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ARTICLE INFO ABSTRACT

Keywords: Mercury (Hg) pollution is a global environmental problem. Hg exposure is linked to adverse health effects such as
Ecotoxicology neurotoxicity and reproductive impairments, making monitoring crucial for assessing toxicity risks to humans
B?Umoﬂitoring and wildlife. Top predators, such as the white-tailed eagle (Haliaeetus albicilla), are excellent biomonitors of
ﬁ::iyoizg environmental contamination due to their susceptibility of accumulating high levels of biomagnifying pollutants

like Hg. In this study, body feathers of white-tailed eagle nestlings (n = 217) were sampled in northern Norway in
2013-2018. Feathers were analyzed for total Hg (THg) concentrations and stable isotopes of carbon (513C) and
nitrogen (5*°N) to explore the influence of dietary ecology on Hg exposure. THg concentrations ranged between
0.96 and 4.85 pg g}, with approximately 11 % of the chicks exceeding 3.9 pg g~!, the threshold value
considered moderate risk for toxic effects. THg concentrations were similar across years, except for 2015, which
had significantly higher levels; however, isotope values did not differ between years, suggesting this was not
driven by dietary shifts. We found a significant and positive relationship between THg concentrations and 5'°N,
supporting the biomagnifying property of Hg. Similarly, we detected a significant positive THg-5'>C relationship,
indicating higher Hg exposure with a more marine diet. We also found a significant and negative relationship
between THg and wing length (age proxy), suggesting younger chicks have higher Hg concentrations than older
chicks, likely due to mass dilution during chick growth. This study improves our understanding of Hg exposure
and risk in a top predator along the Norwegian coast.

Trace element

1. Introduction have curtailed the emissions and use of Hg over the past decades

(Futsaeter and Wilson, 2013), factors such as redistribution, cycling, and

Mercury (Hg) pollution from human activities such as fossil fuel
combustion, mining, and smelting, is a global environmental problem
(Driscoll et al., 2013). Elevated exposure to Hg in humans and wildlife is
linked to adverse health effects such as neurotoxicity and reproductive
impairments (Clarkson and Magos, 2006; Whitney and Cristol, 2018;
Dietz et al., 2022) with developing and early life stages being particu-
larly vulnerable (Driscoll et al., 2013). To protect human and wildlife
health from Hg pollution, the Minamata Convention on Mercury was
established in 2013 to limit anthropogenic use and emissions of Hg
globally (Kessler, 2013). Despite international and local regulations that
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complex biomagnification processes of Hg contribute to persistently
elevated and in many cases even increasing Hg levels in biota (Chetelat
et al., 2020; Evers et al., 2024). Therefore, continued monitoring in
wildlife is crucial for assessing the ongoing risk of environmental Hg
contamination.

In aquatic food webs, Hg is rapidly methylated by microbes into its
organic and most toxic form, methylmercury (MeHg) (Ullrich et al.,
2001). MeHg has a high potential to bioaccumulate in organisms and
biomagnify through food chains, resulting in elevated concentrations in
upper trophic species (Chetelat et al., 2020; Dietz et al., 2022; Evers
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et al., 2024). The white-tailed eagle Haliaeetus albicilla (hereafter WTE
for simplicity) is Europe’s largest eagle and a top predator in marine
coastal and freshwater habitats (Cramp, 1980). Feeding mainly on fish,
seabirds, and waterfowl (Ekblad et al., 2016; Dementavicius et al.,
2020), the WTE is susceptible to elevated Hg exposure through its
consumption of aquatic prey species (Douglas et al., 2012). Conse-
quently, as a long-lived species, the WTE serves as a valuable biomonitor
of environmental contamination. It is already a well-established species
in ecotoxicological research, particularly in the Baltic Sea region, which
has experienced high levels of contamination (Scharenberg and
Struwe-Juhl, 2000; Helander et al., 2008; Sun et al. 2019, 2020; Hansen
et al.,, 2023; Haque et al., 2023). However, multiyear studies on Hg
exposure in WTEs from Norway are scarce, despite Norway having the
largest WTE population in Europe (Hailer et al., 2006).

