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ecosystems (Chételat et al., 2020; Dominik et al., 2014; 
Harding et al., 2018; Ruus et al., 2015). Furthermore, stud-
ies indicated that more than 95% of the total Hg accumu-
lated by seabirds is MeHg (Provencher et al., 2014; Wiener 
et al. 2003); consequently, the easier to quantify total Hg 
may be used as a suitable proxy of the more toxic organic 
form (Wiener et al. 2003).

Seabirds have served since the 1970s as a valuable 
indicator for monitoring Hg concentrations and biological 
effects due to their high trophic level in the aquatic food 
web, well-known ecology, abundance, and widespread dis-
tribution (Burger and Gochfeld, 1997; Vizuete et al. 2018). 
MeHg is indeed known to biomagnify in aquatic food webs, 
resulting in increased MeHg concentrations with the posi-
tion of consumers in the food web (Le Croizier et al., 2022). 
Consequently, the high trophic position of seabirds, acting 
as top- or meso- predators in marine food webs, determines 
a higher exposure to MeHg for seabirds compared to lower-
level consumers (i.e. detritivorous and herbivorous species) 
and a higher vulnerability to its toxic effects (Burger, 1993; 
Burger and Gochfeld, 2000; Le Croizier et al., 2022). Acute 
or chronic MeHg exposure may generate various detrimen-
tal effects on seabirds, including depression of breeding suc-
cess (Carravieri et al., 2018; Mills et al. 2020), reduction in 

Introduction

Mercury (Hg) is one of the more toxic elements for wild-
life, especially in its methylated form (Evers, 2018). In par-
ticular, marine habitats have been highly susceptible to Hg 
accumulation from anthropogenic sources, leading to the 
exposure of humans and wildlife to the bioaccumulative 
and biomagnifiable methylated form (MeHg) (Chen et al., 
2008; Driscoll et al., 2013). Indeed toxic effects, residues 
in tissues, and biomagnification of MeHg in marine food 
webs have been extensively studied worldwide in different 
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Abstract
Seabirds accumulate mercury (Hg) due to their long-life span together with their high trophic position. A Hg monitoring 
in Venice’s Lagoon using three seabird species occupying different trophic habitat (Thalasseus sandvicensis, Ichthyaetus 
melanocephalus, and Chroicocephalus ridibundus) confirmed that fledgelings might effectively be used as sentinels of Hg 
bioavailability. The significant differences in Hg residues in feathers observed among the species highlighted a possible 
differential exposure due to different diets, with C. ridibundus accumulating more Hg than the other species. Average resi-
dues in feathers were not above the threshold associated with adverse effects on birds (5 mg kg− 1). Nevertheless, a large 
part of the C. ridibundus individuals (58%) exceeded the adverse effect level, underlining the need for strengthening Hg 
monitoring. Seabirds indeed may provide relevant insight on Hg transfer in food webs and a better picture of the hazards 
to men when bird species forage on species exploited for human consumption.
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the clutch size (Tartu et al., 2013), decreased egg hatchabil-
ity, chick survival, and embryo deformities (Braune et al., 
2012). Furthermore, migration performance and also sur-
vival might be limited by the immunosuppressive effects of 
Hg (Seewagen 2018). Assessing Hg levels in seabirds pro-
vides information on the extent of Hg transfer in the whole 
food web, also giving a better picture of the hazards to men 
than chemical analysis on water, sediments, and inverte-
brates (Furness and Greenwood, 1993; Sánchez-Fortún et 
al., 2020).

Venice’s lagoon is one of the most relevant wintering 
and breeding sites in the Mediterranean area for seabirds 
(Zenatello et al. 2021). Several studies evidenced the occur-
rence of Hg in sediments and surface waters of the lagoon 
(Apitz et al., 2007; Picone et al., 2016), as well as bioac-
cumulation in various aquatic species (Bloom et al., 2004; 
Dominik et al., 2014; Picone et al., 2019). Despite this, 
the monitoring of Hg was most often limited to measures 
in waters and sediments (Rosati et al., 2020) or bioaccu-
mulation in bivalve molluscs or other aquatic invertebrates 
(Sfriso et al., 2008). Higher trophic levels, including birds, 
were barely investigated, and data are available only for 
chicks of the Greater flamingo (Phoenicopterus roseus) 
and adults of the Kentish plover (Charadrius alexandrinus) 
(Borghesi et al., 2011; Picone et al., 2019).

