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A B S T R A C T

The Christiansø colony of common eiders (Somateria mollissima) in the central Baltic Sea were exposed to high
levels of Pb during the 2018 breeding season that were not present in 2017. Due to these high Pb blood levels,
the present study investigated possible Pb sources and Pb dynamics within this vulnerable colony. We analyzed
body mass and lead isotopic ratios (Pb-IRs) in blood taken from the same incubating eiders at the early (day 4)
and late (day 24) stages of incubation during the 2018 breeding season (n = 23). Pb-IRs 208/207, 208/206,
206/207, and 207/206 were analyzed using high resolution inductively coupled mass spectrometry. We found
largely similar Pb-IRs from the different stages of incubation indicating a predominantly constant endogenous
source of Pb exposure. We suggest the increasing Pb levels come from pre-nesting and nesting foraging and from
medullary bone release. The similar Pb-IRs also indicate continued metabolization of the medullary bone to meet
the nutritional and energy demands of incubation. Comparisons to Pb-IR reports from the Baltic Sea showed
multiple sources of pollution distinguished by a difference between Pb-IRs in individuals with Pb blood
concentrations> 500 μg/kg ww and<500 μg/kg ww. The most highly contaminated individuals in the present
study had Pb-IRs similar to those of Pb ammunition indicating shot pellet uptake. This study further emphasizes
the need for continued biomonitoring of the Christiansø colony, including fecal sampling and environmental
field sampling to identify the origin and extent of dietary Pb exposure on Christiansø. As a representative unit of
the Baltic Flyway population; the Christiansø colony provides an important opportunity for continued in-
vestigation into Pb contamination, population dynamics, and declines.

1. Introduction

Environmental lead (Pb) pollution is a well-documented factor
causing mortality and population declines in avian species (Pain et al.,
2019a). Waterfowl, in particular, are susceptible to Pb poisoning due to
their diverse habitats and foraging behavior (Haig et al., 2014). Wa-
terfowl are predominantly exposed to Pb through ingestion although
wounding has also been a documented source (Mallory et al., 2004;
Clausen et al., 2017). Pb is absorbed by the gastrointestinal tract with
5–15% efficiency, although dietary deficiencies of iron (Fe), zinc (Zn),
magnesium (Mg) and calcium (Ca) can enhance this absorption (Abadin
et al., 2007; Skerfving and Bergdahl, 2014). Once absorbed, mobile Pb
in the blood has shown to inhibit delta-aminolevulinic acid dehydratase
(ALAD) through Zn mimicry (Jaishankar et al., 2014) and become in-
corporated into bone as a Ca replacement (Elder et al., 2014).

In bone tissue, Pb has a half-life of ca. 30 years, making it a useful

material to detect lifelong Pb exposure in avian species (Pain et al.,
2019a). Liver and kidney tissue have been used as well (Franzen-Klein
et al., 2018; Slabe et al., 2020) although, like bone, they require de-
structive sampling methods and are therefore not always suitable when
studying an endangered or threatened species. Alternatively, blood and
feces have been implemented as a minimally-invasive means of ana-
lyzing metal contamination without sacrifice (Berglund, 2018; Lam
et al., 2020; Slabe et al., 2019). This method has been criticized for
compromising scientific rigor as blood and feces both reflect informa-
tion on Pb intake from dietary exposure within the last two weeks
(Craighead and Bedrosian, 2008). However, this is not completely
founded as blood also reflects remobilized Pb from stored deposits in
the medullary bone, liver, and kidneys during egg production,
moulting, and other critical life-history events (Veerle et al., 2004;
Mason et al., 2014). The relationships between bone Pb concentrations
and that in the blood or excrement have not been extensively studied
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and therefore must be considered cautiously (Wayland et al., 2001;
Berglund, 2018).

Within the Baltic Sea, Pb is considered a pollutant of concern
(Zalewska et al., 2015; HELCOM, 2018, 2019) and has been docu-
mented above toxicity threshold levels in waterfowl leading to adverse
health effects and death (Falandysz et al., 2001; Pain et al., 2019a; Lam
et al., 2020). Approximately half of all Pb inputs into the Baltic Sea
originate from atmospheric deposition however, phasing out efforts
have shown a temporal decrease in pollution trends with no recent
reports of Pb poisoning in waterfowl (HELCOM, 2010, 2018). Never-
theless, poisoning of avian species through unintentional ingestion of
Pb from fishing tackle and ammunition pellets is a persistent problem
world-wide and within the Baltic Sea (Helander et al., 2009; Martinez-
Haro et al., 2011; Legagneux et al., 2014; Berny et al., 2015; Madry
et al., 2015; Pain et al., 2019b). Although total and partial bans of lead
ammunition have been implemented in 23 countries across the Eur-
opean Union (EU), certain countries bordering the Baltic Sea, such as
Poland and Lithuania, currently have no regulations (Mateo and
Kanstrup, 2019). Continued usage of Pb ammunition is estimated to
cost the EU €383–€960 million euros, which includes not only wildlife
impact expenses but also human hospitalizations and IQ reduction in
children (Pain et al., 2019a). While Denmark and the Netherlands’ total
ban on lead ammunition is intended to be protective of both wildlife
and humans (Kanstrup et al., 2016), without a concerted effort from
hunters and industry across the EU, the Baltic Sea and its inhabitants
still face the risk that Pb exposure poses.