Since diet is the primary route of contaminant intake in wildlife,
examining dietary habits and food sources is commonly done to un-
derstand their role in driving exposure to pollutants such as Hg (Chetelat
et al., 2020). Conventional methods for examining diet in avian wildlife
can be challenging and time-consuming, such as analysing pellets,
observing prey brought to nests, or examining stomach contents
(Jordan, 2005). As an alternative, the analysis of stable isotope ratios of
carbon (6'3C) and nitrogen (6"°N) in biological tissues is commonly used
to investigate dietary ecology (Inger and Bearhop, 2008). §'3C values
serve as a proxy for feeding habitat, e.g., distinguishing between
terrestrial and marine carbon sources (Inger and Bearhop, 2008). 51°N
values are indicative of the trophic level, with higher 5'°N values
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corresponding to higher trophic levels (Inger and Bearhop, 2008). In
general, feeding on prey higher up in the food chain (higher §!°N) and
on more marine prey (higher §'3C) are associated with a higher mercury
burden (Douglas et al., 2012).

In this study, we sampled body feathers from 217 WTE nestlings in
northern Norway between 2013 and 2018 to analyze total Hg (THg)
concentrations and bulk stable isotopes of carbon (6*3C) and nitrogen
(6'°N). Feathers provide a non-destructive and minimally invasive
method for assessing Hg contamination in developing nestlings
(Lodenius and Solonen, 2013; Zabala et al., 2019). In addition, feathers
are considered representative matrices for Hg exposure as 70-90 % of
the total Hg body burden (primarily in the form of MeHg) is remobilized
and sequestered into growing feathers (Espin et al., 2016). Furthermore,
stable carbon and nitrogen isotopes in feathers provide a time-integrated
measure of dietary intake, reflecting the incorporation of isotopes into
the growing feather over a period of days to weeks (Bearhop et al.,
2002). Compared to feathers from adult birds, nestling feathers have the
advantage of reflecting Hg contamination and diet during a more
well-defined period of time, i.e. the nestling period prior to sampling,
and during the same time of year (Eulaers et al., 2011; Rymesova et al.,
2020; Gomez-Ramirez et al., 2023). Finally, since the WTE is a territorial
species, its nestlings provide insight into Hg contamination and diet
within their local environment (Lodenius and Solonen, 2013). Our
research objectives were to 1) investigate inter-annual variation in
feather THg concentrations in WTE nestlings from northern Norway, 2)
assess the influence of dietary ecology (proxied by 5'°C and §'°N) on Hg
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Fig. 1. Map of field sampling in different regions of northern Norway. Red shapes indicate sampling locations in areas surrounding Harstad (squares), Steigen
(triangles) and Tromsg (circles), and the associated sample size per region in the legend box. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)
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exposure, and 3) evaluate potential Hg-associated toxicity risks.

2. Materials and methods
2.1. Data collection

Field sampling was conducted annually in the period 2013-2018
during late June or early July in different geographical regions of
northern Norway: Tromsg, Harstad, and Steigen (Fig. 1). The WTE nests
were accessed from sea or land, and all chicks in a brood (1-3 chicks)
were captured at the nests approximately 5-9 weeks post-hatching. The
chicks were morphometrically measured (wing length [cm] and body
mass [g]) before sampling body feathers, five from the chest and five
from the scapular area. For the present study, one scapular feather per
chick was used for mercury and stable isotope analysis. The field sam-
pling protocol was approved by the Norwegian Food Safety Authority
(FOTS ID; 6432, 8709, 11944). In total 217 chicks were sampled across
the study period.

