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A B S T R A C T

Pelagic seabirds are one of the most threatened bird groups globally. Attraction to, and disorientation by, arti
ficial light at night (ALAN) is a key factor reducing survival of nocturnal, burrow nesting seabird species. To 
investigate whether Leach's storm-petrel (Hydrobates leucorhous) nestlings and juveniles stranded due to ALAN 
could be differentiated using biogeochemical markers, we compared ten trace element concentrations (As, Cd, 
Co, Cu, Hg, Mn, Pb, Tl, V, Zn) and two stable isotope values (δ13C and δ15N) in juvenile feathers. We expected 
stranded juveniles to have different trace element concentrations from those sampled in the nest, and dietary 
indicators in the same feathers (δ13C and δ15N) to differ between groups. We found that offshore stranded ju
veniles had higher trace element concentrations than inshore stranded juveniles and nestlings while concen
trations for nestlings and inshore stranded juveniles were more similar. Both stable isotope values were higher in 
nestlings than in stranded juveniles, with δ13C being similar between inshore and offshore stranded birds, while 
δ15N was lower in offshore compared to inshore stranded juveniles. Our study shows that inshore and offshore 
stranded juveniles have distinctly different biogeochemical markers, raising questions about differences in the 
mechanisms underlying the likelihood of stranding at inshore and offshore locations.

1. Introduction

Seabirds are globally important species that facilitate nutrient flows 
between marine and terrestrial ecosystems (e.g., Duda et al., 2020; 
Grant et al., 2022) and establish linkages among the world's oceans 
(Signa et al., 2021). As such, seabirds are considered sentinels of marine 
environmental health (Furness and Camphuysen, 1997; Hazen et al., 
2019; Sydeman et al., 2021). However, their occupancy of the aerial, 
terrestrial, and marine domains means they are highly susceptible to 

threats originating from each. Seabirds face a range of threats, which 
have led to population decreases (Dias et al., 2019) and designation as 
one of the most threatened groups of birds on Earth (Croxall et al., 2012; 
Dias et al., 2019). Their vulnerability to environmental threats is in part 
due to their life-history strategies: long lives, late age at maturity, and 
low annual fecundity (Young and Ballance, 2023). Both adult and ju
venile survival rates are demographically important, and sudden 
changes in survivorship or reproductive output can cause sharp popu
lation changes (Allen et al., 2022).
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At-sea mortality is an important factor that affects both adult and 
juvenile survival rates (Dias et al., 2019; Rodríguez et al., 2019). Bird
Life International identifies fisheries bycatch, invasive species, and 
climate change as the three major drivers of seabird mortality (BirdLife 
International, 2025). Additional sources of at-sea mortality include food 
resource limitations (Camphuysen et al., 1999), storms (Clairbaux et al., 
2021), and pollution, including exposure to contaminants and toxins, 
like those from oil spills (Troisi et al., 2016), algal blooms, pesticides, 
and other anthropogenic inputs (e.g., trace elements; Costa et al., 2021). 
Light pollution, and in particular, artificial light at night (ALAN) is an 
increasing threat to seabirds (Collins et al., 2022; Gaston et al., 2021; 
Miles et al., 2010; Montevecchi et al., 2006). In fact, it is now recognised 
as a major global change issue (Davies and Smyth, 2018).

Contaminants, including some trace elements, are a growing threat 
to seabirds (Rauch and Pacyna, 2009; Sen and Peucker-Ehrenbrink, 
2012). Trace element concentrations may vary depending on prey se
lection (Correia et al., 2023), trophic level (Binkowski et al., 2024; 
Linhares et al., 2024), or spatial distribution (Cherel et al., 2018; Vainio 
et al., 2020). Through dietary uptake, trace element concentrations 
bioaccumulate in seabird tissues (Vizuete et al., 2019). Egg-producing 
females offload their hepatic contaminant burden into developing eggs 
(via maternal transfer during vitellogenesis; Ackerman et al., 2016). 
Moreover, chicks can bioaccumulate additional contaminants during the 
nestling period from their food. Parents may differ in foraging location 
or prey selection (Hedd et al., 2018; Hedd and Montevecchi, 2006) 
which can lead to differences in total body burden or composition of 
trace elements in juveniles (Bryan et al., 2012; Carravieri et al., 2020).

Procellariiformes are disproportionally attracted to and affected by 
ALAN (Dias et al., 2019; Rodríguez et al., 2019; Rodríguez et al., 2017). 
Several mass-mortality events have been documented involving shear
waters, petrels, and storm-petrels that were attracted to ALAN from 
ships, oil platforms, and other at-sea infrastructure, as well as industrial 
sites in coastal areas (Gjerdrum et al., 2021; Reed et al., 1985; Rodríguez 
et al., 2019; Rodríguez et al., 2017; Wilhelm et al., 2021). Fledgling 
seabirds are especially drawn to, disoriented by, and killed as a result of 
ALAN (Brown et al., 2024; Le Corre et al., 2002; Marques et al., 2014; 
Rodríguez and Rodríguez, 2009; Ronconi et al., 2015). Understanding 
which groups of birds (e.g. from specific colonies, or particular life- 
history stages or age classes) are most susceptible to stranding is 
important for the development of effective protection measures. 
Biogeochemical markers such as trace element concentrations and stable 
isotope values can be used to differentiate groups of birds, for example, 
by comparing stranded individuals with non-stranded individuals 
(Lavers et al., 2013; Óvári et al., 2018).