The Common eider (Somateria mollissima), hereafter eider, is the
largest sea duck in the northern hemisphere and are found along the
coastlines of Scandinavia, Iceland, Svalbard, and much of northern
Canada. As partially migratory birds, eiders have an expansive habitat
making them vulnerable to spatial and temporal patterns of Pb avail-
ability (Haig et al., 2014). The Baltic/Wadden Sea Flyway population of
eiders consists of ca. 900,000 birds from Norway, Sweden, Denmark,
Finland, Estonia, Germany and the Netherlands (Desholm et al., 2002;
Christensen et al., 2013; Waltho and Coulson, 2015). The Flyway po-
pulation has shown drastic population declines in the last two decades
with largely unknown explanations (Ekroos et al., 2012). From 2000 to
2009 the total number of breeding pairs decreased by 48%, while the
wintering numbers decreased by 36% (Ekroos et al., 2012). Further, the
Flyway population has experienced three mass mortality events since
2000, cumulatively killing thousands of birds (Camphuysen et al.,
2002, Garbus et al., 2019). Two of these events occurred within the
Christiansø colony known to breed on the island of Christiansø, Den-
mark (Fig. 1) in the central Baltic Sea (Garbus et al., 2018, 2019). The
Christiansø colony consists of 10% of the breeding Danish Eiders and
overwinters at the western part of the Baltic Sea to the southern Dutch
part of the Wadden Sea, although exact locations are unknown (Noer,
1991). Consisting of ca. 1500 females this colony is a representative
unit of the Baltic/Wadden Flyway population and has similarly also
suffered from population declines (Lyngs, 2014) partly explained by
limitations in their preferred food, the blue mussel (Mytilus edulis)
(Larsson et al., 2014), or high prevalence of acanthocephalan parasites
(Garbus et al., 2018, 2019). However, this does not fully explain the
observed mass mortality events or mortality of birds in good body
condition (Laursen and Møller, 2014; Garbus et al., 2018, 2020).

Recently, Pb exposure has been suggested to contribute to the de-
clines observed in the Christiansø colony (Lam et al., 2020). Incubating
eiders have shown remarkably large increases in Pb blood concentra-
tions between the breeding seasons of 2017 and 2018 (Lam et al.,
2020). In 2017, Pb blood levels were well below avian toxicological
thresholds of concern (Lam et al., 2020). However, Pb blood con-
centrations increased by 361% from 2017 to 2018 and 470% as com-
pared to eiders sampled in the northern Baltic Sea seven years prior
(Fenstad et al., 2017). As eiders feed from the benthic food web they are
exposed to shallowly buried lead ammunition and fishing tackle (Mateo
and Kanstrup, 2019). Additionally, mussels and sediments sampled

close to Christiansø and in neighboring areas in the Baltic Sea have
reported high Pb concentrations indicating possible year-round ex-
posure (HELCOM, 2019). These Pb concentrations are of the utmost
concern as similar instances of highly elevated Pb blood concentrations
have resulted in Pb poisoning and mortality in Baltic Sea eiders
(Hollmén et al., 1998; Franson et al., 2000).

Lam et al. (2020) also found an equally concerning increase of Pb
blood concentrations from early to late incubation observed in the same
females from the Christiansø colony. Incubation is a critical life-history
event where the brooding parent remains on her nest for 26 days and
loses 23–46% of her body mass (Korschgen, 1977; Bolduc and
Guillemette, 2003; Bustnes et al., 2012; Waltho and Coulson, 2015;
Garbus et al., 2020). Eiders are considered largely capital breeders and
therefore build up energy reserves prior to this incubation period
(Waltho and Coulson, 2015). However, it has been shown that gizzard
size is built up favorably over body condition at the wintering location
to increase food processing capacity upon arrival at the breeding
grounds (Laursen et al., 2019a). Additionally, observations of female
eiders have reported reprieves from incubation to forage for food with
increasing frequency as body condition deteriorates (Garbus, 2016). On
Christiansø, incubating eiders have shown to enter the third stage of
fasting, as marked by a shift from lipid to protein catabolism (Garbus
et al., 2020). This indicates an increased likelihood of stored Pb de-
posits becoming remobilized along with bone and liver tissue to ac-
count for energy demands and egg production (Borch-Iohnsen et al.,
1991; Alonso-Alvarez et al., 2002). Compounding upon this, eiders
have shown signs of severe immunosuppression and oxidative stress
towards the end of incubation (Hanssen et al., 2003, 2005). Taken to-
gether this is an indication that possible Pb exposure on Christiansø is
posing a real threat to an already energetically stressed parent and,
therefore, the viability of her offspring (Lam et al., 2020).

