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ARTICLE INFO ABSTRACT
Keywords: Contamination of aquatic environments with per- and polyfluoroalkyl substances (PFAS) may disrupt wildlife
Endocrine disruption reproduction by altering hormonal-behavioural pathways. In birds, nest attendance is a key incubation behav-

Incubation behaviour

iour, mediating embryonic development and hatchability. Yet, the potential associations between PFAS and nest
Forever chemicals

attendance remains underinvestigated. In 2022 and 2023, we quantified plasma PFAS concentrations in breeding

Reproduction
Thgroi d hormones females from two Finnish waterfowl species: common goldeneyes (Bucephala clangula), an income breeding
Waterfowl cavity nester, and common eiders (Somateria mollissima), a predominantly capital breeding ground nester. Egg-

turning and egg temperature were recorded using data loggers inside artificial eggs. We related these nest
attendance variables to PFAS and circulating thyroid hormones (THs: triiodothyronine (T3), thyroxine (T4)), as
previous studies showed that PFAS exposure is associated with altered levels of THs—key regulators of meta-
bolism and thermoregulation. Mean PFAS concentrations were 17.4 ng/g in goldeneyes (n = 18) and 16.2 ng/g
in eiders (n = 37). In eiders, higher perfluorooctanesulfonic acid (PFOS) concentrations were significantly
associated with lower average egg temperature. Exploratory post hoc analyses (following marginal PFAS x
species interaction trends) suggested positive associations between total PFAS (3> PFAS) and PFOS with egg-
turning frequency in goldeneyes. No significant associations were found between PFAS and THs, and THs
were not significantly associated with nest attendance. PFAS were not significantly related to hatching success.
Further research is needed to determine if species-specific PFAS-nest attendance associations reflect trade-offs
with other PFAS-related behavioural or physiological costs. Experimental studies may be necessary to clarify
PFAS-thyroid and physiological stress pathways and their consequences for nest attendance and reproduction.
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1. Introduction

Increasing contamination of aquatic environments with per- and
polyfluoroalkyl substances (PFAS) is a major concern for human and
wildlife reproduction (Lohmann et al., 2024). PFAS are a large group of
anthropogenic amphiphilic compounds that are highly persistent in the
environment owing to strong carbon-fluorine (C-F) bonds (Byns et al.,
2022). Some PFAS are capable of long-range transport via water cur-
rents and atmospheric deposition (Buck et al., 2011). Consequently,
aquatic ecosystems worldwide are exposed to varying levels of PFAS
(Xiao, 2017; Banyoi et al., 2022), where biomagnification may occur
across trophic levels (Banyoi et al., 2022; Ricolfi et al., 2024) through
accumulation in invertebrates, fish and higher trophic-level avian spe-
cies (Byns et al., 2022).

A growing number of recent wildlife studies have reported measur-
able concentrations of several PFAS compounds in waterfowl (for re-
view; Sun et al., 2023). This is expected, as waterfowl occupy relatively
high trophic positions and can therefore serve as bioindicators for
anthropogenic PFAS, which bioaccumulate through dietary uptake
(Robuck et al., 2020; Vainio, 2022). The Baltic Sea, our study area, is
among the most contaminated marine systems globally due to human
activities (Sonne et al., 2020). Complex PFAS mixtures have been
detected in Baltic waterfowl, including Finnish populations of common
goldeneye (Bucephala clangula) and common eider (Somateria mollis-
sima) (Frgyland, 2022; Lunde, 2023).

Empirical and experimental animal studies have documented PFAS
effects on survival, endocrine disruption and physiological toxicity, with
potential consequences for reproductive performance. For instance,
direct mortality caused by dietary exposure to perfluorooctanesulfonic
acid (PFOS) has been reported in mallard (Anas platyrhynchos) ducklings
(Newsted et al., 2007), and in avian embryos exposed to PFOS and
perfluorooctanoic acid (PFOA) (Nordén et al., 2016; Bursian et al.,
2021). Several PFAS compounds have been linked with altered thyroid
hormone levels (THs). For example, exposure to PFAS mixtures reduced
embryonic THs in chicken (Mattsson et al., 2019), whereas multiple
PFAS—including  perfluorohexanesulfonic acid (PFHxS), per-
fluorodecanesulfonic acid (PFDS), PFOA, perfluorotetradecanoic acid
(PFTeDA), and perfluorohexadecanoic acid (PFHxDA)—were positively
associated with THs in peregrine falcon (Falco peregrinus) nestlings (Sun
et al., 2021). In addition to endocrine disruption, several long-chain
PFAS, such as perfluorododecanoic acid (PFDoDA), per-
fluorotridecanoic acid (PFTriA), PFTeDA, and perfluoroundecanoic acid
(PFUnA), have been associated with oxidative stress, in male
black-legged kittiwakes (Rissa tridactyla; Costantini et al., 2019). Despite
this physiological evidence, research incorporating behavioural end-
points remains limited.

PFAS exposure has been associated with changes in reproductive
behaviour, potentially involving multiple physiological pathways. For
instance, physiological stress caused by PFOS and PFOA has been shown
to alter motor function in laboratory rodents (as reviewed by Brown--
Leung and Cannon, 2022). Similarly, PFOS exposure has been linked to
spontaneous hyperactivity in zebrafish (Spulber et al., 2014). Another
proposed pathway for PFAS influence on behaviour involves endocrine
disruption, whereby PFAS interfere with hormonal regulation and may
consequently affect behaviour (McNabb, 2007; Sebastiano et al., 2021).
To our knowledge, only one study in wildlife has examined the rela-
tionship between PFAS burden and reproductive behaviours in a
free-living bird, showing that PFOS and several perfluoroalkyl carbox-
ylic acids (PFCAs) were associated with incubation behaviour in
black-legged kittiwakes (Blevin et al., 2020).

