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Abstract: The Mediterranean basin is a hotspot of mercury (Hg) contamination owing to
intense anthropogenic emissions, volcanic activity and oligotrophic conditions. Little work has
been done to assess the sources of Hg exposure for seabirds and, particularly, the physiological
consequences of Hg bioaccumulation. In this study, we (i) describe the individual and temporal
variation in blood concentration of total Hg (THg) over three breeding seasons, (ii) identify the
factors that affect the THg exposure and (iii) determine the individual- and population-level
connections between THg and blood-based markers of oxidative status in chicks of Scopoli’s
shearwaters (Calonectris diomedea) breeding on the island of Linosa in the southern
Mediterranean. We carried out the work on chicks near fledging because they are fed with prey
captured near the colony, thus their Hg levels reflect local contamination. The concentration of
THg in erythrocytes varied from 0.23 to 4.29 pg g dw. Chicks that were fed upon higher
trophic level prey (i.e., higher §*°N values) had higher THg levels. Individual variation in THg
concentrations was not explained by parental identity, sex nor &§*3C values. There was
significant variation in THg among chicks born from the same mother in different years. We
found significant correlations between THg and markers of oxidative status; however, these
correlations were no longer significant when we took into account the annual variation in mean
values of all metrics. Males with higher values of body condition index had higher blood THg,
while THg and body condition index were not correlated in females. Our data indicate that

THg levels were moderate to high if compared to other seabirds. However, there is little

evidence for harmful short-term detrimental effects owing to THg exposure.
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Capsule: We found moderate to high levels of blood mercury, which were explained by
trophic level of prey given to chicks. We did not detect any short-term harmful effects.



1. Introduction

Mercury (Hg) is a highly toxic non-essential metal of major concern for wildlife and human
health. Hg is released into the environment from both natural and anthropogenic sources
(Eagles-Smith et al., 2018). The UNEP estimated that the largest sources of Hg emissions from
human activities are artisanal and small-scale gold mining, and coal burning (UNEP, 2018).
Global Hg emissions and concentrations in the environment have grown slightly in the period
2010-2015 because declines of commercial Hg use in the developed world have been matched
by increases in Hg release into the environment by developing countries (Science for
Environment Policy, 2017; Streets et al., 2019). This scenario is further worsened by the
capacity of Hg to spread easily across environments because it can travel long distances far
from emission sources and remains in the atmosphere for up to a year (Science for Environment
Policy, 2017; Streets et al., 2019). In aquatic ecosystems, Hg is converted into methylmercury
by microorganisms, allowing its efficient bioaccumulation and its biomagnification up the food
chain. Once accumulated into the body, Hg may cause a range of adverse effects on
neurobehavioural, endocrine, immune or reproductive functions (Tan et al., 2009; Whitney &
Cristol, 2018). These evidences have urged the adoption of new regulations to protect human
health and the environment from anthropogenic emissions and releases of Hg into the
environment (e.g., the Minamata Convention on Hg, signed in 2013 and entered into force in
2017, http://www.mercuryconvention.org/).

The Mediterranean basin is significantly affected by Hg contamination because
geochemical processes related to volcanic activity and cinnabar deposits together with
industrial and agricultural activities release large amounts of Hg into the environment (Rajar
et al., 2007; Zagar et al., 2007; Sunderland and Selin, 2013; Salvagio Manta et al., 2016;
Science for Environmental Policy, 2017; Streets et al., 2019). Furthermore, oligotrophic

conditions of the Mediterranean Sea favour the biomagnification of Hg in food webs



(Chouvelon et al., 2018). Mediterranean marine organisms are therefore exposed to high risks
of Hg contamination. Piscivorous birds are particularly prone to accumulate Hg because of the
biomagnification (Eagles-Smith et al., 2018; Whitney & Cristol, 2018). Levels of Hg in
seabirds breeding in Mediterranean islands are actually significantly higher than those recorded
in seabirds from Atlantic islands (e.g., Renzoni et al., 1986; Ramos et al., 2009).

The Environmental Quality Standards Directive (2008/108/EC modified by Directive
2013/39/EUV) of the European Union determined quality standards for Hg levels in both water
and fish in order to protect piscivorous animals from its toxic effects. In piscivorous animals,
a long-term accumulation may lead to chronic effects. Once accumulated in the body, Hg may
affect fundamental fitness traits, such as reproduction and lifespan (e.g. Tartu etal., 2013, 2014,
2015, 2016) with negative consequences at the population level (Evers et al., 2008; Goutte et
al., 2014a,b). The number of studies that addresses the mechanistic underpinnings of Hg effects
on marine animals is, however, still limited (Whitney and Cristol, 2018). There is a need for
more studies that assess the effects of Hg on wildlife, both at individual and population level,
in order to understand fully its impact on ecosystems. A growing body of evidence indicates
that Hg exposure induces molecular oxidative damages and changes in antioxidant molecules
in a number of seabird species (Henny et al., 2002; Hoffman et al., 2005, 2009; Costantini et
al., 2014; Gibson et al., 2014). The hypothesis that exposure to Hg is linked to increased
oxidative stress is also supported by direct biochemical evidences. The underlying mechanisms
of action of Hg involve (i) toxic effects via bonding to sulfhydryl groups of proteins and
impairment of the glutathione system and (ii) formation of reactive oxygen species mainly via
Fenton reaction, finally producing mutagenic and carcinogenic end-products of oxidative stress
cascade (Koivula and Eeva, 2010; Jomova and Valko, 2011).

