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Abstract
Due to its peculiarity to accumulate environmental contaminants, the osprey Pandion haliaetus is a sentinel species for the
biomonitoring of contaminants in aquatic ecosystems. Despite this, no information on trace element concentration exists for the
Mediterranean area, where relict and vulnerable osprey populations exist.We evaluated the geographical patterns of heavy metals
and selenium in osprey eggs from three different populations of the Mediterranean basin (Balearic Islands, Corsica, and
Tuscany), to identify any possible contaminant sources. Pattern of metal concentration followed the order: Fe > Zn > Cu >
Se > Hg > Pb > Cd. Differences in contaminant concentrations between habitats and among egg components were found. Egg
content and inner membrane showed higher mercury levels (1.06 ± 0.89 and 0.67 ± 0.62 mg/kg dw, respectively) than those
recorded in the eggshell. Mercury concentration was ca. two times higher inmarine than in wetland samples, and even higher (3.6
times) when referred to the eggshell. Cu, Fe, Zn, and Se had higher concentration in the inner membrane. We stress how the
choice of the biological material can have significant implications for the correct evaluation of contamination. Our study
represents a first regional scale survey for the vulnerable Mediterranean osprey populations and provides baseline data for their
long-term biomonitoring.
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Introduction

Wildlife species have been historically used for ascertaining
and monitoring the presence of persistent contaminants in
natural ecosystems (Dmowski 1999; Burger 2006).
Ecotoxicological analyses, conducted on such species with
the role of ecological sentinels, have been used to detect the
presence of specific contaminant levels and to identify

polluted areas (Burger 2006; Jackson et al. 2016). Among
birds, raptors have been largely used in this effort (e.g.,
Garcıa-Fernandez et al. 2008; Espín et al. 2016). As top pred-
ators, these birds are useful bioindicators for monitoring how
certain substances move up in food web in progressively
higher concentrations as they are incorporated into the diet
of prey organisms (e.g., biomagnification process; Des
Granges et al. 1998). Overall, there is an extensive set of
studies examining the effects of contaminants on population
parameters of different raptor species (Gómez-Ramírez et al.
2014). This is the case for the peregrine falcon Falco
peregrinus (e.g., Garcıa-Fernandez et al. 2008; Fernie and
Letcher 2010), the bald eagle Haliaeetus leucocephalus
(e.g., Bechard et al. 2009), the white-tailed eagle Haliaeetus
albicilla (e.g., Kitowski et al. 2017a), the common buzzard
Buteo buteo (Kitowski et al. 2017b), and the osprey Pandion
haliaetus (e.g., Grove et al. 2009).

The osprey is a long-lived fish-eating raptor at the top of
the aquatic food web, which can adapt to anthropized envi-
ronments (Poole 1989). Life history traits and other peculiar
ecological characteristics make this species particularly
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suitable for biomonitoring and ecotoxicological research ap-
plied to aquatic ecosystems (Henny et al. 2004; Rattner et al.
2008; Grove et al. 2009; Jackson et al. 2016). Much of the
research on this species has been carried out in the New
World, especially in relation to population crashes caused by
a widespread use of persistent pollutants in the environment
(e.g., DDT and its congeners), documented during the ‘60s
and ‘70s (Elliott et al. 2000; Henny et al. 2008). Recently, a
large-scale ecotoxicological study of American ospreys has
been even re-evaluated after decades to determine any spatial
and temporal trend (Lazarus et al. 2015). In contrast, few
studies were carried out in Europe (Grove et al. 2009;
Lemarchand et al. 2009, 2011) and only one in the
Mediterranean region (Jiménez et al. 2007). This latter study,
in particular, focused on the evaluation of organochlorine
compounds and being geographically restricted to one loca-
tion (Mallorca-Balearic Islands). We are unaware of any pub-
lished evaluation on heavy metal concentrations in the
Mediterranean osprey population. This lack of information
presents a barrier for the long-term biomonitoring of toxic
metals for this population in the region and, ultimately, for
developing conservation strategies for the species.

Being an important hotspot of biodiversity, the
Mediterranean represents a geographic area of major concern
for conservation (Myers et al. 2000). However, as a semi-
closed basin surrounded by some of the most industrialized
and heavily populated countries of the world, the
Mediterranean Sea has reached alarming levels of contamina-
tion (Danovaro 2003) and most of the coastal areas have been
classified as “problem areas” (EEA 2019). Furthermore, abun-
dant natural reserves of mercury are present in this area. The
majority of the mercury released into the marine environment
is inorganic but can be converted to the methyl form (MeHg)
by bacterial activity under anoxic conditions in upper layers of
the sediments (Duran et al. 2008), as well as within the water
column (Heimbürger et al. 2010).