Incubation is a critical period in avian reproduction, during which
parental behaviour and physiological state jointly influence egg-turning
and temperature maintenance, both of which are linked to embryonic
development. These processes may vary with environmental conditions,
including PFAS contamination. Egg-turning is essential for heat distri-
bution and for preventing albumin stratification and adhesion of the
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yolk and embryo to the inner egg-shell (Deeming, 2009). The study by
Blevin et al. (2020) remains the single field study directly linking PFAS
contamination to egg-turning behaviour. They reported a positive cor-
relation between PFOS and perfluorononanoic acid (PFNA), with
egg-turning frequency; and PFOS, PFNA, PFUnA, and PFTriA positively
correlated with angular changes of the eggs Because incubation is under
endocrine regulation, a key unresolved question is whether
PFAS-associated changes in nest attendance could reflect endocrine
alteration. In the same study on black-legged kittiwakes (Blevin et al.,
2020), circulating prolactin—a peptide hormone involved in stimula-
tion and maintenance of parental care in birds—was positively associ-
ated with egg-turning behaviour. Conversely, experimental suppression
of prolactin using the dopamine D agonist bromocriptine increased
egg-turning rates in Adélie penguins (Psygoscelis adeliae) (Thierry et al.,
2013a). In wood ducks (Aix sponsa) higher prolactin was associated with
higher incubation constancy and egg temperature (Hope et al., 2020).
Additionally, corticosterone manipulation negatively affected egg tem-
perature in Adélie penguins (Thierry et al., 2013a, 2013b). These studies
highlight that multiple endocrine axes can influence nest attendance in
birds.

Notably, potential associations between parental thyroid hormones
and nest attendance behaviour have not yet been examined. Existing
studies have mainly manipulated incubation temperature and investi-
gated effects on offspring THs (DuRant et al., 2014; Hope et al., 2019). In
birds, THs regulate metabolic rate and thermoregulation (Krishnan
etal., 2023), suggesting that they may influence heat transfer to eggs via
parental heat production and potentially affect egg-turning activity.
Moreover, environmental PFAS contamination has been linked to TH
levels in birds. For example, PFOS and PFCAs have been found to be
positively correlated with triiodothyronine (T3) and thyroxine (T4)
hormones in black-legged kittiwakes (Ask et al., 2021). In great
black-backed gull (Larus marinus), PFOS, PFUnA, PFDoDA, PFTriA, and
PFTeDA were positively associated, whereas PFHxS showed a negative
relationship (Sebastiano et al., 2021). Inspired by the knowledge gap
between THs and nest attendance, and the limited research connecting
PFAS to behaviour, we first examined associations between PFAS
contamination and THs, and then investigated how nest attendance re-
lates to both THs and PFAS in waterfowl.

Here, we studied two waterfowl species with contrasting breeding
strategies: the cavity-nesting, income breeding common goldeneye
(hereafter, goldeneye) and the ground-nesting, capital-breeding com-
mon eider (hereafter, eider). The contrasting breeding habitats, feeding
behaviour during incubation and diets of the two study species likely
results in different patterns of internal contaminant processing and in
blood circulation, making them valuable models for comparing the PFAS
associations with physiology and behaviour.

To explore the potential species-specific differences in ecology that
might influence nest attendance, we first compared mean attendance
between species. We expected that cavity nesting would provide gold-
eneye with greater thermal buffering compared to the eiders. Then,
based on the hypothesis that PFAS can disrupt THs regulation, we
evaluated correlations between PFAS concentrations and circulating
THs across species. We hypothesized that PFAS contamination—both
total exposure and individual compound concentrations—may be linked
to altered nest attendance via endocrine and/or other physiological
pathways, including associations with circulating THs and, potentially,
other indicators of physiological stress. Thus, we evaluated the contri-
bution of PFAS concentrations and THs in explaining variation in nest
attendance. Finally, because hatching success integrates multiple
ecological and physiological determinants and prior studies report
mixed associations with PFAS exposure, we tested whether PFAS
contamination was associated with hatching success in either species.
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2. Materials and methods
2.1. Study species and populations

Goldeneyes breed near freshwater lakes, whereas eiders are sea
ducks, in Finland inhabiting the archipelago in the Baltic Sea. Both
species display exclusive female-only care and produce precocial young
(Milonoff et al., 2002; Ost et al., 2003), but distinctly differ in their
breeding ecology. Goldeneyes are income breeders, feeding on aquatic
invertebrates throughout the incubation period.

In contrast, eiders largely rely on stored energy reserves, which may
may be accumulated both on the wintering grounds and at the breeding
sites (Jaatinen et al., 2016). They feed mainly on marine invertebrates,
particularly blue mussels (Mytilus spp.), and during incubation typically
leave the nest only to drink (Criscuolo et al., 2000; Hellman, 2017).
From 28 April to 22 June 2022, we monitored 20 nestboxes of a breeding
population of common goldeneye in Maaninka, NorthSavo region,
Finland (63°6' N, 27°9' E). The breeding area (~280 km?) is character-
ized by a mosaic of coniferous forests, small lakes and ponds, and four
larger lakes. Most shorelines are adjacent to farmland and summer
cottages. We did not observe any nest predation by pine marten (Martes
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martes), the main goldeneye predator in Finland (Poysa et al., 2025). In
2023 (26 April- 2 July), we monitored two colonies of an eider popu-
lation in southwest, Finland. Bengtskar (59°44'N, 22°30'E), is a rocky
lighthouse island (about 2 ha), approximately 25 km from the mainland.
Since 1995, it has been inhabited during the breeding season due to its
operation as a museum, which also serves as a deterrent to predators,
particularly the white-tailed eagle (Haliaeetus albicilla). The second site,
almost 30 km away (Fig. 1), is Tvarminne archipelago (59°50'N,
23°15'E), consisting of 14 small islands with a total area of approxi-
mately 15 km? (monitored islands: approximately 1.04, 1.79 and 8.55
ha) located near a research station. This colony has experienced high
predation pressure by white-tailed eagle during the past decades (Ost
et al., 2022), resulting in lower hatching success rate (Bengtskar: 71.4%
of 35 nests in 2023, Tvarminne: 52.8% of 214 nests across all 14 islands).
In total, 39 eider nests were monitored (25 at Bengtskar; 14 across three
islands in Tvarminne). Eight nests in Tvarminne and one in Bengtskar
were deserted by females. Due to these nests abandonments and insuf-
ficient amount of behavioural data for some nests, sample size varies
across analyses.
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Fig. 1. Map of the study areas by species. Gold points (panel B) indicate goldeneye nestboxes (n = 20) at Maaninka. Blue points (panel C) represent eiders at

Bengtskar (n = 25) and on the three islands in Tvarminne (n = 14).
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2.2. Behavioural monitoring