In the present study, we analyzed Pb isotopic ratios (Pb-IRs) (Pb
208/206, Pb 208/207, Pb 207/206 and, Pb 206/207) from incubating
eiders on Christiansø, Denmark during the 2018 breeding season, both
at early and late stages of this critical incubation period. As Pb isotopes
and their ratios are distinctive between different Pb deposits, we are
able to use them as a means of source identification (Scheuhammer and
Templeton, 1998) which is vital for the preservation and protection of
the eiders in the Baltic Sea. We additionally utilized multivariate sta-
tistics to determine the usefulness of Pb-IRs to evaluate the tox-
icokinetics of Pb during nesting. Our study is unique in that it reflects
Pb-IRs from both lifelong and recent exposure due to remobilization of
Pb from bone for egg production and energy demands during the in-
cubation period (Hargreaves et al., 2011). We hypothesized that as
more body mass was lost, we would observe a change in Pb-IR “fin-
gerprints” as the source of exposure transitioned from dietary to stored
Pb deposits in bone. In tandem, we expected dissimilar Pb-IRs between
the early and late stages of incubation, further reflecting this transition
in exposure.

2. Methods

2.1. Study area, design, and permissions

The present study was carried out on Frederiksø, the eastern-most
island of Christiansø (Ertholmene), Denmark (55°19′N 15°11′E) in the
central Baltic Sea (Fig. 1). The eiders arrive on Christiansø from their
wintering location in the Wadden Sea between late-February and mid-
April (Lyngs, 2014). Study plots were chosen and checked daily for the
appearance of new nests with females pre-incubating 1–2 eggs. Danish
Law protects all adults, chicks, eggs, and nests (Wildlife Management
and Hunting Act; present LBK nr. 265 of 31/03/2019). Permission was
obtained to handle eggs, nest material, and female eiders from the
Nature Agency and the Danish Ministry of Environment and Food (NST-
304-0008). Permit no. 2017-15-0201-01205 (case no. 2017-15-0201-
01205/MABJE) was granted to handle incubating eiders and conduct
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blood sampling from The National Committee for the Protection of
Animals used for Scientific Purposes.

2.2. Field sampling

Replicate samples were obtained from 23 incubating eiders from
early and late incubation during the 2018 breeding season. Day 4 was
considered early incubation and occurred between April 15 – 20 and
day 24 was considered late incubation and occurred between April 30 –
May 5. Using a fishing rod ending with a nylon snare, the female eiders
were taken from their nests, non-destructively sampled, and returned to
their nests for continued incubation.

For more procedural details on blood sampling and body mass
measurements refer to Samour (2006). A spring scale (Pesola Spring
Balance) with 10 g accuracy was used to measure body mass and ~1 ml
of blood was taken per 100 g of the bird’s body mass from the brachialis
vein under the wing. Whole blood (1 ml) was allocated for High Re-
solution Inductively Coupled Plasma Mass Spectrometry (HR-ICP-MS)
analysis. Blood samples were transferred to a sterile 4 ml BD Vacu-
tainer® Lithium Heparin tube, placed in a −20 °C freezer within four
hours of sampling, and after field work was completed, transported to
Trondheim, Norway where the samples were stored at −80 °C.

2.3. Lead concentration and isotopic analysis

The analysis of Pb and Pb 208/206, Pb 208/207, Pb 207/206 and,
Pb 206/207 was performed at the Norwegian University of Science and
Technology (NTNU). Prior to HR-ICP-MS analysis 500–1000 mg of
whole blood was transferred to 15 ml acid-washed Teflon tubes speci-
fically used in conjunction with the high-pressure microwave system,
UltraClave (Milestone). Samples were digested in the UltraClave mi-
crowave (temperature up to 240 °C and pressure of 160 bar) for two
hours in 2 ml of Scanpure nitric acid 50% (ultrapure grade, HNO3). The
samples were diluted to a volume of 24–27 ml with Milli-Q ion-ex-
changed water and placed in 15 ml vials for HR-ICP-MS analysis.