Thus, to monitor the bioavailability of Hg at the Lagoon 
scale for birds, we decided to use feathers collected from 
chicks of three seabirds, including the Sandwich tern (Thal-
asseus sandvicensis. Hereafter ST), the Mediterranean 
gull (Ichthyaetus melanocephalus. Hereafter MG), and the 
Black-headed gull (Chroicocephalus ridibundus. Here-
after BHG). These seabirds are common breeders in Ven-
ice’s Lagoon, where they settle in large colonies, allowing 
for the sampling of several individuals. Furthermore, their 
diets and feeding habitats are not completely overlapping. 
ST is a strictly piscivorous species catching its prey in 
canals and along the shore (Fasola et al., 1989; Fijn et al., 
2017). Conversely, BHG and MG are opportunistic omni-
vores exploiting shallows and mudflats, feeding on fishes 
and invertebrates, both marine and terrestrial (Fasola et al., 
1989). The three species may then provide complementary 
information concerning Hg bioavailability and exposure 
pathways in the study area. In addition, residues in ST might 
be used as a proxy for hazards to men since ST forages on 
species exploited by local fisheries for human consumption.

Feathers’ were selected as target tissue because they 
allow for monitoring contaminants without affecting the 
welfare of birds (Picone et al., 2022) and serve as an archive 
of the exposure to contaminants during the time of feath-
ers growth (Goede and de Bruin, 1984). Fledgelings were 
selected for this study because they are much easier to 
sample than adults and obtain nutrients and contaminants 

from their parents through food (Burger and Gochfeld, 
1997). Residues measured in fledgeling’s feathers reflect 
the Hg bioavailability in the feeding grounds explored by 
parents and then provide a picture of the local contamina-
tion. Although they could provide complimentary informa-
tion concerning the local Hg contamination, adults were not 
considered in the study due to the migratory habit of these 
species. Consequently, Hg could have been deposited in 
adult feathers in wintering grounds or stopovers along their 
prenuptial migration to Venice’s Lagoon.

In the present paper, we analysed Hg concentrations in 
contour feathers of fledgelings collected in Venice’s Lagoon 
to verify whether Hg residues varied significantly among 
the three species and whether there were significant tem-
poral changes in Hg residues within the single species. The 
piscivorous ST was the species expected to provide the high-
est Hg residues. However, relevant Hg levels were expected 
also in the species feeding on benthic invertebrates, due to 
the relevance of the benthic pathway for the transfer of Hg 
in Venice’s Lagoon (Picone et al., 2019).

Methods and Materials

Sample Collection

Chicks about 16–20 days old and unable to fly were hand-
collected by authorized operators under appropriate per-
mits (Veneto Region, decrees nr. 18/2015, 14/2018, and 
142/2018) in five different salt marshes within the Ven-
ice’s Lagoon (Table 1). All birds were marked with a metal 
leg ring on the left tarsus and a polymethyl-methacrylate 
coloured leg ring on the right (Distefano et al., 2022). A 
clump of contour feathers was retrieved from the dorsal 
tract of each bird and placed into paper envelopes marked 
with the date of sampling, leg-ring codes, and sampling 
location (Picone et al., 2022, 2019). The envelopes were 

Table 1  Summary of sampling year, sampling areas and sample size
Species Year Location Coordinates 