In the Mediterranean, the osprey is still an uncommon
breeding species with a vulnerable conservation status: after
decades of direct persecution, the species survives here with
relict populations, counting less than 80–100 breeding pairs
distributed between Corsica, Balearic Islands, Morocco, and
Algeria (Monti et al. 2018a). In the last decades, thanks to
reintroduction programs, the species has returned to breed in
mainland Spain (Muriel et al. 2010), Portugal (CIBIO 2011),
and Italy (Monti et al. 2014). Moreover, although ospreys are
migratory throughout most of their distributional range (Poole
1989), some populations, such as those of the Mediterranean,
are characterized by short-distance migration, or even resi-
dents (Monti et al. 2018b). They are known to winter at tem-
perate latitudes, thus remaining mostly in the Mediterranean
basin, through the entire year and/or life-cycle (Monti et al.
2018b). This means that samples from these individuals can
reflect the contaminant exposure at a very regional/local scale,

being hence quite focused. In contrast, long distance migrato-
ry birds can absorb contaminants at wintering grounds, often
located thousands of km away from breeding areas (e.g.,
Hughes et al. 1997; Elliott et al. 2007). Moreover, unlike to
pelagic seabirds that forage offshore, the osprey feeding home
range can be extremely small and largely confined to coastal
areas adjacent to breeding sites (Monti et al. 2018a), thus
providing information on the presence of specific contaminant
in marine coastal habitats and wetland system interconnected
with the sea.

The main objective of this study was to provide baseline
data for the long-term biomonitoring of contaminants in the
vulnerable Mediterranean osprey populations and, in particu-
lar (1) to investigate geographical patterns of mercury (Hg),
cadmium (Cd), lead (Pb), iron (Fe), copper (Cu), zinc (Zn),
and selenium (Se) in osprey eggs; (2) to evaluate any relation-
ship between these elements’ concentration and eggshell
thickness (as a proxy for environmental pollution; i.e.,
Maurer et al. 2012); and (3) to evaluate differences in contam-
inant concentrations between samples from coastal marine
environments and wetland habitats.

Furthermore, although eggs have been widely used as in-
dicators of exposure to lipophilic contaminants (Ewins 1997),
eggshells have been less examined especially for their trace
element content (Peterson et al. 2017) and some studies point-
ed out that their concentrations are often too low to be detected
by the instruments (Peterson et al. 2017). On the contrary, the
egg content and the inner eggshell membrane may can contain
markedly higher concentrations of some elements (i.e., mer-
cury) than the eggshell (Peterson et al. 2017). It is therefore
evident that the choice of the biological material for the anal-
yses is of paramount importance, namely to precisely compar-
ing data and areas of investigation. Differences in concentra-
tion values (being dependent also on instrument-specific de-
tection limits) can have significant implications for the correct
evaluation of contamination and, in turn, in the adequate man-
agement choices for a proper conservation (Espín et al. 2016;
Peterson et al. 2017). For this reason, a final objective was
added: (4) to investigate differences in contaminant concen-
trations in different parts of the egg (i.e., egg content, inner
membrane, and eggshell) as methodological detail.

Material and methods

Study area and sampling

Overall, 24 unhatched osprey eggs were collected from three
different Mediterranean osprey populations (Balearic Islands,
Spain: n = 10 from five nest sites; Corsica, France: n = 7 from
seven nest sites; coastal Tuscany, Italy: n = 7 from one nest site;
Fig. 1). In the Balearic Islands and Corsica, the osprey is strictly
associated to marine environments, where it breeds on rocky
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pinnacles and cliffs. Conversely, the recently reconstituted
Tuscan population attends coastal wetlands with brackish wa-
ters, where pairs breed on artificial nest structures. These pop-
ulations are made up of a small number of breeding pairs: ca.
25 in the Balearics (R.B. Triay pers.comm.), 28–30 in Corsica
(Monti et al. 2018b), and five in Tuscany (Sforzi et al. 2019).
For this reason, on the contrary to studies conducted on larger
osprey populations in America, where fresh eggs were re-
moved from nests during early incubation (e.g., Elliott et al.
2000; Henny et al. 2008), we collected only abandoned addled
eggs (eggs which failed to hatch) at the end of the reproductive
cycle. The collection of a sample egg has been found in fact to
reduce osprey productivity by about 0.36 to 0.42 young/nest,
with an even wider range for individual years with small sam-
ple sizes (Henny and Martell 2017). Therefore, if on one hand
our approach limited the number of samples available for the
analyses, on the other hand this choice avoided to disturb
breeding pairs and the risk of undermining the population sta-
bility over time. It is important to recognize that unhatched/
failed eggs can be potentially biased sample, especially if a
contaminant was involved with the nest failure. However, eggs
were sampled in active nests (with young produced from any of
the nests where an egg was collected) except for one case/year
in Italy. Yet, because of the degraded status of the egg content at

the time of collection, it was unlikely to distinguish between the
albumen and yolk. Collected eggs cover a period of approxi-
mately 14 years (2005–2018). Eggs were kept dried at room
temperature until analyses.

Laboratory procedures and statistical analyses

The eggs’ exterior shells were firstly cleaned with deionized
water and ethanol. Eggs were then opened to collect separate-
ly (a) egg content, (b) cleaned eggshell, and (c) inner mem-
brane (material internally adhered to eggshells). We used
clean stainless-steel scissors to cut a hole into the top of each
egg and transferred the egg contents into a sterile polypropyl-
ene jar. The inner eggshell membrane was carefully removed
from the eggshell by peeling it off with tweezers. Eggshell
thickness, excluding membranes, was measured at three sites
on the equator with a rounded contact point and the values
were averaged (following Henny and Elliott 2007; Odsjö and
Sondell 2014). All samples were stored frozen at − 20 °C. To
prepare egg contents for analysis, we lyophilized the egg con-
tents at − 50 °C for approximately 48 to 72 h. Then, using a
clean mortar and pestle, we fully homogenized the dried egg
contents to a powder. Samples were processed for acid decom-
position 4:1 v/v nitric acid (HNO3) and hydrogen peroxide