Reference materials samples (Seronorm trace elements whole blood

L-2, lot 1206264, REF 210105) and three blanks were analyzed in
conjunction with 208Pb isotope to ensure quality of the analysis. Pb
isotopic ratios were normalized versus certified National Institute of
Standards and Technology (NIST) lead isotope standards (standard re-
ference material (SRM) 981; 24.1442 ± 0.0057% for 206Pb,
22.0833 ± 0.0027% for 207Pb, and 52.3470 ± 0.0086% for 208Pb).
NIST standards were used to correct for instrumental mass dis-
crimination/fractionation and verification of analytical procedure. All
reference material was within the approved range for analyzed ele-
ments and results were corrected from blank samples. The lower limit
of detection (LOD) was equivalent to the limit of quantification (LOQ)
and was set to 3 times the standard deviation of the average blank
measurement (Jian-Li et al., 2015) or in a situation where the instru-
mental detection limit (IDL) was larger, the LOD was set to the latter.
Blood concentrations of Pb are presented in Lam et al. (2020) in μg/L
and in the supplemental information (Table S1). Isotopic ratios were
selected based on what is most utilized in the literature on avian spe-
cies, inciting the need for both Pb 206/207 and the inverse 207/206, as
well as the relative abundance of each isotope and the limitations of
what our spectrometer can detect. Pb-IRs were provided by the spec-
trometer as ratios corrected for mass bias and reported with 95%
confidence. Individual isotope quantities of 207Pb, 204Pb, and 206Pb
were not provided by the spectrometer.

2.4. Statistical analysis

All statistical analyses were performed with R (R Core Team, 2019),
the free statistical computing and graphics software. The package
‘ggplot’, ‘lmer4′, and ‘MuMin’ were used for graphical representation
and linear mixed effect modeling of Pb-IRs, respectively. Correlograms
were visually inspected to determine any grouping, patterns, or dif-
ferences between days of incubation. Statistical differences between Pb-
IRs (208/206, 208/207, 207/206, and its inverse 206/207) and body
mass on day 4 and day 24 of incubation were tested using paired t-tests.
To further test our hypothesis, linear mixed effect models were run with
each Pb-IR as a response variable and body mass as a predictor variable.

Fig. 1. Study area on the island of Christiansø (designated by red pin). (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
Source: ArcGis.
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The eider ID was included in the modeling as a random factor to ac-
count for the nested structure within the data. Initially, body mass and
day were both included as predictor variables, however, issues of col-
linearity between body mass and day (vif = 25.249) forced the ex-
clusion of one variable. In conjunction with our hypothesis, body mass
was kept in the mixed modeling to address the stress of incubation in
relation to source identification. In situations where mass was sig-
nificant in the mixed modeling, further correlations between residuals
from day 4 and day 24 were quantified using Pearson’s product-mo-
ment coefficients. This enables analysis of additional Pb-IR variation
from early to late incubation that was not accounted for by body mass
and therefore provides new information concerning the usefulness of
Pb-IRs as a means of source identification in a critical life history event.
Pb-IRs were log-transformed prior to all statistical testing to improve
normalcy of the dataset. Diagnostic plots in R (Residuals vs. Fitted,
Normal QQ, Scale-Location, and Residuals vs. Leverage plot) were used
to validate that all assumptions for mixed effect modeling were met.

To compare our results to regional Pb-IR values, Pb 208/206 and
206/207 were selected as they are the most extensively researched ratio
for Pb source identification in avian species (Scheuhammer and
Templeton, 1998; Madry et al., 2015; Binkowski et al., 2016). There
were no statistical differences in mean Pb-IRs from day 4 to day 24 of
incubation for Pb 208/206 and 206/207 (Table 1) and were therefore
combined in the following analysis. To check for possible groupings or
patterns amongst Pb blood concentrations, individuals were divided by
Pb blood levels of 0–200 μg/kg ww, 200–500 μg/kg ww, and>500 μg/
kg ww. This is representative of toxicological thresholds for subclinical
(200–500 μg/kg ww) and clinical (> 500 μg/kg ww) Pb poisoning. As
environmental samples on Christiansø were not obtained during the
2018 breeding season, reports of Pb-IR values from proximal countries
(Poland, Denmark, Germany, and Sweden) were instead used as a re-
ference of possible sources. However, as available literature only re-
ports singular values for Pb-IRs, statistical testing between Christiansø
eider blood and potential sources was not possible. Instead, graphical
representation was visually inspected to analyze clustering and trends
between the Pb-IRs in the present study and those reported in current
literature.

3. Results

3.1. Body mass and Pb-IRs

The mean ± SD, median and range of body mass (g) and Pb 208/
206, 208/207, 207/206, 206/207 are summarized in Table 1. Body
mass ± SD was significantly higher on day 4 (2181.39 ± 29.87) of
the incubation period than on day 24 (1553.60 ± 32.12) (t = 26.02,
p < 0.001). Pb-IRs increased from day 4 to day 24 of incubation in the
following order: Pb 207/206 > 206/207 > 208/206 > 208/207.
Although Pb 208/207 showed a significant difference between day 4
and day 24 (t =−4.32, p < 0.001) the difference in means was 0.49%
(Table 1) and correlograms of Pb 208/206 and 208/207, Pb 208/207
and 206/207, and Pb 208/206 and 208/207 showed no apparent dif-
ferences between day 4 and day 24 of the incubation period (Fig. 2).