2.2. THg analysis

Hg analysis was conducted at two laboratories: Aarhus University,
Denmark (n = 154; 2013-2018, in all regions except Steigen in 2015 and
2016) and the Norwegian University of Science and Technology
(NTNU), Norway (n = 34; 2015-2016, in Steigen only). All concentra-
tions are reported as pg g~ ' dry weight (dw).

At Aarhus University, total Hg (THg) analysis was performed at the
Trace Element Lab, Department of Ecoscience. Body feather THg con-
centrations were determined using a Milestone DMA-80 Direct Mercury
Analyzer (Sorisole, Italy) following U.S. EPA Method 7473. Sample
preparation followed Bjedov et al. (2023). Briefly, the calamus was
removed for genetic sexing, while the rachis and vane were washed in
distilled water to remove external contamination. After drying over-
night, feathers were cut into small pieces using cleaned surgical-steel
forceps. A sample amount of 5.27 + 0.42 mg (mean + SD) of dry, ho-
mogenized feather material was analyzed. Analytical quality control
was verified through procedural blanks, duplicates, aqueous standards
(10 ng and 100 ng Hg, prepared from a 1000 + 4 mg L~! stock solution,
Sigma-Aldrich, Switzerland), and Certified Reference Material (CRM;
DORM-4, National Research Council, Ottawa, Canada). Procedural
blanks and CRM samples were run every 10 samples. All samples were
corrected for background Hg (0.07 + 0.13 ng) and the recovery of
aqueous standards (108.6 + 1.3 %; n = 21). CRM recovery was 105.9 +
2.3 % (n = 52) of the certified value (0.410 + 0.055 pg g~! dry weight),
with a relative standard deviation of 8.28 + 7.64 % (n = 13) for
duplicate samples.

At the Department of Chemistry, NTNU, THg was analyzed as part of
a multi-element analysis following the protocol described in Dolan et al.
(2017) with modifications. One dorsal feather per individual was cut
using a titanium knife to remove the calamus before being transferred to
polypropylene tubes. A five-step washing procedure was applied with
flushing twice with Milli-Q water in between the steps:1) chromatog-
raphy grade acetone (5 min), 2) Milli-Q water (5 min), 3) acetone (5
min), 4) 0.64 M nitric acid (HNOg, Ultrapure grade; 5 min), 5) Milli-Q
water (5 min), followed by freezing at —20 °C. Samples were
freeze-dried for at least 24 h, then transferred to perfluoroalkoxy (PFA)
vessels, weighed, and digested with 1.5 ml of 50 % v/v concentrated
HNOs; in a high-pressure microwave system. After digestion, samples
were diluted to 17 ml with Milli-Q water and analyzed using
high-resolution inductively coupled plasma mass spectrometry
(HR-ICP-MS, Thermo Scientific Element 2, Germany) with argon gas.
Quality assurance included procedural blanks and standard reference
materials (SRM), with SRM powder (tobacco leaves) from the Institute of
Nuclear Chemistry and Technology, Warsaw, Poland (INCT-PVTL-6).
The Reference material recovery for Hg was 87 %.
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2.3. Stable isotope analysis

Stable isotope analysis was conducted at two laboratories: the Uni-
versity of Liege, Belgium (2013-2016 samples) and the University of
Koblenz-Landau, Germany (2017-2018 samples). In brief, a subsample
(1.52 + 0.32 mg) was taken from a fine homogenate of an entire single
washed body feather (weighing on average 62.04 mg as recorded for a
subset), was crimped into a tin combustion cup and analyzed for stable
isotope ratios of nitrogen and carbon. At the University of Koblenz-
Landau, analysis was performed using a Flash 2000 HT elemental
analyzer coupled via a ConFlo IV interface to a Delta V Advantage
isotope ratio mass spectrometer (all Thermo Fisher Scientific, Bremen,
Germany). At the University of Liege, a VarioMicro elemental analyzer
was used, coupled to an Isoprime 100 isotope ratio mass spectrometer
(Elementar, Germany).