We deployed data loggers equipped with a temperature thermistor,
triaxial accelerometer and magnetometer, enclosed within 3D printed
artificial eggs (Shaffer et al., 2014). The artificial eggs were designed to
match the natural size and shape of each species' eggs and were filled
with beeswax to match egg mass (eider: 100 g, goldeneye: 60 g). The
sensors recorded internal temperature (i.e., core egg temperature, every
1 s) and angular change (1-2°) across three axes (roll, pitch, yaw)
(Fig. S1). Egg orientation was estimated from accelerometer data
(gravity and three-axis motion) combined with magnetometer data
(Earth's magnetic field). Raw sensor data were stored on 4 GB microSD
cards during deployment. For most birds (except for one goldeneye and
one eider), the artificial egg was placed in the nest in the first half of
incubation to maximize recording duration (Table S1). Egg placement in
a nest was always done by one person. Conspecific brood parasitism is
common in both species (Poysa et al., 2001; Waldeck et al., 2004),
meaning that they accept eggs laid by other females in their nest. Nat-
ural clutch size averages 8.30 + 2.00 eggs (mean + SD) in goldeneye
(Milonoff et al., 2004) and 4.60 + 0.10 eggs (mean =+ SD) in eiders (Ost
et al., 2022), and the artificial eggs were added to existing clutches
(before adding the artificial egg: goldeneye: 10.0 + 3.50; eider: 4.40 +
1.20, mean + SD). Additionally, because the two species were sampled
in different years, we measured ambient temperature to assess potential
differences between fieldwork periods and for possible correlations with
egg turning and egg temperature. Ambient temperature was recorded
using iButton DS1921 loggers, placed beneath the nestboxes for gold-
eneyes (n = 17) and approximately 1 m from the nest for eiders (n = 27).

Due to logger battery failures (3 out of 20 in goldeneye; 5 out of 37 in
eider), or insufficient data due to early nest abandonment (4 eiders), the
number of useable behavioural recordings were lower than the number
of deployed devices. In total, we obtained egg-turning and temperature
data from 17 goldeneyes and 28 eiders (25 from Bengtskar; 3 from
Tvarminne), and Tables S2 and S3 show recorded nest attendance in
both species. Loggers’ data were trimmed by removing the first 2 h, the
last 30 min, and the period corresponding to blood sampling disturbance
to account for our time in the colony and the delay in female return to
the nest.

2.3. Egg logger processing

The raw data for each logger were first processed in MATLAB (The
MathWorks, Inc., 2020) using a purpose-built script developed by
Shaffer et al. (2014). In brief, the script combined accelerometer data
(gravity and motion) and magnetometer data (Earth's magnetic field) to
compute Euler angles, representing orientation as yaw (orientation
about the vertical axis), pitch (orientation about the lateral axis), and
roll (orientation about the longitudinal axis). From these Euler angles,
the shortest angular change between consecutive time points was
calculated, resulting in a single scalar value, representing the egg's total
rotation over each 1 s interval. These angular changes, along with cor-
responding temperature measurements, were extracted from the pro-
cessed data. Subsequent data cleaning, analysis, and plotting were
conducted in R (version 4.4.0; R Core Team, 2024). A turning event was
defined using a threshold of 10°— a turn started when the angular
change exceeded 10°, continued while it remained above this threshold,
and ended when it dropped below 10°. The next turn began the next
time the threshold was crossed. This allowed us to calculate the start,
end, duration, and angle change of each turning event as well as dura-
tion between consecutive turning events and the proportion of time the
egg was stationary across a given period (e.g., hour). Variables defined
as indicators of nest attendance included: hourly average egg-turning
frequency (the total number of turning events divided by the overall
recorded hours); hourly average egg temperature (mean egg tempera-
ture across all recorded hours), total daily egg-turning rates (total counts
of turns per recorded incubation day) and average daily egg temperature
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(averaged egg temperature per recorded incubation day).
2.4. Blood sampling

To minimize the risk of nest abandonment, we aimed to collect blood
samples during the late stage of incubation. However, due to fieldwork
logistics in Tvarminne, birds were sampled on the same occasion as the
deployment of the artificial egg. Consequently, one Tvarminne female
was sampled on the first day of incubation, and she unfortunately
abandoned the nest after ~3.4 days (Table S1).

Approximately 2-3 mL of blood was collected from the incubating
females from the brachial vein and transported on cold elements to a
field laboratory for centrifugation. Plasma was separated and stored in
individual Eppendorf tubes for PFAS and THs analyses, stored at —20 °C
during fieldwork, and transferred to —80 °C upon arrival to the Uni-
versity of Turku. Females were also measured for body mass (to the
nearest 1 g) and maximum wing length — from the bent carpal joint to
the tip of the longest primary feather (to the nearest 1 mm). Body
condition index was calculated as the standardized residuals from a
linear regression of log-transformed body mass as a function of log-
transformed wing length (Ost and Steele, 2010).

Blood samples for PFAS and hormone analyses were collected from a
total of 18 goldeneyes and 37 eiders (23 from Bengtskar and 14 from
Tvarminne). All sampled individuals (18 goldeneyes and 37 eiders) were
included in testing correlations between PFAS and THs. Among in-
dividuals for which both blood and behavioural data were available, the
final dataset included 15 goldeneyes and 26 eiders (23 from Bengtskar
and 3 from Tvarminne). The handling procedure was approved by the
Animal Experiment Board at the State Provincial Office of Southern
Finland and the Finnish Wildlife Agency under the permit numbers
ESAVI/15854/2022 and 2023-5-000-30296-4. Access to the Maa-
ninka nestboxes was provided by landowners, and access to the islands
were granted by Bengtskar Oy and Tvarminne Zoological Station.

2.5. Hatching success

For goldeneyes, we estimated hatching date in nests by egg flotation
during the blood sampling visit. Eggs were floated in lukewarm water
because buoyancy increases as incubation progresses (air cell enlarges
and egg density decreases). Incubation stage and time to hatching were
inferred from egg vertical position and floatation angle (Liebezeit et al.,
2007). Accordingly, we visited nestboxes on the expected hatching date,
and the number of ducklings per nest was counted. Hatching success was
calculated as the proportion of hatched eggs per the original clutch size.
For eiders with artificial eggs and with useable logger data, hatching
date was determined via egg floating for some nests (Bengtskar: n = 11;
Tvarminne: n = 3) during the blood sampling. In other eider nests
(Bengtskér: n = 12), the floatation test could not be performed due to
time constraints during the sampling. In these cases, when logger data
covered the end of incubation (n = 5), a sudden continuous drop in egg
temperature identified the end of incubation. When logger data did not
extend to the end of incubation, we estimated the initiation date of in-
cubation from lighthouse staff observation of newly initiated nests, and
hatching date was calculated accordingly. Laying date estimated via egg
floatation in eiders have been shown not to differ significantly from
those based on direct observation of actual laying (Kilpi and Lindstrom,
1997).