Leach's storm-petrels (Hydrobates leucorhous) are an abundant and 
widely distributed seabird species (Pollet et al., 2021). It is the most 
common species stranded at offshore oil and gas platforms and on 
seismic vessels in eastern Canada (Baillie et al., 2005; Gjerdrum et al., 
2021). Leach's storm-petrels are small (mean body mass 45 g; Pollet 
et al., 2021), pelagic seabirds inhabiting large portions of the Atlantic 
and Pacific Oceans (BirdLife International, 2018a). Over 90% of the 
north Atlantic population breeds along the east coast of Canada (BirdLife 
International, 2018a; COSEWIC, 2020). Leach's storm-petrels are listed 
as Vulnerable globally (BirdLife International, 2018b) and the Atlantic 
population is assessed as Threatened in Canada (COSEWIC, 2020), due to 
extensive population declines across their Atlantic range. ALAN is a 
known threat to Leach's storm-petrels (Pollet et al., 2023), especially for 
fledgling birds (Gjerdrum et al., 2021; Wilhelm et al., 2021), and even a 
partial reduction in ALAN can significantly reduce stranding (Burt et al., 
2024). Understanding the factors that lead to mortality as a result of 
ALAN is identified as a key area in need of research (Pollet et al., 2021) 
for the development of effective conservation measures (Gilmour et al., 
2023).

Our knowledge of why fledgling Leach's storm-petrels are highly 
susceptible to ALAN is limited as systematic studies into the magnitude 
of stranding events or the relationship between light source 

characteristics (e.g., intensity, spectrum) are rare (Medina-Franco et al., 
2025). However, four non-exclusive hypotheses have been proposed as 
to why fledglings are particularly sensitive to ALAN (sensu Gilmour 
et al., 2023), two of which are related to food cues: first, fledglings 
might confuse artificial lights for bioluminescent prey (Imber, 1975); 
second, fledglings associate light with food as their parents emerge from 
the burrow entrance (Rodríguez et al., 2017). The third hypothesis is 
related to navigation, suggesting that artificial light overrides natural 
visual cues like moonlight (Telfer et al., 1987). The fourth suggests that 
undeveloped visual systems, coupled with behavioural inexperience at 
fledging might increase a juvenile's susceptibility to “fallout” (i.e., 
stranding; Atchoi et al., 2020). Although these hypotheses are not 
mutually exclusive, the latter suggests a developmental link that could 
be exacerbated by differences in nestling diet which may be identified 
through differences in composition of trace element concentrations and 
stable isotope values.

Here, we compared trace element concentrations [Arsenic (As), 
Cadmium (Cd), Cobalt (Co), Copper (Cu), Mercury (Hg), Manganese 
(Mn), Lead (Pb), Thallium (Tl), Vanadium (V), Zinc (Zn)] in fully-grown, 
juvenile feathers of Leach's storm-petrels sampled in the nest (i.e., nes
tlings) to those from first-year immatures (i.e., juveniles) stranded at 
artificially illuminated onshore (e.g., fish processing and hydroelectric 
plants) and offshore industrial sites (e.g., oil platforms). The overall aim 
of this study was to explore whether feather biogeochemical markers 
differed between nestlings and stranded juveniles. The colonies sampled 
for this study represent over 80% of the Atlantic Canadian breeding 
population, and close to 75% of the north Atlantic population 
(COSEWIC, 2020), and as such we treat them as a representation of the 
whole pool of nestlings that stranded juveniles originate from. A 
meaningful separation might then indicate a significant effect of the 
nestling period on stranding susceptibility (e.g., through dietary differ
ences, which may carry-over into the fledgling period; Lamb et al., 
2016). Conversely, a lack of separation between the groups may sug
gest that stranding susceptibility is driven by other factors, such as 
colony-of-origin, or post-fledging conditions. Ultimately, our study 
forms an important basis for further research into the causes of ALAN- 
driven stranding susceptibility of juvenile Leach's storm-petrels.Since 
diet is an important route of exposure to trace elements (Monteiro 
et al., 1998; Roman et al., 2023; Scheuhammer, 1996), we expected 
that differences in trace element concentrations among groups would be 
reflected in dietary differences. As seabird trophic position and foraging 
habitat (i.e., inshore vs. offshore) are linked to δ15N and δ13C, respec
tively (Hedd and Montevecchi, 2006; Hobson et al., 1994), we expected 
to find correlations between stable isotope values and trace element 
concentrations in feathers grown in the nest (Elliott, 2005). Correlations 
between diet (inferred from δ13C and δ15N) and trace elements may be 
difficult to interpret due to complexities in tissue- and metal-specific 
accumulation (Kim et al., 1998), growth dilution effects (Karimi et al., 
2007), and excretion of contaminants into feathers (Ackerman et al., 
2011). Nevertheless, our results should indicate whether differences in 
trace element burdens between nestlings and stranded birds are likely to 
be dietary in nature.

2. Materials and methods

2.1. Sampling protocol

In 2018, 2020 and 2021, we sampled both fully grown, fourth sec
ondary (hereafter S4) juvenile feathers from nestling Leach's storm- 
petrels (one from each wing) at five eastern Canadian colonies 
(Fig. 1). These five colonies constitute 82.6% of the Atlantic Canadian 
breeding population (COSEWIC, 2020; Table 1). We recovered carcasses 
of stranded fledged juveniles from seven inshore and four offshore sites 
throughout eastern Canada between 2018 and 2021 (Fig. 1; Table 2; see 
also Gjerdrum et al., 2021; Wilhelm et al., 2021 for context of strandings 
in this region). Inshore sites are either onshore buildings or placed 
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within bays and surrounded by landmasses, while offshore sites are 
placed in the open ocean (Fig. 1). Stranded birds were aged by the 
coloration of their plumage (first-year immatures are slaty-back 

compared to the brown colour of adults) and shape of the primary 
wing tips (first-year immatures have pointed tips while the primaries of 
adults are rounded; Pyle et al., 2008). Only juveniles (i.e., first-year 
immatures) were used in this study. As with the nestlings, we 
collected both S4 feathers from all stranded juveniles. Carcasses were 
collected in September or October, during the fledging period and prior 
to preformative moult (Pollet et al., 2021). The first moulting cycle 
begins in November of their second year, and all primaries and sec
ondaries grown during their first year (the hatch year) are kept until 
then (Pyle et al., 2008). Therefore, all feathers included in the study 
were juvenile feathers and represented the trace element accumulation 
and dietary uptake from the nestling period.

