1; N = 17). Overall, YLG tended to have a higher
hemoparasite prevalence in IV than in BCN (Table 3); however, no statistical differences were found between sites (U = 
24, p = 0.56). Hemoparasite intensity was significantly positively correlated with the number of monocytes (rho = 0.53, p 
= 0.03) and immature erythrocytes (rho = 0.52, p = 0.03), while no significant correlations were observed between
parasitic intensity and total leukocytes, lymphocytes, heterophils, basophils, eosinophils, thrombocytes, H/L ratio, or
ENAs (all Spearman correlations p > 0.05).

Table 3
Hemoparasites metrics for yellow-legged gull (Larus michahellis). Prevalence was calculated using the combined blood

smear/PCR analyses, whereas intensity and abundance were calculated exclusively from blood smears.
Haemoproteus sp. Prevalence % Intensity Abundance

Barcelona 60.00 5.00 3.00

Ivars Lake 71.43 0 0

Total (2 sites) 64.71 2.73 1.76

Intensity and abundance for Ivars Lake are 0 because no hemoparasite was found in blood smears. Haemoproteus
sp. was only found by PCR

In comparison, AG hosted two species of hemoparasites, Haemoproteus sp. and Babesia sp., presenting in total a
prevalence of 71.74%, a mean intensity of 24.09, and a mean abundance of 18,07 (Table 4). The average number of
parasites counted in the blood smears was 18.1 per 2000 erythrocytes (range 0–116, SD = 31.9, N = 44). Haemoproteus
sp. was present in all sampled sites, while Babesia sp. was present only in one individual from ED (Table 4). Prevalence
of Haemoproteus sp. did not show statistical differences among sites (Fisher's Exact Test: p = 0.278), although it varied
from 58.3% in BCN to 100% in TV. Hemoparasite intensity was positively correlated with monocyte counts (rho = 0.79, p 
< 0.0001), basophil counts (rho = 0.36, p = 0.014), and immature erythrocytes (r = 0.67, p < 0.0001). No significant
correlations were observed with total leukocytes, lymphocytes, heterophils, eosinophils, thrombocytes, H/L ratio, or
ENAs (all Spearman correlations p > 0.05).
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Table 4
Hemoparasites metrics for Audouin’s gull (Ichthyaetus audouinii).
Prevalence was calculated using the combined blood smear/PCR

analyses, whereas intensity and abundance were calculated
exclusively from blood smears. H: Haemoproteus sp., B: Babesia sp.

  Prevalence % Intensity Abundance

H B H B H B

Barcelona 58.33   26.43   15.42  

Torrevieja 100   14.14   14.14  

Castelló 71.43   0.6   0.43  

Ebro Delta 65 5 39.2 116.0 20.63 6.10

Total (4 sites) 71.74 24.09 18.07

No significant differences in hemoparasite prevalence were found between both species, YLG (64.71%) and AG
(71.74%) (Fisher's Exact Test: p = 0.758; χ²= 0.29, df = 1, p = 0.589). The odds ratio of infection in AG relative to YLG was
1.38 (95% CI: 0.42–4.52, p = 0.59), indicating similar prevalences between species.

DISCUSSION
The present study reveals that the suite of environmental impacts associated with anthropogenic habitats affected the
physiological status and parasite dynamics of two opportunistic gulls. Using a comprehensive hematology-based,
multi-biomarker approach, we showed that Audouin’s gulls (AG) exhibited pronounced differences among the 4
contrasted colonies in leukocyte profiles, B-esterase activities, and hemoparasite metrics, whereas yellow-legged gulls
(YLG) appeared more physiologically consistent. These responses highlight that human-altered landscapes do not
affect all bird species equally, and that species-specific ecology and life history modulate vulnerability to human-
associated stressors. More broadly, our integrative framework, which combines hematology, enzymatic biomarkers, and
hemoparasite screening, is particularly relevant in the current context of rapid human expansion and increasing contact
between wildlife and humans, as it links physiological challenges and pathogen exposure to human impacts.

Integrated interpretation of blood-related parameters in two gull
species
Hematological parameters and plasma B-esterases constitute sensitive and widely applied tools for assessing
physiological condition, immune function, exposure to pathogens, parasitic infections, contaminants, chronic stress,
and the effects of environmental disturbances on wildlife populations (Campbell 1995). As they integrate responses
occurring at multiple physiological levels, they also provide valuable insight into how species cope with habitat
alteration, pathological and environmental pressures. In this context, variation in leukocyte profiles, thrombocyte counts,
erythrocyte parameters (immature erythrocytes and erythrocyte nuclear abnormalities (ENAs)), and B-esterase activities
integrated into the hemoparasites analyses can help identify physiological resilience, early signs of stress, and general
health conditions associated with ongoing urbanization.