In Bengtskar, restricted access due to weather and boat schedule
prevented visits on the exact hatching date for most nests. Thus, nest
remains were collected, and the number of hatched eggs was estimated
by counting eggshell remains (Ost and Steele, 2010).

2.6. PFAS analysis

Plasma samples were transported on dry ice to the Norwegian Uni-
versity of Science and Technology (NTNU) for PFAS analyses. The PFAS
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extraction procedure followed a method described by Trimmel et al.
(2021) with minor modifications, as detailed in the Supplementary
Materials, section PFAS analysis. The solid-phase extraction (SPE) was
performed using Hybrid-SPE®-Phospholipid cartridges (Supelco, Bed
wt. 30 mg, 1 mL) and the eluate was analysed using ultraperformance
liquid chromatography tandem mass spectrometry (UPLC/MS/MS).
Standard reference material, reagent blanks, spiked samples and quality
control spike samples were included in each batch of samples. Recovery
tests and full method description can be found in the Supplementary
Materials, Section PFAS analysis. Table S4 shows the limits of detection
(LOD) and limits of quantification (LOQ) for the detected compounds.

A total of forty-one compounds were targeted in goldeneyes and
twenty-five compounds in eiders. The difference reflects an update to
the target compound list by the laboratory between the two analysis
years. For statistical analyses, we used the sum of all detected com-
pounds (}_PFAS) to represent total PFAS contamination, and com-
pounds detected in over 60% of samples are hereafter referred to as
major compounds. For major compounds, concentrations below the LOD
were replaced with % LOD (Antweiler and Taylor, 2008). Values be-
tween LOD and LOQ were retained as measured.

2.7. Thyroid hormone analysis

Total thyroxine (T4) and triiodothyronine (T3), the biologically
active form of T4 (Darras, 2022), were analysed at the University of
Turku and Abo Akademi University, Finland. The extraction protocol is
described by Ruuskanen et al. (2016), followed by a nano-LC/MS/MS
protocol of measurement (Hsu et al., 2022; Ruuskanen et al., 2018).
A3C15-T4 reference standard was used for recovery correction, while
13Ce-T3 and '3C¢-T4 served as internal standards for T3 and T4,
respectively. The LOD and the corresponding LOQ are shown in Table S5
(Ruuskanen et al., 2018).

2.8. Statistical analysis

We first compared nest attendance patterns (hourly egg-turning
frequency and hourly average egg temperature) between species using
unpaired two-sample Welch's t-test. This comparison provided insight
into potential species-specific differences in nest attendance that could
influence associations with PFAS and THs. Similarly, we compared
average hourly ambient temperatures recorded by the iButton temper-
ature loggers between the two species. We then examined the relation-
ships between ambient temperature and both egg-turning frequency and
egg temperature using simple linear regression models (LMs), to assess
whether ambient temperature could confound the observed associations
with nest attendance.

Separately for each species, we used daily nest attendance values per
individual to test whether egg-turning (counts per day), and egg tem-
perature (daily average) were significantly associated with incubation
stage (days since incubation onset). This step provided species-specific
insight into whether incubation stage had a systematic influence on
nest attendance and whether variation in the incubation period by the
loggers — resulting from differences in the number of days recorded —
should be considered in subsequent analyses of relationships between
nest attendance, PFAS, and THs. Model selection here and elsewhere,
were performed using the dredge function from the MuMIn package
(Barton, 2022) in R, which generates all possible subsets of models
including all variables of interest. Models were ranked by Akaike's In-
formation Criterion corrected for small sample size (AICc). When a
single model had clear support (AAICc >2 to the next-best model), that
top-ranked model was selected. When multiple models were similarly
supported (AAICc <2), we selected the most parsimonious model among
those within AAICc <2 of the top-ranked models (Symonds and Mous-
salli, 2011). We fitted generalized linear mixed models (GLMMs) with a
negative binomial distribution for turning counts per day, and linear
mixed models (LMMs) with a Gaussian distribution for daily
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temperature with female ID as random effect. We tested models with and
without a random slope for incubation stage within female ID, allowing
for individual-specific trajectories (Table S6). Model diagnostic of
GLMMs were performed using the DHARMa package (Hartig and Lohse,
2022).

We also quantified the proportion of variance in nest attendance
attributable to consistent inter-individual differences (after controlling
for incubation stage; Table S7). For that, we calculated repeatability
using the intra-class correlation coefficient (ICC), computed with the
package rptR (Stoffel et al., 2017). This allowed us to assess how much of
the possible correlations between average nest attendance and PFAS or
THs may reflect stable behavioural difference among females. Because
rptR package does not support negative binomial distributions, repeat-
ability was estimated on the latent (log-link) scale, assuming Poisson
variance (see Table S7 legend for further details). For interpretability,
we used qualitative categories for repeatability (r): low (<0.3), moder-
ate (0.3-0.5), and high (>0.5) (Bell et al., 2009).

In both species, daily egg temperature showed a strong link with
incubation stage. Because females differed in the number of days with
valid logger recordings (Table S2-S3), we controlled for the number of
valid recording days per female as a covariate in models relating PFAS
and THs to average hourly egg temperature. This variable accounted for
inter-individual differences in logger data coverage (recording dura-
tion), which could otherwise bias estimates of average egg temperature.

To evaluate whether a relationship between THs (as response) and
contamination with > PFAS (or separately, for individual major PFAS)
occurred, we compiled data from both species to build LMs. We checked
for PFAS associations with all THs: T3, T4 or T3:T4. Species differences
were accounted for by adding an interaction term between PFAS and
species. When this interaction was significant (p < 0.05), species-
specific PFAS associations were examined using estimated marginal
trends (emtrends) from estimated marginal means (EMMs) with the
emmeans package in R (Lenth et al., 2025). When the interaction was not
statistically significant but showed a trend (0.05 < p < 0.1), post hoc
analyses were conducted in an exploratory manner to aid interpretation
of potential species-specific patterns. Also, to test whether the associa-
tion between body condition and our response variables differed be-
tween species, we included an interaction term between species and
body condition during model selection. In addition, incubation stage
(days since incubation onset at the time of blood sampling) was included
as covariate (Table S8).