(WGS84)
Sam-
ple 
size

Thalasseus 
sandvicensis

2017 Palude 
Fondello

45°15’90.66"N, 
12°14’40.28"E

10

2018 Barena 
Celestia

45°26’29.64"N, 
12°21’26.27"E

10

2019 Barena 
Celestia

45°26’29.64"N, 
12°21’26.27"E

15

Ichthyaetus 
melanocephalus

2017 Valle 
Sacchetta

45°28’25.74"N, 
12°29’02.16"E

15

2018 Mesole 45°29’19.74"N, 
12°31’46.98"E

15

Chroicocephalus 
ridibundus

2018 Valli 
Treportine

45°27’58.15"N, 
12°28’34.51"E

12
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stored at room temperature until chemical analyses. No vis-
ible nor appreciable trauma was caused to birds during the 
sampling. All birds regularly fledged within the expected 
time. A total of 77 feather samples were collected for Hg 
residues. Sample sizes for each species and breeding season 
are summarised in Table 1.

Hg Analysis

Before analysis, feather samples were thoroughly washed 
alternating ultrapure water (ELGA LabWater) and acetone 
(2% solution) to remove external depositions of dust and 
sediment particles, then dried under a laminar-flux fume 
hood and finally weighed (Picone et al., 2022, 2019). Two to 
six feathers per bird were used for a total weight per sample 
in the 6–40 mg range.

Feathers were digested using the vessel-inside-vessel 
technology under controlled temperature with a high-pres-
sure rotor in a microwave digester (Milestone, Ethos 1), 
according to the procedure reported in detail in Picone et 
al. (2022). Briefly, feathers and digestion reagent (Ultrapure 
HNO3, VWR Chemicals, and Ultrapure 30–32% H2O2, 
Romil; ratio 4:1 HNO3: H2O2) were added to the second-
ary quartz vessels, while primary TFM vessels contained 
the mixture for the temperature control (Ultrapure ELGA 
LabWater and Ultrapure H2O2, Romil Pure Chemistry; ratio 
4:1). Reagent blanks were placed in randomly selected ves-
sels to assess background concentrations and check for 
possible contamination during sample handling. Digested 
samples were then recovered, weighed, diluted with ultra-
pure water (ELGA LabWater), and frozen at -20  °C until 
analysis. Hg analysis was performed using Inductively 
Coupled Plasma - Mass Spectrometry (ICP-MS). The 
instrument was a Thermo Scientific™ iCAP™ TQ ICP-MS 
(Thermo Fisher Scientific, Milan, Italy).

Rhodium (Rh) was used as an internal standard to test for 
any matrix effect and check for interferences. Mean mea-
surement error, expressed as the percentage of the relative 
standard deviation (σ*, RSD), was < 10% for all samples. 
The measure of uncertainty was expressed as the percent-
age of the standard error (SEM) and was < 5%. The confi-
dence interval was ≥ 96%. The Certified Reference Material 
(CRM) ERM-DB001 Human Hair (Joint Research Centre 
Institute for Reference Materials and Measurements, Geel, 
Belgium) was analysed to check for the accuracy of the pro-
cedure. Recovery for Hg was 96–120%; thus, the procedure 
was deemed accurate.

Statistical Analysis

Average Hg concentrations in feathers were calculated using 
the Kaplan-Meier method to compute descriptive statistics 

of censored data (Helsel, 2005). The method quantification 
limit (MQL = 0.1 mg kg− 1) was used as the censoring limit 
(Helsel, 2005). In addition, the non-parametric Mann-Whit-
ney U-test was used to test for differences in Hg concen-
trations among species (by comparing all six combinations 
species/breeding season) and among breeding seasons, for 
MG and ST. All data below the MQL were computed as half 
of the MQL to tie non-detects entries at the lowest ranks 
(Distefano et al., 2022). Statistical analyses were performed 
using the IBM SPSS Statistics v.25 software package.

