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HIGHLIGHTS GRAPHICAL ABSTRACT

e Extensive ecotoxicological monitoring
assessing health status of reintroduced

ospreys. Lang-term {0 A‘ of a rei osprey i an i
approach in coastal environments of central Italy. STOTEN — Ancora et al., 2025

e Feather and blood trace elements data
generally do not appear to pose a
concern.

e Ospreys are still exposed to detectable
contamination from POPs banned since
1975.

e Genotoxicity biomarkers and hemato-
logical profiles suggest no genotoxic ef-
fects and good health.

e Long-term ecotoxicologically informed
monitoring is key in conservation
programs.

ARTICLE INFO ABSTRACT

Keywords: Apex predators are particularly vulnerable to environmental stressors due to their high trophic position. Un-
Trace elements derstanding both exposure and physiological impacts is essential to support the long-term success of conservation
ENA assay efforts. We investigated contaminant levels and health indicators in a recently reintroduced osprey Pandion
PDgf)irennal WBCs count haliaetus population in Central Italy, a top predator in aquatic food-webs. From 2015 to 2022, we applied a
Non-destructive samples standardized, multidisciplinary monitoring framework to 55 wild-born osprey chicks, integrating non-destructive
Raptor blood and feather sampling with trace element and POPs analyses, genotoxicity biomarkers, biological and

Reintroduction behavioral metrics (e.g., sex, morphometrics, GPS-tracked adults’ space use). Among trace elements, Se showed
the highest blood concentrations (4.5 + 2.1 mg/kg dw), while Cu predominated in feathers (11.5 + 2.7 mg/kg
dw); both Cd and Pb were consistently low. Hg and Se showed significant differences among breeding sites.
Significant positive correlations were observed in blood for Hg—Se, Hg—Pb, Pb—Se, and in feathers for Cd—Cu.
A low frequency of micronuclei (0.4 + 1.1 %o) was observed, with lobed nuclei accounting for 81 % of observed
abnormalities (mean: 26.5 + 24.1 %.). Hematological profiles were dominated by heterophils, followed by
lymphocytes, eosinophils, monocytes, and basophils, with a mean heterophil-to-lymphocyte ratio of 1.3 + 0.6
and thrombocyte counts averaging 246.1 + 132.9 %.. The most abundant POPs were PCB153 > PCB138 >
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PCB180 > PCB149 + 118 > PCB187, which together accounted for almost 40 % of total PCBs on average,
confirming multi-year exposure in nestlings. Among DDTs, pp’DDE alone constituted between 15 % to 63 % of
the total DDTs. We highlight the importance of integrative biomonitoring for assessing environmental quality
and health in this critically endangered population, offering new insights into contaminant dynamics in rein-
troduced top predators and emphasizing the need for long-term, ecotoxicologically informed conservation

strategies.

1. Introduction

Ecotoxicological monitoring studies have been increasingly used to
evaluate the ecotoxicological status of wildlife populations and to detect
the presence and the concentration of pollutants in the environment and
in biota (Kohler and Triebskorn, 2013; Garcia-Fernandez, 2014; Espin
et al., 2016). High-trophic level wildlife, such as apex predators, are
particularly susceptible and vulnerable to the exposure and bio-
accumulation of chemical contaminants through biomagnification pro-
cesses (Thompson et al., 1998; Burger and Gochfeld, 2004;
Scheuhammer et al., 2007; Elliott et al., 2009), representing excellent
sentinel species for evaluating environmental health risks of related
ecosystems (e.g. Lemarchand et al., 2011; Garcia-Fernandez et al.,
2020). The assessment of ecotoxicological status of such target species
can provide information on the potential health risks and subsequent
ecological consequences that may occur both at individual and at the
population level (Henny and Elliott, 2007), informing, in turn, on the
quality of the environment where they live. Ecotoxicological monitoring
is also essential to collect informative data to assist practitioners/man-
agers in planning corrective measures in favour of endangered species,
aiming at evidence-based conservation purposes (Rodriguez-Ramos
Fernandez et al., 2011; Molenaar et al., 2017; Margalida et al., 2021).
This is particularly relevant in the context of conservation translocation
programs involving reintroductions or restockings (IUCN/SSC, 2013),
where the health of individuals should be constantly monitored,
particularly in the early stages of the translocation and/or during the
first phases of the establishment of a new population (Sutherland et al.,
2010). This approach helps to assess factors that could potentially affect
the success of the conservation program and ensure that project efforts
result in long-term self-sustaining populations (Sutherland et al., 2010;
Herring et al., 2018). Raptors represent a particularly threatened group
of birds (McClure et al., 2018; Buechley et al., 2019), especially
vulnerable to high mortality rates and human-related threats (Sergio
et al., 2008; De Pascalis et al., 2020), including environmental pollution
(Gomez-Ramirez et al., 2014; Espin et al., 2016). More specifically, large
raptors, occupying upper trophic levels in food webs and being long-
lived, can accumulate, by biomagnification processes and over long
time, significant concentrations of contaminants, potentially leading to
negative consequences at individual (e.g. chick growth impairment,
increased mortality) and population level (e.g. negative demographic
trends and decline) (Lourenco et al., 2011).

The osprey Pandion haliaetus is a cosmopolitan apical raptor and a
sentinel species of the trophic webs of aquatic ecosystems (Poole, 1989;
Golden and Rattner, 2003; Grove et al., 2009). It is a specialist predator
that exclusively feeds on live, epipelagic fish (Poole, 1989), within a
feeding horizon corresponding to a subsurface area of 0-2 m depth.
Despite its high specialization as a piscivore, it is an opportunistic
forager that can feed in both freshwater and marine environments
(Cramp and Simmons, 1980). High levels of many of these chemicals are
found in marine and coastal ecosystems because of the influx from
rivers, as well as runoff and other direct sources of pollution
(Chakraborty and Chakraborty, 2021), and can accumulate in fish
preyed upon by ospreys. As long-lived super-predator, osprey is prone to
bioaccumulation of trace elements, organochlorine compounds and
various other environmental contaminants (Espin et al., 2016), such as
emerging contaminants, including polybrominated diphenyl ethers
(PBDE) and perfluorooctane sulfonic acid (PFOS) (Grove et al., 2009;

Chu et al., 2007; Eriksson et al., 2016). Several studies investigated the
effects of contaminants on osprey populations of the New World (e.g.
Elliott and Harris, 2001; Elliott et al., 2007; Henny et al., 2008), espe-
cially in relation to past widespread use of dichloro-diphenyl-
trichloroethane (DDT). A dramatic eggshell thinning, as effect of this
chemical compound and its metabolites, has been the cause of severe
declines (e.g. Grove et al., 2009; Henny et al., 2010) in many American
osprey populations during the 1960s and 1970s (Ames, 1966; Spitzer
et al., 1978; Wiemeyer et al., 1988; Steidl et al., 1991). Following the
ban of such pollutants (initiated in 1975), large-scale demographic and
ecotoxicological studies re-evaluated exposure levels and spatial and
temporal population trends, observing that American ospreys pop-
ulations gradually recovered (Grove et al., 2009; Bierregaard et al.,
2014; Lazarus et al., 2015).

In Europe, where strong demographic decreases have been recorded
in the 20th century (Schmidt-Rothmund et al., 2014), ecotoxicological
studies focused on the evaluation of heavy metals concentration in
feathers, eggs and soft tissues samples from Scandinavian, French,
German, Polish and Italian populations (Grove et al., 2009 and literature
wherein; Lemarchand et al., 2011, 2012; Kalisinska et al., 2014; Odsjo
and Sondell, 2014; Monti et al., 2020). Few studies are available on
organic contaminants (e.g. Jiménez et al., 2007; Viluksela et al., 2024).
Moreover, biochemical, molecular and behavioral biomarkers have been
poorly used to evaluate the ecotoxicological status of the species in
Europe, with the exception of plasma biochemistry parameters investi-
gated in juvenile ospreys from Scotland (Meredith et al., 2012) and
blood molecular sex determination of German nestling ospreys (Muriel
et al., 2013). In the Mediterranean region, where the species underwent
dramatic population contractions and is still in an unfavourable con-
servation status (Garrido et al., 2021; Westrip et al., 2022), only two
exploratory studies have been conducted until now concerning trace
elements and organochlorine compounds presence in eggs (Jiménez
et al., 2007; Monti et al., 2020). There is therefore a lack of detailed
information for these populations, especially in relation to their de-
mographic trends. In this context, the species has been subject to various
reintroduction projects in the last decades, especially in southern and
Western Europe (Muriel et al., 2010; Monti et al., 2022). From a con-
servation point of view, these reintroduced populations are particularly
vulnerable because of their relatively small numbers and because they
are semi-dependent on human interventions (e.g. hacking facilities,
artificial nests provisioning) at least in the first phases of the project and
population establishment. For these reasons, an integrative and multi-
disciplinary monitoring approach is necessary to detect any adverse
factor potentially threatening the success of the project itself and the
persistence of the population in the long-term (Sutherland et al., 2010;
Skujina et al., 2021; Monti et al., 2022).

To the best of our knowledge, only two ecotoxicological studies
targeted reintroduced osprey populations in the Western Palearctic.
Meredith et al. (2012) investigated hematologic and plasma biochem-
istry reference intervals in free-living wild osprey chicks from Scotland
and England, before being successively translocated to Rutland Water
(Central England) for release. Monti et al. (2020) analysed trace element
variation by habitats and egg components in samples from Mediterra-
nean populations in Corsica, Balearic Islands and the Italian reintro-
duced population. Monitoring studies using unhatched eggs as non-
destructive samples have been extensively used and much useful data
has been collected (e.g. in Finland; Viluksela et al., 2024). However,
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unhatched eggs could represent a biased sample in evaluating the
presence and effects of environmental contaminants (Grove et al.,
2009). For example, mercury may be acquired during migration/
wintering and transferred to eggs and hatchlings, while mercury in
feathers of older nestlings mainly reflects mercury concentrations in the
local diet (e.g. Zabala et al., 2019). Chick feathers are generally better
indicators of local contamination (Hughes et al., 1997; Zabala et al.,
2019). Using other kinds of samples, such as feathers and blood from
fledglings could be more informative providing more reliable estimates
of contaminant levels. This is particularly significant in at-risk species,
as blood and feather sampling is minimally invasive and allows for non-
destructive monitoring of their health. Non-lethal biological techniques,
such as blood biomarker analysis, have gained prominence in the study
of endangered species (Muir et al., 1999; Vos et al., 2000; Champoux
et al., 2002, 2006; Murvoll et al., 2006; Quirds et al., 2008). Given the
critical role of physiological systems in enabling individuals to adapt to
new selective pressures, it has been proposed that physiological bio-
markers can serve as early warning indicators of potential long-term
effects on populations (Mayer et al., 2018; Madliger et al., 2016; Gio-
vanetti et al., 2024).