Our results revealed consistent immune metrics in YLG of both highly anthropogenic sites sampled, BCN and IV,
suggesting a stable baseline cellular immune status in this gull species. Likewise, thrombocyte counts, which are
closely linked to avian innate immunity and inflammatory responses, remained comparable among sites, reinforcing the
idea of a relatively high tolerance to anthropogenic environments. Supporting this interpretation, YLG also showed
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similar B-esterase activities between the two habitats, indicating limited biochemical adjustment to urban conditions (in
the case of BCN). Together, these physiological indicators suggest greater resilience to contaminant exposure, uniform
baseline detoxification capacity, and/or species-specific tolerance to urban-associated stressors (Walker 2003).

In terms of hemoparasite occurrence, the presence of Haemoproteus sp. in YLG, together with the lack of differences
between the two sites, further reinforces that habitat-related factors had limited influence on host–parasite dynamics in
this species. Although parasite intensity was positively correlated with some hematological parameters, indicating
localized immune and hematopoietic responses, no associations were detected with broader indicators of physiological
stress or immune activation. Hence, hemoparasite infection appeared to impose only minor physiological costs,
reinforcing the view that YLG can maintain physiological stability under varying environmental conditions, including
human-modified habitats.

Overall, the integration of blood-related parameters and hemoparasite analyses revealed that this gull species could
maintain physiological homeostasis despite habitat modifications. Such physiological stability may reflect adaptive or
phenotypically flexible responses that buffer individuals against urban-related challenges (Chamberlain et al. 2009;
Evans et al. 2010), resulting in lower physiological costs in urban-breeding populations (Seoane et al. 2011; Sol et al.
2013).

In contrast, AG individuals displayed particularities among habitats in several physiological parameters, highlighting the
sensitivity of hematological biomarkers for detecting environmentally associated changes in immune function and
health condition. In this sense, individuals from ED, a largely agricultural but also protected area (75% arable land, 20%
natural area), exhibit a significantly different hematological profile from the rest of the colonies. The leukocytosis,
accompanied by eosinophilia and relative monocytosis, suggests a coordinated immune response to parasitic
challenges. It was reported that Hemosporidian infections, particularly Haemoproteus infections, in turn, increase total
leukocyte counts and impose measurable immune costs (Figuerola et al. 1999; Ricklefs and Sheldon 2007; Dunn et al.
2013). Thus, the increased eosinophil counts in individuals from ED further support this, aligning with general
antiparasitic defenses that involve the release of peroxidase, lysozyme, and arginine-rich granules (Mitchell and Johns
2008), despite eosinophilia often indicating anthelmintic responses (Campbell 1995). Similar eosinophil responses
have been observed in Eurasian Tree Sparrows (Passer montanus) with Haemoproteus sp. infections (Vega et al. 2025).
Additional evidence of immune activation was provided by a higher count of monocytes in ED and the positive
association between monocytes and hemoparasites. As monocytes and granulocytes are key components of innate
immunity and early nonspecific defense, their increase represents an informative indicator of host physiological
condition and infection status (Davis et al. 2008; Masello et al. 2009; Schat et al. 2014). To support this last
observation, avian monocyte levels typically range from 0% to 3% (Gálvez Martínez et al. 2009); the elevated values
recorded in this study, particularly in ED individuals (> 10%), may indicate chronic inflammatory and/or parasitic
processes (Charles-Smith et al. 2014). Similarly, the observed association between basophils and hemoparasite
infections is consistent with evidence suggesting that basophils contribute to antiparasitic immune responses (Eberle
and Voehringer 2016).

Notably, lymphocytes, heterophils, and H/L counts in ED were similar to those from other colonies, indicating that the
leukocytosis is specific to innate immune cells related to parasitosis, not a nonspecific stress response. Together, these
results emphasize the usefulness of leukocyte profiles as indicators of subtle physiological responses to parasitic and
environmental pressure.

The habitat-dependent physiological patterns observed in AG further highlight the value of physiological biomarkers as
sensitive indicators of ecological exposure and physiological sensitivity. In line with this interpretation, thrombocyte
counts also differed among habitats in this species. Beyond their role in hemostasis, thrombocytes are major
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components of avian innate immunity and inflammatory processes; consequently, variation in their abundance may
reflect differences in immune activation, tissue repair, or exposure to environmental stressors. The higher thrombocyte
counts observed in AG at the metropolitan BCN area likely indicate greater exposure to stressors associated with highly
human-altered environments, such as pollutants, disturbance, or altered diet. Therefore, taken together, these findings
suggest that thrombocyte levels may represent a potentially informative biomarker for differentiating habitats
according to anthropogenic pressure and for detecting species-specific physiological responses to environmental
change (Sparling et al. 1998).