3.2. Linear mixed-effect modeling

Body mass was a significant and negative predictor variable for Pb
208/207 (t = 5.65, p < 0.001). Body mass also showed a slightly
significant negative effect on Pb 206/207 (t = 2.09, p = 0.29) and had
no effect on Pb 208/206 (Table 2). However, conditional R2 values
were larger than marginal R2 values by 85.45% and 78.81%, for models
Pb 208/206 and 208/207, respectively (Table 2). This indicates the
random factor accounts for most of the variation in the dataset. Analysis
between residuals from models Pb 208/207 and 206/207 showed a
strong correlation between day 4 and day 24 (208/207: r = −0.956,
p < 0.001, 206/207: r = −0.835, p < 0.001) further indicating that Ta
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the random factor accounts for most of the variation in Pb 208/207 and
206/207 (Fig. 3).

3.3. Regional Pb-IR values

Separating Pb-IRs by Pb blood levels of 0–200 μg/kg ww,
200–500 μg/kg ww, and > 500 μg/kg ww showed distinct clustering
of individuals with Pb blood levels > 500 μg/kg ww at approx. 1.15
and approx. 2.12 for 206/207 and 208/206, respectively (Fig. 4). In-
dividuals with Pb blood levels between 0 and 500 μg/kg ww showed a
general negative liner trend with no apparent differences. Individuals
with Pb blood concentrations > 500 μg/kg ww showed distinct Pb-IR
values that were closely grouped with reported Pb-IR values of lead
shot ammunition pellets available from Poland manufacturers de-
scribed by Binkowski et al. (2016) (Fig. 4). However, individuals with

Pb blood concentrations < 500 μg/kg ww did not show similarities to
this lead ammunition. Furthermore, the Pb-IR values from European
gasoline, European coal combustion (Novák et al., 2003), and natural
Pb (Komárek et al., 2008) were dissimilarly grouped to the Pb-IRs re-
ported in the Christiansø eider colony in the present study (Fig. 4).

4. Discussion

Pb has shown to be a persistent problem in the Baltic Sea (HELCOM,
2019) with numerous reports of Pb poisoning leading to the mortality
of eiders (Hollmén et al., 1998; Franson et al., 2000; Lam et al., 2020).
On Christiansø, Denmark during the breeding season of 2018, 48% of
the sampled incubating eiders had Pb blood concentrations surpassing
thresholds of subclinical poisoning, while 13% had levels surpassing
thresholds of clinical poisoning (Lam et al., 2020). Furthermore, in-
creases in Pb blood concentrations from the early to late stages of in-
cubation incited the need for additional investigation into possible
pollution sources as well as analysis of the toxicokinetics of Pb during
this critical life-history event. As the eiders sampled in this study are
representative of the Christiansø colony and therefore the larger po-
pulation, it is predicted 25% of the eiders in the Baltic/Wadden Flyway
population may be facing health risks posed by Pb pollution.

4.1. Comparison of body mass and Pb-IRs from early to late incubation

In the present study the range for all Pb-IRs in blood overlapped
between day 4 and day 24 indicating exposure to an unchanged Pb
source from the early to late stages of incubation. Although Pb 208/207
was significantly different between days of incubation the difference of
means was only 0.47%. Furthermore, there were no significant differ-
ences between Pb 208/206, 207/206 and its inverse 206/207. A con-
stant endogenous Pb source due to lack of feeding seems a logical
conclusion as eiders are considered extreme capital breeders and re-
main on their nests for 26-days (Waltho and Coulson, 2015). However,
recent reports by Garbus (2016) and Jaatinen et al. (2016) have found
that eiders in poor body condition show no seasonal change in energy
allocation and utilized local feeding to meet the energy demands of
reproduction. Eiders are known to arrive on Christiansø 2–4 weeks
prior to egg-laying (Lyngs, 2014) where they build body condition and
fat reserves in preparation for reproduction (Waltho and Coulson, 2015;
Laursen et al., 2019a, 2019b). Eider Pb exposure on the breeding
grounds has previously been accounted to pre-nesting foraging, most
commonly on blue mussels (Wilson et al., 2007, Lam et al., 2020).
Mussel soft tissue has been documented to have Pb concentrations of
0.18 μg/g ww in locations surrounding Christiansø (HELCOM, 2019).
Furthermore, the status of blue mussels, sediment, and fish liver in the
same area has been termed “not good” by Helcom Indicators (HELCOM,
2019). While these are possible pollution sources, uptake and release of
Pb in blue mussels has shown to be a slow process taking two to three
years (Right et al., 1997), indicating that we would expect to see similar
levels of Pb in 2017, which was not observed. However, Lam et al.,
(2020) reported significantly larger eider body mass in 2017 than 2018