Fig. 1 On the map, location and
number of eggs sampled. In the
graph, the year repartition (%) of
egg samples is reported: in white
for Balearics, in black for Corsica,
and in gray for Tuscany
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(H2O2) in high pressure hot block system (Teflon Bomb).
Quality assurance measures included analysis of Standard
Reference Materials (e.g., IAEA-407 Fish Homogenate, Egg
Powder, Fish muscle-DORM-4). Blanks were run during each
set of tests to check the purity of the chemicals used and any
sample contamination. The elements were analyzed by using
atomic absorption spectrometer. For the determination of the
various essential elements were used the following instru-
ments: atomic absorption spectrometer Analytik Jena Contra
700 graphite furnace for Pb and Cd; the cold vapor technique
(Atomic Absorption Spectrometer Perkin Elmer Fims 400) for
Hg; ICP-OES Plasma Perkin Elmer 5100DV for Cu, Fe, and
Zn; and Analytik Jena Contra 700 coupled to generation of
hydride system Hydrea (HS 60) for Se. Concentrations are
given as mean of three replicates and were expressed in
mg/kg on dry weight basis (dw). Since collected eggs varied
from nearly fresh to nearly dry, an objective comparisons
based on weight of the contents were not directly possible
(Stickel et al. 1973). In order to account for moisture loss, a
percent moisture value of 84% (as per Elliott et al. 1998) was
used to convert data from dry weight basis into values
expressed on a wet weight basis. This allowed comparing
literature data and assess whether the species shows similar
patterns of heavy metal and selenium exposure across its wide
geographical range.

Shapiro-Wilk normality test was performed to determine
whether the data were normally distributed. Variations in the
eggshell thickness in relation to sampling location, habitats,
and elements’ concentration were tested through two-way
analysis of variance (ANOVA). Due to the limited sample
size, statistical analyses to examine possible differences be-
tween heavy metal concentrations and sampling locations
and/or components of the eggs were tested through the non-
parametric Kruskal-Wallis analysis of variance. The indepen-
dent 2-group Mann-Whitney U test was used to test for dif-
ferences between heavy metal concentrations in eggs belong-
ing to individuals found in different habitat types: osprey sam-
pling locations were pooled into marine (Balearics and
Corsica) vs wetland (Tuscany) for statistical comparisons.
We correlated elements’ concentration with eggshell thick-
ness, as well as the concentrations between different elements
in egg components, through the Spearman test. The level of
statistical significance was initially set as p < 0.05.
Although the non-parametric Spearman test is quite ro-
bust, calculating numerous correlations increases the risk
of a type I error and erroneously concludes the presence
of a significant correlation. To avoid this, a Bonferroni
correction was applied to correct for multiple comparisons
(Rice 1989). After Bonferroni correction, the resulting α
value was 0.05/7 tests = 0.007, which represented the new
level of statistical significance. Statistical analyses were
performed using SPSS 18.0 version. Data are reported as
mean ± standard deviations.

Results

Morphometric and eggshell thickness

Mean eggs’ width and length were 47.326 ± 1.11 mm and
64.235 ± 2.37 mm, respectively. Width and length did not
vary across locations (ANOVA: F = 4.068, df = 2, p = 0.32;
ANOVA: F = 0.439, df = 2, p = 0.652). Mean eggshell thick-
ness was 0.449 ± 0.03 mm and it was normally distributed
(Z = 0.608; p = 0.853; n = 24). Eggshell thickness did not vary
significantly across locations (ANOVA: F = 1.414, df = 2, p =
0.265), being 0.441 ± 0.02 mm in the Balearic Islands (n =
10), 0.440 ± 0.04 mm in Corsica (n = 7), and 0.468 ±
0.03 mm in Tuscany (n = 7). All values are reported in
Table 1. Similarly, eggshell thickness did not differ signifi-
cantly between habitats (ANOVA: F = 2.961, df = 1, p =
0.099), being 0.441 ± 0.03 mm for samples collected in ma-
rine environments (n = 17) and 0.468 ± 0.03 mm for those in
wetland habitats (n = 7). Overall, eggshell thickness was not
significantly correlated with elements’ concentration nor with
any other egg measurements (i.e., length or width, in all
cases).

Overall trace element concentrations

The overall mean element concentrations (± standard devia-
tion) found in each egg component for the Mediterranean
region and in the different breeding location are reported in
Table 2. Data were pooled across years, since no significant
differences between years were detected.

Trace element variation by location

Mercury concentration did not vary significantly across loca-
tions, regardless from the part of egg. Cadmium concentra-
tions differed across locations only in the egg content (χ2 =
10.908, df = 2, p = 0.004) with highest levels in those from
Tuscany, whereas showed similar concentrations when mea-
sured in the eggshell and inner membrane. Copper concentra-
tion did not vary except for the eggshell (χ2 = 6.118, df = 2,
p = 0.047) reaching highest concentration in samples from
Corsica. Lead concentration differed across locations only in
the egg content (χ2 = 9.917, df = 2, p = 0.007) showing
highest value in Corsica but not in the other parts of the egg.
Concentrations of iron, zinc, and selenium did not vary for all
parts of the egg (p > 0.05 in all cases).