While stable isotopes and trace elements often reflect fundamentally 
different integration periods (Bond, 2010), the assumption made here is 
that juvenile feathers will have minimal maternal influence (i.e., 
through the egg; Ackerman et al., 2016) and therefore represent the diet 
and contaminant acquisition over a similar window. Indeed, the rela
tionship between maternal Hg concentration and chick concentrations is 
strongest in early development (3 days post hatch) and all but disap
pears by age 10 days (Bertram et al., 2025). Maternal transfer appears 
only in down, while feathers are formed entirely from exogenous nu
trients (Monteiro and Furness, 2001). Furthermore, wing feather growth 
is highly correlated with nestling age in storm-petrels (e.g., Ausems 
et al., 2020; Pollet et al., 2021; Quillfeldt and Peter, 2000), and there
fore the S4s collected from all juveniles represent a similar growth 
period.

One full feather from each individual was used for trace element 
analysis and the other was used for stable isotope analysis. The selection 
of which feather (left or right) was used for trace element or stable 
isotope analysis was randomised, as the person carrying out the pre- 
processing did not know how to distinguish them. Only the distal end 
of the feather was used for stable isotopes analysis, precisely cut to 
weigh between 1.5 and 2.5 mg. The remaining part was retained for 
future studies. All feathers were cleaned in a 2:1 solution of chloroform 
and methanol, then rinsed three times with deionised water to remove 
external contamination (Bearhop et al., 2000a; Bond and Diamond, 
2009; Paritte and Kelly, 2009). The feathers were then dried overnight 
at room temperature. During the cleaning process, feathers were 
handled with powder-free gloves and stored in glass jars between 
cleaning steps. Before shipping to the samples to the laboratory carrying 
out the trace element analyses, they were transferred to metal-free, 
paper envelopes. The remaining part of the feather not used for stable 
isotope analysis is stored in similar envelopes for potential future use.

Fig. 1. Map of the study colonies of juvenile Leach's storm-petrels (Hydrobates leucorhous) (purple dots) and the inshore (green triangles) and offshore stranding 
locations (yellow squares). Map created in R version 4.5.3. (R Core Team, 2026). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)

Table 1 
Number of juvenile Leach's storm-petrels (Hydrobates leucorhous) sampled at 
breeding colonies and the corresponding population sizes. Sample sizes (n) are 
given as the total number of individuals sampled across the years indicated. 
Population sizes from the references listed are given as the number of breeding 
individuals with the 95% confidence interval (CI) in brackets. See also Fig. 1.

Colony n Year Population size 
(95% CI)

Reference

Baccalieu 
Island

30 2021 3,858,181 
(3,272,280; 
4,523,623)

Iles et al., 2025

Country Island 66 2020–2021 72,614  
(37,432; 54,444)

Iles et al., 2025

Gull Island 61 2018; 
2020–2021

577,080  
(197,188; 
478,486)

Iles et al., 2025

Kent Island 61 2020–2021 43,286  
(33,886; 52,686)

d’Entremon et al., 
2020

Middle Lawn 
Island

30 2021 21,580  
(14,280; 28,882)

Iles et al., 2025

Table 2 
Stranding locations and samples sizes of Leach's storm-petrel juveniles (Hydro
bates leucorhous). Sample sizes (n) reflect all stranded Leach's storm-petrel ju
veniles, with the year column indicating the years in which stranded juveniles 
were found. All strandings were from the eastern portion of the Island of 
Newfoundland and adjacent waters: each stranding location was classed as 
either Inshore (n = 159) or Offshore (n = 47) (Fig. 1).

Group Stranding location n Year(s)

Offshore HYSY760 Seismic vessel 21 2018–2019
Offshore Hebron Production Platform 4 2018–2019; 

2021
Offshore SeaRose Oil and Gas FPSO 18 2020–2021
Offshore Transocean Barents Drill Rig 4 2020

Inshore Witless Bay Fish Plant 2 2021
Holyrood Valero Tank Farm 65 2018–2019; 

2021
Holyrood Hydro Power Plant 36 2020–2021
Soldiers Pond Converter Station 15 2018
Terra Nova FPSO anchored in Conception 
Bay

3 2020

Bay de Verde Fish Plant 38 2020–2021
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2.2. Trace element analysis

Feather samples for trace element analysis were individually 
weighed and placed into precleaned PTFE (i.e., Teflon™) vials. One mL 
of Super Pure (Romil-SpA™) nitric acid and approximately one mL of 
deionised water were added to the samples. Appropriate reference ma
terials of similar compositions were run with each batch of feathers to 
calculate recovery percentages (lobster hepatopancreas TORT-3, oyster 
tissue NIST 1566b and human hair ERM-DB001; Table S1.1). Reference 
materials were selected to closely match the biological matrix (keratin) 
and anticipated order of magnitude concentrations in the feathers to 
ensure measurement accuracy could be determined reliably.