The main aim of this study was to assess the levels of environmental
contaminants in the reintroduced Italian osprey population using a long-
term, integrated approach based on complementary non-destructive
sampling of blood and feathers. Multi-contaminant analyses and geno-
toxicity biomarkers were evaluated alongside biological and behavioral
data, including sex, morphometric measurements, and adult space use at
breeding sites. This comprehensive approach aimed to identify potential
sources of environmental contamination, assess sub-lethal and long-
term toxicological effects, and evaluate their impacts on the pop-
ulation’s health.

The study also investigated potential correlations between trace el-
ements concentrations and various factors: (i) sex of the birds, (ii)
morphometric traits, (iii) genotoxicity and immunotoxicity markers,
and (iv) differences in local contaminant level among breeding pairs
within the study area where reintroduction efforts were carried out.

2. Material and methods
Between 2015 and 2022, blood and feather samples were collected

from fifty-five osprey chicks to analyse trace elements (Hg, Cd, Pb, Se,
Cu). Blood smears were used to assess erythrocytic nuclear
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abnormalities (ENA assay) and perform differential white blood cell
(WBC) counts. Additionally, a subset of blood samples was analysed for
persistent organic pollutants (POPs), including polychlorinated bi-
phenyls (PCBs) and organochlorine pesticides (OCPs: HCB, op’DDT,
pp’DDT, op’DDE, pp’DDE, op’DDD and pp’DDD).

2.1. Study areas

The species returned to breed in Italy in 2011 as a result of a rein-
troduction project, following the first phase of translocation operations
carried out between 2006 and 2010 in the Maremma Regional Park
(Monti et al., 2022). Since 2011, the population gradually increased up
to 7-8 pairs in 2024 (Monti et al., 2023; https://www.falcopescatore.
it/), whereby five were the object of an extensive ecotoxicological
monitoring program carried out during 8 years (2015-2022). Given the
high philopatry of the species (Poole, 1989), each pair used the same
nest year after year, therefore pairs and nesting sites coincide. The five
osprey nest sites were regularly monitored within four protected areas,
located in an extensive coastal wetland system in Southern Tuscany
(coastal Central Italy; Fig. 1) in the following sites: Maremma Regional
Park, Diaccia Botrona Natural Reserve, WWF Natural Reserve Orbetello
Lagoon and WWF Natural Reserve Orti-Bottagone Marsh. The Maremma
Regional Park is a regional protected area characterized by the Ombrone
River which is flanked by brackish water wetlands and that contains a
nest of ospreys, here defined with the code “MRP”. The Diaccia Botrona
Natural Reserve is a coastal marsh with shallow, brackish waters rich in
fish. In this area are present two nests, coded “DC” and “DA”. The WWF
Natural Reserve Orbetello Lagoon contains a nest (coded “ORB”) and it
is one of the largest lagoons in the western Mediterranean, characterized
by the presence of shallow waters and comprising two communicating
basins (east and west basins). To be noted that this lagoon hosts a fish
farm of great commercial interest, producing European sea bass and
gilthead sea bream (Porrello et al., 2005) and where high levels of
mercury were detected in fish (Miniero et al., 2013; Lenzi et al., 2021).
The WWF Natural Reserve Orti-Bottagone Marsh is a coastal brackish
water wetland where a nest (coded “ORT”) is present. In all sites, the
ospreys lay eggs on artificial nests built on three-pole structures (Sforzi
et al., 2019).

b)

Hg, Cu, Pb, Cd, Se
+

' POPs (Ocs, DDT, HCB)

——— -

Hg, Cu, Pb, Cd, Se

- / &

ENAs and WBCs

~

55 osprey chicks
sampled between
2015-2022

Fig. 1. Map of the study area in Southern Tuscany (central coastal Italy) and locations where osprey chicks’ feather and blood samples were collected between 2015
and 2022. a) The five sites where the sampling took place are reported as follows: Maremma Regional Park (MRP, pair code 1, in black), the Diaccia Botrona Natural
Reserve (DC, pair code 2 in red and DA, pair code 3 in white), WWF Natural Reserve Orbetello Lagoon (ORB, pair code 4 in orange) and WWF Natural Reserve Orti-
Bottagone Marsh (ORT, pair code 5 in blue). b) Infographic representing the samples collected on each osprey chick: 1 mL of blood by venipuncture from the brachial
vein of the wing, 6-8 body feathers and two blood smears per individual kept dry until laboratory analyses. Image readapted from Monti et al. (2023). The osprey

chick is by Alessandro Troisi ©.
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2.2. Biometric measurements and population monitoring

Population monitoring took place routinely: breeding events were
continuously kept under daily surveillance through nest video re-
cordings by means of video-surveillance systems, and accompanied by
weekly field surveys, allowing recording of key breeding dates and pa-
rameters (Monti et al.,, 2019). Between 2015 and 2022, thirty-one
reproductive events across the considered five nest sites were recor-
ded, resulting in fifty-five newborn chicks sampled for the various an-
alyses. All chicks were handled at an age of 5-8 weeks (range: 38-60
days according to the growth rate of the bird), and marked with both a
metal and a coloured darvic ring (Monti et al., 2019). Capture, handling,
and tagging procedures were carried out under formal authorization
issued by the Tuscany Regional Administration, after the positive
opinion expressed by the Italian Institute for Environmental Protection
and Research (ISPRA), in accordance with Law157,/1992 [Art.4 (1) and
Art 7 (5)1, which regulates research on wild bird and mammal species.
Fieldwork was also conducted with the permission of management
bodies of the nature reserves involved: Maremma Regional Park, Tus-
cany Region, WWF Natural Reserves. During ringing operations, bio-
metric data were taken: a) body mass (MASS) measured with a 2500 g
Pesola scale; b) tarsus length (TARSUS) with a digital calliper to the
nearest 0.1 mm, from the front of the tarsometatarsal bone at the toe
joint to the end of the bone below the ankle joint; c) the length of flat-
tened wing chord (WING) using a metal ruler to the nearest 1 mm; d)
head length (HL) measured as the distance between the tip of the bill and
the back of the head; c) bill length (BL) as the distance between the tip of
the bill and feathers. Bird handling (from capture to release) lasted
about 30-40 min. The sex of the birds was assessed using molecular
sexing, following Griffiths et al. (1998).

2.3. Sample collection for contaminant analysis

Blood and feather samples were collected from osprey chicks during
ringing activities at nests. About 1 mL of blood was taken by veni-
puncture from the brachial vein of the wing with a syringe and trans-
ferred immediately in Vacutaner Lithium eparine-coated tubes. Two
drops of blood were used to prepare two blood smears per individual
(Fig. 1), which were kept dry until laboratory and the rest of the blood
samples were stored at 4 °C during the field operations and then
transferred in a freezer at —20 °C. About 6-8 breast feathers from each
osprey chick were also collected and stored in paper bags at room
temperature.

2.4. Adults’ feeding areas and home ranges

During the entire duration of the chick-rearing period, osprey chicks
are fed by parents that brought prey to the nest (Poole, 1989). Three
breeding adults (2 males and 1 female) from three different nests were
captured and fitted with back-pack mounted 24-g solar-powered GPS/
GSM devices (model Duck-4, Ecotone, Gdynia, Poland), to estimate
feeding areas and home ranges at breeding sites. These tags were pro-
grammed to collect GPS positions at hourly intervals during the day
(05:00-21:00). The combined mass of the tracking device and harness
never exceeded 3 % of the bird’s body mass, which is within recom-
mended limits (Kenward et al., 2001). All tags were attached as back-
packs with a harness made of 7-mm-wide Teflon ribbon (Kenward et al.,
2001). Data were extrapolated only for the active breeding period
(assessed for each pair through video recordings and field surveys). The
R “adehabitatHR” package (Calenge, 2006) was used to delineate 95 %
and 50 % kernel density estimation (KDE) to estimate ospreys’ home
range (HR) and core area (CA), respectively. All GPS data analysed in
this study are freely consultable in the Movebank database (www.mov
ebank.org), project study name “Osprey in Mediterranean (Corsica,
Italy, Balearics) - movement study ID: 20039459”.
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2.5. Contaminant analysis

2.5.1. Trace elements analysis in blood and feathers

All blood samples were lyophilized in a LIO 5Pascal, equipped with
Edwards vacuum pump, for 48 h at 0.125 mbar and — 53 °C, while
feathers were washed with ultrapure water and kept drying until ana-
lyses. Then, using a clean mortar and pestle, the dried materials were
fully homogenized to a powder. Samples were processed for acid
decomposition: about 0.100 g or 0.050 g of dry samples were added with
nitric acid (HNO3) and hydrogen peroxide (H202) 4:1 v/v and heated at
160 °C in a high-pressure hot block system (Teflon Bomb) for 9 h.
Quality assurance measures included analysis of Standard Reference
Materials namely, Fish Homogenate (IAEA-407), Fish muscle (DORM-
4), treated and analysed under the same conditions as the samples.
Recoveries of the element ranged from 92 to 105 %. Blanks were run
during each set of tests to check the purity of the chemicals used and any
sample contamination. Five elements (Hg, Cd, Pb, Cu and Se) were
analysed using an atomic absorption spectrometer. For the determina-
tion of the various elements were used the following instruments: atomic
absorption spectrometer (Analytik Jena ContrAA 700) with graphite
furnace for Pb and Cd; cold vapour technique (Atomic Absorption
Spectrometer Perkin Elmer Fims 400) for Hg; ICP-OES Plasma (Perkin
Elmer 5100DV) for Cu; and Analytik Jena ContrAA 700 coupled to
generation of hydride system (Hydrea HS 60) for Se. The precision of
elements determination, expressed as the coefficient of variation on
repeated assays of the same sample, was about 3 %. Concentrations are
given as the mean of three replicates and expressed as mg/kg on dry
weight basis (dw). For comparative purposes, to convert literature blood
concentrations expressed as wet weight to dry-weight, we used the
moisture content of 79.13 % indicated for other bird species by Eagles-
Smith et al. (2008). Also, to convert blood volume-based pg/L to wet
mass-based pig/kg concentrations, we used the density value of 1.06 kg/
L of whole blood indicated by Langner et al. (2012) measured on a
subset of fresh osprey blood samples, therefore a conversion factor of
0.943 was applied. Due to the preventive action of dietary Se from fish
consumption against the toxicity of Hg (e.g. Cuvin-Aralar and Furness,
1991; Sgrmo et al., 2011), the molar ratio between Se and Hg in blood
and feathers was calculated.