We used LMs to test the relationships between average nest atten-
dance (response variable)—average hourly turning frequency and
average hourly egg temperature— and PFAS contamination (total
S"PFAS and, separately, major individual compounds), as well as
circulating T3 or T4 (in separate candidate models). Species was
included as a fixed factor, along with a PFAS x species interaction term.
Clutch size (goldeneye: range = 5-16; eider: 3-5 eggs) and incubation
stage (days since incubation onset at the time of blood sampling) were
also included as covariates in model selection. In model selection for egg
temperature, we additionally included average egg-turning frequency as
a fixed effect, given the hypothesis that turning influences temperature
distribution during incubation. Further, because females differed in the
amount of valid logger data available— and we observed a significant
association between egg temperature and incubation stage (see
above)— we accounted for this by including recording duration (num-
ber of valid recording days per female) as a covariate in model selection
for egg temperature. Model diagnostics for LMs were performed using
base R diagnostic plots. Multicollinearity among predictors in the final
model was assessed using variance inflation factors (VIFs) with the car
package in R, with VIF<3 considered indicative of low collinearity (Zuur
et al., 2010). All explanatory variables in LMs were centred and scaled.
Table S8 shows all the selected models and table A1 shows the associ-
ated statistics.

Finally, we fitted a binomial GLM, to examine the association be-
tween hatching success and PFAS contamination. We tested PFAS
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association with hatching success by comparing models with and
without the potential contribution of egg temperature on hatching
success. DHARMa residual diagnostics indicated significant over-
dispersion, which was further confirmed by calculating the sum of
squared Pearson residuals divided by the residual degrees of freedom
(dispersion parameter ~3.1). To account for overdispersion, we refitted
the model using a quasibinomial error structure, which allows the
variance to be estimated from the data.

We ran multiple models— with Y PFAS and separately for each
major PFAS compound— to test the associations between PFAS, THs and
average nest attendance (response). Thereby, to minimize the risk of
Type I error, we adjusted the p-values of interaction terms (between
species and > PFAS or individual compounds) using the Benjami-
ni-Hochberg false discovery rate (FDR) correction (Benjamini and
Hochberg, 1995). We applied nonparametric bootstrapping with 5000
resamples to estimate the bias-corrected confidence intervals (CI) for
model coefficients of species-specific significant associations, to assess
the robustness of the direction and magnitude of the observed correla-
tions (Westfall and Young, 1993) (Table S9).

3. Results
3.1. Nest attendance across species

Egg-turning frequency did not differ across species (goldeneye: 0.99
h’l, eider: 0.92 h~! ; t=0.58, p = 0.57). In contrast, goldeneye females
maintained a significantly higher mean hourly egg temperature than
eiders (Fig. 2B, t = 2.51, p < 0.05). Average hourly ambient temperature
did not differ between species (goldeneye = 14.03 °C, eider = 12.3 °C; t
= 1.31, p > 0.05) and was not associated with egg-turning frequency in
either species (both p > 0.05). Ambient temperature was positively
correlated with egg temperature in goldeyes only (p < 0.05, Fig. S2).

3.2. Nest attendance in relation to incubation stage

In goldeneyes, incubation stage showed a weak association with
daily turning counts (non-significant in the model including random
slope), but it was strongly related to average daily egg temperature
(GLM; p < 0.001, Table S6). Model predictions indicated an increase of
~3°C from day 1 to day 30 of incubation. In eiders, incubation stage did
not correlate with daily turning counts, but it had a significant rela-
tionship with average daily egg temperature (GLM; p < 0.001, Table S6).
Model prediction indicated an increase of ~6.30 °C from day 1 to day 26
of incubation. These results justify our choice to include incubation
stage, in models linking average egg temperature with PFAS and T3.
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3.3. Nest attendance repeatability

After controlling for incubation stage, a high proportion of variance
was attributed to consistent among-female differences in goldeneyes for
both daily egg-turning (Table S7; ICC = 0.88, 95% CI = 0.73-0.93) and
daily egg temperature (ICC = 0.72, 95% CI = 0.51-0.83). Incubation
stage explained little overall variance in daily egg-turning (marginal R
= 0.002, conditional R? = 0.48), while accounting for a modest pro-
portion of variance in daily egg temperature (marginal R?> = 0.11,
conditional R? = 0.75). Similarly, in eiders, daily turning rates showed
moderate among-individual consistency (Table S7; ICC = 0.41, 95% CI
= 0.20-0.54), with negligible overall variance explained by incubation
day (marginal R? = 0.000, conditional R? = 0.090). Average daily egg
temperature in eiders exhibited lower among individual consistency
(ICC = 0.30, 95% CI = 0.14-0.45), while incubation day accounted for a
moderate proportion of total variance (Table S7; marginal R? = 0.14,
conditional R? = 0.40). Together with the results on nest attendance
across incubation days, these results indicate that egg-turning is pri-
marily structured by stable individual differences, whereas egg tem-
perature reflects both consistent among-female differences and temporal
changes across incubation.

3.4. PFAS and THs

A total of nine PFAS compounds were detected in the plasma of
goldeneyes (N = 18), of which four compounds were detected in over
60% of samples (major compounds): PFOS, PFUnA, PFNA, and PFDoDA.
In eiders (N = 37), fourteen PFAS compounds were detected with four
major compounds: PFOS, PFNA, PFHxS, and PFUnA. Major compounds,
ranked by mean detected concentration from highest to lowest, along
with T3 (goldeneyes:18, eiders:34) and T4 levels (goldeneyes:18, eiders;
35) are shown in Table 1.

At the interspecific level, T3 levels did not differ significantly be-
tween eiders and goldeneyes (Wilcoxon rank-sum test: W = 407, p =
0.052). Eiders had significantly higher T4 than goldeneyes (W = 447, p
= 0.012; Table 1). Species did not differ in T3:T4 from each other (p >
0.05). Linear models revealed no significant interactions between spe-
cies and ) PFAS or individual PFAS compounds in relation to THs after
p-value correction (all adjusted p > 0.05; Table Al).

3.5. Egg-turning, PFAS and THs

After adjusting for multiple comparisons, there was only weak evi-
dence for interactions between PFAS (3 PFAS, PFOS and PFUnA) and
species in relation to egg turning (all adjusted p = 0.077). Nevertheless,
exploratory analyses using estimated marginal trends suggested positive
correlations between ) PFAS, PFOS and PFUnA and egg-turning,
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Fig. 2. (A) Egg-turning frequency did not differ significantly between species. (B) Female goldeneyes (N = 17) maintained higher hourly average egg temperature
(°C) than female eiders (N = 28). Dots represent goldeneye data and triangles represent eider data.
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Table 1

Sum of all PFAS compounds detected in at least one sample (3 _PFAS: 9 com-
pounds in goldeneyes,14 compounds in eiders), and individual major PFAS
compounds detected in more than 60% of samples. Also shown are T3 and T4
concentrations in common goldeneye (N = 18) and in common eider (PFAS: N =
37, T3: N = 34, T4: N = 35).