In this study, our aims were to (i) describe the individual and temporal variation in

blood concentration of total Hg (THQ), (ii) identify the factors that affect Hg exposure (parental



identity, trophic level and foraging area) and (iii) determine the individual- and population-
level connections between Hg and blood-based markers of oxidative status in chicks of
Scopoli’s shearwaters (Calonectris diomedea) breeding on the island of Linosa in the southern
Mediterranean. The island lies in the Strait of Sicily at ca. 250 km from Augusta bay, which is
one of the most contaminated areas with Hg in the Mediterranean Sea (Salvagio Manta et al.,
2016). In addition, we also analysed the correlation between blood Hg and body condition
index of chicks because Hg may cause loss of energetic stores (e.g., fat) in young birds
(Scheuhammer, 1987). Prior work in Linosa carried out in 1982 showed that the Hg
concentration in eggs (mean + SD) was 5.90 + 1.45 pg g* dw and in tissues collected from
adults varied from 0.87 + 0.17 pg g dw in fat to 86.16 + 99.16 pg g dw in liver (Renzoni et
al., 1986). These concentrations were high compared to those recorded in Atlantic shearwaters
(Renzoni et al., 1986). However, there are no recent data on Hg exposure, nor on the potential
effects on the physiological conditions in birds. We carried out the study on chicks at fledging
age because (i) the impact of Hg on the organism may be especially relevant when
contamination occurs in early life, (ii) they provide a valuable snhapshot of the local
contamination because they are fed by parents that forage in the vicinity of the breeding colony
(e.g., Carravieri et al., 2020) without any interference of Hg accumulated by adult shearwaters
in the wintering areas of West Africa (Muller et al., 2014) and (iii) the influence of Hg exposure

within the egg is negligible owing to the growth dilution effect (Ackerman et al., 2011).

2. Materials and Methods

2.1. Study species and study area

The Scopoli’s shearwater is a pelagic seabird that breeds in the Mediterranean. Scopoli’s
shearwaters consume a wide range of prey including pelagic fish (e.g., sardines), planktonic

crustaceans, fish larvae and discards from fisheries (Grémillet et al., 2014; Cianchetti-Benedetti



et al., 2018). In Linosa, the fishing areas of adults are located near the island (Cianchetti-
Benedetti et al., 2018). Recent work on the Linosa population showed little concern of exposure
to several persistent organic pollutants for the conservation status of this shearwater population
(Costantini et al., 2017). However, populations of the Scopoli’s shearwater are estimated to be
in slow decline (www.iucnredlist.org). BirdLife International (2015) provided an estimate of
30,500-48,100 pairs for the European population. Defos du Rau et al. (2015) estimated the
presence of 141,000-223,000 breeding pairs in the whole Mediterranean basin. Scopoli’s
shearwaters have an estimated lifespan of ca. 25 years (Fransson et al., 2010) and start breeding
when they are around 5 years old (Thibault et al., 1997). Shearwaters lay one egg in May and
chicks leave the colony at around the end of October. We carried out the fieldwork on the island
of Linosa (35°52” N, 12°52’ E) in the Sicily Channel (Figure 1). All adults and chicks have
been tagged with permanent metal rings since 2007. Each nest was also tagged with a
permanent number and georeferenced; the maximum linear distance between nests included in

the present study was ca. 750 m (Figure 1).

2.2. Sampling

Blood samples were collected from chicks near fledging in the period 27 September to 10
October 2016, 4 to 14 October 2017, and 30 September to 12 October 2018. Upon capture, we
first collected a sample of venous blood (0.5 ml) from the tarsal vein and then we measured the
body mass, and both the beak length and beak width of each chick. When back to the field
station, within 1-2 h from blood collection, we centrifuged (4’000 rpm for 4 minutes) the tubes
containing the whole blood in order to separate the serum from the erythrocytes. Both serum
and erythrocytes were stored in separate tubes at -20 °C in the field station and at -80 °C in the

laboratory.



2.3. Mercury

We quantified the THg (expressed as pg g* dw dry weight) in freeze-dried erythrocytes
(aliquots ranging from 0.33 to 2.7 mg) following the protocol described in Chouvelon et al.
(2009). We measured the THg in blood because prior work on several vertebrates showed that
(i) it is highly and positively correlated with the blood concentration of methylmercury, (ii)
most of the Hg occurs in the methylated form within the body tissues, and (iii) blood THg
reflects short-term exposure and is a valuable nonlethal predictor of Hg concentrations in
internal tissues (e.g., Skerfving, 1988; Thompson and Furness, 1989; Monteiro, 1996;
Sakamoto et al., 2002; Eagles-Smith et al., 2008; Yates et al., 2014). Briefly, we used blanks
and the certified reference material (CRM) TORT-3 Lobster Hepatopancreas (NRC, Canada;
certified Hg concentration: 0.292 + 0.022 ug g dw) to check the analytical quality. The
average value (+ SD) of CRM was 0.285 + 0.002 ug g dw (n = 15) with a recovery of 98 %.
The quantification limit of the method was 0.5 ng. The average variation coefficient of samples

analysed in duplicate was 0.76 %.

2.4. Stable isotopes

The isotopic niche of seabirds was used as a proxy of their ecological niche: §*C values
indicate the foraging habitat (inshore/benthic vs. offshore/pelagic), while §*°N values indicate
the trophic level (Newsome et al., 2007). An amount of 0.30 + 0.05 mg of dried erythrocytes
were weighed in tin cups for stable isotope analyses. Carbon and nitrogen stable isotope ratios
were measured using an elemental analyzer (Flash 2000, Thermo Scientific, Milan, Italy)
coupled with a Delta V Plus with a Conflo 1V interface (Thermo Scientific, Bremen, Germany).
Values were expressed in the & unit notation as parts per mille (%o) deviation from standards

(Vienna Pee Dee Belemnite for §'3C and N in air for §'°N) following the formula: §*3C or



81N = [(Rsample/Rstandard) - 1] x 10%, where R is 1*C/*2C or **N/**N, respectively. The analytical

imprecisions were < 0.10 %, for carbon and < 0.15 %o for nitrogen.

2.5. Oxidative status markers

We measured four markers of oxidative status following previous protocols (e.g., Costantini et
al., 2013). Briefly, we measured the concentration of protein carbonyls (PCs, marker of protein
oxidative damage) in serum using the Protein Carbonyl Colorimetric assay (Cayman Chemical
Company, Ann Arbor, MI, USA); the activity of the antioxidant enzyme glutathione peroxidase
(GPx) in erythrocytes using the Ransel assay (RANDOX Laboratories, Crumlin, UK); the
activity of the antioxidant enzyme superoxide dismutase (SOD) in erythrocytes using the
Ransel assay (RANDOX Laboratories, Crumlin, UK); the serum non-enzymatic antioxidant
capacity (OXY) against the hypochlorous acid (HOCI, oxidant naturally generated in cells)
using the OXY-Adsorbent test (Diacron International, Grosseto, Italy). We used the Bradford
protein assay (Bio-Rad Laboratories, Hercules, CA, USA) with albumin as a reference standard
to quantify the concentration of proteins in serum and erythrocytes. Quality controls were
included in all assays performed. Values of markers were expressed as nmol/mg proteins for

PCs, units/mg proteins for both GPx and SOD, mmol/l of HOCI neutralized for OXY.