2.5.2. Organochlorine compounds

A subsample of 13 individuals (out of the 55 chicks sampled) with a
suitable amount of blood sample collected, was also analysed according
to the modified U.S. Environmental Protection Agency (EPA) 8081/
8082 method for determination of hexachlorobenzene (HCB), poly-
chlorinated biphenyls (PCBs), and dichlorodiphenyltrichloroethane and
its metabolites (DDTs) (Marsili, 2000). Precisely, lyophilized blood
samples (0.1 g), fully homogenized to a fine powder, were extracted
with n-hexane for pesticide residue analysis (PESTINORM, VWR
Chemicals) using a Soxhlet apparatus. Before extraction, VWR cellulose
thimbles (internal diameter: 25 mm, external diameter: 27 mm, length:
100 mm) were preheated at 110 °C for approximately 30 min and pre-
extracted for 9 h in a Soxhlet apparatus with n-hexane to eliminate
any potential organochlorine contamination. Each sample was spiked
with a surrogate standard, 2,4,6-trichlorobiphenyl (IUPAC No. 30),
before extraction. This compound was subsequently quantified and re-
covery rates ranged from 85 % to 95 %. Following the 9-h extraction
with n-hexane, samples underwent a purification step with sulfuric acid
95 % (VWR Chemicals) for 12 h. The supernatant was concentrated to a
volume of 10 mL using a rotary vacuum evaporator (Rotavapor 110) at
45 °C. To further remove residual lipid content, liquid chromatography
was performed on a column containing Florisil (60-100 mesh, Merck)
pre-dried at 110 °C for 1 h. The adsorption on Florisil was followed by
sequential elutions with n-hexane until a final volume of 100 mL was
reached. A second rotary evaporation was then performed to achieve a
final volume of 100 pL. Decachlorobiphenyl (DecaPCB, IUPAC No. 209)
was used as an internal standard, added to each sample before analysis,
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and included in the calibration standard mix (comprising Arochlor
1260, HCB, and both pp’- and op’-isomers of DDT, DDD, and DDE).
High-resolution capillary gas chromatography analyses were conducted
using an Agilent 6890 N series gas chromatograph, equipped with a
63Ni electron capture detector (ECD) and an on-column automatic
injector. The column employed was an SBP-5 bonded phase capillary
column (30 m length, 0.25 mm internal diameter, and 25 pm film
thickness). Nitrogen was used as the carrier gas, with a head pressure of
15.5 psi (splitting ratio 50:1), while argon/methane (95:5) at 40 mL/
min was used as the scavenger gas. The oven temperature was initially
set at 100 °C for 10 min, then increased to 280 °C at a rate of 5 °C/min.
The injector and detector temperatures were maintained at 200 °C and
280 °C, respectively. A mixture of specific isomers was used to calibrate
the system, assess recovery, and confirm results. The standard injected
contained 50 ng/mL of HCB, 100 ng/mL of DDT (op’DDT, pp’DDT,
op’DDE, pp’DDE, op’DDD and pp’DDD), 200 ng/mL of op’DDT, and 2
pg/mL of Arochlor 1260. To evaluate the linearity in the instrumental
response and the instrumental sensitivity, the following standard vol-
umes were injected: 1, 2, and 4 pL. Capillary gas chromatography
identified 29 PCB congeners (IUPAC No. 95, 99, 101, 118-pentachloro-
biphenyls; 128, 135, 138, 144, 146, 149, 151, 153, 156-hexachlorobi-
phenyls; 170, 171, 172, 174, 177, 178, 180, 183, 187-
heptachlorobiphenyls; 194, 195, 196, 199, 201, 202-octachlorobiphen-
yls; and 206-nonachlorobiphenyls). Total PCBs (> _PCBs) were quanti-
fied as the sum of all congeners; total DDTs (> DDTs) were calculated as
the sum of the isomers op’DDT, pp’DDT, op’DDE, pp’DDE, op’DDD and
pp’DDD. To better characterize the degradation pattern and potential
historical origin of DDT contamination, specific isomeric ratios were
calculated, including pp’DDE/pp’DT, pp’DDE/DDTs, and (op’DDT -+
op’DDE + op’DDD)/DDTs. Results were expressed in ng/g dry weight
(dw). The limit of detection (LOD) was calculated by measuring repli-
cates (n = 20) of blank samples, determining the mean value and stan-
dard deviation (SD), and calculating the LOD as the mean + 2 SD. The
LOD for all compounds analysed was 0.1 ng/kg (ppt).

2.6. Biomarker analysis

2.6.1. Erythrocytic nuclear abnormalities (ENA) assay

The ENA assay is a simple and cost-effective method to assess
possible genotoxic effects that may occur in wildlife as result of exposure
to environmental contaminants (Fenech et al., 2011). This test consists
of the evaluation of DNA damage in erythrocytes by the identification
and counting of nuclear abnormalities (kidney, segmented and lobed
cells), including micronuclei (MN). The slides were fixed in methanol for
10 min and stained with Giemsa stain (5 %) for 30 min. The erythrocytic
nuclear abnormalities were scored in 2000 mature erythrocytes per
sample, according to the procedures of Maier and Schmid (1976) and
Carrasco et al. (1990), adapted by Pacheco and Santos (1997). Ac-
cording to these authors, nuclear lesions were scored into one of the
following categories: lobed nuclei, kidney-shaped nuclei, segmented
nuclei and micronuclei. The results were expressed as the ENA fre-
quency, the mean value (%o) of each abnormality and the sum of all the
lesions observed.

2.6.2. Differential white blood cells (WBCs) count

The differential leukocytes count, an immune system biomarker, was
performed on the same slides used for the ENA assay. White blood cells
(WBCs) were identified and classified as lymphocytes, monocytes, eo-
sinophils, heterophils or basophils according to the cellular morphology
and staining characteristics of birds described by Giovanetti et al.
(2024). Differential count was carried out on a total amount of 400
white blood cells per individual. Thrombocytes, as suggested in Davis
et al. (2008), were considered only in their activated form. The ratio
between the number of heterophils and lymphocytes was measured from
each differential WBC, to obtain the H:L ratio, a stress indicator related
to corticosteroid levels (Cirule et al., 2012).
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2.7. Statistical analyses

All analyses were carried out with R Studio software (v. 4.3.1; R Core
Team, 2023). To investigate variation in trace elements concentration
and erythrocyte abnormalities at the population level, we used gener-
alized linear mixed models (GLMMs; Zuur and Ieno, 2016). Ten response
variables were modelled to evaluate trace elements concentration in
both ospreys’ blood and feathers for the following five elements: Hg, Cd,
Pb, Cu and Se. Other eight response variables were used to investigate
abnormalities in: i) total ENA; ii-vi) heterophils, eosinophils, basophils,
monocytes and lymphocytes; vii) number of thrombocytes, and viii) H:L
ratio. Continuous response variables as trace element concentrations
and the H:L ratio relationship were modelled with Gaussian error dis-
tributions and “identity link” functions, while discrete variables such as
cell counts with the nbinom2 (link = “log”) family function. In all
models, we included the following predictors: “pair_code” (categorical;
five levels: MRP, DC, DA, ORB, ORT; reference level: MRP; id of the
breeding pair/nesting site), sex of the chick (categorical; two levels:
male vs female) to investigate potential differences between sexes and
tarsus length (numerical - as a proxy of the age and gradual growth of
the bird during the chick rearing period) to evaluate response variables
effects on the chick’s status. When we found significant differences
among the particular predictors, we used a Tukey pairwise post-hoc
comparison through the glth function (multcomp package, v. 1.4-25;
Hothorn et al., 2008). We did not consider the geographical location (or
the nest site) as a predictor, because the “pair_code” itself already in-
cludes this information, being each breeding pair associated to a single
nest within a specific location and distinct feeding areas of the adults
(see section 3.1). We did not consider the weight of the chick as it could
have been strongly dependent on the daily food intake at the time of
ringing, thus representing a potentially confounding factor (e.g. Catitti
et al., 2022). For this reason we used the tarsus length, for which we did
not find significant differences between sexes (Independent Samples t-
Test: t = 0.150 p = 0.882; n = 53; males: 58.4 + 6.7 mm, females: 58.1
+ 6.6 mm), nor a significant correlation between its length and the sex of
the bird (Spearman’s rho = 0.01; p = 0.94). A preliminary data explo-
ration showed that no multicollinearity was found among these pre-
dictor variables (sex and tarsus length). GLMMs were performed using
the function glmmTMB (Brooks et al., 2017) for fitting models. Due to the
presence of missing values (NAs) distributed across several variables,
model selection and model comparison procedures (e.g., dredge or AIC-
based selection) could not be reliably performed. Therefore, the analysis
was confined to inference based on the full model, focusing on assessing
the significance and direction of predictors’ effects on the response
variable. Models were validated through visual inspection of residual
patterns (Zuur et al., 2009). Inference about the effects of predictors on
each response variable was made by estimating p-values and 95 %
confidence intervals (CIs) of predictors, assessing whether 95 % CIs
overlapped “0” to identify informative predictors.