The obtained stable carbon and nitrogen isotope ratios are conven-
tionally expressed as §-values (%o) relative to the international mea-
surement standards Vienna Pee Dee Belemnite and atmospheric N,
respectively. In University of Koblenz, internal reference material (i.e.
casein) was measured in duplicate every ten samples, with a standard
deviation of <0.06 %o for both 5'3C and 5*°N. In University of Liége,
internal standard was glycine, interspread every 15 samples. Certified
reference materials from the International Atomic Energy Agency (IAEA,
Vienna, Austria), IAEA N-1 (ammonium sulphate; 55N = 0.4 £ 0.2 %o),
IAEA C-6 (sucrose; 513C = —10.8 + 0.5 %o) were inserted in each sample
batch. A replicate of the same sample was included every 15 runs, with a
standard deviation of 0.3 %o for both 5'3C and 5'°N. 196 feather samples
from individual chicks were successfully analyzed for §'°C and §'°N
values.

2.4. Statistical analysis

Data exploration and statistical analyses were performed using R
version 4.4.1 (R Core Team, 2024). Data exploration and model di-
agnostics, including visual examination of residual plots, were per-
formed following the protocol by Zuur et al. (2010). We considered one
Hg value (0.08 pg g~1) as an outlier, as it was 10 times lower than the
second lowest measurement, and subsequently removed it from statis-
tical analyses. Correlations among variables were examined to avoid
multicollinearity (Supplementary information: Figure A.1), as placing
correlated variables in the same model can lead to inflated uncertainty
in parameter estimates (Zuur et al., 2010). 513C and 6N values were
moderately correlated (Pearson’s correlation coefficient: r = 0.55; p <
0.01; Figure A.1) and including both variables in the same model
increased the uncertainty of the parameter estimates (results not
shown), making it difficult to distinguish their individual effects.
Therefore, we ran separate models where either 5'3C or 5'°N was
included as a variable (Table 2).

We first tested for inter-annual variation in THg concentrations by
running a linear model (function Im), with Year (a 6-level factor) as the
independent variable (Supplementary information: Table A.1). We then
performed a post-hoc Tukey test to compare means between years using
the function emmeans in the emmeans-package (Lenth, 2025)
(Table A.2.). Next, we chose linear mixed-effects models (function Imer
in the Ime4-package; Bates et al. (2015)) to investigate dietary drivers of
Hg exposure in the WTE nestlings. P-values of the Imer object was
retrieved using ImerTest (Kuznetsova et al., 2017). THg concentrations
(response variable) were In-transformed prior to analysis to meet the
assumption of normality (Zuur et al., 2010). The fixed effects were 5N
or 5'3C and wing length (age proxy; Helander (1981)), which was used
to correct for developmental stage, as contaminant concentrations are
known to decrease in tissues as chicks grow (Peterson et al., 2019).
Although some nests contained more than one chick (2 or 3), potentially
creating a problem of pseudo-replication, a large proportion of the nests
(36 %) included only a single chick, which prevented us from estimating
inter- and intra-nest variability in our analyses. Moreover, models that
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included nest ID as a random effect violated assumptions of normality
and showed heteroscedastic residuals, making them unfit for reliable
inference and weakening overall model performance (Zuur et al., 2010).
Instead, since we had samples collected across 6 years (2013-2018) and
in three geographical regions (‘Tromsg’, ‘Harstad’ and ‘Steigen’; Fig. 1,
Figure A.2), sampling year and region were considered as random effects
in the model to account for potential temporal and spatial variability in
Hg concentrations (Chen et al., 2008; Nickel et al., 2014). We deter-
mined the random effect structure by comparing candidate models using
Akaike’s Information Criterion (AIC) with the aictab function in the
AICcmodavg-package (Mazzerolle, 2019). All candidate models had the
same fixed effect structure but different random effect structure, and
model selection was based on the lowest AICc value (Ai < 2; Anderson,
2008; Burnham et al., 2002). The random effect structure in the models
were specified as follows.

e Model 1: Included ‘year’ as the only random effect to allow for
different intercepts among sampling years.

e Model 2: Included ‘region’ as the only random effect to allow for
different intercepts across regions.

e Model 3: Included ‘region within year’ as the random effect to allow
for different intercepts across regions within each sampling year.