Fig. 2. Correlogram of Pb isotopic ratios: (A) 208/206 and 206/27, (B) 208/
206 and 208/207, (C) 208/207 and 206/207, and (D) 208/206 and 208/207 in
incubating eider on Christiansø, Denmark during the breeding season of 2018.
The dark red circles represent day 4 while the green triangles represent day 24.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Table 2
Mixed effect model for Pb 208/206, Pb 208/207, and Pb 206/207 as a function of body mass in incubating eiders on Christiansø, Denmark. Individual was included
as a random factor. The summary table includes the predictor variables and coefficient values, the standard error (SE), t-values and the significance levels (p-values)
of each coefficient. The significance level was set to p = 0.05. The asterisks, *,**,***, represent a p-value of < 0.05,< 0.01 and < 0.001 respectively. Marg R2 and
Cond. R2 represent the marginal and conditional R squares.

Pb-IRs Predictor Variables Coeff. value SE t- value p-value Marg. R2 Cond. R2

Pb 208/206 Intercept 0.7364 0.0043 169.69 <0.001 *** 0.3% 85.75%
Body mass −0.0011 0.0012 0.91 0.352

Pb 208/207 Intercept 0.8975 0.0018 504.57 <0.001 *** 10.38% 89.19%
Body mass −0.0049 0.0008 5.65 <0.001 ***

Pb 206/207 Intercept 0.1662 0.0030 54.63 <0.001 *** 1.10% 87.07%
Body mass −0.0032 0.0015 2.09 0.029 *
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at both stages of incubation. This could be indicative of a transition to
income breeding resource allocation during the 2018 breeding season
explaining the increase in Pb blood levels from 2017 to 2018 (Jaatinen
et al., 2016). Additionally, this would also explain increased exposure
to the same Pb source over the incubation period in 2018. However,
internal regulation, remobilization, and reproductive physiology play a
role in Pb blood concentrations and therefore must be considered as
well.

4.2. Mechanisms of uptake

There was a significant relationship between body mass and Pb
208/207 as well as Pb 206/207 in the present study. This is a unique
analysis and can therefore not be compared to other studies. However,
in the same eiders, Lam et al. (2020) reported no correlation between
body mass and Pb blood concentrations which was not to be expected
as Pb is not stored in fat but instead in bone which is remobilized during
incubation irrespective of body mass loss (Pain et al., 2019a; Lam et al.,
2020). Supporting our hypothesis, the relationship between Pb-IRs and
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Fig. 3. Correlation plots of day 4 and day 24 residuals from models (A) Pb 206/207 as a function of body mass and (B) Pb 208/207 as a function of body mass.
Pearson’s product correlation coefficient (r) and p-value are represented in the upper left-hand corner of each graph.

Fig. 4. Correlogram of Pb 208/206 and Pb 206/207
from blood of incubating eiders on Christiansø,
Denmark during the 2018 breeding season. Yellow
dots indicate eiders with Pb blood
concentrations < 200 μg/kg ww, blue indicates
200–500 μg/kg ww, and red indicates > 500 μg/
kg ww. Only eiders with blood
concentrations > 200 μg/kg ww have been la-
belled with an ID. European gasoline, Central
European coal, and natural Pb isotopic composi-
tions were reported up by Komárek et al. (2008)
and Novák et al. (2003). Lead shot ammunition
were reported by Binkowski et al. (2016). (For in-
terpretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)
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body mass is instead an indication that as body mass is lost, the source
of Pb in the eiders’ blood changes. However, there is likely not a causal
relationship between body mass and Pb-IRs as reflected by the large
difference between conditional and marginal R2 values (Løseth et al.,
2019). The residuals of these models were also strongly correlated be-
tween days of incubation further supporting the significance of in-
dividual variation (Løseth et al., 2019). Body mass serves as an in-
dication of the stress of breeding and reflects many additional
confounding factors that cannot be included in the mixed models. This
information taken together indicates other physiological factors, such
as bone remobilization for egg production or liver metabolization for
energy demands, explain the variation of Pb-IRs observed in the mixed
models.