Possible correlations (Spearman test) among trace elements, in both
blood and feathers, and bird morphometric, genotoxicity and immuno-
toxicity markers were investigated using the corrplot package (v0.92;
Wei and Simko, 2017). Organochlorine pollutant values were not eval-
uated through GLMMs due to the limited sample size for this contami-
nant category (n = 13). Since data were not normally distributed,
Kolmogorov-Smirnov tests were used to compare each OC pesticide
between sexes. A Spearman-rank correlation test was also run to
determine if any relationship existed between them. Tests were signifi-
cant at p < 0.05. All descriptive statistical analyses are reported as mean
+ standard deviation (SD), median and/or range (minimum-maximum).

3. Results
3.1. Home range and feeding areas of adult ospreys

Home range and core areas of GPS-tracked adult breeding ospreys
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were extremely small (HR = 6.4 + 5.3 kmz; CA = 0.65 + 0.63 km?) and
feeding areas mainly confined to zones adjacent to breeding sites (Fig. 2
and Table 1). Even in the case of the two adults of the two nests from the
same wetland (DC and DA in the Diaccia Botrona Natural Reserve), used
areas were totally disjointed and close to each nest site (Fig. 2). Chick
feathers thus reflect most reliably conditions in the proximity of the nest,
providing information on the presence of specific contaminants at a
local scale. Details of corresponding spatial analyses of osprey move-
ments are reported in Table 1.

3.2. Trace elements in blood and feathers

At population level, Se had the highest concentration in blood (4.5 +
2.1 mg/kg dw) while in feathers, Cu was the most abundant (11.5 + 2.7
mg/kg dw) (Table 2). Both Cd and Pb showed low levels in blood,
respectively 0.008 + 0.011 mg/kg dw and 0.092 + 0.084 mg/kg dw
(Table 2). Positive correlations were found between Hg—Pb (r = 0.35; p
< 0.05), Hg—Se (r = 0.40; p < 0.05) and Pb—Se (r = 0.61; p < 0.01) in
blood, while in feathers between Cd—Cu (r = 0.54; p < 0.01) (Fig. 3).
For Cd, Hg and Pb blood and feathers were positively correlated (r =
0.35; p < 0.05 for Cd; r = 0.62; p < 0.01 for Hg; r = 0.57; p < 0.01 for
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Table 1

Information on movement components of three GPS-tracked adult breeding
ospreys: ring code (ID), sex of the birds, tracking period, nest site code, number
of GPS fixes, home range (HR) and core area (CA) expressed in km?. Mean (+
standard deviation) estimates are also reported.

D Sex Tracking period Site Nfix HR CA
code

01/05/2015-31/

L7 Male 07,2015 MRP 1148 9.36 1.61
09/05/2016-31/

1AC Female 07/2016 DA 3005 0.25 0.03
01/05/2018-31/

IAA Male 07,2018 DC 1276 9.9 0.70

Mean + 6.5 + 0.78 +

SD 5.4 0.8

Pb). Hg in feathers and Pb in blood had a positive correlation (r = 0.53;
p < 0.01). Se in feathers was positively correlated with tarsus length (r
= 0.59; p < 0.01).

Mercury significantly differed among breeding pairs, both in blood
and feathers (Table 3; Table S1). Significantly higher values of mercury
were found in chicks’ blood belonging to MRP (1.9 + 1.04 mg/kg dw;

173
01/05/2015-
- 31/07/2015

09/05/2016-
31/07/2016
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N
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Fig. 2. Home ranges and core areas of breeding ospreys in coastal central Italy. Three adult ospreys (2 males - ring codes: L7 and IAA - and 1 female - ring code: IAC)
were captured and fitted with 24-g solar-powered GPS/GSM devices (model Duck-4, Ecotone), to estimate feeding areas and home ranges during the chicks rearing
period. The R “adehabitatHR” package (Calenge, 2006) was used to delineate 95 % and 50 % kernel density estimation for representing ospreys home range (in
yellow) and core area (in red), respectively. Ring code of the bird (L7, IAA, TIAC), sex and tracking period are reported on the white boxes.
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Table 2

Mean =+ SD and median values of trace elements (Hg, Cd, Pb, Se and Cu) from
blood and feathers of Italian ospreys. Values are reported at population level and
expressed as mg/kg on a dry weight (dw). The median is reported in square
brackets, and the sample size is reported in round brackets.

Sample Hg Ccd Pb Se Cu
type
Blood 1.132 + 0.008 + 0.092 + 4.554 + 3.983 +
0.729 0.011 0.084 2.146 1.820
[0.972] [0.004] [0.081] [4.156] [3.601] (36)
37) 37) 37) (35)
2.305 + 0.019 + 0.523 + 1.465 + 11.560 +
Feathers 1.306 0.027 0.352 0.545 2.779
[1.928] [0.013] [0.470] [1.419] [10.680]
(54) (54) (49) (45) (43)
4 [ (L
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Fig. 3. Correlation matrix among trace elements concentrations (Hg, Cd, Pb, Se
and Cu) in osprey blood and feathers. Positive correlations are displayed in blue
and negative correlations in red. Color intensity and the size of the circle are
proportional to the correlation coefficients. In the right side of the correlogram,
the legend color shows the correlation coefficients and the corresponding
colors. Significant correlations are labelled with an asterisk. Analysis of the data
was done using the corrplot package (v0.92; Wei and Simko, 2017).

Table 3; Fig. 4a) with respect to DC, DA and ORT but not ORB that
showed high levels as well (1.502 + 0.312 mg/kg dw) (Table S1-S2). In
feathers, higher values were recorded in ORB (Fig. 4b), with significant
differences with all other nests except MRP (Table 3; Table S2). In both
matrices investigated, Cd, Pb and Cu did not significantly differ between
all fixed predictors (Table 3; Table S1). Se in feathers appeared to be
significantly higher in birds with larger tarsus (Table 3). It also differed
among pairs in blood: a significant higher concentration of Se was found
in chicks from MRP with respect to those from DC, DA and ORT, but not
ORB (Fig. 3; Table 3; Table S2). The Se:Hg molecular ratio for osprey
feathers and blood samples is reported in Table S3.

3.3. Levels of organochlorine pollutants

The presence of xenobiotic contaminants was confirmed by the
finding of polychlorinated biphenyls (PCBs) and organochlorine pesti-
cides (HCB, op’DDT, pp’DDT, op’DDE, pp’DDE, op’DDD, pp’DDD) in
osprey blood (Table 4). Due to the low and heterogeneous sample size
for this contaminant category, correlation with other elements and dif-
ferences between years and breeding pairs were not evaluated. Geo-
metric mean and extremes (min-max) for each contaminant are reported
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in Table 4, along with the ratios between DDT isomers and/or PCBs. On
average, among the 29 PCBs congeners analysed, the most abundant
were PCB153 > PCB138 > PCB180 > PCB149 + 118 > PCB187, which
jointly represent almost 40 % (39.93 %) on average of the total PCBs.
Among DDTs, pp’DDE alone constitutes from 15 % to 63 % of DDTs. The
mean ratios of pp’DDE/pp’DDT and of pp’DDE/DDTs were 7.53 and
0.45 respectively, while the ratio of the op’ isomers sum (op’DDT +
op’DDE+ op’DDD) to total DDT was on average 0.40. No statistical
differences were found between OC pesticides and sexes (K-S: p > 0.05
for all), nor a significant correlation between them (Spearman test: p >
0.05 for all).

3.4. ENAs and WBCs

Erythrocytic nuclear abnormalities in ospreys’ blood samples are
shown in Table S4 and Fig. 5a. Mean values of ENAs at population level
varied from the lowest number of micronucleis (0.41 & 1.07 %o), which
account for only 1.22 % of total ENAs, while as for the other erythrocytic
abnormalities, lobed nuclei represented 81.6 % among all anomalies
with mean values of 26.5 + 24.1 %o (Fig. 5a). The recurring ENAs were
lobed nuclei, followed by segmented nuclei, kidney and micronuclei.
Differences in total ENAs were not significant among the fixed predictors
(Table 3), although values slightly differed among pairs with pairs from
ORB showing highest mean values (Fig. 5a). Among the different white
blood cells counted, heterophils and lymphocytes were the most abun-
dant followed by eosinophils, monocytes and basophils. The mean H:L
ratio was 1.3 £ 0.6. Thrombocytes showed mean values of 246.1 +
132.9 %o (Table S4; Fig. 5b). WBCs levels were more similar among
pairs, without statistical differences among them (Fig. 5b; Table 3).

No significant relationships were observed between tarsus length,
genotoxicity, and immunotoxicity markers, including total nuclear ab-
normalities, eosinophils, basophils, monocytes, or lymphocytes. How-
ever, heterophils showed a significant association with tarsus length,
consistent with findings for the H:L ratio (Table 3). Chicks with higher
H:L ratio had significantly shorter tarsus too (Table 3). Regarding the
possible statistical correlations of genotoxicity and immunotoxicity
markers with trace elements, total ENAs was negatively correlated with
Se and Cu in feathers (Table S5). In addition, eosinophils were nega-
tively correlated with Pb in either blood or feathers, while being posi-
tively correlated with Se and Cu in feathers. Heterophils showed positive
correlations with Cu and Pb in blood and with Pb in feathers. Hetero-
phils were also inversely correlated with Se in feathers. The H:L ratio
was positively correlated with Pb and Cu in blood, but negatively with
Se in feathers (Table S5).