2.6. Statistical analyses

All analyses were carried out using SPSS Version 23 (Armonk, NY, USA). First, we carried
out a model selection to identify the best-fitting linear mixed model to Hg concentration data
from a set of candidate models using the Akaike Information Criterion (AIC). We used AIC
values unadjusted for sample size because these provided very similar results to AIC values
adjusted for sample size (data not shown). Models were first ranked according to AIC values.

We then calculated AAIC and Akaike weights. The AAIC is the difference of each model AIC



value relative to the AIC of the best model. A AAIC < 2 suggests substantial evidence for the
model (Burnham and Anderson, 2002). Akaike weights are obtained by transformation of AIC
values and indicate the probability that the model is the best among all candidate models
(Burnham and Anderson, 2002). THg values were square-root transformed to achieve a normal
distribution of model residuals. As fixed factors, we considered the sampling year and the
sampling date to control for any among and within year variation in environmental parameters
that might have affected the condition of chicks, §*3C and §*°N. The female identity was
included as a random factor in all tested models (similar results were obtained if the male or
the nest identify was included instead of female identity). In preliminary analyses, we also
entered into the models the factors longitude and latitude of the nest or quadratic terms for
latitude and longitude to account for nonlinear relationships and spatial autocorrelation
(Legendre, 1993). All factors were not significant, thus they were not further considered in the
final analyses. We then tested correlations between Hg and all markers of oxidative status by
using Pearson correlation coefficient (similar results are obtained using square-root
transformed Hg values). Finally, we tested the correlation between THg and body condition
index (body mass normalised by body size index obtained from principal components analysis,
explained below) using partial correlation. To do so, body mass was included in the partial
correlation model as dependent variable, and both THg concentration and body size index as
independent variables. This approach enabled to measure the strength and direction of the
relationship between Hg and body mass whilst controlling for the effect of body size. The body
size index was estimated using the PC1 from a PCA (60.5 and 56.7 % of variance for males
and females, respectively) on beak length and beak width for males (loadings: 0.75) and
females (loadings: 0.78), separately. These analyses on body condition index were carried out
for males and females, separately, because they differed in both body mass and body size

metrics.



3. Results

The concentration of THg in erythrocytes averaged 0.81 pg g™ dw and varied from 0.23 to 4.29
ug gt dw (median = 0.72 pg g* dw, Table 1). One chick was excluded from the following
statistical analyses because it was an influential outlier owing to a very high concentration of
Hg (4.29 pg g* dw). The best-fitting model included sampling year and 5'°N as main predictors
(Table 2); no other models were within 2 AAIC of the top model. The THg concentration was
significantly higher in 2018 than in both 2016 and 2017, while it was similar between 2016 and
2017 (Table 3). Chicks that were fed upon higher trophic level prey (i.e., higher :°N values)
had higher THg levels (Table 3, Figure 2). The maternal contribution was not significant (Wald
=0.01, P =0.99), indicating that the variation in THg among related nestlings born in different
years from the same mother was similar to that among unrelated nestlings. We found a similar
result when the model was restricted to only those females that contributed a nestling in each
of the three study years (data not shown). Neither the 5!3C values nor the sex explained the
among chick variation in blood THg because models including these two factors were not
supported (Table 2).

We found significant correlations between THg and protein carbonyls (r = 0.18, p =
0.004), GPx (r =-0.17, p = 0.005) or OXY (r =-0.13, p = 0.021) using individuals sampled in
all three years. Blood THg and SOD were not significantly correlated (r = 0.06, p = 0.19). All
correlations were no longer significant (p > 0.21) when we used z-score transformed data to
remove any effect owing to among year variation in both THg and marker values. Finally, we
found that males with higher values of body condition index had also higher blood THg (partial
correlation, r = 0.18, p = 0.04), while we did not find any correlation between blood THg and
body condition in females (partial correlation, r = -0.03, p = 0.78). When we used z-score

transformed values of Hg, body mass, and body size, the correlation between body condition
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index and THg in males was even stronger (partial correlation, r = 0.28, p = 0.004), while we
did not find any correlation between blood THg and body condition in females (partial

correlation, r = 0.06, p = 0.56).

4. Discussion
4.1. THg variation and comparison with other studies on seabirds
We found large variation among chicks and sampling years in the blood concentration of THg.
We sampled the chicks around three months after hatching (phase of asymptotic growth), thus
we can reasonably exclude a significant contribution of Hg excreted by mothers into the single
egg they lay because prior work on the related Cory’s shearwater (Calonectris borealis)
showed that chicks have a fast excretion rate mainly owing to body and plumage growth
(growth dilution effect, Monteiro and Furness, 1995). Cory’s shearwater chicks may, for
example, excrete around 40-60 % of the Hg intake through the plumage (Monteiro and Furness,
2001b). Also, Hg has a half-time in blood of around six days owing to storage in internal tissues
and excretion from the body (Monteiro and Furness, 2001b). The exponential phase of growth
in chick Scopoli’s shearwaters occurs in the first two months of life, thus it was ended a few
weeks before we collected the blood samples. This suggests that the tHg concentrations
reflected mainly the current exposure through the food owing to a modest excretion capacity.
Prior work showed that levels of Hg in eggs of Scopoli’s shearwaters collected in three
Mediterranean islands (Crete, Linosa, and Majorca) in the period 1982-1984 were 2.5-3.5 times
higher than those recorded in eggs of Cory’s shearwaters collected from Selvagen island in the
Atlantic Ocean (Renzoni et al., 1986). Hg values in the three Mediterranean stations were quite
homogeneous. Hg concentrations of all body tissues analysed were also higher in the
Mediterranean stations than in the Atlantic. In particular, the liver Hg levels in Scopoli’s

shearwaters were four to six times higher than those in Cory’s shearwaters (Renzoni et al.,
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1986). Similarly, Ramos et al. (2009) found that the concentration of Hg in feathers collected
from Mediterranean shearwaters in 2001 was significantly higher than in those collected from
Atlantic shearwaters in the same year.