Immature erythrocyte counts also supported physiological responses to stressors, such as parasite infection in both
species. In birds, hemoparasite infections often increase erythrocyte destruction, which is typically compensated
through accelerated erythropoiesis. Microscopically, this process is reflected by increased proportions of immature
erythrocytes (Campbell 1995), a parameter widely used to evaluate physiological responses to Hemosporidian
infections (Soares et al. 2016). Although immature erythrocyte counts did not differ significantly among habitats in
either gull species, their values showed a strong positive correlation with hemoparasites, and they ranged from 5% to
50%, clearly exceeding the expected baseline of 1–5% (Thrall et al. 2012), indicating active erythropoiesis. These
patterns likely reflect compensatory bone marrow activity associated with hemoparasite infection intensity, which
showed a strong positive correlation with immature erythrocyte proportions. Thus, even in the absence of clear habitat
differences, erythrocyte parameters proved valuable for detecting underlying physiological adjustments linked to
infection pressure.

The blood biomarker ENAs is a widely recognized indicator of cytogenetic damage and physiological disruption (Van
Ngan et al. 2007), providing complementary information on sublethal stress responses. ENA frequencies were similar
among colonies within each species, suggesting that urbanized environments did not produce detectable site-related
differences in this biomarker during the sampling period. However, despite the absence of habitat-related effects, ENA
levels remained consistently higher in AG than in YLG, indicating an interspecific difference in cytogenetic status
independent of urbanization level. This pattern may reflect species-specific sensitivity to environmental stressors,
including differences in contaminant exposure pathways, erythrocyte turnover dynamics, or intrinsic mechanisms
regulating nuclear stability.

Plasma B-esterase activities further supported the hematological results as physiological measurements to single out
habitat- and species-specific responses to anthropogenic stressors, mostly in the case of AG. Individuals from ED, as
well as CAS, showed lower hydrolysis rates in B-esterase measurements (potentially indicative of pesticide exposure),
whereas individuals from TV exhibited higher enzymatic activities that could reflect basal values. The lower activity of
all six measured B-esterases in ED suggests a generalized enzymatic downregulation in this agricultural environment
largely dominated by rice cultivation, likely associated with exposure to pesticide-like compounds derived from crop
management practices. Agricultural and industrial colonies (ED, CAS, and BCN) face distinct but greater toxicological
pressure, potentially affecting their long-term viability, while TV serves as a valuable reference population for pollution-
related studies with this gull species.

Previous studies with YLG from other Spanish regions demonstrated that B-esterase activity varies according to age,
sex, and tissue type (Martínez Morcillo et al. 2018). Moreover, plasma has been proposed as a particularly informative
and conservative matrix for biomonitoring in urban populations, such as those from Barcelona, where plasmatic pNPB-
CE and αNB-CE were shown to be more sensitive indicators of polybrominated diphenyl ether (PBDE) exposure than
cholinesterases (Nos et al. 2024). Although species sensitivity to neurotoxic compounds has sometimes been
associated with the ratio between AChE and protective B-esterases (Giovanetti et al. 2024), the relationship between
these enzymes remained similar in the two contrasted species. In general, these findings suggest that the biochemical
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impact of land use on neurotoxicant-related enzymes is strongly species-dependent, with AG appearing more
responsive to neurotoxic stressors associated with agricultural management.