Model selection identified Model 3, which included ‘region within
year’ as the random effect, as the most parsimonious model with the
lowest AAICc value (Table A.3). Therefore, Model 3 best explained the
observed variation in THg concentrations and was selected for inference.

Although having 196 datapoints for isotope values, and 187 data-
points for THg, the final dataset for the linear mixed-effect model
included 176 observations with complete data for THg, §'3C, and §'°N
after accounting for missing values (i.e., some observations had stable
isotope data but lacked Hg measurements, and vice versa). All plots were
produced using ggplot2 (Wickham, 2016), and relationships between
fixed effects and THg concentrations were visualized using the ggpredict
function in the ggeffects-package (Liidecke, 2018) to display partial
slopes and residuals for each fixed effect on fitted THg concentrations
while holding the other predictor constant.

3. Results and discussion
3.1. Hg concentrations

Mean + standard error (SE) THg concentration in WTE nestlings
across the study period was 2.50 pg g~! + 0.07, with individual con-
centrations ranging from 0.96 to 4.85 pg g~ (Table 1). The highest
mean annual concentration was observed in 2015 (3.53 pg g~! & 0.17)
and was significantly higher (Table A.1; p < 0.01) than the mean con-
centrations in other years, which were relatively similar, ranging from
2.15 to 2.56 pg g~ (Table 1, Fig. 2). Inter-annual variability in Hg
concentrations in wildlife can result from a combination of environ-
mental and ecological factors, including fluctuations in climate condi-
tions (e.g., temperature and solar radiation), atmospheric Hg deposition,
and food web dynamics such as changes in prey availability or compo-
sition (Douglas et al., 2012; Fisher et al., 2013; Chetelat et al., 2020).
However, the stable isotope values in this study suggest that diet was not
the cause of elevated concentrations in 2015, as both 5'3C and 5'°N
remained stable over time, with no notable deviation in 2015
(Figures A.3a, b). Therefore, other environmental factors not directly
measured in this study such as climatic variables affecting Hg cycling
and atmospheric deposition, may have contributed to the elevated Hg
concentrations in that year.

The THg concentrations observed in WTE nestlings in this study are
lower than those previously reported for adult WTEs in Norway, which
had a mean feather Hg concentration of 4.69 pg g~ * between 2006 and
2015 (Sun et al., 2019). The higher concentrations in feathers of adults
compared to nestlings likely reflect age-related influences on Hg
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Table 1

Mean =+ standard error (SE) and range (min-max) in feather concentrations of
total mercury (THg, in dry weight) and bulk stable isotope values of nitrogen
(3'°N [%0]) and carbon (8'3C [%o]) across the study period. The number of
chicks, nests, and individuals varies because not all samples could be analyzed
for both mercury and stable isotopes. The methods section specifies the number
of samples and analyses for each variable.