A Milestone ultraWAVE Single Reaction Chamber (SRC) was used for 
sample digests. The digestion procedure consisted of pre-pressurising 
the microwave chamber to 40 bar using nitrogen, ramping to 210 ◦C 
and holding for 20 min. The microwave chamber was cooled back to 
room temperature and depressurised once the solutions had reached 
35 ◦C. Samples were then removed from the microwave and 100 μL of 
Suprapur® H2O2 was added, after which samples were left capped at 
room temperature for a minimum of an hour. Samples were diluted to a 
volume of 25 mL with deionised water resulting in a final acidity of 4% 
HNO3 (v/v). An aliquot of 5 mL of the sample was immediately taken 
from the 25 mL volume and transferred to a second vial containing 
45–55 mg of L-cysteine to stabilise Hg and reduce instrumental memory 
effects where previous analytes can influence subsequent measurements 
(Li et al., 2006). Samples were shaken to dissolve the L-cysteine, and 
these samples were analysed the same day for Hg. All other elements of 
interest (V, Mn, Co, Cu, Zn, As, Cd, Tl, Pb) were analysed from the 
remaining 20 mL of solution, in a separate analytical run.

Samples were run on an Agilent 7700 ICP-MS. Data were corrected 
for instrumental drift and 75As concentrations were corrected for 
150Nd++ and 150Sm++ interferences. This is to correct for isotopes of 
different elements with the same atomic mass and is a standard pro
cedure for ICP-MS analysis. Elements below the instrumental limit of 
quantification (LOQ) were presented as < LOQ. The LOQs were deter
mined using a minimum of five nitric acid blanks during each sample 
run compared to the lowest concentration standard and corrected for the 
dilution of individual samples. At least one procedural blank was run for 
every digestion sequence, the majority of which fell below the LOQs. 
Therefore, we did not blank correct the sample data. All element con
centrations are expressed as μg/g.

2.3. Stable isotope analysis

After cleaning, feathers were crushed into tinfoil capsules and 
organised onto stable isotope analysis sample plates and sent out for 
analysis, following the protocols from the University of Ottawa's Ján 
Veizer Stable Isotope Laboratory, where samples were run. The isotopic 
composition of organic carbon and nitrogen was determined by the 
analysis of CO2 and N2, respectively, produced by combustion on an 
Elementar VarioEL Cube Elemental Analyser followed by “trap and 
purge” separation and on-line analysis by continuous flow with a Del
taPlus Advantage isotope ratio mass spectrometer coupled with a ConFlo 
III interface (Brodie et al., 2011; Pella, 1990a, 1990b). Isotope values 
were calibrated using blanks and secondary isotopic reference materials 
(Table S1.2) that together cover the range of isotopic values in our 
samples and give precision (SD of replicates within and among runs) of 
0.2‰ for δ15N and 0.2‰ for δ13C. δ13C values are presented relative to 
Vienna Peedee Belemnite, and δ15N values relative to atmospheric N2 
(air) following Bond and Hobson (2012).

2.4. Statistical analyses

All statistical analyses were performed in R version 4.6.1. (R Core 
Team, 2026).

Seven of the ten trace elements in our study were left-censored 

(results < LOQ), with censoring rates of 0.004 (Mn), 0.049 (Co), 0.084 
(Cd), 0.104 (Pb), 0.174 (As), 0.212 (V), and 0.634 (Tl). Censoring 
thresholds depended on the run, element, and volume of material 
available, resulting in multiple censoring thresholds per trace element. 
Substitution of “below detection threshold” values with either 0, a 
fraction of the minimum detection value, or complete removal of these 
observations is a common practice in environmental research (Helsel, 
2011). However, doing so may introduce a pattern that is not real, as 
the true value may lie anywhere between zero and the detection limit 
(Helsel, 2011). Imputing the missing data using Maximum Likelihood 
Estimation (MLE) has been shown to be a more accurate method to 
replace these missing values (Helsel, 2011).

Before the imputation procedure, we identified and removed out
liers, using the z-score on the raw values for each element, and removing 
values with |z| ≥ 3 (Fig. S1.3). In total, we removed 85 outlying values 
from 41 individuals (Table S1.3) out of 5472 total observations from 456 
individuals. Outliers were reintroduced to the dataset after the impu
tation procedure for further analysis, except for one likely erroneous 
value of Co (i.e., >500 μg/g; e.g., compare with Roman et al., 2023) 
which was also not used for the censoring rate calculation.

We imputed the missing data one-by-one using the case-specific LOQ 
with the function clm from the censlm package (version 0.0.0.9001; 
Marttila, 2026). To impute each censored value, we used non-censored 
observations from the same source (i.e., nestling, inshore stranded ju
veniles, offshore stranded juveniles) and the same sampling year to 
inform the MLE. Tl had too many censored values for the model to 
converge, so we pooled all sampling years to impute the missing data. 
Only imputed values were used in further analysis, including reporting 
descriptive summaries.

We tested for significant differences in the trace element concen
trations (‘TE’ in Eq. 1) and stable isotope values (‘SI’ in Eq. 2) between 
nestlings, and inshore and offshore stranded juveniles (‘source’ in Eq. 1 
& 2) using generalised least squares models (GLS; gls, package nlme 
version 3.1–169; Pinheiro et al., 2026). We included year as a fixed ef
fect to account for inter-annual variation in trace element concentra
tions and stable isotope values. We did not include colony or sampling 
location into the model as we cannot reliably assign a likely colony-of- 
origin to the stranded juveniles (but see below for a sensitivity check). 
We log-transformed the trace element concentrations and δ13C (by first 
adding a constant value of 22) to address the left-skewedness using the 
natural logarithm (log, package stats; R Core Team, 2026) but did not 
transform δ15N. We included δ13C and δ15N as additive fixed effects in 
the trace element models to assess the dietary effect on trace element 
burdens. 