Trace element variation by habitat

Peculiar differences emerged when testing for differences be-
tween samples collected in marine environments (grouping
both Corsican and Balearic samples) and in wetland habitats
(Tuscan samples) (Fig. 2). Eggshells of marine samples
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showed 3.6 times higher mercury concentration than those
fromwetlands (U = 27.5, p = 0.042) with meanmercury levels
of 0.049 ± 0.04 mg/kg for marine and of 0.014 ± 0.010 mg/kg
for wetland samples, respectively (Fig. 2a). No significant
differences occurred for other parts of the egg for this element,
despite the fact that in both cases mercury concentration was
ca. two times higher in marine than in wetland samples.
Significant differences were found also for the cadmium con-
centration in the egg content (U = 25.0, p = 0.018), which was
1.9 times higher for wetland samples (meanwetlands: 0.007 ±
0.004 mg/kg; Fig. 2b). It did not vary for other parts of the
egg. Lead varied only for egg content (U = 27.5, p = 0.035)
with higher values for marine samples (mean marine: 0.101 ±
0.078 mg/kg; Fig. 2c), but not for other parts of the egg.
Copper did not vary in relation to habitat for any part of the
egg, as well as iron and selenium. Zinc varied only for egg-
shell (U = 25.0, p = 0.028; Fig. 2d), but not for egg content
and inner membrane.

Trace element variation by egg component

When investigating concentrations of heavy metals on different
parts of the egg regardless the sampling location or habitat
(Table 2), we found significant differences for mercury (χ2 =
49.57, df = 2, p < 0.01), with higher values recorded in the egg
content and the inner membrane, which where 27.3 and 1.6
times higher than those of the eggshell, respectively. Between
the different parts of the egg, no significant differences were
detected for concentrations of cadmium and lead. Copper var-
ied significantly (χ2 = 38.90, df = 2, p < 0.01) as well as iron
(χ2 = 40.01, df = 2, p < 0.01), zinc (χ2 = 53.82, df = 2,
p < 0.01), and selenium (χ2 = 39.95, df = 2, p < 0.01) with
higher concentration detected in the inner membrane (Table 2).

Correlation between elements

The correlation between the concentrations of different ele-
ments was also evaluated. As showed in Fig. 3, a positive
correlation between the concentration of Hg and Se (r =
0.626, p = 0.001) was found, as well as between Cu and Zn
(r = 0.741, p = 0.001) in the egg content. Within eggshell, Hg
also correlated with Pb (r = 0.768, p = 0.001) and Se with Fe
(r = 0.621, p = 0.004). The relationship between Fe and Zn
was significant in the membrane (r = 0.650, p = 0.001).

Other correlations were found when testing for different hab-
itats and/or egg components (all values are reported in
Supplementary Information 1).

Discussion

Our study represents a first survey at Mediterranean regional
scale and provides a first set of data for the long-term biomon-
itoring of heavy metals and selenium for the vulnerable osprey
populations of the Mediterranean basin. It also gives insights
on how such heavy metals concentrate in osprey eggs, in
relation to different habitat types and across locations, and
provide a focus on elements’ pattern in different egg compo-
nents as ecophysiological methodological additional issue.

Overall, trace element concentrations found in eggs seem
not to affect the studied populations. In particular, both osprey
populations in the Balearic Islands and Tuscany are showing
stable-increasing trends (Siverio et al. 2018; Sforzi et al.
2019). In Corsica, the number of breeding pairs is stable, but
breeding performance has dropped for pairs breeding in the
Scandola Reserve, being affected by high touristic pressures
(Monti et al. 2018a). Reproductive parameters are provided in
Supplementary Information 2.

Morphometrics and eggshell thickness

Mean eggs’ width and length were within the range of other
literature studies (e.g., ARCADIS 2012), as well as the egg-
shell thickness (Table 3). However, it is noteworthy that we
found eggshell values between 9.8 and 11.1% thinner than the
pre-DDTera, as recorded in American osprey samples collect-
ed in Florida (0.498 mm) and eastern United States
(0.505 mm) (Anderson and Hickey 1972; Wiemeyer et al.
1988). In our study, no clear relationships between egg bio-
metric data, eggshell thickness, and trace element concentra-
tion were found. Therefore, other environmental contami-
nants, such as organochlorines, may had exert an interaction
with metabolism during eggshell formation and affect shell
thinning, as already described for American osprey popula-
tions (Grove et al. 2009). These highly toxic and persistent
compounds undergo biomagnification and may have syner-
gistic effects with organic mercury (Ackerman et al. 2013).
Yet, selenium has been suggested to increase the sequestration

Table 1 Mean (± SD) width,
length, and eggshell thickness
expressed per location and related
habitat. Overall mean value (±
SD) for the Mediterranean region
is also reported. Sample size (n) is
indicated within brackets

Location Habitat type Width (mm) Length (mm) Eggshell thickness (n)

Balearics Marine 47.107 ± 1.06 (10) 64.687 ± 2.32 (10) 0.441 ± 0.02 (10)

Corsica Marine 46.723 ± 1.23 (7) 64.200 ± 2.56 (4) 0.440 ± 0.04 (7)

Tuscany Wetland 48.241 ± 0.78 (7) 63.505 ± 2.58 (6) 0.468 ± 0.03 (7)

Overall mean

Mediterranean

47.326 ± 1.11 (24) 64.235 ± 2.37 (20) 0.449 ± 0.03 (24)
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of organic mercury within eggs decreasing the overall organic
mercury toxic effects, thus positively influencing shell thick-
ness (Bianchi et al. 2018). For Mediterranean ospreys, low
eggshell thickness found in the present study and no clear
relationships between eggshell thickness and trace element
concentration suggest that this population may be at risk of
deleterious effects due to exposure of other contaminants (e.g.,
OCs), in line with high values of OCs found in few nests of
Mallorca Island (Jiménez et al. 2007).