Year n n THg Mean + 5N Mean + SE §'3C Mean +
chicks nests SE (min-max) (min-max) SE (min-max)
2013 28 19 2.15+0.14 14.55 £+ 0.10 —18.44 +£ 0.17
(1.00-3.74) (13.87-15.63) (—20.17 to
—16.47)
2014 33 22 2.39 £0.18 14.29 £ 0.11 —18.54 £ 0.13
(1.16-3.74) (13.03-15.19) (—19.92 to
—16.84)
2015 30 21 3.53 £0.17 14.12 £ 0.16 —18.50 £+ 0.09
(2.26-4.77) (11.55-15.16) (—19.39 to
-17.73)
2016 41 26 2.30 £ 0.11 13.77 £ 0.10 —19.16 £ 0.10
(1.42-3.97) (12.50-14.83) (—20.58 to
—18.03)
2017 45 31 2.56 = 0.15 13.99 £+ 0.06 —18.70 = 0.06
(1.21-4.85) (12.63-14.89) (—19.61 to
-17.77)
2018 39 26 2.26 £ 0.16 14.18 £ 0.11 —18.59 £+ 0.07
(0.96-4.67) (13.06-15.95) (—19.44 to
—17.59)
Total 216 145 2.50 + 0.07 14.13 + 0.04 —18.68 + 0.04
(0.96-4.85) (11.55-15.95) (—20.58 to
—16.47)
187¢ 196" 196"

@ Number of successfully analyzed individuals.
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mum and maximum interquartile range (whiskers) in feather THg concentra-
tions (ug g~ ! dw.) per year. Black dots represent extreme values and are plotted
individually. N total = 187.

accumulation (Thompson et al, 1991; Wood et al., 1996). As a
long-lived species, WTEs are exposed to, and accumulate, Hg over de-
cades, while moulting and egg-laying serve as primary elimination
routes (Espin et al., 2016; Ackerman et al., 2020). Consequently, adult
WTEs typically exhibit higher Hg burdens than nestlings, as demon-
strated in the present study and by Sun et al. (2019).

Compared to WTE populations in other countries during similar time
periods, Hg concentrations in Norwegian WTEs are relatively low (Sun
et al., 2019; Ekblad et al., 2021; Bjedov et al., 2023). For example, a
study on WTE nestlings in northern Finland reported mean feather Hg
concentrations of 12.47 ug g~ ! between 2007 and 2018 (Ekblad et al.,
2021), while nestlings in Croatia had mean concentrations of 6.6 pg g~
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over the period 2014-2018 (Bjedov et al., 2023), exceeding Hg con-
centrations observed in feathers of Norwegian nestlings (present study)
and adults (Sun et al., 2019). In Finland, elevated Hg concentrations
were primarily attributed to diet and proximity to contaminant sources,
as WTEs foraged on pike from artificial lakes with elevated Hg con-
centrations (Ekblad et al., 2021). In Croatia, known Hg pollution sources
related to agricultural and industrial activities were suggested as the
main contributors to elevated levels (Bjedov et al., 2023). The lower Hg
concentrations observed in Norwegian WTEs are consistent with find-
ings from marine fish species in the Northeast Atlantic (Ho et al., 2021;
Miljpdirektoratet, 2022), many of which, such as Atlantic cod (Gadus
morhua) and saithe (Pollachius virens), are common prey of WTEs
(Eriksen, 2016). These species generally show relatively low Hg con-
centrations, with a clear north-south gradient indicating increasing Hg
levels toward the south (Ho et al., 2021). In general, local Hg sources in
Norway have been significantly reduced over the past 20-30 years due
to strict regulations, leading to an 85 % reduction in atmospheric
emissions since the 1990s (Miljgdirektoratet, 2022). Therefore, Hg
contamination in Norway at present is mainly considered a result of
long-range atmospheric transport, with Norway receiving approxi-
mately three times more Hg from foreign sources than from domestic
emissions (Berg et al., 2006).