TE ∼ δ13C+ δ15N+ source+ year (1) 

SI ∼ source+ year (2) 

As all raw values, except for Hg, showed significant hetero
scedasticity (Levene's test; all p < 0.05; levene_test; package rstatix 
version 1.0.0; Kassambara, 2025), we included a constant variance 
structure that allowed the residual variance to vary between sources, but 
to remain constant within each level (within gls; weights = varIdent(form 
= ~ 1|source); Pinheiro et al., 2026). We fitted models using restricted 
maximum likelihood (REML). We selected models based on AIC score, 
retaining δ13C and δ15N if they reduced the AIC score and assuming that 
they were at best uninformative if removing them reduced the AIC by 
less than 2 (Arnold, 2010). To compare AIC scores, we used the dredge 
function (package MuMIn version 1.48.19; Bartoń, 2025) on models 
refitted with maximum likelihood (ML) and only assessed four pre
specified models: 1) the full model (Eq. 1), 2–3) the full model with 
either one of the stable isotopes removed, 4) a model with only source 
and year as fixed effects. We extracted the top model, refitted that with 
REML, then assessed the differences in model estimates between nes
tlings, inshore stranded juveniles and offshore stranded juveniles by 
comparing the estimated marginal means, with p-values Tukey-adjusted 
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for multiple comparisons (EMM; emmeans, package emmeans version 
2.0.3; Lenth and Piaskowski, 2026). EMMs were averaged over the study 
years, with equal weights for each year to avoid differences in sample 
size to distort the group comparison (Searle et al., 1980). If the top 
model included either or both stable isotopes, we also compared the 
EMMs of the linear trends (emtrends; Lenth and Piaskowski, 2026) by 
adding an interaction effect between source and the stable isotope, to 
assess whether these relationships persisted among groups.

To test whether the above specified outliers had a meaningful effect 

on the models and EMMs, we carried out a series of sensitivity checks. 
First, we fitted the full models (Eq. 1, 2) to datasets including and 
excluding the outliers. Then, we compared the EMM contrasts to check 
whether the p-values or the direction and strength of the difference 
changed meaningfully. Second, we compared the top models identified 
using AIC selection to assess whether the outliers affected the selected 
model structure itself.

As a second sensitivity check to assess whether provenance had a 
significant effect on the biogeochemical make-up of the stranded 

Fig. 2. Trace element and stable isotope concentration differences between Leach's storm-petrel (Hydrobates leucorhous) nestlings and stranded juveniles. All trace 
elements (in μg/g) were log-transformed, as well as δ13C, before analysis using generalised least squares models with year as a fixed effect to assess group differences. 
Imputed values are shown in red, while observed values are shown in grey. The letters below each boxplot mark significant differences within each element (Table 4), 
where significantly different groups have different letters. Differences with 0.05 < p < 0.1 are shown with an asterisk. The boxplots show the median (middle 
horizontal line), first and third quartiles (boxes), up to 1.5 times the inter-quartile range (whiskers), and outlying points. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)
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juveniles, we reran all analyses comparing only nestlings from the 
largest Newfoundland colonies (Baccalieu Island and Gull Island; 
Table 1) to the stranded juveniles (Table S1.5–8; Fig. S1.2–3), since 
these are the most likely sources of stranded juveniles in the inshore and 
offshore areas of Newfoundland (Gjerdrum et al., 2021; Wilhelm et al., 
2021). We considered using ‘nearest colony’ but due to the highly mo
bile nature of the species, we deemed it equally reasonable to assume 
that the juveniles dispersed and intermingled offshore after fledging 
similar to the post-breeding behaviour of adults (unpublished GLS data).

3. Results

3.1. Outlier sensitivity check

Retaining the outliers did not meaningfully affect the EMM contrasts 
of the full model (Eq. 1) for nine out of ten trace elements and for neither 
of the stable isotopes (Eq. 2), meaning that p-values remained either 
below or above the 0.05 threshold and contrast estimates did not change 
in strength or direction. Furthermore, the top model did not change for 
nine out of ten trace elements, suggesting that the outliers did not have 
meaningful effects on the model fit. However, for As (8 outliers; 
Table S1.3), the significance of the contrast between nestlings and 
inshore stranded juveniles changed marginally (p = 0.033, p = 0.095, 
with and without outliers, respectively) even though the direction and 
magnitude were barely affected (estimate ± standard error = − 0.487 ±
0.194, − 0.402 ± 0.193, with and without outliers, respectively). For Co 
(15 outliers; Table S1.3), the top model included both stable isotopes 
when excluding outliers but did not include either stable isotope when 
retaining outliers. This top model without outliers was 0.62 AICc away 
from the model without stable isotopes when excluding outliers. The 
results presented below all pertain to models retaining the outliers, as 
we had no independent, pre-specified reason to do so (but see Methods 
for Co).