Trace element levels in the Mediterranean area

Overall, Mediterranean osprey eggs did not contain trace ele-
ment concentration at a level of concern. All of the 24 eggs

analyzed in this study contained trace elements in the order
(referring to egg content concentrations): Fe > Zn > Cu > Se >
Hg > Pb > Cd. Indeed essential element such as Fe, Zn, Cu,
and Se showed higher concentration than non-essential (Hg,
Cd, and Pb). Since levels of most elements are reported for the
first time in Mediterranean osprey eggs, and have been rarely
investigated in the eggs of this species worldwide (e.g.,
ARCADIS 2012; Table 3), comparison with literature data is
limited. However, this is not the case of Hg, largely examined
in areas different from that of the present study (Grove et al.
2009). In our case, mercury concentrations were higher than
those from literature data (Table 3). This is in line with other
studies demonstrating that samples of waterbirds collected in
the Mediterranean area accumulate remarkable amounts of

Table 2 Mean (± SD) trace
element concentrations (mg/kg
dw) inMediterranean osprey eggs
reported for different sampling
locations (Balearic Islands,
Corsica, and Tuscany) and in each
part of the egg analyzed (egg
content, eggshell, and inner
membrane). Overall mean values
(± SD) for each trace element are
reported in italics. Sample size is
also indicated within brackets.
When values were under the
instrument detection limits, we
reported the LOD (limit of
detection) for that element (i.e.,
Hg = 0.005; Cd = 0.003; Pb =
0.009)

Country Egg content Eggshell Inner membrane

Hg

Balearics 1.22 ± 0.98 (10) 0.04 ± 0.04 (10) 0.74 ± 0.68 (10)

Corsica 1.27 ± 1.075 (7) 0.05 ± 0.04 (7) 0.91 ± 0.79 (6)

Tuscany 0.65 ± 0.45 (7) 0.01 ± 0.01 (7) 0.38 ± 0.25 (7)

Overall mean 1.06 ± 0.89 (24) 0.03 ± 0.04 (24) 0.67 ± 0.62 (23)

Cd

Balearics 0.003 ± 0.001 (10) 0.008 ± 0.011 (10) 0.005 ± 0.003 (10)

Corsica 0.004 ± 0.001 (7) 0.01 ± 0.017 (7) 0.007 ± 0.003 (6)

Tuscany 0.007 ± 0.004 (7) 0.003 ± 0.001 (7) 0.005 ± 0.003 (7)

Overall mean 0.005 ± 0.003 (24) 0.008 ± 0.01 (24) 0.006 ± 0.003 (23)

Pb

Balearics 0.07 ± 0.07 (10) 0.14 ± 0.17 (10) 0.04 ± 0.05 (10)

Corsica 0.15 ± 0.06 (7) 0.32 ± 0.29 (7) 0.13 ± 0.18 (6)

Tuscany 0.03 ± 0.04 (7) 0.09 ± 0.13 (7) 0.11 ± 0.08 (7)

Overall mean 0.08 ± 0.07 (24) 0.18 ± 0.22 (24) 0.08 ± 0.11 (23)

Cu

Balearics 3.50 ± 0.65 (10) 1.80 ± 0.54 (10) 3.86 ± 1.08 (10)

Corsica 3.25 ± 1.32 (7) 2.11 ± 0.47 (7) 4.62 ± 1.87 (6)

Tuscany 3.26 ± 1.66 (7) 1.66 ± 0.11 (7) 4.21 ± 1.97 (7)

Overall mean 3.36 ± 1.16 (24) 1.85 ± 0.46 (24) 4.16 ± 1.56 (23)

Fe

Balearics 51.44 ± 11.25 (10) 34.19 ± 18.32 (10) 125.33 ± 68.62 (10)

Corsica 42.75 ± 11.37 (7) 48.18 ± 32.04 (7) 144.31 ± 76.58 (6)

Tuscany 53.69 ± 6.72 (7) 27.56 ± 10.02 (7) 142.32 ± 84.25 (7)

Overall mean 49.56 ± 10.76 (24) 36.34 ± 22.21 (24) 135.45 ± 72.65 (23)

Zn

Balearics 35.32 ± 8.37 (10) 11.75 ± 5.47 (10) 57.06 ± 27.06 (10)

Corsica 25.63 ± 10.66 (7) 9.93 ± 4.73 (7) 89.70 ± 50.15 (6)

Tuscany 29.81 ± 10.73 (7) 6.43 ± 1.71 (7) 64.43 ± 30.80 (7)

Overall mean 30.89 ± 10.22 (24) 9.67 ± 4.84 (24) 67.82 ± 36.29 (23)

Se

Balearics 2.175 ± 0.738 (10) 0.325 ± 0.146 (7) 3.019 ± 1.356 (10)

Corsica 2.382 ± 0.943 (7) 0.554 ± 0.210 (7) 2.647 ± 1.167 (6)

Tuscany 1.901 ± 1.011 (7) 0.348 ± 0.279 (6) 2.012 ± 1.206 (7)