Species PFAS (ng/g plasma); THs (pg/ range mean + SD
ub
Common >"9 PFAS 2.56- 17.4 +£13.2
goldeneye 45.1
PFOS 0.54- 7.83 £ 6.28
20.9
PFUnA 0.04- 4.26 £+ 4.50
16.9
PFNA 0.22- 2.70 +2.83
12.3
PFDoDA 0.02- 0.73 £ 0.60
1.96
T4 10.1- 23.2 +£10.7
51.8
T3 0.47- 1.66 + 1.43
6.33
Common eider >"14 PFAS 2.94- 16.2 + 8.67
32.3
PFOS 0.45- 6.82 + 3.70
14.6
PFNA 0.22- 4.80 £+ 3.60
13.7
PFHxS 0.22- 1.86 £ 1.11
4.80
PFUnA 0.04- 0.67 + 0.62
2.05
T4 13.9- 32.1 £13.2
63.8
T3 0.36- 217 £1.21
4.60

observed only in the goldeneye (Table Al; Fig. 3A). The PFUnA slope
was less robust (Fig. 3B), as the 95% bootstrap percentile confidence
interval included zero (Table S9), indicating weaker evidence for a
positive association between PFUnA and goldeneye egg-turning
compared with ) PFAS and PFOS.

3.6. Egg temperature, PFAS, and hatching success

Following adjustment for multiple comparisons, the > PFAS x spe-
cies interaction was not significant in relation to egg temperature
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(Table Al; adjusted p = 0.172), despite visually apparent opposite
trends between species (Fig. 4A). However, a significant PFOS x species
interaction existed (adjusted p < 0.05; Table Al). Post hoc analyses
using emtrends showed that in eiders, higher PFOS concentrations were
significantly associated with lower average egg temperature (Fig. 4B; p
< 0.001), whereas in goldeneyes, the slope estimate was numerically
negative, but not statistically different from zero (Fig. 4B; p > 0.05). The
GLM for hatching success, using a quasibinomial error structure to ac-
count for over dispersion, did not detect any significant association
between hatching success and PFAS contamination. Excluding PFAS
from the model, average egg temperature was positively associated with
hatching success across the combined dataset (p < 0.05; Table Al;
Fig. S3).

4. Discussion
4.1. Species differences in nest attendance

The relatively low egg-turning frequencies in our study species
(goldeneye: 0.990 h™!, eider: 0.920 h™!) align with the predictions for
precocial species with long incubation period and low egg albumin
content. In such species, embryos rely more heavily on yolk resources,
making them less dependent on frequent egg-turning (Deeming, 2009).
Using the same type of loggers, higher egg-turning frequencies have
been reported in several seabird species with less precocial develop-
mental modes, including approximately 2 h™! in Cassin's auklet (Pty-
choramphus aleuticus; Kelsey et al.,, 2016), Western gull (Larus
occidentalis) and Laysan albatrosses (Phoebastria immutabilis; Shaffer
et al., 2014) and 3.08 h~! in Forster's tern (Sterna forsteri; Taylor et al.,
2018). Polar petrel species with long development times have lower
turning rates of ~1.3 h-1 (Shaffer et al., 2021), suggesting phylogenetics
and environment have a significant effect on egg attendance patterns.

Differences in mean egg-temperature between the two study species
may reflect their different breeding strategies. Income-breeding gold-
eneyes require frequent incubation recesses to forage, and the thermal
buffering of nestboxes likely minimizes the cooling associated with these
absences. In contrast, capital-breeding eiders undergo prolonged fasting
throughout incubation, and several studies suggest that extended food
deprivation can induce a down-regulation of body temperature in birds.
This fasting-related reduction in body temperature may, in turn, influ-
ence egg temperature. However, evidence for fasting-induced hypo-
thermia is limited in waterfowl and most empirical support comes from
studies on smaller birds (McKechnie and Lovegrove, 2002; Laurila et al.,
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Fig. 3. (A) Exploratory analysis using estimated marginal trends suggested species-specific relationships between > PFAS concentrations and average hourly egg-
turning frequency. A positive association was observed in goldeneye females (post hoc slope p < 0.01), whereas no meaningful association was detected in ei-
ders. Points and triangles represent goldeneye and eider data, respectively. Lines and shaded areas show species-specific linear regressions (light brown for gold-
eneyes, light blue for eiders) and 95% confidence intervals. PFAS values were scaled. (B) Exploratory analyses suggested that among major individual PFAS detected
in both species, PFOS had a positive association with egg-turning frequency in goldeneyes (post hoc slope p < 0.01). The PFUnA regression slope is dashed because its
95% bootstrap confidence interval included zero. Darker colors indicate higher compound concentrations (brown gradient for goldeneyes, blue gradient for eiders).

The dotted black line represents a slope of zero (no association).
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Fig. 4. (A) Exploratory visualization of species-specific relationships between ) PFAS concentrations and average hourly egg temperature. Points and triangles
represent goldeneye and eider data, respectively. Lines show species-specific linear regressions with shaded 95% confidence intervals (light brown for goldeneyes,
light blue for eiders). PFAS concentrations were scaled. (B) Among major individual PFAS, detected in both species, the PFOS x species interaction was significant,
indicating that the relationship between PFOS and egg temperature differed between species. Post hoc comparison showed a significant negative relationship be-
tween PFOS and average hourly egg temperature in eiders. Dotted black line represents zero (no association), and compounds with higher concentrations are shown

in darker colors (brown gradient for goldeneyes, blue gradient for eiders).

2005). Nonetheless, facultative hypothermia has been documented in
some larger species under energetic constraints; for example, barnacle
geese (Branta leucopsis) reduce body temperature during autumn
migration to slow down rates of fat depletion (Butler and Woakes,
2001). Thus, more research is needed to explore whether a similar
energy-conserving mechanism might operate in fasting eiders during
incubation. A potential limitation of our study is that the two species
were sampled in different years. However, average ambient temperature
did not differ between study periods, suggesting that differences in
ambient temperature are unlikely to explain the observed
species-specific differences in egg temperature.