3.2. Trace elements

We found significant differences between nestlings and stranded 
juveniles for all trace element concentrations (p < 0.05), except As 
(lowest p = 0.063; Fig. 2; Table 3). Concentrations of Cd, Co, Mn, Pb, and 
V were highest in offshore stranded juveniles, lower in inshore stranded 
juveniles, and lowest in nestlings (Fig. 2; Table 3). Cu concentrations 
were highest in offshore stranded juveniles, lower in nestlings, and 
lowest in inshore stranded juveniles (Fig. 2; Table 3). Concentrations of 
Hg were higher in stranded juveniles than in nestlings, with no signifi
cant difference between inshore and offshore stranded juveniles (Fig. 2; 
Table 3). Tl and Zn concentrations did not differ significantly between 
nestlings and inshore stranded juveniles but were significantly higher 
than both in offshore stranded juveniles (Fig. 2; Table 3).

3.3. Stable isotopes

Both δ13C and δ15N differed significantly between nestlings and 
stranded juveniles (p < 0.05; Fig. 2; Table 3). δ13C was higher in nes
tlings compared to stranded juveniles but did not differ significantly 
between inshore and offshore stranded juveniles (Fig. 2; Table 3). δ15N 
was highest in nestlings, lower in inshore stranded juveniles, and lowest 
in offshore stranded juveniles (Fig. 2; Table 3).

3.4. Relationships between trace elements and stable isotopes

The top models for six trace elements (As, Cu, Hg, Tl, V, Zn) included 
an effect of one or both (Tl) stable isotope values (Table S1.4). These 
relationships (i.e., 95% confidence intervals, CI, did not include zero) 
were only present in nestlings for As, Cu, Hg, Tl (δ15N) and V, even 
though the EMM slopes did not significantly differ between nestlings 
and stranded juveniles for As, Hg, and V (Table 4). For Tl the negative 

effect of δ13C was present in both nestling and offshore stranded juve
niles, although the EMM slope was only significantly different between 
nestlings and inshore stranded juveniles (Table 4). For Zn, the positive 
relationship with δ15N was only present in inshore stranded juveniles, 
but again, the EMM slopes did not differ significantly between the 
groups (Table 4).

3.5. Baccalieu Island and Gull Island

The results were similar to those described above, though differences 
between nestlings and inshore stranded juveniles were less pronounced 
(Table S1.5–8; Fig. S1.3). Most notably, the difference in Hg concen
trations and δ13C values between nestlings and stranded juveniles dis
appeared (Table S1.7). Furthermore, the relationships between the trace 
element concentrations and stable isotope values changed (Table S1.8, 
compare with Table 4). As, Cu, and Tl were no longer correlated with 
either stable isotope, while Hg and V gained a relationship with δ13C. Co 
was not correlated with either stable isotope when including the whole 
dataset, but was correlated with both when only including nestlings 
from Baccalieu Island and Gull Island. Zn retained the relationship with 
δ15N while Cd, and Pb remained uncorrelated with either stable isotope.

4. Discussion

We found significant differences in trace element concentrations and 
stable isotope values in the S4 feathers of nestling and stranded juvenile 
Leach's storm-petrels, which were grown during the nestling period and 
are therefore comparable (Fig. 2). We observed two noteworthy pat
terns: 1) when significant differences existed, trace element concentra
tions were generally higher in stranded juveniles compared to nestlings, 
and 2) the most pronounced differences were between nestlings and 
offshore stranded juveniles. All trace element concentrations, except As, 
were significantly higher in offshore stranded juveniles compared to 
nestlings (Fig. 2; Table 3). Seven out of ten trace element concentrations 
differed significantly between nestlings and inshore stranded juveniles, 
with most concentrations being elevated in inshore stranded juveniles 
except for Cu which was higher in nestlings (Fig. 2; Table 3).

With a wide variability in trace element concentrations, and con
centrations that appear elevated in offshore stranded juveniles, it is 
worth considering how the observed concentrations compare with those 
reported in other studies of seabirds. We compared our results to a 
sample of published trace element concentrations in seabird feathers, as 
a complete literature review is beyond the scope of this study 
(Table S2.1 Burger and Gochfeld, 2000a; Iles et al., 2025; Lavers et al., 
2020; Ndu et al., 2020; Pacyna et al., 2019; Roman et al., 2023). We 
chose studies on seabirds to either represent as many trace elements 
analysed in our study as possible, represent similar age classes, represent 
similar species, or to represent similar geographic ranges, and we 
stopped searching once we found at least one study for each trace 
element. We did not find any comparable studies describing Tl con
centrations in seabirds, although Lavers et al. (2020) included Tl in their 
analyses, but all observations were < LOQ. Most mean trace element 
concentrations from this study (Table 3) fell in the range of previously 
reported values (Table S2.1), with most mean trace element concen
trations in nestlings and inshore stranded juveniles falling below the 
median of the published values.

As concentrations were above the median in table S2.1 for 73% of 
nestlings, 86% of inshore stranded juveniles and 87% of offshore 
stranded juveniles, but only 4% of inshore stranded juveniles had values 
above the reported maximum, and none for nestlings or offshore 
stranded juveniles. Cd concentrations were all below the reported me
dian in table S2.1 for nestlings and inshore stranded juveniles, while 
15% (2%) were above the reported median (maximum) for offshore 
stranded juveniles. All Co concentrations were below the reported 
maximum in table S2.1, but 14%, 20% and 74% of the nestling, inshore 
stranded juveniles, and offshore stranded juveniles, respectively, were 

A.N.M.A. Ausems et al.                                                                                                                                                                                                                        Marine Pollution Bulletin 233 (2026) 120230 

6 



Table 3 
Summary statistics and estimated marginal means (EMM) of trace element concentrations and stable isotope values in juvenile Leach's storm-petrels (Hydrobates 
leucorhous). Trace element concentrations and δ13C values were log-transformed prior to analysis and therefore the EMMs are expressed on the log-scale. EMMs were 
compared between groups (i.e., nestlings, and juveniles stranded inshore and offshore). For each trace element (μg/g) and stable isotope (‰), the mean ± standard 
error (SE) was calculated including imputed values and outliers. The total sample size (n) is provided with the number of censored values in brackets. The EMM ± SE 
are presented with lower and upper 95% confidence interval in brackets with the group differences (contrasts). Degrees of freedom (df) are approximated using 
Satterwaithe's method (Kuznetsova et al., 2017) and are given for the EMM and the contrast between groups. P-values were adjusted using the Tukey method for 
comparing a family of 3 estimates. All results are averaged over the study years.