3.2. Hg exposure in relation to diet and chick age

Analyzing stable isotope ratios of 5'3C and §'°N has become a widely
used method in ecotoxicology to identify pollution sources and under-
stand their role as drivers of contaminant exposure in wildlife species
(Eulaers et al., 2014; Badry et al., 2019; Gomez-Ramirez et al., 2023). In
the present study, WTE chicks exhibited §'°N values ranging from
+11.55 to +15.95 %o (Table 1), suggesting they were fed prey from
various trophic levels. Increasing trophic levels are typically associated
with a 2-4 %, increase in §!°N across each level (Inger and Bearhop,
2008), indicating that WTE chicks were consuming a mix of prey, for
example piscivorous seabirds (e.g., cormorants, Phalacrocorax spp., and
large gulls, Laridae), which are typically more enriched in '°N compared
to lower trophic prey such as piscivorous and omnivorous fish (e.g.,
Gadiformes, lumpsuckers) (Nadjafzadeh et al., 2016; Dementavicius
et al., 2020). §*3C values further suggest that the diet of WTE chicks was
predominantly marine (Becker et al., 2007; Nilsen et al., 2008), with
513C values ranging from —20.58 to —16.47 %o (Table 1), consistent with
their coastal habitat in northern Norway where marine prey likely
dominate, although terrestrial prey cannot be excluded in the diet of a
generalist and opportunistic predator like the WTE (Eriksen, 2016;
Nadjafzadeh et al., 2016).

Our results showed a significant positive relationship between THg
concentrations and 5'°N values, indicating that chicks that are fed
higher trophic prey species tend to have higher THg concentrations (p <
0.01; Table 2, Fig. 3A). Consistent with this, higher THg levels linked to
more positive 5°N values have been found in WTEs from other regions
(Ekblad et al., 2021; Bjedov et al., 2023). A positive THg-leSN rela-
tionship is indicative of Hg biomagnification, which is a
well-documented process in both marine and terrestrial food chains
(Douglas et al., 2012; Dietz et al., 2022). Consequently, species feeding
on higher trophic prey are more susceptible of accumulating harmful Hg
levels. Furthermore, we detected a positive relationship between Hg and
53C values (p < 0.01; Table 2, Fig. 3B), which is expected, as predators
with less negative 513C values (indicating a marine diet) tend to have
higher Hg concentrations due to feeding in the marine environment
(Chetelat et al., 2020).

We also observed a significant negative relationship between THg
concentrations and wing length, showing that younger chicks had
higher Hg concentrations than older ones (p = 0.01; Table 2, Fig. 3C).
This pattern is consistent with findings for lipophilic contaminants and
is likely a result of mass dilution (Bourgeon et al., 2013; Bustnes et al.,
2013; Lgseth et al., 2019; Hansen et al., 2020). As chicks grow, their
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Table 2

Parameter estimates including standard error (SE) from the linear mixed effect
model investigating the relationship between feather THg concentrations (In-
transformed), stable isotopes (5!°N and 8'3C [%o]) and wing length (proxy for
chick age). The random effects were region within year (SD = standard devia-
tion). The number of observations used to generate predictions in the model
included 176 chicks with complete data for Hg, 5'C, and 5'°N after accounting
for missing values. P-value asterisks indicate significant effects (* < 0.05, ** <
0.01, *** < 0.001).

Response  Fixed Effects Estimate SE t- p-value
value

THg Intercept -1.03 0.63 -1.62 0.10
5"°N (%o) 0.16 0.04 372 <0.01%**
Wing length (cm) —0.01 0.00 —2.60 0.01*
Random effects SD
Year (Intercept) 0.20
Region:Year (Intercept) 0.13
Residual 0.30
Observations 176
Marginal/Conditional 0.10/
R> 0.40

THg Intercept 3.74 0.83 4.48 <0.01%**
5"3C (%o) 0.13 0.04 3.07  <0.01%**
Wing length (cm) —0.01 0.00 -2.70 <0.01***
Random effects SD
Year (Intercept) 0.17
Region:Year (Intercept) 0.14
Residual 0.30
Observations 176
Marginal/Conditional 0.08/
R> 0.40

internal Hg burdens are diluted with increasing body mass, leading to a
decline in concentrations (Bustnes et al., 2013). This suggests that chicks
are most vulnerable to toxic effects shortly after hatching, when
maternally deposited Hg levels are highest (Ackerman et al., 2011). Over
time, growth and feather excretion help reduce Hg body burdens
(Ackerman et al., 2011). However, once feather growth is completed
around fledging and post-fledging, contaminant levels often rise again,
and Hg elimination through feathers will not occur until the next moult
cycle (Ackerman et al., 2011; RymeSova et al., 2020).