4. Discussion
4.1. Osprey population ecotoxicological assessment

In aquatic birds, especially top-predators, trace elements as well as
other contaminants analysed in blood and feathers have been exten-
sively used for monitoring programs and ecotoxicological studies (e.g.
Burger and Gochfeld, 2004; Castro et al., 2011; Espin et al., 2016;
Sabadkova et al., 2024). To the best of our knowledge, this study is the
first to use an approach that integrates multiple matrices (such blood
and feathers), environmental contaminant analysis (as trace elements
and POPs, including PCBs and DDTs), cellular markers (as ENA assay,
WBCs), to investigate the health status of a reintroduced osprey popu-
lation in Europe. Overall, we found that the concentration of trace ele-
ments found in blood samples and feathers appears above the range of
causing negative effects to individuals’ health and survival (Grove et al.,
2009; Table S6). Organochlorine pollutants have been detected in the
blood of sub-sampled chicks with levels that were below those found in
other osprey populations from polluted areas, exposed both to agricul-
tural and industrial activities (Grove et al., 2009; Table S6). The rein-
troduced Italian osprey population, since the first successful breeding
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Table 3
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Generalized linear mixed models (GLMMs) used to assess the effects of the “pair_code” (MRP, DC, DA, ORB, ORT), sex and tarsus length on trace elements concen-
tration, components of erythrocytic abnormalities and differential white blood cells (WBCs) count of Italian osprey chicks, sampled between 2015 and 2022. The
estimates and standard errors (SE) of all models are shown and the sample size is reported in brackets. Significant p-values (<0.05) are highlighted in bold. Significant

codes are as follows: * - p < 0.05, ** - p < 0.01, *** -p < 0.001.

Response variable Predictor Estimate SE p-value
(sample size)
(Intercept) 3.051368 1.096117 0.00537**
DC —1.834273 0.368899 6.62e-07***
H_feathers DA —1.0067 0.354052 0.00446**
(EV —54) ORB 1.1066 0.382498 0.00381**
ORT —0.409479 0.458953 0.37228
SexM 0.047635 0.246049 0.84649
tarsus_mm —0.004077 0.01803 0.82109
(Intercept) 0.0395895 0.034345 0.249
DC 0.0256813 0.011559 0.0263*
Cd feathers DA 0.0116678 0.011094 0.2929
(_N —54) ORB 0.008986 0.011985 0.4534
ORT 0.0045957 0.01438 0.7493
SexM —0.011529 0.00771 0.1348
tarsus_mm —0.000404 0.000565 0.4751
(Intercept) 0.395845 0.497816 0.4265
DC 0.180338 0.16526 0.2752
Pb feathers DA 0.146278 0.151093 0.333
(_N —47) ORB 0.32279 0.161743 0.046*
ORT 0.276705 0.191559 0.1486
SexM —0.173043 0.104424 0.0975
tarsus_mm 0.001126 0.008142 0.89
(Intercept) —1.50417 0.67035 0.0248*
DC —0.33949 0.21303 0.111
Se feathers DA —0.21175 0.19163 0.2692
EN —43) ORB —0.20843 0.20247 0.3033
ORT —0.61985 0.25761 0.0161*
SexM 0.14917 0.13822 0.2805
tarsus_mm 0.05437 0.01094 6.73E-07%**
(Intercept) 12.32494 4.54169 0.00665**
DC 2.23835 1.30845 0.08714
Cu_feathers DA 0.7269 1.16165 0.53148
(_N —41 ORB —0.07462 1.23377 0.95177
ORT 1.31046 1.42671 0.35835
SexM —1.37092 0.84164 0.10334
tarsus_mm —0.01142 0.07651 0.88129
(Intercept) 2.286902 0.968617 0.01823*
DC —1.472594 0.26899 4.39E-08***
Hg blood DA —1.24132 0.224099 3.04E-08%**
(;V —36) ORB —0.57949 0.255986 0.02359*
ORT —0.865241 0.293466 0.00319%*
SexM 0.298901 0.173377 0.08471
tarsus_mm —0.008644 0.015969 0.5883
(Intercept) 0.0100018 0.022814 0.661
DC 0.0086941 0.006335 0.17
cd blood DA 0.0047726 0.005278 0.366
(_N —37) ORB 0.0031157 0.006029 0.605
ORT 0.0065317 0.006912 0.345
SexM 0.0020486 0.004084 0.616
tarsus_mm —0.000117 0.000376 0.756
(Intercept) 0.393432 0.156346 0.0119*
DC —0.082469 0.043418 0.0575
DA —0.043493 0.036172 0.2292
pb(-gliogn ORB ~0.007715 0.041319 0.8519
ORT —0.037774 0.047369 0.4252
SexM 0.002334 0.027985 0.9335
tarsus_mm —0.004783 0.002578 0.0635
(Intercept) 13.31577 3.66579 0.000281***
DC -3.33 0.9332 0.000359%**
Se blood DA —2.84433 0.79725 0.00036%**
EN —34) ORB —1.47363 0.88734 0.096765
ORT —3.05407 1.01338 0.00258**
SexM 0.47729 0.6084 0.432747
tarsus_mm —0.12319 0.06064 0.042194*
(Intercept) 8.60408 3.68871 0.0197*
DC —1.251 0.98554 0.2043
Cu blood DA —0.1706 0.83612 0.8383
(_N —35) ORB —1.53738 0.93914 0.1016
ORT —0.52839 1.07401 0.6227
SexM 0.21896 0.63439 0.73
tarsus_mm —0.07311 0.06109 0.2314

(continued on next page)
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Table 3 (continued)
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Response variable Predictor Estimate SE p-value
(sample size)
(Intercept) 5.42617 1.46472 0.000212%%*
DC 0.40294 0.38783 0.298822
DA 0.60689 0.33432 0.069473
TO(E\;ES[;SB) ORB 0.76582 0.3999 0.055492
ORT 0.25388 0.4327 0.557385
SexM —0.25314 0.27788 0.362324
tarsus_mm —0.04018 0.02517 0.110378
(Intercept) 6.484187 0.552923 <2e-16%**
DC 0.040223 0.145634 0.7824
Heterophiles DA —0.020998 0.117372 0.858
N =27 ORB 0.006692 0.132052 0.9596
ORT 0.118901 0.142265 0.4033
SexM —0.0387 0.09317 0.6779
tarsus_mm —0.022608 0.009335 0.0154*
(Intercept) 2.11296 1.32705 0.1113
DC 0.04537 0.3925 0.908
Fosinophils DA —0.12483 0.3249 0.7008
@7 ORB —0.64604 0.35537 0.0691
ORT —0.68243 0.38329 0.075
SexM 0.14167 0.26532 0.5934
tarsus_mm 0.03023 0.02199 0.1693
(Intercept) 1.74343 3.94543 0.6586
DC —1.80845 1.12543 0.1081
Basophils DA —1.52921 0.82357 0.0633
(N = 27) ORB —0.94828 0.8458 0.2622
ORT —0.22887 0.84542 0.7866
SexM —0.73587 0.72007 0.3068
tarsus_mm —0.01049 0.06349 0.8688
(Intercept) 2.28819 2.7888 0.4119
DC 0.22671 0.74356 0.7604
Monocytes DA 0.19119 0.58364 0.7432
(N = 27) ORB 0.96027 0.67172 0.1528
ORT 1.24929 0.69047 0.0704
SexM —0.22057 0.47263 0.6407
tarsus_mm —0.01443 0.04761 0.7617
(Intercept) 4.326462 0.557748 8.69E-15%**
DC —0.06119 0.157248 0.697
Lymphocytes DA —0.069695 0.124008 0.574
(N = 27) ORB 0.099315 0.139489 0.476
ORT —0.04628 0.151252 0.76
SexM —0.032264 0.09878 0.744
tarsus_mm 0.014168 0.009484 0.135
(Intercept) 6.91425 1.43049 1.34E-06***
DC —0.21084 0.36581 0.5644
Thrombocites DA —0.31776 0.29926 0.2883
(N = 27) ORB —0.27827 0.33493 0.4061
ORT —0.32936 0.36175 0.3626
SexM —0.44809 0.23812 0.0599
tarsus_mm —0.01655 0.02407 0.4917
(Intercept) 3.80778 1.23632 0.00207**
DC 0.03861 0.33862 0.90921
H:L Ratio DA 0.01534 0.27068 0.95481
N = 28) ORB —0.3222 0.30484 0.29054
ORT 0.00986 0.32871 0.97607
SexM 0.11125 0.21572 0.60605
tarsus_mm —0.04544 0.02085 0.02929*

event occurred in 2011, is showing good reproductive parameters and a
continuous slight increasing trend (Monti et al., 2023). Specifically,
within the scope of our study, between 2015 and 2022, a total of 31
breeding events were recorded among the five monitored pairs, result-
ing in 55 fledged chicks. Under the current contamination levels, these
breeding pairs exhibited an average productivity of 1.77 chicks per pair
per year and a linear growth rate of approximately 0.25 pairs per year.
These figures indicate a good reproductive performance, suggesting that
the present contaminant exposure does not appear to impair the pop-
ulation’s reproductive output. Moreover, the population has continued
to increase in recent years (2023-2025) and it is currently expanding
into new areas (unpubl. data), further underscoring the positive trajec-
tory of the reintroduction program. These findings highlight that,
despite potential environmental stressors, the population demonstrates
encouraging signs of establishment and growth.

4.2. Trace elements in blood and feathers

After ingestion, trace elements and other contaminants are absorbed
by the gastrointestinal tract and enter systemic circulation, reaching
various organs and tissues (e.g. Eens et al., 1998; Driscoll et al., 2013).
Blood is an exchange compartment through the body, and the primary
matrix for evaluating recent dietary uptake (e.g. Fournier et al., 2002).
Feathers, on the other hand, incorporate trace elements from the
bloodstream during their growth, making them useful indicators of
pollutant exposure (Bracey et al., 2021). Since feather growth occurs
over weeks (Lodenius and Solonen, 2013), the concentration of trace
elements in feathers reflects recent environmental exposure and pro-
vides insights into local contamination sources (Renedo et al., 2018). In
nestlings, feathers are a particularly reliable proxy for pollutant expo-
sure during the growth period (Furness et al., 1986; Solonen and



S. Ancora et al.

A) Trace Element Concentrations by Site (blood)
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B) Trace Element Concentrations by Site (feathers)
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Fig. 4. Mean values of trace elements per breeding pair in A) blood and B) feathers. On the y-axis, the trace element concentrations are expressed as mg/kg (dw).