THg blood levels in shearwater chicks may be considered as moderate to high if
compared to levels detected in other seabirds, some of which living in areas highly
contaminated with Hg (e.g. Sebastiano et al., 2016, 2017; Carravieri et al., 2017, 2020). Blood
THg concentrations in Scopoli’s shearwaters were (i) higher than those recorded in blood of
chicks of Larus canus in north Germany (Kahle and Becker, 1999), Catharacta skua on
Shetland and Western Isles (Bearhop et al., 2000), Hydropogne caspia in San Francisco bay,
California (Eagles-Smith et al., 2008), seven seabird species on Machias Seal Island in Canada
(e.g., Sterna paradisaea, Fratercula arctica, Somateria mollissima; Bond and Diamond, 2009),
Sula nebouxii on Sinaloa in the Gulf of California (Lerma et al., 2016), four tern species and
Leucophaeus atricilla in French Guiana (Sebastiano et al., 2017), Catharacta maccormicki on
Adélie land (Carravieri et al., 2017) and seven seabird species on Adélie land, Mayes island,
Possession island and Amsterdam island (e.g., Aptenodytes forsteri, Pagodroma nivea,
Halobaena caerulea, Eudyptes chrysocome; Carravieri et al., 2020), (ii) similar to those in
blood of chicks of Himantopus mexicanus in San Francisco bay, California (Eagles-Smith et
al., 2008), Fregata magnificens in French Guiana (Sebastiano et al., 2016, 2017) and five
seabird species on Possession island and Amsterdam island (e.g., Aptenodytes patagonicus,
Thalassarche carteri; Carravieri et al., 2020) and (iii) lower than those in blood of chicks of
Catharacta lonnbergi on Kerguelen, Crozet and Amsterdam island (Carravieri et al., 2017) and
Diomedea amsterdamensis on Amsterdam island (Carravieri et al., 2020). Finally, levels of
blood THg of shearwater chicks were also comparable to those recorded in adults of two
seabird species from Arctic and Antarctica that were likely high enough to interfere with major

endocrine mechanisms regulating reproductive behaviour (black-legged Kittiwake Rissa
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tridactyla in Svalbard: Tartu et al., 2013, 2016; snow petrel Pagodroma nivea in Antarctica:
Tartu et al., 2014, 2015). This large among species variation in blood THg appears to be mainly
explained by geographic/spatial factors rather than trophic niche and also by unidentified
characteristics of the species themselves (e.g., capacity of excretion, life-history), which

deserve comparative models to be unraveled (Carravieri et al., 2020).

4.2. Sources of Hg contamination

Scopoli’s shearwaters consume a wide range of prey (Grémillet et al., 2014) including discards
from fisheries (Cianchetti-Benedetti et al., 2018). Accordingly, we found moderate variation
in 8N among chicks; values ranged from 7.4 to 9.6 %o and the chick excluded from statistical
analyses because of its very high THg concentration (i.e., outlier) also had the highest 6*°N
value. Chicks had values of §*°N similar to those recorded particularly in sardines, but also in
squids and anchovies in Mediterranean (Cardona et al., 2015; Albo-Puigserver et al., 2016),
suggesting that shearwaters were feeding on these particular prey. Prior work showed that
sardines from the Sicily channel had Hg levels significantly higher than in sardines from other
areas of the Mediterranean (Copat et al., 2012; Brambilla et al., 2013; Llull et al., 2017). Our
results show that the trophic level of prey estimated by §°N values was significantly related to
blood THg concentrations of chicks. This finding is in agreement with prior work, which
showed that the blood concentration of THg is significantly linearly related to its intake in both
chick and adult Cory’s shearwaters (Monteiro and Furness, 2001a,b). Our results are also in
line with work on other seabirds. Bearhop et al. (2000) found that some variation in blood THg
of chick great skuas was explained by dietary specialisation because chicks that were fed upon
higher trophic level prey had higher levels of THg in blood (correlation between blood THg
and 5'°N: Shetland, r = 0.48; Western Isles, r = 0.46). Similarly, chicks with higher §!°N values

had higher blood THg in six seabird species in French Guiana (r > 0.44, Sebastiano et al.,
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2017). In the Kerguelen islands community, species-related Hg variations in chick feathers of
21 seabird species were highly and positively linked to §!°N values (Blévin et al., 2013). This
highlights the occurrence of efficient Hg biomagnification processes within marine trophic
webs.

S13C values (range: -18.5 to -19.6 %o) showed little variation, indicating that the
foraging range of adult shearwaters was rather small. It is therefore not surprising that the levels
of THg were not explained by the foraging area, as values of '*C were not associated with
blood THg concentrations. In a previous GPS-tracking study of the same population, we
actually found that adults go fishing mostly in the south of the island with a maximum linear
distance of 75 + 44 km (mean £ SD; Cianchetti-Benedetti et al., 2018). This result further
supports the assumption that our data reflect local exposure.

Finally, we did not detect any differences in THg levels between male and female
chicks. Similar results were obtained in previous work on adult Cory’s shearwaters (Monteiro
and Furness, 2001a). However, while males in better body condition had higher blood THg
concentrations, the body condition of females was not correlated to their blood THg
concentrations. We do not know the reasons for this difference between sexes. For example, if
males receive more food than females, we might expect them to be more exposed to THg. Prior
work on chick Cory’s shearwaters (Monteiro and Furness, 2001b) did not find any effect of Hg
administration on body condition; however, males and females were pooled together in the

statistical models. This sex effect deserves further investigation.