3.3. Toxicity risks

Although acute Hg toxicity in Norwegian WTEs is unlikely due to
relatively low exposure levels, chronic exposure to moderate or even
lower concentrations of Hg can lead to sublethal toxic effects (Whitney
and Cristol, 2018). These include impairments to neurological (Bottini
and MacDougall-Shackleton, 2023) and immune functions (e.g.,
Wayland et al. (2002); Fallacara et al. (2011); Lewis et al. (2013)),
which may ultimately reduce individual survival and fitness (Whitney
and Cristol, 2018). In the WTE, sublethal effects of Hg are suggested to
be present in individuals having Hg concentrations in feathers in the
range 5-40 pg g’l, and concentrations >40 pg g’1 to be linked with
impaired reproduction in adults (Scheuhammer, 1987; Gomez-Ramirez
etal., 2023). However, a recent meta-analysis by Ackerman et al. (2024)
calculated that feather Hg concentrations as low as 3.9 pg g~! analyzed
in chick down feathers fall within the moderate injury category, repre-
senting an effective concentration of 5 % (EC5). This threshold indicates
that 5 % of individuals with Hg concentrations exceeding 3.9 pg g~! are
expected to experience toxic health effects (Ackerman et al., 2024).

In this study, the majority (88.8 %) of sampled WTE chicks had
feather Hg concentrations below 3.9 pug g~ (168 out of 187). However,
11.2 % of the chicks (21 out of 187) fell within the moderate injury
category suggested by Ackerman et al. (2024), raising concerns about
potential sublethal toxic effects, particularly in developing and vulner-
able nestlings. It is important to note that the threshold established by
Ackerman et al. (2024) was based on chick down feathers, which
correlate more closely with Hg body burden and are less influenced by
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Fig. 3. Effect of A) 8'°N, B) 8'3C, and C) wing length on THg concentrations (In-transformed) as predicted by the linear mixed effect models in Table 2. The graphs
visualize the partial slope and residuals for each predictor, showing the effect on the fitted THg concentrations while holding the other predictors constant. The
shaded area represents a pointwise 95 % confidence band for the fitted values, based on standard errors from the covariance matrix of the fitted regression co-
efficients. The rug plot at the bottom of each graph indicates the distribution of the individual raw data points (i.e., 8'°N, 5'3C, or wing length).

mass dilution and Hg sequestration than growing body feathers
(Peterson et al., 2019). While this introduces some uncertainty, the
threshold remains a valuable benchmark for assessing potential Hg risks
in the WTE nestlings in our study and suggests that the toxicity threshold
of >5.00 pg g ! in adults (Scheuhammer, 1987) may be too conservative
for chicks.

4. Conclusion

While most WTE nestlings in northern Norway between 2013 and
2018 had feather Hg concentrations below suggested thresholds for
harmful effects, approximately 1 in 10 chicks exhibited concentrations
above suggested moderate sublethal toxicity thresholds, raising con-
cerns about potential adverse effects in some individuals. Potential
vulnerability to Hg effects was highest in younger chicks, as well as in
chicks feeding on higher-trophic prey (elevated 515N values) and a more
marine diet (less negative 513C values).

Recent studies have shown that Hg concentrations in several marine

predators are rising as a consequence of climate change (Foster et al.,
2019) and shifts in prey availability (Schartup et al., 2019). These trends
underscore the need for ongoing biomonitoring at both local and global
scales to track environmental Hg pollution. In the context of a rapidly
changing environment, continued monitoring of Hg contamination is
therefore essential for predicting future ecotoxicological risks for WTE
populations in Norway and elsewhere.
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