Overall mean 2.155 ± 0.865 (24) 0.412 ± 0.230 (20) 2.616 ± 1.284 (23)
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mercury, usually greater than those present in samples of the
same species obtained from other areas (Leonzio et al. 1986).
Threshold mercury concentrations that can cause reproductive
impairment and/or possible adverse effects (i.e., mortality)
vary by species as well as by the criteria used to assess effects
(Scheuhammer et al. 2008). It has been suggested that mercu-
ry concentrations up to 2.5 mg/kg dw in eggs seem to be
sufficient to induce impaired reproductive success in a variety
of avian species (Thompson 1996; ARCADIS 2012).
However, mean mercury concentration found in osprey eggs’
content in the present study (1.06 ± 0.89 mg/kg dw; Table 2)
was generally lower, suggesting a low-toxicological risk of
reproductive impairment associated with levels of Hg.
Among avian species, osprey is known having the highest
sensitivity/risk to mercury (Heinz et al. 2009; Jackson et al.
2016). In a comparative egg dosing study of 21 bird species,
the osprey was one of the most sensitive species to Hg in egg
injections (Heinz et al. 2009). In spite of this, we recorded a
maximum concentration of mercury above the effects value of
2.5 mg/kg dw (Thompson 1996) only in one case (e.g.,
3.101 mg/kg dw in an egg from Corsica).

Concentrations of selenium found in osprey egg contents
(2.155 ± 0.865 mg/kg dw; Table 2) were slightly higher than
mercury levels as also indicated in other birds species (Furness
1993). Selenium concentrations were well under the threshold
points of 6–7 mg/kg dw for deleterious effects, as well as
under the threshold level of 4 mg/kg dw causing reproductive
impairment, as indicated by Heinz et al. (1989). The signifi-
cant positive correlation appearing between selenium and
me r cu ry i n t h e egg con t e n t a nd t h e egg she l l
(Supplementary Information 1) is in line with other studies

in wild animals assessing the role of selenium in protecting
against the toxic effects of mercury (Leonzio et al. 1986;
Burger et al. 2012). The interaction between the two elements
has been reported in eggs, livers, kidneys, and other tissues of
several fish-eating wildlife species (e.g., Odsjö et al. 2004;
Scheuhammer et al. 2008; Ackerman et al. 2016). Likewise,
concentrations of the other elements were below concentra-
tions considered to influence breeding success and, in some
cases, close to detection limits. More specifically, copper and
zinc had similar concentrations to those found in both impact-
ed and reference sites along the Tennessee River, in USA
(ARCADIS 2012), whereas iron and lead even in a lower
range. Cadmium was close to reporting limits. Finally, with
the exception of Hg-Pb relationship in eggshell, the other sig-
nificant relationships were found among essential elements
(Supplementary information 1) which may likely related to
physiological regulation processes (Goyer 1996).

Differences by location

As other raptor species, the osprey is an income breeder
that relies on food intake (locally acquired lipid and pro-
tein) than body reserves to service the energetic costs of
egg production (Durant et al. 2000). Therefore, much of
the contaminant residues in eggs should derive from local
breeding ground sources and may reflect contaminant ex-
posure within breeding territories (Elliott et al. 2007;
Espín et al. 2016). In the present study, trace element
concentrations in osprey eggs appear to be similar among
locations (Table 3). Nevertheless, Balearic and Corsica
samples reach Hg mean concentration higher than

Fig. 2 Significant differences in
trace element concentrations
(calculated on different parts of
the egg) between samples
collected in marine vs wetland
habitats. a) mercury concentration
in the eggshell; b,c,d) cadmium,
lead, zinc concentration in the egg
content, respectively. Values are
expressed in mg/kg dw
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Tuscany samples (about twice for egg content and even
more for eggshell) (Table 2). However, probably due to
high variability of results within each location and a low
sample size, these differences were not significant.
Essential elements likely undergo regulatory physiologi-
cal processes especially when environmental concentra-
tions are not affected by critical source of emission or
impact. The absence of macroscopic differences at local
scale between osprey populations may depend on metals
(i.e., mercury) uniformly distributed throughout the food
webs of the central Mediterranean Sea (Bianchi et al.
2018) and to the fact that Mediterranean ospreys tend to
make use of similar areas throughout the year. In the
Mediterranean, migratory female ospreys return at breed-
ing sites in February–March and lay eggs a few weeks

later (Monti et al. 2018b). Yet, in the case of slowly me-
tabolized compounds, the female would retain some of the
contaminant burden acquired on the wintering grounds
(Henny et al. 2010). However, even in this case, they
reflect the contaminant exposure at a very regional/local
scale, being hence quite focused. This because the major-
ity of Mediterranean ospreys is short-distance migratory
(or even resident) wintering at temperate latitudes in the
Mediterranean basin, unlike their conspecifics of northern
and central Europe, that perform intercontinental migra-
tions up to sub-Saharan Africa (Monti et al. 2018c). Yet, a
larger sample size would probably be more effective to
properly evaluate the role of certain elements on the
mechanisms behind the exposure, their absorption, and
the potential effects at local scale, as found for the Hg.

a) Egg content 

b) Eggshell 

c) Inner membrane 

Fig. 3 Significant correlations (Bonferroni-corrected significance level
p ≤ 0.007) between elements’ concentrations in different egg
components calculated on all samples irrespective the location