4.3. Hg and blood oxidative status
We found little evidence for any possible short-term effects of Hg exposure on blood-based
oxidative status markers. We found a positive correlation between the blood concentration of

THg and protein oxidative damage and negative correlations between blood THg and two
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antioxidant markers (GPx and OXY). These results would indicate that chicks suffer higher
oxidative stress when being exposed to higher Hg. However, these correlations were affected
by variation among sampling years in the mean values of these metrics. This result suggests
little evidence for any possible short-term effects of Hg on the oxidative status at individual
level. However, we cannot rule out the possibility that the among-year variation would indicate
an effect of Hg on oxidative status at population level. This might be possible if (i) the within-
year variation in THg was not large enough to induce visible effects or (ii) other environmental
factors that also affect the oxidative status varied among years. These hypotheses deserve
further work to be elucidated.

The correlation between THg and markers at population level are in agreement with the
literature. Prior work on other seabirds found that the activity of GPx decreased with increased
Hg in double-crested cormorants Phalacrocorax auritus (Henny et al., 2002), great egrets
Ardea alba (Hoffman et al., 2005), and snowy egrets Egretta thula (Hoffman et al., 2009); the
expression of the antioxidant genes GPx-3 and glutathione S-transferase u3 increased with Hg
exposure in female double-crested cormorants (Gibson et al., 2014); an increase of lipid
oxidative damage was also related to high blood concentrations of Hg in wandering albatrosses

Diomedea exulans (Costantini et al., 2014).

5. Conclusions

We found large within- and among-year variation in the blood concentration of THg of chicks,
but not between male and female chicks. THg levels may be considered as moderate to high if
we compare them to those detected in other seabirds. The correlations between blood THg and
markers of oxidative status or individual body conditions indicate little concern for short-term

harmful effects. In our population, most hatched chicks (> 90 %) survive until fledging, thus
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they appear to tolerate these levels of Hg. However, we cannot exclude that any possible effects
might emerge later in life.

Prior work on other seabirds showed that adults had levels of blood THg from 3 to 14
times higher than those recorded in their nestlings (e.g., Bearhop et al., 2000; Sebastiano et al.,
2017). If this is also the case for Scopoli’s shearwaters in our study area, taking the average of
0.81 ug g* dw as a reference for chicks, we might expect adults to have levels of blood THg
ranging from ca. 2.43 to a very high concentration of 11.34 pg g* dw. This indicates that it
will be important in future work to determine the THg levels of adults and if these are harmful
to their physiological or reproductive functions.

Finally, it has been predicted that the new EU regulations would have caused a
reduction of the total mass of Hg in the Mediterranean in 2020 by about 3-12 % compared to
the levels measured in 2005 (Rajar et al., 2007). Although in vicinity of our study area, there
are still active significant sources of anthropogenic Hg (Salvagio Manta et al., 2016), it will be
of interest to verify if Hg exposure in shearwaters follows such expectations. Given the
widespread diffusion of the Scopoli’s shearwater in the Mediterranean, easy access to nests,
fidelity of the birds to the breeding site and its habits of wintering in West Africa (Muller et
al., 2014), it could be used for a prolonged biomonitoring of Hg exposure along a geographic

and latitudinal gradient.

Acknowledgements

Fieldwork was carried out under the authorizations issued by the Regione Siciliana,
Assessorato Agricoltura e Foreste with letter Prot. 17233 dated 1 December 2010 and
subsequent communication Prot. 2452 dated 01 February 2018. We thank two anonymous
reviewers for providing comments on our manuscript, Prof. B. Massa from Palermo University

for institutional and personal support and V. Roatti for assistance in the fieldwork. Ornis italica

16



supported the fieldwork and the costs for laboratory analyses. The research was carried out
with moral responsibility for the animals, trying to minimize the disturbance to the nest and the
birds. No nest desertions were observed due to our operations. We also thank C. Churlaud from
the Plateforme Analyses Elémentaires of LIENSs laboratory for her support in Hg analyses and
G. Guillou from the Plateforme Analyses Isotopiques of LIENSs laboratory for running the
stable isotope analyses. Thanks are due to the CPER (Contrat de Projet Etat-Région) and the
FEDER (Fonds Européen de Développement Régional) for funding the IRMS and the AMA
of LIENSs laboratory. The Institut Universitaire de France (IUF) is acknowledged for its

support to PB as a Senior Member.

References

Ackerman JT, Eagles-Smith CA, Herzog MP., 2011. Bird mercury concentrations change
rapidly as chicks age: toxicological risk is highest at hatching and fledging. Environ Sci
Technol. 45, 5418-5425.

Albo-Puigserver, M., Navarro, J., Coll, M., Layman, C.A., Palomera, |., 2016. Trophic
structure of pelagic species in the northwestern Mediterranean Sea. J. Sea Res., 117, 27-35.

Bearhop, S., Waldron, S., Thompson, D., Furness, R., 2000. Bioamplification of mercury in
great Skua Catharacta skua Chicks: the influence of trophic status as determined by stable
isotope signatures of blood and feathers. Mar. Pollut. Bull. 40, 181-185.

BirdLife International. 2015. European Red List of Birds. Office for Official Publications of
the European Communities, Luxembourg.

Blévin, P., Carravieri, A., Jaeger, A., Chastel, O., Bustamante, P., Cherel, Y., 2013. Wide range
of mercury contamination in chicks of Southern Ocean seabirds. PLoS ONE 8, e54508.

Bond, A.L., Diamond, A.W., 2009. Mercury concentrations in seabird tissues from Machias

Seal Island, New Brunswick, Canada. Sci. Total Environ. 407, 4340-4347.

17



Brambilla, G., Abete, M.C., Binato, G., Chiaravalle, E., Cossu, M., Dellatte, E., Miniero, R.,
Orletti, R., Piras, P., Roncarati, A., Ubaldi, A., Chessa, G., 2013. Mercury occurrence in
Italia seafood from the Mediterranean Sea and possible intake scenarios of the Italian coastal
population. Reg. Toxicol. Pharmacol. 65, 269-277.

Burnham, K.P. & Anderson, D.R. (2002). Model selection and multimodel inference: a
practical information-theoretic approach, 2nd edn. New York: Springer-Verlag.