Parental investment theory predicts higher investment as the value
of the current brood rises, as is the case with advancing incubation (e.g.,
Verboven and Tinbergen, 2002; Ackerman and Eadie, 2003). For
instance, female eiders are less likely to desert a nest with late-stage
embryos (Bourgeon et al., 2006). In our data, however, we observed
that goldeneye daily turning counts showed a weak association (yet
significant) with incubation stage, whereas no association existed in
eiders (Table S6). This suggests that egg-turning may be less tightly
linked to systematic temporal parental investment than other compo-
nents of incubation behaviour. At the same time, goldeneyes exhibited
high repeatability in egg-turning, indicating that turning behaviour is
strongly influenced by stable individual differences. In contrast, eiders
showed only moderate egg-turning repeatability (ICC = 0.41), sug-
gesting  among-individual  consistency alongside  substantial
within-individual variation. This is consistent with previous findings,
showing that the duration of incubation recesses is unrelated to incu-
bation stage in female eiders (Bolduc and Guillemette, 2003), and with
recent camera-trap evidence that eider recess patterns are strongly
shaped by site-specific predation risk and diel activity (Ilvonen, 2025).
Thus, in goldeneyes where egg-turning appears to be a highly consistent
individual trait, associations with individual-level PFAS contaminations
are more likely to be detectable. In eiders, greater within-individual
variability in turning behaviour may obscure minimal PFAS associa-
tions with egg-turning.

4.2. Nest attendance and PFAS contamination

Before discussing PFAS-nest attendance associations, we briefly
compare the PFAS concentrations in our study with those reported for
other waterbirds. Plasma PFAS concentrations in the current study were
within the range reported for other waterbirds and seabirds in northern
regions (Sun et al., 2023). For instance, PFOS levels in goldeneyes (7.83
+ 6.28 ng/g plasma, mean =+ SD) and eiders (6.82 + 3.70 ng/g plasma,

mean + SD) were comparable to those reported in black-legged kitti-
wakes from Svalbard (mean 7.32 ng/mL in plasma; Ask et al., 2021),
noticing that ng/g and ng/mL are approximately comparable for
plasma.

The suggestive positive association between egg-turning and PFAS in
goldeneyes, based on exploratory analyses, aligns with findings by
Blevin et al. (2020), who reported positive relationships between PFOS
and PFCAs and egg-turning in black-legged kittiwakes, an
income-breeding seabird. In our study, PFOS was the dominant PFAS in
both goldeneyes and eiders, and although the PFAS x species in-
teractions were not statistically significant (3 _PFAS x species and PFOS
% species, adjusted p = 0.077), exploratory post hoc analyses suggested
a potential positive relationship between 3 PFAS, PFOS, and
egg-turning in goldeneyes. This trend may reflect behavioural responses
to PFAS-associated stress, although this interpretation remains specu-
lative. For instance, if PFAS exposure is associated with physiological
stress that shortens female incubation bouts, she may turn eggs more
frequently to compensate for reduced time spent on the eggs. Blevin
et al. (2020) also suggested a potential link between PFAS and prolactin
stimulation, which could be related to higher egg-turning. In our study,
we found no significant associations between PFAS concentrations and
THs. The physiological mechanisms underlying PFAS—egg-turning as-
sociations warrant further investigation.

Higher PFOS concentrations in our study were significantly associ-
ated with lower average egg temperature, only in eiders. Notably, egg-
turning was positively associated with egg temperature in eiders
(Fig. S4), yet the PFAS-egg-turning relationships in eiders were not
statistically significant (despite a numerically positive slope). This sug-
gests that the negative PFOS-egg temperature association is unlikely to
be attributable to reduced egg-turning and may instead reflect other
incubation behaviours or PFAS-related links with thermoregulation in
fasting females. Importantly, ambient temperature was not significantly
associated with egg temperature in eiders (Fig. S2), suggesting that the
observed PFOS-egg temperature correlation is unlikely to be confounded
by ambient temperature. One possibility is that goldeneye eggs maintain
a higher baseline temperature, providing a larger buffer against PFAS-
related temperature drop, whereas in eiders, lower baseline egg tem-
perature makes them more sensitive to small changes associated with
PFAS. Supporting this idea, an experiment on wood duck (Aix sponsa)
has shown that even small differences in incubation temperature (<1 °C)
can influence stress responsiveness in hatchlings (DuRant, 2011). This
suggests that baseline differences in egg temperature across species may
underline species-specific sensitivity to PFAS. Because egg temperature
is a key determinant of embryonic development, even slight but
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prolonged reductions may influence incubation outcomes. Therefore,
lower egg temperature associated with higher PFOS concentrations
could have downstream consequences for embryo development,
although this would need to be tested experimentally.

Eiders showed substantially lower repeatability in egg temperature
(ICC =0.30), with incubation stage contributing a relatively larger share
of the observed variance (Marginal R? = 0.14). Lower repeatability and
stronger variation in egg temperatures in common eiders may reflect the
greater sensitivity of ground nests to fluctuating nest microclimates. In
common eiders, nest shelter can improve thermal conditions and reduce
incubation costs, whereas exposed nests experience greater heat loss and
faster mass loss during incubation (D'Alba et al., 2011). Such environ-
mentally driven variation, partly outside the female's control, could
increase temporal variability in egg temperature and potentially make
any relationship with PFAS easier to detect if PFAS exposure is associ-
ated with reduced capacity to buffer eggs against thermal challenges.

The negative PFOS-egg temperature association in eiders was partly
complicated by the positive relationship between PFOS concentration
and recording duration (Fig. S5). Because recording duration is associ-
ated with the incubation stage covered by the logger data, it may partly
reflect breeding phenology. In Baltic common eiders, breeding
phenology is linked to state-dependent shifts in the relative use of stored
versus locally acquired resources (e.g., early-breeding heavy females
relying more on stored reserves and shifting toward local resources later
in the season (Jaatinen et al., 2016), which could in turn generate
phenology-related differences in contaminant exposure or the
geographic origin of exposure (wintering vs breeding grounds). Impor-
tantly, however, the negative PFOS-egg temperature association per-
sisted after controlling for recording duration, suggesting that uneven
sampling duration is unlikely to fully account for the observed rela-
tionship. Future studies could explicitly account for individual breeding
phenology and use tracers of resource origin alongside direct measure-
ments of incubation recess behaviour to separate phenology-related
exposure differences from behavioural versus physiological effects on
egg temperature.