(Supplementary Information 1). a Egg content. b Eggshell. c Inner mem-
brane. Data are expressed in terms of dry weight
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Table 3 Mean values (or range of means, min-max, and/or SD between
brackets) of eggshell thickness, mercury, and lead concentration in osprey
eggs as extrapolated from studies conducted in different regions across
the species’ distributional range. The * refers to studies that provided
concentrations for different sites within the study area and that have been

averaged in this table. For literature data expressed on wet weight basis
(references indicated by the symbol $), values were adjusted for moisture
loss (as per Elliott et al. 1998) and converted in dw, for comparative
purposes. Thus, all values in the table are now expressed in mg/kg dw

Area Study region Habitat type N
samples

Sampling
period

Eggshell
thickness (mm)

Hg
concentration

Pb
concentration

Literature source

United
States

CT Marine/coastal na 1964 na 0.875
(0.312–1.5)

na Wiemeyer et al.
(1975)$

United
States

CT Marine/coastal 8 1969 0.429 0.437–0.875* na Wiemeyer et al.
(1975)$

United
States

MD Marine/coastal 3 1969 0.443 0.375–0.8125* na Wiemeyer et al.
(1975)$

United
States

ID, FL, MD,
NC

Marine/coastal 58 1972–1974 0.330–0.501* 0.125–1.375* na Wiemeyer et al.
(1988)$

United
States

NJ Marine/coastal 25 1985–1989 0.453–0482* 0.5625–1.437* 0.625–3.437* Steidl et al. (1991)$

United
States

MD Marine/coastal/river 5 1973 na 0.312
(0.187–0.68-
7)

na Audet et al. (1992)$

United
States

MD Marine/coastal/river 5 1986 na 0.687
(0.4375–1.5)

na Audet et al. (1992)$

United
States

MA Marine/coastal/river 3 1986 na 0.375
(0.3125–1.4-
375)

na Audet et al. (1992)$

United
States

VA Marine/coastal/river 5 1987 na 0.687
(0.3125–1.3-
125)

na Audet et al. (1992)$

United
States

ID Freshwater river 5 1986–1987 na 0.3125–0.75* na Henny et al. (1991)$

United
States

NJ Marine/coastal 17 1998 0.489 0.75
(0.25–1.625)

1.375–26.25* Clark et al. (2001)$

United
States

NJ Freshwater lake 5 1991–1992 na 0.44–0.64* na Hughes et al. (1997)

United
States

BC, OR, WA Marine/coastal 67 1991–1997 na 0.341–1.18* na Elliott et al. (2000)

United
States

OR, WA Freshwater river 29 1997–1998 0.446 0.29 (0.12–0.94) na Henny et al. (2004)

United
States

BC, AL Freshwater alpine 93 1999–2003 na 0.39 (0.17) na Guigueno et al. (2012)

United
States

MD, VA Marine/coastal 75 2000–2001 na 0.04–0.06* na Rattner et al. (2004)

United
States

DE, PA Marine/coastal 39 2002 0.454–0.527* 0.04–0.09* na Toschik et al. (2005)

United
States

WA Marine/coastal 7 2003 na 0.72 na Johnson et al. (2009)

United
States

OR, WA Freshwater river 40 2004 na 0.45 (0.16–1.01) na Henny et al. (2008)

United
States

OR Freshwater river 15 2008 0.393–0.567* < 0.5 na Buck and Kaiser
(2011)

United
States

TN Freshwater river 19 2009–2010 na 0.16–0.89* 0.15–0.7* ARCADIS (2012)

Canada Québec Marine/coastal 51 1989–1991 na 0.375–3.375* na Des Granges et al.
(1998)$

Canada Ontario Freshwater lake 55 1991–1992 na 0.44–1.40* na Hughes et al. (1997)

Europe Finland Freshwater lake 16 1970–1972 na 0.625–2.5* na Häkkinen and
Häsänen (1980)$

Europe Russia Freshwater lake 10 1992 0.487 0.5625
(0.125–1.12-
5)

na Henny et al. (1998)$

Europe Mediterranean Marine/coastal 24 2005–2018 0.449 ± 0.03 1.06 ± 0.89 0.08 ± 0.07 This study
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Differences by habitat

Higher concentrations of mercury were recorded in eggs
laid by adults frequenting marine environments, compared
to eggs from wetland habitats even though significant dif-
ference was only found for eggshell (Fig. 2). This sug-
gests that osprey populations living near the sea are much
more exposed to mercury than those reproducing in wet-
land ecosystems. This agrees with high-level natural base-
line values of mercury concentrations recorded in marine
and oceanic waters worldwide (for a review: Gworek
et al. 2016), which cause noticeable bioaccumulation in
the food chain and, primarily, higher mercury contents in
marine fishes. Differences observed between the two hab-
itats are likely related mainly to different diet. In Corsica,
the diet of breeding ospreys has been studied by identify-
ing fish remains at nests; the identified species mainly
belong to mullets (e.g., Liza ramada, Liza aurata, and
Chelon labrosus) and breams (e.g., Diplodus sargus and
Diplodus vulgaris) and to other less representative species
(Francour and Thibault 1996). In the Balearic Islands, the
most representative species detected by direct observation
and remains of fish at nests are mullets (Mugil spp.),
salema (Sarpa salpa), saddled bream (Oblada melanura),
and gild-heat bream (Sparus auratus) (R.Triay, unpub-
lished data). In Tuscany, where ospreys forage in coastal
and inland wetlands, the flathead mullet Mugil cephalus
represent the main prey item (Monti et al. 2014).
Accordingly, osprey fishing in marine environments in-
gest prey items containing higher concentrations of mer-
cury than those feeding into wetlands and is therefore
subject to higher uptake of mercury through marine fishes
(Chen et al. 2008; Eisler 2010). Similarly, two gull spe-
cies feeding in different habitats (e.g., Audouin’s gull
Larus audouinii in pelagic environment and yellow-
legged gull Larus michahellis on coastal and inland envi-
ronments) showed also differences in mercury concentra-
tion, because of the different uptake of mercury through
the diet (Bianchi et al. 2018; Pereira et al. 2019).