Cardona, L., Martinez-Ifiigo, L., Mateo, R., Gonzélez-Solis, J., 2015. The role of sardine as
prey for pelagic predators in the western Mediterranean Sea assessed using stable isotopes
and fatty acids. Mar. Ecol. Prog. Ser. 531, 1-14.

Carravieri A, Cherel Y, Brault-Favrou M, Churlaud C, Pehluet L, Labadie P, Budzinski H,
Chastel O, Bustamante P (2017) From Antarctica to the subtropics: contrasted geographical
concentrations of selenium, mercury, and persistent organic pollutants in skua chicks
(Catharacta spp.). Environmental Pollution, 228C: 464-473.

Carravieri A, Bustamante P, Labadie P, Budzinski H, Chastel O, Cherel Y (2020) Trace
elements and persistent organic pollutants in chicks of 13 seabird species from Antarctica
to the subtropics. Environment International, 134C, 105225.

Chouvelon T, Cresson P, Bouchoucha M, Brach-Papa C, Bustamante P, Crochet S, Marco-
Miralles F, Thomas B, Knoery J (2018) Oligotrophy as a major driver of mercury
bioaccumulation in medium-to high-trophic level consumers: A marine ecosystem-
comparative study. Environm. Pollut. 233, 844-854.

Cianchetti-Benedetti, M., Dell’Omo, G., Russo, T., Catoni C., Quillfeldt, P., 2018. Interactions
between commercial fishing vessels and a pelagic seabird in the southern Mediterranean

Sea. BMC Ecol 18, 54.

18



Copat, C., Bella, F., Castaing, M., Fallico, R., Sciacca, S., Ferrante, M., 2012. Heavy metals
concentrations in fish from sicily (Mediterranean Sea) and evaluation of possible health
risks to consumers. Bull. Environ. Contam. Toxicol. 88, 78-83.

Costantini D., Monaghan P. and Metcalfe N., 2013. Loss of integration is associated with
reduced resistance to oxidative stress. Journal of Experimental Biology, 216: 2213-2220.
Costantini D., Meillere A., Carravieri A., Lecomte V., Sorci G., Faivre B., Weimerskirch H.,
Bustamante P., Labadie P., Budzinski H. and Chastel O., 2014. Oxidative stress in relation
to reproduction, contaminants, gender and age in a long-lived seabird. Oecologia, 175:

1107-1116.

Costantini D., Sebastiano M., Mdiller M., Eulaers 1., Ambus P., Malarvannan G., Covaci A.,
Massa B. and Dell’Omo G., 2017. Individual variation of persistent organic pollutants in
relation to stable isotope ratios, sex, reproductive phase and oxidative status in Scopoli’s
shearwaters (Calonectris diomedea) from the Southern Mediterranean. Science of the Total
Environment, 598: 179-187.

Defos du Rau, P., Bourgeois, K., Thévenet M., Ruffino, L., Dromzée, S., Ouni, R., Abiadh, A.,
Esteve, R., Durand, J-P., Anselme, L., Faggio, G., Yahya, J.M., Rqguibi, H., Renda, M.,
Miladi, B., Hamrouni, H., Alilech, S., Nefla, A., Jaouadi, W., Agrebi, S., Renou, S., 2015.
Reassessment of the size of the Scopoli’s Shearwater population at its main breeding site
resulted in a tenfold increase: implications for the species conservation. J. Ornithol. 156,
877-892.

Eagles-Smith, C.A., Ackerman, J.T., Adelsbach, T.L., Takekawa, J.Y., Miles, A.K., Keister,
R.A., 2008. Mercury correlations among six tissues for four waterbird species breeding in

San Francisco Bay, California, USA. Environ. Toxicol. Chem. 27, 2136-2153.

19



Eagles-Smith, C.A., Silbergeld, E.K., Basu, N., Bustamante, P., Diaz-Barriga, F., Hopkins,
W.A,, Kidd, K.A., Nyland, J.F., 2018. Modulators of mercury risk to wildlife and humans
in the context of rapid global change. Ambio 47, 170-197.

Evers DC, Savoy LJ, DeSorbo CR, Yates DE, Hanson W, Taylor KM, Siegel LS, Cooley JH
Jr, Bank MS, Major A, Munney K, Mower BF, Vogel HS, Schoch N, Pokras M, Goodale
MW, Fair J., 2008. Adverse effects from environmental mercury loads on breeding common
loons. Ecotoxicol. 17, 69-81.

Fransson T, Kolehmainen T, Kroon C, Jansson L, Wenninger T (2010) EURING list of
longevity records for European birds.

http://www.euring.org/data and codes/longevity.htm.

Gibson LA, Lavoie RA, Bissegger S, Campbell LM, Langlois VS (2014) A positive correlation
between mercury and oxidative stress-related gene expression (GPX3 and GSTM3) is
measured in female double-crested cormorant blood. Ecotoxicology 23:1004-1014

Goutte A, Bustamante P, Barbraud C, Delord K, Weimerskirch H, Chastel O, 2014a.
Demaographic responses to mercury exposure in two closely-related Antarctic top predators.
Ecol. 95: 1075-1086.

Goutte, A., Barbraud, C., Meillere, A., Carravieri, A., Bustamante, P., Labadie, P., Budzinski,
H., Delord, K., Cherel, Y., Weimerskirch, H., Chastel, O., 2014b. Demographic
consequences of heavy metals and persistent organic pollutants in a vulnerable long-lived
bird, the wandering albatross. Proc. R. Soc. B Biol. Sci. 281, 20133313

Grémillet D, Péron C, Pons J-B, Ouni R, Authier M, Thévenet M, Fort J., 2014. Irreplaceable
area extends marine conservation hotspot off Tunisia: insights from GPS-tracking Scopoli’s

shearwaters from the largest seabird colony in the Mediterranean. Mar Biol. 161:2669-80.