Increases in Pb blood concentrations during eider incubation have
previously been accounted for by mobilization of stored Pb deposits
from the medullary bone (Franson et al., 2005; Wilson et al., 2007).
During egg-shell calcification the avian medullary bone shows rapid
decreases in mineral content and size of trabeculae (Kerschnitzki et al.,
2014). As Pb chemically mimics Ca it is easily incorporated into me-
dullary bone and released during egg-shell formation (Finley and
Dieter, 1978). Further, the blood-rich trabecular (spongy) bone, such as
the medullary bone, has shown to have much higher Pb enrichment
than compact bone (Cretacci and Parsons, 2010), resulting in a larger
dose of Pb during egg-shell calcification.

In the present study, eiders were sampled on day 4 of incubation,
during which eggs had already been laid. Therefore, at the beginning of
incubation it can be assumed that Pb stored in the medullary bone has
already been mobilized into the bloodstream possibly masking Pb-IR
fingerprints from dietary exposure on the breeding grounds (Franson
et al., 2005; Wilson et al., 2007; Kerschnitzki et al., 2014). If early in-
cubation sampling had occurred prior to medullary bone mobilization it
is possible the significant differences observed in Pb 208/207 would be
reflected in Pb 208/206 and 207/206 as well as dietary intake was the
primary source of Pb. However, given the similarities between Pb-IRs
throughout incubation, it follows logically that after egg-laying nutri-
tional demands of fasting caused continued metabolization of the me-
dullary bone, resulting in further Pb release (Wilson et al., 2007). As
mass is lost, due to fasting during incubation, Pb deposits are released
from the medullary bone becoming the predominate source of Pb in the
bloodstream and reflecting the significant differences observed in Pb
208/207 and the relationship between body mass and Pb 208/207 and
206/207. Pb bone accumulation spans a wide range (Ethier et al., 2007)
although as the medullary bone has a rapid turnover rate in avian
species (Kerschnitzki et al., 2014) it may reflect yearly Pb accumulation
as opposed to lifelong Pb exposure as cortical bone would portray
(Cretacci and Parsons, 2010). This would explain the large increase of
Pb blood concentrations from the breeding seasons of 2017 to 2018
observed in the Christiansø colony (Lam et al., 2020). While these re-
sults confirm our hypothesis, it is impossible to determine the extent of
Pb exposure from dietary intake versus bone mobilization and therefore
the extend of Pb exposure on the breeding grounds versus the wintering
grounds. Feces have been used as a non-destructive sampling method
(Martinez-Haro et al., 2011; Berglund, 2018) and, if applied to future
sampling on Christiansø could elucidate the contribution of dietary
exposure during incubation to overall Pb blood concentrations.

4.3. Exposure from lead ammunition and health effects

There were dissimilar Pb-IRs between individuals with Pb blood
concentrations > 500 μg/kg ww and < 500 μg/kg ww. This indicates
different sources of exposure between individuals that were surpassing
clinical thresholds of Pb poisoning and those that were not. Pb blood
concentrations between 200 and 500 μg/kg ww are still well above
avian toxicological thresholds and have been linked to genotoxicity,
reduced reproduction, and liver and brain lesions (Pain et al., 2019a).
Despite phasing out efforts from the EU, a large percentage of Pb in the

Baltic Sea is a result of atmospheric deposition from mines, metal
smelters, coal-fired power plants and the fertilizers from developing
countries without the same regulations (HELCOM, 2010, 2019). Pb-IRs
produced from European coal combustion and gasoline were both ob-
tained from Novák et al. (2003), though were dissimilar to the Pb-IRs in
Christiansø eider blood. This is expected as lead gasoline was phased
out in the EU through the 1990s and completely banned in 2005 (EU-
Commission et al., 1998). Likewise, natural Pb in the Baltic Sea is
dissimilar to the patterns in the present study and therefore not a likely
pollution source (Komárek et al., 2008).

However, in the present study, individuals with Pb blood
concentrations > 500 μg/kg ww had similar isotopic fingerprints to
those in lead shot ammunition pellets available from Poland manu-
factures and reported by Binkowski et al. (2016). This is an indication
that the most highly contaminated individuals are experiencing recent
Pb poisoning from ingested Pb ammunition, either at the wintering
grounds or the breeding grounds. Although without comparisons within
and between blood samples and Pb ammunition, we cannot con-
clusively determine the cause of poisoning. However, Pb ammunition is
a common and widespread cause of poisoning in avian species today
(Haig et al., 2014; Pain et al., 2019b). Regardless of regulations limiting
or banning Pb ammunition, one million waterfowl across Europe die
each year from unintentional ingestion (Andreotti et al., 2018). Den-
mark has banned the use of Pb ammunition since 1996 (Kanstrup et al.,
2016) and designated Christiansø as an EU Habitat Area and nature
reserve (Danish Nature Policy, 2014). Despite these efforts, the results
of this study show the importance of an EU-wide ban on Pb ammunition
in protecting wildlife, especially migratory birds, against Pb poisoning.
The United States and Canada have both implanted total bans on lead
ammunition in waterfowl hunting leading to a 64% decline in annual
Pb poisoning in Mallards (Anderson et al., 2000). Even with a total ban,
lead ammunition can remain buried in the sediment for years (Mateo
and Kanstrup, 2019) or degrade and enter the food web in smaller
particles (Right et al., 1997). Pb has not shown to bioaccumulate in the
Baltic Sea biota (Szefer, 1991) meaning that limiting ingestion would
substantially lower concentrations found in wildlife (Helander et al.,
2009). However, without unanimous legislation banning Pb ammuni-
tion, we cannot hope to preserve the health and success of the Baltic/
Wadden Flyway population.