Hemoparasite characterization in the two gull species
Haemoproteus has been reported in erythrocytes of YLG and AG in the Ebro Delta, likely due to high densities or activity
of its Culicoides vectors (Martínez-Abraín et al. 2002). Haemoproteus comprises 128 species of avian parasites
transmitted by biting midges, generally considered relatively benign (Hubálek 2021). Haemoproteus infection was
confirmed in this study using both blood smear and PCR analyses. Microscopic examination revealed the presence of
young, developing, and fully grown gametocytes, which are typical of the genus (Valkiūnas and Iezhova 2022). The
parasite morphology was consistent with gametocyte features used to identify Haemoproteus species in
Charadriiformes birds (Valkiūnas and Iezhova 2022). Based on plates in Valkiūnas and Iezhova (2022), the species
could be H. larae or jenniae, both previously found in gulls (Vanstreels et al. 2019). Findings of severe tissue damage in
infected birds, caused by Haemoproteus parasites (meronts and megalomeronts) in organs such as the brain, heart,
lungs, kidneys, and skeletal muscles, highlight the need for further research into the diversity and development of these
pathogens (Atkinson et al. 2008; Valkiūnas and Iezhova 2017; Ortiz-Catedral et al. 2019). Identifying parasite species at
the species level and analyzing molecular data are crucial. Combining microscopic and PCR-based methods is the
preferred approach, especially in wildlife studies, as it enhances the significance of research on Hemosporidian parasite
diversity (Bensch and Hellgren 2020). However, advancements in the morphological identification of Haemoproteus
species are lagging behind the growth of DNA sequence data. While microscopy and PCR yield similar Haemoproteus
prevalence estimates, PCR may detect 25–35% more infections than blood smears (Fallon and Ricklefs 2008).
Therefore, smear analyses alone could underestimate blood parasite prevalence. Because only infective gametocytes
circulate in the blood, while asexual stages reside in tissues (Bennett and Peirce 1988), our findings likely represent
active infections.

In the present study, Babesia sp. was detected in one individual of AG from ED; this parasite has not been previously
reported in this species. Babesia bennetti was described as a new species parasitizing YLG on Benidorm Island (Merino
1998). This remains the only report of B. bennetti in Laridae (Peirce 2000), and its pathogenic effects on gulls are
unknown (Hubálek 2021). More recently, Babesia sp. belonging to the Peircei clade in the new classification of
Piroplasms has been reported in YLG chicks and named Babesia sp. YLG (Bonsergent et al. 2022). We could not identify
this parasite at the species level based on morphology because only early ring forms and trophozoites were present in
erythrocytes (Peirce and Parsons 2012); therefore, we report it as Babesia sp. YLG as described for YLG (Bonsergent et
al. 2022; Pollet 2023). Future research should use molecular methods. While Babesia sp. infection in birds may not
always cause clinical signs, it can increase morbidity and mortality, especially with concurrent infections or other health
issues (Peirce and Parsons 2012). In penguins, for example, Babesia infection has been linked to mild anemia,
leukocytosis, and impaired liver function (Sergent et al. 2004; Parsons et al. 2016).

CONCLUSIONS
Overall, gulls showed distinct physiological profiles and hemoparasite infection patterns, with greater inter-colony
differences in AG than in YLG, suggesting species-specific responses to habitat. AG from the Ebro Delta exhibited
broader hematological changes and higher hemoparasite metrics, potentially reflecting anthropogenic and infection-
related pressures. In contrast, YLG appeared more tolerant of urban stressors, although their physiological profile was
influenced by pollution, disturbance, altered food resources, and parasite exposure.

These findings alert against generalizing about the suitability of modified environments for gulls and highlight the need
to determine whether physiological differences translate into population-level effects on survival, reproduction, and
long-term health. Human development may affect gull species differently depending on parasite burden, contaminant
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exposure, energetic constraints, and species-specific sensitivity. Integrating physiological biomarkers with
hemoparasite analyses can detect subtle responses to environmental stressors, supporting their use as early-warning
indicators of wildlife health and informing evidence-based urban planning.
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Figures

Figure 1

Sampling sites of yellow-legged gull (YLG) and Audouin's gull (AG) along the western Mediterranean coast of Spain.
BCN=Barcelona, IV=Ivars Lake, ED=Ebro Delta, CAS=Castelló, TV=Torrevieja. The illustrations of the gulls were made by
Martí Franch.
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Figure 2

Principal component analyses (PCA) of hematological parameters (A and B) and B-esterase activity (C and D) in YLG
and AG. In all plots, sample points represent individuals (colored by locality/population), arrows indicate the direction
and relative contribution of variables, and dashed lines represent the PCA axes (PC1 and PC2). The percentages on
axes denote the variance explained by each component. Hematological parameters: tWBC (total white blood cells), L
(lymphocytes), H (heterophils), E (eosinophils), B (basophils), M (monocytes), thrombocytes, HL ratio
(heterophil/lymphocyte ratio), ImmEr (immature erythrocytes), and ENAs (erythrocytes nuclear abnormalities). B-
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esterases: AChE (acetylcholine esterase), BChE (butyrylcholine esterase), pNPA-CE (p-nitrophenyl acetate
carboxylesterase), pNPB-CE (p-nitrophenyl butyrate carboxylesterase), αNA-CE (α-naphthyl acetate carboxylesterase),
and αNB-CE (α-naphthyl butyrate carboxylesterase). The illustrations of the gulls were made by Martí Franch.
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