4.3. Circulating thyroid hormones in relation to PFAS and nest
attendance

Eiders exhibited higher circulating T4 levels than goldeneyes, while
T3 levels were slightly higher but did not differ significantly between
species. We found no significant species differences in the relationship
between PFAS and either T4 or T3. Similarly, neither T3 nor T4
appeared to influence nest attendance in our dataset. Consequently, we
cannot infer that PFAS associations with nest attendance reflect varia-
tion in thyroid hormone levels. Overall, evidence for PFAS and THs re-
lationships in birds is mixed: positive associations have been found
between 1inPFOS and C9-C14-PFCA and T4 and T3 in kittiwakes (Ask
et al.,, 2021), as well as between several PFAS and T3 in great
black-backed gulls (Sebastiano et al., 2021). In contrast, studies on
herring gull chicks (Larus argentatus) reported inconsistent associations
for perfluorodecanoic acid (PFDA), PFDoDA, and PFTeDA (Sebastiano
et al., 2023), while a negative relationship between PFHxXDA and T3:T4
has been documented in peregrine falcon nestlings (Sun et al., 2021).
Given these inconsistencies across species and compounds, controlled
experimental studies are needed to clarify how PFAS exposure in-
fluences thyroid function and its potential links with nest attendance in
birds.

4.4. Hatching success and PFAS

No significant association was found between PFAS and hatching
success. Overall, the literature on PFAS effects on hatching success re-
mains inconsistent. For instance, PFOS concentrations in eggs were
significantly associated with lower hatching success in tree swallow
(Tachycineta bicolor) (Custer et al., 2014), while experimental exposure
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to a mixture of PFOS:PFHxS via drinking water increased hatchability in
Northern bobwhite (Colinus virginianus) (Dennis et al., 2020). No sig-
nificant PFAS-hatching success associations were observed in great tits
(Parus major) or blue tits (Cyanistes caeruleus) (Groffen et al., 2024), nor
in another study on tree swallow (Tachycineta bicolor) (Custer et al.,
2019). It is also important to acknowledge the challenges in comparing
field results with experimental studies. In wild birds, potential PFAS
associations with reproductive output should be considered not only in
the context of biological variation, but also relative to other environ-
mental stressors, concurrent chemical exposures, and potential adapta-
tion to pollution (Custer, 2021).

We acknowledge that the hatching-success model may have limited
statistical power to detect subtle correlations with PFAS concentrations.
In addition, hatching success estimates for some birds at Bengtskar may
have higher uncertainty (see methods), which could further reduce our
ability to detect such associations. Other environmental stressors may
mask any potential effect of PFAS on hatching success. For instance, high
nest predation risk in Tvarminne eiders (Ost et al., 2022), and conspe-
cific brood parasitism—prevalent in dense eider colonies (Waldeck
et al., 2004), such as Bengtskar (230 nests/ha in 2023) and also common
in our goldeneye population (Vakili et al., 2025)—can strongly influence
hatchability and may obscure any PFAS- hatching success association.
Our limitations to control for these factors and the inconsistencies in
PFAS-hatching success literature, highlight the need for experimental
studies that can directly test the effects of PFAS and evaluate underlying
mechanisms, including potential endocrine disruption.

5. Conclusion

This study provided insights into the relationship between PFAS
contamination and nest attendance in waterfowl species with different
breeding strategies. Our results suggested some species differences in
nest attendance, which may contribute to the observed species-specific
patterns in PFAS associations, particularly in relation to egg tempera-
ture. We found no evidence that thyroid hormone levels were related to
the observed associations between PFAS and nest attendance.

Given the correlative nature of this study, and the potential for
limited power and unmeasured ecological drivers to obscure effects, we
refrain from drawing conclusion on PFAS mechanisms of action in
relation with nest attendance. Therefore, future experimental studies
using avian models could enhance our understanding of PFAS in-
teractions with THs, and their potential consequences for nest atten-
dance and egg hatchability. Such studies would also allow embryonic
stages to be controlled for when testing how PFAS exposure is associated
with incubation behaviour.
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Table Al

Statistical summary of the selected models. When no significant association was found between the response variable and PFAS (neither > PFAS nor individual
compounds), the model with the lowest AICc is presented. For example, for THs, the model including T4 as the response variable and PFNA and its interaction with
species (PFNA X species; i.e., including main effects of PENA and species, and their interaction term PFNA:species) as explanatory variables provided the best fit,
although the PFNA x species interaction was not significant. Post hoc analyses were conducted using estimated marginal trends for significant Y PFAS (or major PFAS)
x species interactions, and were also explored for marginal interaction trends (0.05 <p < 0.1). P values are adjusted for multiple testing using false discovery rate
(FDR) control (Benjamini and Hochberg, 1995). All independent variables are centred and scaled. An asterisk (*) indicates that the bootstrapped 95% confidence
interval did not include zero.

Response Independent variables Estimate+ Test statistic EMMs
SE
T4 (pg/pD) ~ PFNA! x species? 8.14+3.86 t=210,p= _
+Body condition® x species 19.70 + 0.16
+ Incubation stage* 5.02 t=3.92,p<
5.69 + 2.30 0.001
t=247,p=
0.018
Hourly average egg-turning frequency =~ ~ ) PFAS x species 0.19 + 0.10 t=1.96,p= Goldeneye~3 PFAS: 0.26 + 0.08 (Estimate + SE); t = 3.44, p
™ 0.077 =0.002*
~ PFOS X species 0.21 £+ 0.10 t=211,p= Goldeneye ~ PFOS:
0.077 0.24 + 0.08 (Estimate + SE); t = 3.14, p = 0.003*
~ PFUnA x species 0.23 +0.10 t=220,p= Goldeneye ~ PFUnA:
0.077 0.25 + 0.08 (Estimate + SE); t = 3.14, p = 0.003
Hourly average egg temperature (°C) ~ PFOS x species 0.42 £+ 0.14 t=293,p= Eider ~ PFOS:
+ Average hourly egg-turning 0.97 + 0.36 0.024 —0.44 £ 0.12 (Estimate + SE); t = —3.75, p < 0.001*
frequency t=275p=
0.009
Hatching success (proportion ~ Average hourly egg temperature ~ 0.27 + 0.11 t=240,p= _
hatched) 0.021

1 PFAS concentrations are in ng/g plasma.

2 species: goldeneye and eider.

3 Body condition: The standardized residuals from a linear regression of natural log-transformed body mass (g) as a function of natural log-transformed wing length
(mm).

4 days since incubation onset.
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