20


http://www.euring.org/data_and_codes/longevity.htm

Henny CJ, Hill EF, Hoffman DJ, Spalding MG, Grove RA (2002) Nineteenth century mercury:
hazard to wading birds and cormorants of the Carson River, Nevada. Ecotoxicology 11:213—
231

Hoffman DJ, Spalding MG, Frederick PC (2005) Subchronic effects of methylmercury on
plasma and organ biochemistries in great egret nestlings. Environ Toxicol Chem 24:3078-
3084

Hoffman DJ, Henny CJ, Hill EF, Grove RA, Kaiser JL, Stebbins KR (2009) Mercury and
drought along the lower Carson River, Nevada: I11. Effects on blood and organ biochemistry
and histopathology of snowy egrets and black-crowned night-herons on Lahontan reservoir,
2002-2006. J Toxicol Environ Health Part A 72:1223-1241.

Jomova K, Valko M. 2011. Advances in metal-induced oxidative stress and human disease.
Toxicology 283:65-87.

Kahle, S., Becker, P.H., 1999. Bird blood as bioindicator for mercury in the environment.
Chemosphere 39, 2451e2457.

Koivula MJ, Eeva T. 2010. Metal-related oxidative stress in birds. Environ Pollut. 158:2359-
2370.

Legendre, P. 1993. Spatial autocorrelation: trouble or new paradigm? Ecology 74:1659-1673.

Lerma, M., Castillo-Guerrero, J.A., Ruelas-Inzunza, J., Fernandez, G., 2016. Lead, cadmium
and mercury in the blood of the blue-footed booby (Sula nebouxii) from the coast of Sinaloa,
Gulf of California, Mexico. Mar. Pollut. Bull. 110, 293-298.

Llull, R.M., Gari, M., Canals, M., Rey-Maquieira, T., Grimalt, J.O., 2017. Mercury
concentrations in lean fish from the Western Mediterranean Sea: dietary exposure and risk
assessment in the population of the Balearic Islands. Environm. Res. 158, 16-23.

Monteiro LR, Furness RW (1995) Seabirds as monitors of mercury in the marine environment.

Wat. Air Soil Pollut 80: 851-870

21



Monteiro, L.R., 1996. Seabirds as monitors of mercury contamination in the Portuguese
Atlantic Ph.D. thesis, University of Glasgow, Glasgow, UK.

Monteiro LR, Furness RW., 2001a. Kinetics, dose--response, and excretion of methylmercury
in free-living adult Cory's shearwaters. Environ Sci Technol. 35, 739-746.

Monteiro LR, Furness RW., 2001b. Kinetics, dose-response, excretion, and toxicity of
methylmercury in free-living Cory's shearwater chicks. Environ Toxicol Chem. 20, 1816-
1823.

Miller, M.S., Massa, B., Phillips, R.A., Dell'Omo, G., 2014. Individual consistency and sex
differences in migration strategies of Scopoli's shearwaters Calonectris diomedea despite
year differences. Curr. Zool. 60, 631-641.

Newsome, S.D., Martinez del Rio, C., Bearhop, S., Phillips, D.L., 2007. A niche for isotopic
ecology. Front. Ecol. Environ. 5, 429-436.

Rajar R, Cetina M, Horvart M., Zagar D. 2007. Mass balance of mercury in the Mediterranean
sea. Marine Chemistry 107: 89-102.

Ramos R, Gonzalez-Solis J, Forero MG, Moreno R, Gémez-Diaz E, Ruiz X, Hobson KA.,
2009. The influence of breeding colony and sex on mercury, selenium and lead levels and
carbon and nitrogen stable isotope signatures in summer and winter feathers of Calonectris
shearwaters. Oecologia 159, 345-354.

Renzoni A, Focardi S, Fossi C, Leonzio C, Mayol J (1986) Comparison between concentrations
of mercury and other contaminants in eggs and tissues of Cory's shearwater Calonectris
diomedea collected on Atlantic and Mediterranean islands. Environ Pollut. 40:17-35

Sakamoto, M., Kubota, M., Matsumoto, S., Nakano, A., Akagi, H., 2002. Declining risk of

methylmercury exposure to infants during lactation. Environ. Res. 90, 185-189.

22



Salvagio Manta, D., Bonsignore, M., Oliveri, E., Barra, M., Tranchida, G., Giaramita, L.,
Mazzola, S., Sprovieri, M., 2016. Fluxes and the mass balance of mercury in Augusta Bay
(Sicily, southern Italy). Estuar. Coast. Shelf Sci. 181, 134-143.

Scheuhammer AM. 1987. The chronic toxicity of aluminium cadmium, mercury, and lead in
birds: A review. Environ Pollut 46:263-295

Science for Environment Policy, 2017. Tackling mercury pollution in the EU and worldwide.
In-depth Report 15 produced for the European Commission, DG Environment by the

Science Communication Unit, UWE, Bristol. Available at: http://ec.europa.eu/science-

environment-policy.

Sebastiano M., Bustamante P., Costantini D., Eulaers I., Malarvannan G., Mendez-Fernandez
P., Churlaud C., Blévin P., Hauselmann A., Dell’Omo G., Covaci A., Eens M. and Chastel
0., 2016. High levels of mercury and low levels of persistent organic pollutants in a tropical
seabird in French Guiana, the Magnificent frigatebird, Fregata magnificens. Environmental
Pollution, 214: 384-393.

Sebastiano M., Bustamante P., Eulaers I., Malarvannan G., Mendez-Fernandez P., Churlaud
C., Blévin P., Hauselmann A., Covaci A., Eens M., Costantini D. and Chastel O., 2017.
Trophic ecology drives contaminant concentrations within a tropical seabird community.
Environmental Pollution, 227: 183-193.

Skerfving, S., 1988.Mercury in women exposed to methylmercury through fish consumption,
and in their newborn babies and breast milk. Bull. Environ. Contam. Toxicol. 41, 475-482.

Streets, D.G., Horowitz, H.M., Lu, Z., Levin, L., Thackray, C.P., Sunderland, E.K., 2019. Five
hundred years of anthropogenic mercury: spatial and temporal release profiles. Environm.
Res. Lett. 14, 084004.

Sunderland EM, Selin NE., 2013. Future trends in environmental mercury concentrations:

implications for prevention strategies. Environ. Health. 12, 2.