Results and Discussion

The highest average Hg concentration was measured in 
feathers of BHG (4.86 ± 0.56 mg kg− 1). Residues in BHG 
were significantly higher than the those determined in all the 
ST and MG groups (F5,71=16.96; p < 0.001; Fig. 1). The lack 
of among-years significant differences in mean Hg residues 
both for ST (3.27 ± 0.43, 3.69 ± 0.35 and 2.94 ± 0.26 mg kg− 1, 
respectively, for 2017, 2018, and 2019) and MG (1.48 ± 0.25 
and 1.22 ± 0.14 mg kg− 1, respectively, for 2017 and 2018) 
indicate that Hg bioaccessibility for these species did not 
change over breeding seasons, although the diet of the birds 
might have changed among years, due to seasonal changes 
in prey availability. For all species, the average Hg residue 
was lower than that observed in Kentish plover in the Ven-
ice Lagoon (8.71 ± 0.97 mg kg− 1) (Picone et al., 2019) and 
the residues observed in other wetlands affected by Hg con-
tamination, such as the Ebro Delta (Sánchez-Fortún et al., 
2020), the Seine Estuary (Binkowski et al., 2021), and the 
Tagus Estuary (Tavares et al. 2005) (Supplementary Mate-
rial Table 1 S).

The trend observed for Hg residues (BHG > ST > MG) 
suggests a different exposure of seabirds to Hg in the 
study area, possibly reflecting the analysed species’ feed-
ing habits. BHG is an opportunistic omnivore feeding the 
fledgelings mainly with fish and aquatic invertebrates, with 
fish prey including pelagic (smelts, pilchards, and sprats) 
and benthic species (gobies, Syngnathus sp.). In contrast, 

Fig. 1  Hg residues measured in feather of seabirds during the monitor-
ing. Boxes designate interquartile ranges while whiskers indicate mini-
mum and maximum measured concentrations. Open dots designate the 
raw concentration data. Square brackets indicate the groups used for 
the statistical analysis with Mann-Whitney U-test
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most of the salts (> 99%) and elements, including Hg (Bor-
ghesi et al., 2017). Contribution of maternal transfer via the 
egg is also a possible way of exposure for birds in the first 
days of life, but to a lesser extent than the diet due to the 
rapid growth undergone by chicks up to fledge (Ackerman 
et al., 2011; Burger and Gochfeld, 1997). Consequently, 
consuming contaminated food is expected as the principal/
primary source of Hg for feathers sampled from seabird 
chicks at 16–20 days (Paiva et al., 2008). Furthermore, since 
the foraging ranges average 13.1  km for ST, 11.4  km for 
MG, and 5.8 km for BHG (Fasola and Bogliani, 1990) and 
the Lagoon has a 55 × 13 km extension, the measured resi-
dues well represent a direct measure of the Hg exposure and 
bioavailability on the whole study area.

Dietary exposure to inorganic Hg or MeHg rarely affects 
birds’ survival but may depress reproductive success, impair 
behaviour, disrupt neurological and endocrine functions, 
and induce physiological changes (Whitney and Cristol, 
2018). In adult birds, Hg residues in feathers above 5.00 mg 
kg− 1 are considered an outcome of severe exposure and 
are associated with possible impairments in reproduction 
and sterility in many species (Eisler 2000). Conversely, no 
adverse effect levels were identified for young birds (Blévin 
et al., 2013). Consequently, screening the potential risk from 
the exposure to Hg for fledglings is possible only by using 
the effect level reported for adults (Evers et al., 2008).

In the present study, none of the average Hg residues 
exceeded the 5.00 mg kg− 1 effect level, suggesting that Hg 
intoxication is minimal for all three species. However, since 
the distribution of trace elements residues in tissues tends 
to follow a log-normal distribution skewed to the right, it is 
critical to assess also how the data are distributed at the high 
end of the range, to verify whether some individuals are 
more at risk than most of the specimens (Burger and Goch-
feld, 2000). The distribution of the Hg residues indicates 
that a relevant number of BHG individuals (58%) exhibit 
feather residues exceeding the effect level, although by a 
narrow margin (Fig. 1). Consequently, adverse effects may 
not be excluded for part of the BHG population. Regard-
ing ST, only a few individuals exceeded the effect threshold 
(3 out of 35; 9%), while none of the MG samples showed 
Hg residues above the effect level. This outcome is also rel-
evant for the human health risk assessment since ST forage 
mostly on species exploited by local fisheries for human 
consumption.