Bars indicate standard deviation.

Lodenius, 1990; Hughes et al., 1997; Thompson et al., 1998; Espin et al.,
2016; Bracey et al., 2021).

In this study, we found that Hg levels in blood were in line with those
reported by Lounsbury-Billie et al. (2008) in juvenile ospreys from un-
polluted areas of Everglades National Park in Florida (USA), and with
those of Rattner et al. (2008) in individuals from Chesapeake and
Delaware Bays (USA), where Hg is considered not a major environ-
mental concern (Table S6). The nesting site of MRP and ORB were those
with high Hg levels chicks’ blood, with MRP showing the highest mean
value of 1.94 mg/kg dw. Even this concentration is, however, in line
with the lower literature values (Table S6) and do not exceed the highest
values reported by DesGranges et al. (1998) for nestlings from polluted
environments of constructed hydroelectric reservoirs in Quebec (Can-
ada) of 1.8 mg/kg ww corresponding to about 9.2 mg/kg dw basis
(Table S6). Jackson et al. (2016) using a combination of field and lab-
based studies on Hg effect in a variety of species, including osprey,
assessed avian mercury risk in blood across the western United States
and Canada. This study indicated, for wet weight blood, five relative risk
categories including background (<0.5 mg/kg), low (0.5-1 mg/kg),
moderate (1-2 mg/kg), high (2-3 mg/kg), and extra high (>3 mg/kg)
groups. These groups corresponding as dry weight basis to 2.4 mg/kg
background, 2.4-4.8 mg/kg low, 4.8-9.6 mg/kg moderate, 9.6-4.4 mg/
kg high, and > 14.4 mg/kg extra high. In this respect, none of the nes-
tlings from our population in Italy exceeded the above-mentioned
background group Hg effect threshold. Among breeding pairs, mer-
cury significantly differed also in feathers. In particular, similarly to the
findings obtained for blood, the two nesting sites with higher mean
values were ORB and MRP. However, even the highest mean mercury
level found for feathers from ORB chicks, felt generally below the
literature values for nestling osprey from unpolluted areas (Table S6),
varying between 0.1 and 5 mg/kg dry weight. As example, in aquatic
ecosystems affected by Hg contamination in Finland, feathers of osprey
chicks exhibit five to seven-fold mercury concentrations (exceeding
10.0 mg/kg dw in 26.6 %) than uncontaminated areas with 3.4-4.5 mg/
kg dw (Hakkinen and Hasanen, 1980). In our case, osprey chicks from
MRP and ORB, showed higher Hg concentrations both in blood and
feathers compared to those from the other nestling sites (DA, DC, ORT),
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though at levels overlapping those of reference and unpolluted areas.
Highest levels for the ORB site could be in part due to elevated Hg
concentrations in fish from the Orbetello lagoon, where a study showed
that in 90 % of the cases this element exceeded the regulatory maximum
level of 0.5 mg/kg ww (Miniero et al., 2013; Lenzi et al., 2021). More-
over, from geographic point of view, it should be considered that in the
South-Eastern Tuscany the nesting site of ORB and MRP are respectively
close to Albegna and Ombrone rivers, both draining part of the Hg
mining district of Mount Amiata, the third largest mercury district of the
world (activity ceased in 1980), where is also located an active
geothermal field. Future studies examining Hg content in specific prey of
different nestling sites will shed insight into the real extent of the Hg
input through the diet and the relative ecological risk for newborn
osprey of those areas.

The positive and significant relationship found between Hg in blood
and in feathers in Italian osprey chicks underlines the strong association
for these matrices accounting for the same Hg source and informing
about the recent intakes. However, levels found in feathers of Italian
osprey chicks are lower even than those associated to no-observed
deleterious Hg effects, at least for population reproductive parameters
(Cahill et al., 1998; DesGranges et al., 1998). Mercury in feather samples
was generally higher than in blood (Table S1) and other studies inves-
tigating the same biological matrices from nestling ospreys exhibited
similar feathers/blood Hg ratios, also independently from the environ-
mental concentration (DesGranges et al., 1998; Lounsbury-Billie et al.,
2008; Rattner et al., 2008; Langner et al., 2012). This was expected due
to the sequestration process of Hg in the highly keratinized tissues
(feathers) (DesGranges et al., 1998; Furness et al., 1986; Rattner et al.,
2008), acting as a complementary and efficient detoxification/elimi-
nation mechanism (Furness et al., 1986).

In addition to the Hg detoxification mechanism by sequestration in
feathers, a better interpretation of the results requires evaluating Hg
concentrations in conjunction with Se levels, due to Se protective role
against Hg toxicity (Cuvin-Aralar and Furness, 1991; Wang and Wang,
2017). At the population level, we found a mean Se concentration in
blood of 4.5 mg/kg dw. As an essential element, concentrations of Se in
the blood are considered adequate for nutritional needs in birds at
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Table 4

Concentrations (mean + SD; range: min-max) of polychlorinated biphenyls
(PCBs) and congeners, organochlorine pesticides (OCPs) and metabolites (ng/g
dw) quantified in blood of 13 wild-born osprey chicks from the Italian osprey
population monitored between 2016 and 2018 and in 2020.

Mean =+ St.Dev. Mean + St.Dev.

Min-Max Min-Max
ng/g d.w. %
21.12 + 11.68
EOM 4.93-51.45
3.88 + 4.29
HCB 0.39-16.04
135.68 + 98.70
DDTs 35.14-379.20
. 6.87 + 6.36 5.69 + 3.04
op’DDE 0.91-22.05 1.79-11.25
op'DDE 66.76 + 66.08 46.27 + 22.28
7.37-227.80 14.92-74.12
) 11.49 + 9.76 9.57 + 4.40
op’DDD 2.70-34.99 3.15-16.32
i 7.30 + 8.13 5.65 + 3.62
pp’DDD 1.36-33.33 1.77-14.56
) 27.54 + 19.07 22.46 + 9.68
op’DDT 3.44-63.22 6.75-35.07
i 12,56 + 11.43 10.36 + 5.65
pp'DDT 1.93-45.01 4.30-19.67
203.99 + 156.24
PCBs 67.46-692.83
o 8.63 + 15.07 290 + 2.15
<LOD-57.48 0.00-8.30
101 8.47 + 5.69 452 +3.23
<LOD-18.77 0.00-9.32
0 478 + 3.40 247 £1.25
0.98-10.55 0.66-4.70
151 5.35 + 4.50 277 +1.52
1.05-19.23 0.89-7.28
4.95 + 3.06 3.37 + 212
144 +135 0.97-11.98 0.14-8.23
10.27 + 12,91 6.22 + 10.43
149 + 118 0.90-48.57 0.00-41.01
146 7.63 +6.78 3.69 + 1.66
0.95-26.72 0.65-6.43
153 32.18 + 29.08 14.19 + 6.30
4.93-107.02 7.12-24.81
158 17.06 + 16.33 7.49 + 2.47
3.59-63.45 4.61-12.71
178 5.30 + 6.4 2.25 + 0.8
1.00-26.66 1.08-3.85
. 10.48 + 8.12 4.99 +1.65
2.49-32.21 2.58-8.06
183 4.93+238 2.77 +£1.01
1.52-9.17 1.28-4.37
128 2.03+1.27 1.06 + 0.39
0.46-4.70 0.34-1.67
174 6.93 +5.11 3.99 + 2.81
2.51-22.68 1.39-13.08
. 4.03+2.88 231 +1.23
0.84-12.15 0.50-4.26
481 +376 257 £1.20
156 + 171 + 202 1.12-15.72 0.95-4.89
179 3.51 + 3.07 1.64 + 0.64
0.46-12.58 0.39-2.89
150 16.95 + 21.45 7.05 + 3.03
3.36-87.88 3.60-13.09
199 3.75 + 3.01 221 +1.9
0.56-9.39 0.38-6.64
170 9.92 +10.28 4.49 £1.36
2.73-42.92 2.12-6.26
196 4.94+3.27 283 +1.37
1.64-14.61 1.26-5.72
201 7.02 + 5.56 379+ 1.79
1.29-24.50 1.09-7.45
15 9.19 + 9.54 4.06 + 1.8
0.97-38.66 0.99-7.14
- 6.14 + 10.32 225+ 1.43
0.39-40.92 0.33-5.91
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Table 4 (continued)

Mean =+ St.Dev. Mean =+ St.Dev.
Min-Max Min-Max
ng/g d.w. %

7.42 +£5.13
<LOD-17.85
Mean + St.Dev.
Min-Max

ng/g Lw.

30.47 + 48.81
1.22-176.46
1098.80 + 1511.60
110.43-4981.14
1661.06 + 2241.11
217.63-7621.89
Mean + St.Dev.
Min-Max

0.68 + 0.34
0.29-1.73

0.45 £ 0.22
0.15-0.74

7.53 + 5.85
0.76-15.84

0.40 £ 0.15
0.16-0.57

4.12 + 3.08

206 0.00-8.79

HCB
DDTs

PCBs

DDTs/PCBs
pp’DDE/DDTs
pp’DDE/pp’DDT

Zop’DDTs/DDTs

0.62-0.95 mg/kg dw (Ohlendorf and Heinz, 2011), therefore osprey
blood samples from all nestling sites are not at risk of Se depletion.
Studies on blood Se concentration in nestling osprey for comparative
purposes are scarce (Table S6). Values of the same order of magnitude
are reported in the only one available study in Chesapeake and Delaware
Bays, considered as reference areas (Rattner et al., 2008). Regarding Se
in feathers, our finding of a mean population level of 1.46 mg/kg dw is
similar to the background concentrations reported for birds, which
range from 1 to 4 mg/kg and are typically below 2 mg/kg (Ohlendorf
and Heinz, 2011). For nestling ospreys, literature studies (Table S6)
indicate Se in feathers varying between 2.6 and 3.38 for American os-
preys (Cahill et al., 1998; Rattner et al., 2008), and between 1.6 and 4.4
mg/kg dw for Scandinavian individuals (Norway; Odsjo et al., 2004).
From a toxicological point of view, in feathers, levels of Se associated
with effects vary among bird species and range from 1.8 mg/kg dw
(sublethal) to 26 mg/kg dw (lethal) (Heinz, 1996; Hargreaves et al.,
2010). Either as the mean of the osprey population or as the mean of
different nesting sites, levels found in the present study fall below the
threshold of sublethal effects and below the provisional threshold of 5
mg/kg dw, according to the Guidelines of United States Department of
the Interior (1998). However, some nesting sites, specifically ORB and
MRP, slightly exceed that threshold value, with Se blood levels of 5.38
and 6.47 mg/kg dw, respectively. Noteworthy, in both blood and
feathers, these sites also showed elevated Hg concentrations and, espe-
cially for blood, the Se pattern among nest sites well mirrors that of Hg
supported by the significant positive correlation found between these
elements.