4.4. Limitations of Pb-IRs in source identification

Excluding the most highly contaminated individuals, there was a
general negative linear relationship between Pb-IRs demonstrating a
lack of distinct clustering of individuals. This is likely indicative of
composite factors involved in Pb pollution and is common in locations
that have no single major pollution source (Nakata et al., 2017). It is
also possible there were limited differences in Pb isotope compositions
of current pollution sources (Nakata et al., 2017). For example, paint,
solder, and batteries have all been shown to have similar Pb-IRs making
them difficult to differentiate (Mukal et al., 1993).

Limitations in data availability of Pb-IRs in and around the Baltic
Sea also largely constricted the scope of this study. Future sampling of
abiotic and biotic factors on Christiansø may broaden the capacity of
Pb-IRs to identify pollution deposits if the sources are detectable, such
as e.g. mussel supply. However, even with this sampling, as mentioned
previously, the Baltic Sea accumulates Pb largely from atmospheric
deposition creating additional challenges in source identification. As
more than 50% of the world-wide production of Pb becomes atmo-
spheric, reconstructing origin using Pb-IRs can be an impossible task
(Weiss et al., 1999). This study highlights the limitations of Pb-IRs for
source identification in an area such as the Baltic Sea that is known to
accumulate Pb deposits from many different locations (HELCOM,
2019).

While Pb ammunition is a common avenue of exposure and poi-
soning in avian species, it does not fully explain the Pb levels
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documented in the breeding season of 2018 (Lam et al., 2020). Fecal
sampling is needed to determine the extent of dietary Pb exposure on
Christiansø and Pb-IRs from blue mussels and environmental field
samples could be informative in determining Pb origin. Along with
energetic constraints and disease (Christensen, 2008), Pb exposure is
now predicted to contribute to the observed population declines in the
Baltic/Wadden Flyway population (Lam et al., 2020). Most concerning
is Pb’s possible contribution to the mass mortality events observed in
2000 in the Dutch Wadden sea (Camphuysen et al., 2002) and in 2007
and 2015 on Christiansø (Garbus et al., 2018, 2019). While autopsies
were performed on the dead eiders in 2015, Pb levels were not analyzed
(Garbus et al., 2018, 2019). However, clinical signs of chronic Pb ex-
posure as described by Haig et al. (2014) include lethargy and anorexia
both of which were documented in 2015. Furthermore, Pb poisoning
has shown to cause immunosuppression (Koivula and Eeva, 2010)
which may have contributed to the large number of parasitic infections
found in the dead eiders (Camphuysen et al., 2002; Garbus et al., 2019).
Sustained or increased Pb exposure from continued hunting practices,
fishery activity, and changing annual atmospheric deposition could all
result in increased risk to this vulnerable colony. For example, with a
warmer and drier climate, as is expected with climate change, Pb at-
mospheric flux and deposition have shown to be greater (Guo et al.,
2019). This could explain some of the differences we see in the two
years included this study and also serves as a warning for the possibility
of greater Pb exposure in the future.

5. Conclusion

There were limited significant differences between Pb-IRs at the
different stages of incubation indicating the likelihood of a largely
constant Pb source during nesting. While exposure to Pb on the
breeding ground is a probable contributing factor to Pb blood con-
centrations, medullary bone release of stored Pb deposits also occurs.
Pb-IRs from individuals with blood concentrations < 500 μg/kg ww
did not show distinct clustering and were dissimilar to Pb-IRs from
leaded gasoline and natural Pb from the Baltic Sea. However, in-
dividuals with blood concentrations > 500 μg/kg ww showed similar
clustering to lead ammunition, indicating the Baltic Sea’s eiders are still
suffering from Pb poisoning due to hunting practices. It is clear that
during this energetically expensive time, eiders are dealing with an
additional and possibly lethal stressor that has shown to cause popu-
lation declines previously and may be contributing to multiple mass
mortality instances. We urge additional environmental field sampling,
fecal sampling, and continued biomonitoring of the Christiansø colony
both for its own preservation and for the information it provides con-
cerning pollution levels and impacts within the Baltic Sea.
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