Conclusion

The present study provides the first data concerning Hg resi-
dues in young individuals of three species of seabirds from 
various colonies settled in the Venice Lagoon. In general, 

invertebrate preys consist prevalently of annelids (including 
ragworms), benthic (amphipods, crabs), and pelagic crusta-
ceans (Palaemon sp.), with terrestrial insects (coleopterans) 
accounting for a minor part of the diet (Fasola et al., 1989). 
MG is also an opportunistic omnivore, feeding fledgelings 
with fishes and aquatic and terrestrial invertebrates (Fasola 
et al., 1989; Picone et al., 2022). Nevertheless although MG 
feeding habit largely overlaps with that of BHG, terrestrial 
invertebrates represent most often the numerically prevail-
ing component of MG’s diet during breeding and chick rear-
ing (Fasola et al., 1989; Goutner, 1994). Therefore, feeding 
on terrestrial worms and swarming insects (i.e., Coleoptera) 
might minimise the exposure of MG to Hg through the 
aquatic food web compared to BHG.

Conversely, ST is a strictly piscivorous species feeding 
almost exclusively on planktivorous species such as pil-
chards, herrings, and sprats (Fasola et al., 1989; Picone et 
al., 2022). Accordingly, the exposure of ST to Hg occurs 
mainly through the pelagic food web (water-plankton-
fishes-birds), which is a relevant and often dominant path-
way for the transfer of Hg to the higher-level consumer in 
estuarine ecosystems (Chen et al., 2014). The lower Hg 
residues measured in TS than in the opportunistic omnivore 
BHG were thus quite surprising. We hypothesised three 
scenarios to account for this outcome. First, benthic fishes 
caught in the lagoon may have contributed to the Hg fluxes 
to BHG chicks. Indeed species such as smelts, small gobies, 
and killifishes accumulate more Hg than pelagic species due 
to the exposure to fluxes of contaminated pore water and 
resuspended sediment (Dominik et al., 2014; Paiva et al., 
2008). Second, feeding on benthic macrofauna may have 
contributed significantly to the accumulation of Hg in BHG. 
This hypothesis is corroborated by Hg residues measured in 
benthic invertebrates from the Venice Lagoon (Dominik et 
al., 2014) and relevant Hg residues detected in the Kentish 
plover, a wader feeding on benthic invertebrates (Picone et 
al., 2019). Third, BHG may occupy a higher trophic level 
than ST since they may also feed on omnivorous and preda-
ceous invertebrates and fishes not targeted by ST (Fasola et 
al., 1989). Further research is needed to verify these scenar-
ios, including diet analysis using regurgitations and DNA 
analysis of faeces to identify food items and analysis of sta-
ble isotopes to verify whether the difference in Hg residues 
reflects differences in trophic niches.

Trace element residues in feathers may have originated 
both from the diet and external depositions (dust, sediment, 
salts). However, external deposition is a higher issue for 
adults than fledgelings, who had less time to accumulate 
dust and particles on feather surfaces (Jaspers et al., 2019; 
Picone et al. 2022). Furthermore, in the case of Hg, the 
external contamination is negligible (Dauwe et al., 2003; Ek 
et al. 2004), and an appropriate washing procedure removes 
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the average Hg residues in the assessed species’ feathers 
were not above the level associated with adverse effects. 
Nevertheless, a large part of the BHG individuals exceeded 
the adverse effect level, underlining the need to strengthen 
the monitoring of Hg in birds and assess for possible Hg-
related behavioural changes and reproductive impairments.

Our results confirmed that seabird chicks might effec-
tively be used as sentinels of Hg contamination in the Ven-
ice Lagoon. Fledgelings of seabirds allowed integrating 
the information on Hg bioavailability on a whole lagoon 
scale, considering different feeding habitats and exposure 
pathways. Monitoring with seabird allowed for assessing 
Hg bioavailability, minimising the sampling and analysis 
effort compared with a whole food web study at the same 
spatial scale. Finally, using a piscivorous species such as 
ST allowed the identification of an early warning for human 
exposure due to its foraging on fish species also exploited 
for human consumption.
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