Numerous studies suggest that a fish Se to Hg molar ratio (Se:Hg)
greater than 1 indicates a low risk for fish consumers (Pelletier, 1986;
Cuvin-Aralar and Furness, 1991; Gerson et al., 2020; Manceau et al.,
2021). In our study, the calculated Se:Hg molar ratio showed that only
the ORB nesting site had a ratio below 1 in feathers, while Se was always
in excess, particularly in blood, with levels that were approximately one
order of magnitude higher than in feathers (Table S2). Overall, Se and
Hg results indicated low Hg concentrations in both feathers and blood,
falling within background levels and below known adverse effect
thresholds (Grove et al., 2009), with Se potentially acting as an antag-
onist to Hg toxicity. Combined with the protective effect of Hg seques-
tration in feathers, these findings suggest that Hg is unlikely to pose a
threat to the Italian osprey population, at present.

Interestingly, Se in feathers was positively correlated with tarsus
length, which may suggest a relationship between this essential element
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B) WBCs by Site
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Fig. 5. Mean values of A) erythrocytes nuclear abnormalities (total ENAs) and B) WBCs detected in osprey chicks’ blood, reported per each breeding pair (reference
period 2015-2022). WBCs are reported as follows: HE = heterophils, EO = eosinophils, BA = basophils, MO = monocytes, LY = lymphocytes. TR indicates
thrombocytes. Pairs are indicated by codes and different colors (refer to Fig. 1). Bars indicate standard deviations.

and the age of the chick as also supported by GLMMs results. Feathers,
being a non-metabolic tissue, accumulate contaminants over time and
reflect contamination deposited by the blood during feather growth in
the medium to long-term, though some external contamination may
persist. In this respect, larger nestlings with longer tarsi may be likely
subject to higher intake and accumulation of Hg, consequently the
elevated Se concentrations in feathers may reflect a protective mecha-
nism against Hg toxicity. This indicates that Se may play a key role in
buffering the potentially harmful effects of Hg, especially in larger
nestlings with higher exposure to contaminated prey. However, the
relationship in blood appears to be the opposite, with smaller birds
showing higher Se concentrations. Indeed, abilities to absorb, store, and
metabolize Se may varying among different individuals, nevertheless, as
required for normal physiological function, this element distributed
through the body by the circulating blood is subjected to different
mechanism for maintaining homeostasis. Different dynamics of Se
storage and transport in the body may not directly correlate with the
long-term storage of Se in feathers.

Among the essential elements measured, Cu exhibited relatively high
mean concentrations, particularly in feathers (11.5 mg/kg dw). This
value slightly exceeds those previously reported for juvenile ospreys
from southern Finland (5.6-8.6 mg/kg dw; Solonen et al., 1999) and
from the Chesapeake and Delaware Bays (4.92-9.07 mg/kg dw; Rattner
et al., 2008) (Table S6). Similarly, the blood Cu mean concentration
observed in the Tuscan osprey population (3.983 mg/kg dw) was higher
than values reported in previous studies, which are available only for
North American populations (Table S6). Although Cu is an essential
element for living organisms, it can become toxic when homeostatic
regulatory mechanisms are overwhelmed (e.g. Gaetke et al., 2014).
Elevated Cu tissue levels are often observed in birds inhabiting areas
impacted by industrial or mining activities. Compounds of Cu are also
widely used in agriculture to manage fungal, bacterial, and other plant
diseases and are also released from antifouling paints used on boats and
ships following the 1982 ban on tributyltin-based coatings (Soroldoni
et al., 2017). Concentrations of Cu exceeding physiological re-
quirements can induce oxidative stress, impair chick development, and
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cause damage to cerebral tissue, as well as degenerative changes in the
liver and kidneys. These adverse effects have been documented pri-
marily in poultry (Liu et al., 2020; Wang et al., 2023), but also on
wildlife species (e.g. Eisler, 1998; Franson et al., 2012). Nevertheless,
some bird species show a notable tolerance to metallic Cu, as observed in
vultures (Risebrough et al., 2001), mallards (Sanderson and Bellrose,
1986) and American kestrels (Franson et al., 2012). Ospreys may simi-
larly tolerate moderately elevated Cu levels due to their high trophic
position and potential metabolic adaptations. However, elevated Cu
concentrations, particularly found in feathers, likely indicate environ-
mental exposure, possibly linked to contamination sources such as urban
runoff, agricultural practices and/or industrial waste all of which are
plausible within the study area, as per the rivers and channels commu-
nicating with coastal wetland sites.

Concentrations of Cd measured in the Tuscan osprey population
were generally lower than those reported in previous studies (Table S6),
particularly in feathers. Within Europe, the only available comparison
dates back over three decades: Solonen et al. (1999) reported mean Cd
levels in feathers of juvenile ospreys from southern Finland approxi-
mately one order of magnitude higher and with maximum values
reaching nearly two orders of magnitude higher than those observed in
the present study. In the United States, data from various rivers in the
Chesapeake Bay (Maryland) showed mean concentrations up to four
times higher, while other rivers in the same region presented similar
values to ours. Importantly, none of the samples from our study excee-
ded, or even approached, the threshold Cd concentration of 2 mg/kg in
feathers considered potentially harmful to avian populations (Burger
and Gochfeld, 2000). With regard to blood, the Cd concentrations
observed in our study were consistent with those reported in the liter-
ature (Table S6), which is currently limited to studies from the United
States, including populations in Idaho (Henny et al., 1991), Chesapeake
Bay and Delaware Bay (Rattner et al., 2008), and Montana (Langner
et al., 2012). In all cases, levels were very low, often near the detection
limit. It is important to note that Cd is a non-essential heavy metal with
high toxicity, even at low concentrations. A blood Cd threshold of 0.05
pg/dL (equivalent to 0.0022 mg/kg dw) has been associated with
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disruptions in antioxidant enzyme activity (specifically glutathione
peroxidase and catalase), as reported in Griffon vultures (Gyps fulvus) by
Espin et al. (2014). The mean blood Cd concentration in our study
population (Table 1) was approximately half this threshold.

No significant differences in Cd levels were found among the various
nesting sites along the Tuscan coast, suggesting the absence of localized
Cd pollution sources in the area. Moreover, the positive correlation
observed between Cd concentrations in blood and feathers supports an
endogenous origin, likely through dietary intake, rather than external
deposition. Therefore, despite the known toxic potential of Cd, the
concentrations detected in both feathers and blood samples from the
Tuscan osprey population do not appear to pose a concern.

Existing studies on Pb concentrations in osprey blood report a broad
range of values, from below detection limits to a maximum of approxi-
mately 0.43 mg/kg dw, recorded in a mining and smelter area in Idaho,
USA (Henny et al., 1991) (Table S6). Excluding this exceptionally high
value, Pb concentrations observed in the present study fall within the
range reported in the literature (Table S6). Among the nesting sites
surveyed, ORB and MRP exhibited the highest mean Pb levels in blood,
while ORB and ORT showed the highest levels in feathers. Nevertheless,
these concentrations remained below the maxima reported by Henny
et al. (1991) for blood in nestlings exposed to industrial contamination,
and below those observed by Rattner et al. (2008) for feathers in ospreys
from the Chesapeake and Delaware Bays (USA). In our study, blood Pb
concentrations ranged from 0.05 mg/kg dw at the DC site to 0.133 mg/
kg dw at the ORB site. According to the classification by Franson and
Pain (2011), these levels are consistent with baseline concentrations,
typically associated with environments that are distant from major Pb
emission sources.

Our study also revealed several significant positive correlations
among trace element concentrations in osprey nestlings, suggesting
potential co-exposure or shared sources of contamination. Positive
correlations between Cd, Hg, and Pb were observed in both blood and
feathers, supporting the hypothesis of simultaneous exposure and
possibly common absorption or sequestration pathways for these ele-
ments in developing ospreys.