Element Source Mean N EMM df Contrasts Difference df t-ratio p-value

As Colony 0.71 ± 0.00 247 (62) − 0.52 ± 0.14 
(− 0.80; − 0.24)

407.7 Colony – Inshore − 0.41 ± 0.18 342.3 − 2.26 0.063

Inshore 1.62 ± 0.01 159 (13) − 0.11 ± 0.13 
(− 0.37; 0.14)

210.5 Colony – Offshore − 0.39 ± 0.33 69.8 − 1.18 0.469

Offshore 1.62 ± 0.02 47 (4) − 0.13 ± 0.30 
(− 0.73; 0.46)

47.5 Inshore – Offshore 0.02 ± 0.31 59.8 0.07 0.997

Cd Colony 0.01 ± 0.00 247 (16) − 5.54 ± 0.09 
(− 5.71; − 5.37)

421.1 Colony – Inshore − 0.84 ± 0.10 385.6 − 8.20 < 0.001

Inshore 0.01 ± 0.00 159 (22) − 4.70 ± 0.06 
(− 4.82; − 4.58)

180.4 Colony – Offshore − 2.78 ± 0.23 61.0 − 12.19 < 0.001

Offshore 0.23 ± 0.02 47 (0) − 2.76 ± 0.21 
(− 3.18; − 2.33)

45.4 Inshore – Offshore − 1.94 ± 0.22 52.3 − 8.88 < 0.001

Co Colony 0.03 ± 0.00 247 (22) − 4.17 ± 0.09 
(− 4.35; − 3.99)

414.7 Colony – Inshore − 0.31 ± 0.11 337.1 − 2.72 0.019

Inshore 0.05 ± 0.00 159 (0) − 3.86 ± 0.08 
(− 4.02; − 3.71)

173.7 Colony – Offshore − 1.91 ± 0.22 64.8 − 8.51 < 0.001

Offshore 0.18 ± 0.00 47 (0) − 2.26 ± 0.20 
(− 2.67; − 1.85)

46.7 Inshore – Offshore − 1.60 ± 0.22 58.9 − 7.36 < 0.001

Cu Colony 7.77 ± 0.01 247 (0) 1.78 ± 0.04 
(1.70; 1.86)

398.5 Colony – Inshore 0.35 ± 0.05 376.4 7.42 < 0.001

Inshore 4.33 ± 0.01 159 (0) 1.43 ± 0.03 
(1.37; 1.49)

227.3 Colony – Offshore − 0.95 ± 0.19 50.9 − 5.02 < 0.001

Offshore 28.97 ± 0.93 47 (0) 2.73 ± 0.18 
(2.36; 3.10)

46.6 Inshore – Offshore − 1.30 ± 0.19 47.8 − 7.00 < 0.001

Hg Colony 0.79 ± 0.01 247 (0) − 0.65 ± 0.05 
(− 0.74; − 0.56)

309.5 Colony – Inshore − 0.30 ± 0.05 356.4 − 6.24 < 0.001

Inshore 0.70 ± 0.00 159 (0) − 0.35 ± 0.02 
(− 0.38; − 0.31)

179.7 Colony – Offshore − 0.41 ± 0.10 81.4 − 4.22 < 0.001

Offshore 0.99 ± 0.04 47 (0) − 0.24 ± 0.08 
(− 0.41; − 0.07)

48.5 Inshore – Offshore − 0.11 ± 0.09 50.3 − 1.27 0.420

Mn Colony 0.45 ± 0.01 247 (2) − 1.85 ± 0.09 
(− 2.03; − 1.67)

355.3 Colony – Inshore − 1.62 ± 0.12 270.7 − 13.86 < 0.001

Inshore 1.47 ± 0.02 159 (0) − 0.23 ± 0.09 
(− 0.40; − 0.06)

167.5 Colony – Offshore − 3.49 ± 0.24 61.6 − 14.83 < 0.001

Offshore 11.53 ± 0.31 47 (0) 1.64 ± 0.22 
(1.21; 2.08)

46.7 Inshore – Offshore − 1.87 ± 0.23 61.2 − 8.03 < 0.001

Pb Colony 0.08 ± 0.00 247 (46) − 3.09 ± 0.11 
(− 3.30; − 2.89)

424.0 Colony – Inshore − 0.88 ± 0.13 354.3 − 6.99 < 0.001

Inshore 0.19 ± 0.00 159 (1) − 2.22 ± 0.08 
(− 2.38; − 2.05)

169.7 Colony – Offshore − 3.46 ± 0.24 64.1 − 14.19 < 0.001

Offshore 3.76 ± 0.14 47 (0) 0.37 ± 0.22 
(− 0.08; 0.81)

44.6 Inshore – Offshore − 2.58 ± 0.23 56.1 − 11.03 < 0.001

Tl Colony 0.001 ± 0.000 247 (143) − 10.48 ± 0.36 
(− 11.19; − 9.77)