23


http://ec.europa.eu/science-environment-policy
http://ec.europa.eu/science-environment-policy

Tan, S.W., Meiller, J.C., Mahaffey, K.R., 2009. The endocrine effects of mercury in humans
and wildlife. Critical Rev. Toxicol. 39, 228-269.

Tartu S, Goutte A, Bustamante P, Angelier F, Moe B, Clément-Chastel C, Bech C, Gabrielsen,
Bustnes JO, Chastel O, 2013. To breed or not to breed: endocrine response to mercury
contamination by an Arctic seabird. Biol. Lett. 9: 20130317.

Tartu S, Bustamante P, Goutte A, Cherel Y, Weimerskirch H, Bustnes JO, Chastel O, 2014
Age-related mercury contamination and relationship with luteinizing hormone in a long-
lived antarctic bird. Plos One 9: e103642.

Tartu S, Angelier F, Wingfield JC, Bustamante P, Labadie P, Budzinski H, Weimerskirch H,
Bustnes JO, Chastel O, 2015. Corticosterone, prolactin and egg neglect behavior in relation
to mercury and legacy POPs in a long-lived Antarctic bird. Sci. Tot. Environ. 505: 180-188.

Tartu S, Bustamante P, Angelier F, Lendvai AZ, Moe B, Blévin P, Bech C, Gabrielsen GW,
Bustnes JO, Chastel O, 2016. Mercury exposure, stress and prolactin secretion in an Arctic
seabird: an experimental study. Funct. Ecol. 30: 596-604.

Thompson DR, Furness RW (1989) The chemical form of mercury stored in south Atlantic
seabirds. Environ Pollut 60:305-317

Thibault JC, Bretagnolle V, Rabouam C (1997) Cory’s shearwater. BWP Update (The Journal
of the Birds of the Western Palearctic) 1: 75-98.

UN Environment, 2019. Global Mercury Assessment 2018. UNEnvironment Programme,
Chemicals and Health Branch Geneva, Switzerland Whitney, M.C., Cristol, D.A., 2018.
Impacts of sublethal mercury exposure on birds: a detailed review. Rev. Environ. Contam.
Toxicol. 244, 113-163.

Yates, D.E., Adams, E.M., Angelo, S.E., Evers, D.C., Schmerfeld, J., Moore, M.S., Kunz, T.H.,
Divoll, T., Edmonds, S.T., Perkins, C., Taylor, R., O'Driscoll, N.J., 2014. Mercury in bats

from the northeastern United States. Ecotoxicol. 23, 45-55.

24



Zagar, D., Petkovsek, G., Rajar, R., Sirnik, N., Horvat, M., Voudouri, A., Kallos, G., Cetina,
M., 2007. Modelling of mercury transport and transformations in the water compartment of

the Mediterranean Sea. Mar. Chem. 107, 64-88.

25



Table 1. Descriptive statistics of mercury, stable isotopes and markers of oxidative status

reported for each sampling year, separately. Values are shown as mean + standard error; sample

sizes are reported between brackets.

2016 2017 2018
Hg (ug g dw) 0.85+0.05(97) | 0.56+0.03(79) | 1.03+0.06 (73)
55N (%o) 8.46+0.04 (97) | 8.01+003(79) |8.48+0.05(73)
51C (%o) -18.89 £0.02 (97) | -18.87 £0.02 (79) | -18.97 +0.02 (73)

Protein carbonyls (nmol/g proteins)

2.33+0.11 (95)

1.26 + 0.14 (60)

2.80 +0.12 (73)

Glutathione peroxidase (units/mg proteins)

0.24 + 0.02 (96)

0.37 + 0.02 (75)

0.20 + 0.03 (73)

Superoxide dismutase (units/mg proteins)

3.65 % 0.09 (96)

1.89 £ 0.10 (77)

2.36 +0.11 (73)

OXY (mmol/l HOCI neutralised)

168 + 4 (96)

217 5 (78)

1835 (73)
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Table 2. List of candidate models. 8*3C and 8'°N were not included in a same model because

they were significantly correlated (r = -0.47, p < 0.001), thus raising an issue of collinearity.

AIC = Akaike Information Criterion.

Model AlC AAIC | Weight
0

year + 8*°N + (female) -203.9 0.944
5.9

SN + (female) -198.0 0.049
10.3

year + sex + 8!°N + (female) -193.6 0.005
13.6

year + 8*°N + sampling date + (female) -190.3 0.001
23.7

year + sex + 8'°N + sampling date + (female) -180.2 0.000
100.4

year + (female) -103.5 0.000
101.6

year + 83C + (female) -102.3 0.000
108.8

year + sex + (female) -95.1 0.000
110.2

year + sex + 813C + (female) -93.7 0.000
113.4

year + sampling date + (female) -90.5 0.000
114.6

year + 8*3C + sampling date + (female) -89.3 0.000
123.0

year + sex + 813C + sampling date + (female) -80.9 0.000
144.9

d13C + (female) -59.0 0.000
159.3

sex + (female) -44.6 0.000
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Table 3. Outcome of the best-fitting model.

Factor Reference level | Level | Coefficient estimate | Standard error t p
Intercept -1.75 0.24 -7.4 <0.001
Sampling year | 2016 2017 -0.01 0.03 -0.3 0.79
2016 2018 0.09 0.02 3.8 <0.001
2017 2018 0.10 0.03 3.5 0.001
31N 0.32 0.03 11.6 <0.001
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Figure 1. Distribution of nests on Linosa island. Birds breed inside crevices in the lava
formation, and are mostly concentrated on the coast of Mannarazza, on the northern side of the

island. Sources of images: Google Maps and Google Earth Pro, ©2018 Google.
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Figure 2. Relationships between blood Hg concentrations and the stable isotope ratios §:3C and
S'°N. The regression line is shown only when the relationship was statistically significant.
Upper graphs show untransformed values, while lower graphs show z-scores calculated to
remove annual variation. The y-axis is placed on the right side because it is shared by both

panels.
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Figure 3. Relationships between population-level blood Hg concentrations and three markers
of oxidative status: protein carbonyls (PCs), glutathione peroxidase (GPx) and serum non-

enzymatic antioxidant capacity (OXY). Values are shown as means + standard errors.
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