4.3. Levels of organochlorine pollutants

Contaminant profiling in the blood of osprey chicks revealed that the
primary source of exposure is attributable to PCBs, as supported by a
mean DDTs/PCBs ratio well below 1. This indicates a predominant in-
dustrial origin of contamination over agricultural sources. The most
abundant PCBs congeners were in agreement with the literature that
classifies these congeners as markers of exposure to polychlorinated
biphenyls (Fierens et al., 2007): due to their high degree of chlorination,
and therefore persistence in the environment, these are generally the
most widespread (Carballo et al., 2008; Garcia-Alvarez et al., 2014). A
typical technical DDT consists of pp’DDT (77.1 %), op’DDT (14.9 %),
pp’DDD (0.3 %), op’DDD (0.1 %), pp’DDE (4.0 %), op’DDE (0.1 %) and
unidentified compounds (3.5 %) (WHO, 1989), with a pp’DDE/pp’DDT
ratio of 0.05. While the pp’DDE/pp’DDT ratio was above the typical
value observed in technical DDT formulations, suggesting the absence of
recent DDT inputs and a high degree of degradation of the active prin-
ciple, the pp’DDE/DDTs ratio remains below the critical threshold of 0.6
generally used to rule out recent inputs (Tsydenova et al., 2004). This
may indicate recent or ongoing, albeit limited, exposure. Furthermore,
the op’DDTs/DDTs ratio exceeded the 0.20 threshold typically associ-
ated with technical DDT, suggesting either the use of industrial DDT
formulations or the presence of DDT-like insecticides such as dicofol,
which contains higher proportions of op’ isomers (Ricking and
Schwarzbauer, 2012). Despite strict regulations from the Stockholm
Convention on POPs on the use of Organochlorine pesticides (OCPs) and
the past ban of certain metabolites (Tzanetou and Karasali, 2022: UNEP,
2025), our analysis revealed that DDT and its metabolites (DDE) are still
present nowadays in our study area as they were found in all 13 osprey
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chicks sampled for this specific analysis. Nonetheless, it has been shown
that these compounds can persist in the environment for extended pe-
riods and can be transported far from their original sources, even
reaching pristine or isolated/remote areas. One example is the detection
of organochlorine pesticide residues in the plasma of osprey nestlings
from an isolated pristine area in Baja California Sur (Mexico), high-
lighting the ubiquitous presence of these contaminants (Rivera-Rodri-
guez and Rodriguez-Estrella, 2011).

In our case, levels of organochlorine pollutants were below the range
found in other osprey populations from polluted areas, exposed both to
agricultural and industrial activities (Grove et al., 2009). It should also
be noted that Italian ospreys, and more broadly Mediterranean osprey
populations, consists primarily of sedentary individuals or short-
distance migrants that mostly winter within the Mediterranean basin
(Monti et al., 2018). These populations may be less exposed to the long-
term effects of POPs, such as DDT, compared to long-distance migratory
populations that winter in sub-Saharan Africa (Viluksela et al., 2024).
Indeed, DDT concentrations may be substantially higher in individuals
from intercontinental migratory populations, as the use of DDT and
similar compounds remains less strictly regulated in many non-
European countries. Future studies should explore potential differ-
ences in contaminant exposure by comparing populations with con-
trasting migratory strategies and wintering locations.

4.4. ENAs and WBCs

It has been shown that an increase in the frequency of MN corre-
sponds to an increase in the formation of nuclear abnormalities (Fenech
etal., 2011). In addition, Khatun et al. (2021) showed that the frequency
of ENAs, as well as MN, increases with exposure to contaminants over
time.

To date, to the best of our knowledge, this method has not yet been
applied specifically to ospreys in published studies. Thus, comparisons
can still be drawn with findings from other bird species exposed to
varying anthropogenic pressures. For example, the mean MN frequency
found in our study (0.39/2000) was lower than that measured in blood
of chicks of Falco tinnunculus sampled in rural areas (0.61/2000)
(Giovanetti et al., 2024) and those measured in adult individuals of
American Kestrel (19.2/1000 or 3.84/2000) from agricultural areas
(Frixione et al., 2020). Stocker et al. (2022) found values much higher
than ours in individuals of Falco peregrinus (1.62/2000) from urban
settings in the city of Sao Francisco de Paula, Brazil. In our study, nu-
clear abnormalities were found in all the individuals sampled and bud
nuclei were the most abundant abnormality. These comparisons with
the bibliography suggest no genotoxic effects in our population.

Hematological parameters, such as white blood cell (leukocytes)
count are an important diagnostic tool to better understand bird health
(Mitchell and Johns, 2008; de Freitas et al., 2024) because their levels
are closely related to those of the glucortocoid hormones. Increased
levels of these hormones may lead to changes in the leukocyte profile
(Cavalli et al., 2018).

In our case, the analysis of immune parameters revealed that the
total number of WBC are within the normal range reported for birds (e.g.
Kursa and Bezrukov, 2008). In agreement with the results obtained by
Meredith et al. (2012), the osprey leukocyte count in our work showed
higher values of heterophiles, which represent the most abundant
leukocyte class, followed by lymphocytes, eosinophils, monocytes and
basophils. A similar trend was also observed by Stocker et al. (2022) in
the blood of Peregrine falcons sampled in a wildlife center located in Rio
Grande do Sul (Brazil). On the contrary, free-living Burrowing owls
Athene cunicularia from rural and urban areas in the Argentinean Pampas
showed a different leukocyte profile (lymphocytes>heterophils)
(Cavalli et al., 2018). The values of heterophils (65.71/200 or 131.42/
400) and lymphocytes (121.68/200 or 243.36/400) highlighted by
Giovanetti et al. (2024) on specimens of Common Kestrel sampled in
natural areas in central Italy are in line with those of our work, while
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differed from those investigated in non-raptor species such as those
found by de Freitas et al. (2024) in Common pauraque Nyctidromus
albicollis (5.00/100 or 20.00/400) and Pale-breasted thrush Turdus leu-
comelas (4.00/100 or 16.00/400), that were lower in comparison to
those we counted in osprey (185.67/400). However, the mean values of
lymphocytes in our population were similar to those found by de Freitas
et al. (2024) in these two species, being 50.17/100 or 200.68/400 and
58.00/100 or 232.00/400, respectively. In our study, eosinophil count,
an indicator of helminth parasite load and activity, were in line with
those measured in blood of osprey sampled in various locations in En-
gland and Scotland (Meredith et al., 2012) and higher than those of
Giovanetti et al. (2024) (6.68/200 or 13.36/400) and de Freitas et al.
(2024) (15.00/100 or 60/400) and (9.50/100 or 38/400) in their target
species. Moreover, Cavalli et al. (2018) found values of eosinophils
higher in comparison to our data, but other studies showed similar data
for most healthy raptor species (e.g. Copete-Sierra, 2013). In addition,
monocytes and basophils, typically involved in defense against in-
fections and in mediating inflammatory responses, respectively, were
present at low percentages, further supporting the conclusion that the
monitored ospreys were in good health. Moreover, leukocyte profiles
did not differ significantly among chicks from different nests, reinforc-
ing the notion that no localized stressors are currently influencing the
immune system of the population.

Interestingly, we found that a high H:L ratio was associated with a
shorter tarsus length. As higher the H:L ratio and more the stress in the
animal is accentuated (Davis et al., 2008), it is plausible that this had an
effect on the regular growth of the osprey chick. The H:L ratio is widely
used as a chronic stress index in animals and it is closely related to
plasma levels of corticosteroid hormones (Davis et al., 2008). Together,
heterophiles and lymphocytes represent nearly 80 % of the leukocyte
population and are affected by stress in the opposite way, in response to
glucocorticoids. While the former are recalled into the bloodstream, the
latter adhere to vessel walls and then migrate to other tissues (lymph
nodes, spleen, marrow, skin, etc.). Therefore, the higher the ratio be-
tween these two types of leukocytes, the more the animal is prone to
stress (Davis et al., 2008). To date, to the best of our knowledge, there is
no data on H:L ratio on osprey, so it is difficult to understand the basal
levels of the species. Comparing our data with other studies, our values
were higher than those found by Giovanetti et al. (2024) in Common
kestrel (0.64 + 0.64) from natural areas, and by Cavalli et al. (2018) in
blood of Burrowing owls collected in rural areas (0.6 + 0.1).

4.5. Relationships among trace elements, ENAs and WBCs

The correlation analysis revealed several significant associations
between trace element concentrations and white blood cell profiles,
suggesting potential immunomodulatory effects. In blood samples, Cd
showed negative correlations with lobed cells and heterophils, indi-
cating a possible immunosuppressive effect. In contrast, Pb and Cu were
positively correlated with heterophils and the H:L ratio. Pb also showed
a negative correlation with eosinophils. In feather samples, Se stood out
with multiple significant correlations: it was negatively associated with
lobed cells, total ENAs, and heterophils, but positively correlated with
eosinophils, suggesting complex and cell-specific effects. Similarly, Cu
showed negative correlations with lobed cells and ENAs, and a positive
association with eosinophils. Pb followed a similar pattern as observed
in blood, with positive correlations with heterophils and negative with
eosinophils. However, these findings should be interpreted with caution.
This is a preliminary analysis based on a relatively small number of
samples collected across different areas and years, conditions that may
introduce variability and lead to potentially spurious correlations.
Nonetheless, the results provide valuable insights and form a useful basis
for guiding future investigations into the immunological impacts of trace
element exposure for this population.
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5. Conclusions

This study represents the most extensive ecotoxicological monitoring
program conducted on ospreys in Europe and the only one focusing on a
reintroduced population. Our findings are significant not only for the
management and for conservation of this small breeding population but
also as an indirect assessment of the quality of the coastal habitats fre-
quented by these birds. As a fish-eating raptor operating at the interface
between marine and terrestrial environments, the osprey serves as an
excellent bioindicator for evaluating environmental contamination in
transitional ecosystems (Grove et al., 2009). By integrating analyses of
multiple contaminants and biomarkers across complementary matrices,
combined with morphometric and spatial data, this study provides a
comprehensive assessment of the health status of the reintroduced
osprey population in Italy. This approach is particularly important for
small and vulnerable populations, where even localized changes in
contamination levels can lead to adverse effects, exacerbating their
susceptibility to stochastic events and extinction risks (e.g., Keller and
Waller, 2002). Our results underscore the persistence of legacy pollut-
ants such as DDTss, which, despite being banned in Italy since 1975, are
still present in the environment and expose local ospreys to low but
detectable levels of contamination. Regarding trace elements, particular
attention is required at certain nest sites (e.g., ORB and MRP) where
slightly elevated Hg levels were observed. These levels may reflect the
ecological mobility of Hg, local fish farming activities, or the influence
of rivers draining catchments associated with mining and geothermal
areas inland. In addition, ospreys appears able to tolerate or adapt to
moderately elevated levels of Cu from various sources, potentially
possible in our study area. Standardized and long-term monitoring re-
mains essential to detect changes in contaminant exposure and assess
emerging threats. Such efforts are crucial for identifying potential risks
and implementing timely conservation measures to ensure the long-term
persistence of this reintroduced osprey population, as well as for
informing adaptive management strategies in transitional habitats.
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