The marine origin of food may also have played a role in
the element relationships found (Supplementary information
1): within the “sea” group, the egg content showed mercury
significantly correlated to selenium. Conversely, within the
“wetland” group, significant relationship was found only
among essential elements and only in the eggshell.

Cadmium, differently from mercury, showed higher
values for wetland samples, although it was recorded only
for the egg content. In aquatic ecosystems, cadmium is
not particularly mobile in the trophic web and does not
tend to biomagnify, like mercury. It is associated with
particulate matter and mainly found in the filtering organ-
isms and in those associated with the sediment. It is there-
fore not surprising that in the coastal wetlands, typical

settling environments, there may be more cadmium in
prey (such as the flathead mullet) than in those from the
marine ecosystem. Mugil cephalus in fact has a benthic
feeding strategy, ingesting large amounts of organic mat-
ter, sand, or mud from the sediment of waterways
(Waltham et al. 2013). Little Pb is transferred from the
females to the eggshell (Leonzio and Massi 1989; Espín
et al. 2016), because of the possibility to eliminate the
metal through an efficient process of excretion.
However, the few studies evaluating lead concentration
in osprey eggs (Table 3) found greater values compared
to those of the present study (0.08 ± 0.07 μg/g dw) that
were close to detection limits. We do not exclude that
other factors such as annual variations in the environmen-
tal conditions at local scale and/or differences at the inter-
individual level would have had an effect on the exposure
to this element for the species (e.g., Katzner et al. 2017).

Differences by egg component

All elements, except Pb and Cd, showed higher concen-
trations in the egg content (Hg) and in the inner mem-
brane (Cu, Fe, Zn, and Se) than in the eggshell. Lead
concentrations were 2-fold higher in eggshell than in the
egg content, since it can act as a calcium analogue
(Dauwe et al. 1999). In aquatic food webs, mercury (in
its predominant chemical form, the methylmercury) can
biomagnify and reach elevated concentrations in avian
embryos, being transferred from the mother to her eggs
(Stebbins et al. 2009; Ackerman et al. 2016). However,
very few studies have estimated the contribution of differ-
ent parts of the egg in mercury absorption (e.g., Brasso
et al. 2012; Peterson et al. 2017), as well as that of other
trace elements. By separating the content and inner mem-
brane from the eggshells, we were able to differentiate the
rate of contaminant concentration in different parts of the
egg. In some cases, the mercury concentration measured
in the eggshell was near the detection limits, being much
lower than in other egg components. This is in agreement
with the study by Peterson et al. (2017), conducted on 23
different avian species. Most of the intake of mercury
deriving from the trophic web is found in the methylated
form that shows particular affinity to the biological mem-
branes and in general to the -SH groups of the proteins.
This explains why it is more easily found in the protein
material of the egg content and in the membrane than in
the eggshell. However, several previous studies did not
indicate if the inner membrane was separated or not from
eggshells, causing possible misinterpretation for the com-
parison of data on the concentration of trace elements.
This rings a bell in the choice of the tissue type, which
is relevant when assessing contaminant levels in avian
eggs: studies should harmonize the sampling protocol in
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order to properly evaluate the source and the order of
magnitude of contamination (as suggested by Espín
et al. 2016). This has significant implications in planning
and performing biomonitoring study and management
choices/corrections.

Conclusion

Being the Mediterranean basin one of the most contaminated
regions of the globe, it is likely that ospreys breeding along
Mediterranean shores might be the most polluted in Europe
(Jiménez et al. 2007). Osprey populations have declined dras-
tically in Mediterranean countries during recent decades,
mainly because of the strong direct persecution (e.g., shooting,
egg collection) and habitat destruction. However, contamina-
tion load and pollution could have contributed in playing a
role in shaping the growth rate of certain populations. Despite
its relevance, this factor has been poorly investigated to date in
this region. This call for more attention and a better monitor-
ing of the environmental factors potentially affecting these
populations. This study constitutes a first survey at regional
scale evaluating the heavy metals and selenium detected in
osprey eggs; it provides baseline data for their concentration
and revealed that different parts of the egg can serve as a
biomonitor of local metal contamination (e.g., Hashmi et al.
2013). In the future, a greater sample size might allow to better
investigating how environmental variations could affect the
osprey population in the Mediterranean basin and the use of
carbon and nitrogen stable isotopes’ technique could give in-
sights in exploring trophodynamics details. These findings
might also provide possible interpretation of past and recent
population trends. Given that pollution is likely to increase
with urbanization and human activities in the next future, the
current challenge is to find a solution to ensure the survival
(and lay the groundwork for an increase) of the Mediterranean
osprey populations in the long-term. “Unpolluted” protected
areas can play an important role in this context, providing safe
breeding places and foraging areas. Especially in coastal re-
gions, the implementation of rigorous sustainable manage-
ment practices within protected areas will surely contribute
to the conservation of ospreys as well as a long list of wildlife
species.
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