419.8 Colony – Inshore 0.77 ± 0.46 428.5 1.67 0.218

Inshore 0.000 ± 0.000 159 (136) − 11.25 ± 0.28 
(− 11.80; − 10.70)

223.6 Colony – Offshore − 2.91 ± 0.59 176.4 − 4.90 < 0.001

Offshore 0.165 ± 0.021 47 (8) − 7.57 ± 0.43 
(− 8.43; − 6.71)

68.5 Inshore – Offshore − 3.68 ± 0.45 89.7 − 8.19 < 0.001

V Colony 0.01 ± 0.00 247 (93) − 4.79 ± 0.17 
(− 5.13; − 4.45)

330.3 Colony – Inshore − 1.79 ± 0.19 390.5 − 9.40 < 0.001

Inshore 0.10 ± 0.00 159 (2) − 3.00 ± 0.08 
(− 3.16; − 2.84)

181.9 Colony – Offshore − 2.63 ± 0.26 179.5 − 10.29 < 0.001

Offshore 0.25 ± 0.01 47 (1) − 2.16 ± 0.18 
(− 2.52; − 1.80)

56.4 Inshore – Offshore − 0.84 ± 0.19 69.0 − 4.43 < 0.001

Zn Colony 134.8 ± 0.08 247 (0) 4.92 ± 0.02 
(4.89; 4.96)

386.2 Colony – Inshore 0.01 ± 0.02 399.1 0.36 0.932

Inshore 135.8 ± 0.14 159 (0) 4.92 ± 0.01 
(4.90; 4.94)

188.9 Colony – Offshore − 0.86 ± 0.13 48.5 − 6.65 < 0.001

Offshore 447.9 ± 8.66 47 (0) 5.79 ± 0.13 
(5.53; 6.04)

46.3 Inshore – Offshore − 0.87 ± 0.13 46.7 − 6.77 < 0.001

δ13C Colony − 20.2 ± 0.00 245 0.49 ± 0.02 
(0.45; 0.53)

401.1 Colony – Inshore 0.18 ± 0.02 407.8 7.83 <0.001

Inshore − 20.6 ± 0.00 159 0.32 ± 0.01 
(0.29; 0.34)

187.6 Colony – Offshore 0.21 ± 0.05 65.0 4.29 <0.001

Offshore − 20.6 ± 0.01 47 0.28 ± 0.04 
(0.19; 0.37)

45.9 Inshore – Offshore 0.03 ± 0.05 51.7 0.69 0.770

δ15N Colony 14.4 ± 0.00 245 14.4 ± 0.05 
(14.3; 14.5)

396.8 Colony – Inshore 0.29 ± 0.06 427.1 5.03 <0.001

(continued on next page)
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above the reported median. For Cu, 45% of nestlings, 3% of inshore 
stranded juveniles and 68% of offshore stranded juveniles were above 
the reported median, although 21% of offshore stranded juveniles had 
concentrations above the reported maximum. For Hg, only 2% of both 
groups of stranded juveniles were above the reported median in table 
S2.1, and the EMM reported in Bond and Diamond (2009) for Leach's 
storm-petrel chicks. As with Co, all observations were below the re
ported maximum in table S2.1 for Mn, but 2%, 28% and 74% were above 
the reported maximum. Pb concentrations in 1% of the nestlings and 
inshore stranded juveniles were above the reported median in table 
S2.1, and all were below the reported maximum, but 68% (6%) of the 
offshore stranded juveniles were above the median (maximum). For V, 
2% of nestlings, 29% of inshore stranded juveniles and 74% of offshore 
stranded juveniles had concentrations above the reported median, with 

17% and 66% above the reported maximum for inshore and offshore 
stranded juveniles, respectively. Notably, mean Zn concentrations in all 
three groups of juveniles were 1.5 to 3 times higher than the maximum 
reported (93.0 μg/g; Wilson's storm-petrel, Oceanites oceanicus; Pacyna 
et al., 2019) in the published sample, with 99%, 100%, and 98% 
above the reported maximum for nestlings, inshore and offshore 
stranded juveniles, respectively (Table S2.1).

As offshore stranded juveniles could be differentiated from nestlings 
and inshore stranded juveniles based on the studied biogeochemical 
markers (i.e., trace elements and stable isotopes), we posit that the un
derlying mechanism leading to stranding may differ between inshore 
and offshore stranding events. Naïve fledglings are attracted to and 
disoriented by coastal ALAN near their colony (Reed et al., 1985; 
Rodríguez et al., 2017) as they take their maiden flight out to sea 

Table 3 (continued )

Element Source Mean N EMM df Contrasts Difference df t-ratio p-value

Inshore 14.1 ± 0.00 159 14.1 ± 0.03 
(14.1; 14.2)

185.5 Colony – Offshore 0.57 ± 0.07 120.4 7.80 <0.001

Offshore 13.8 ± 0.01 47 13.8 ± 0.05 
(13.7; 14.0)

43.7 Inshore – Offshore 0.29 ± 0.06 71.1 4.61 <0.001

Table 4 
Estimated marginal mean trends of generalised least squares models including a significant relationship between trace element concentrations and stable isotopes in 
juvenile Leach's storm-petrels (Hydrobates leucorhous). For each trace element and stable isotope, the estimated slope ± standard error (SE) is presented with lower and 
upper 95% confidence intervals in brackets. The differences in slope between the pairwise comparisons (contrasts) are presented ± SE. Degrees of freedom (df) are 
approximated using Satterwaithe's method (Kuznetsova et al., 2017) and are given for the slopes and the contrast between groups. P-values were adjusted using the 
Tukey method for comparing a family of 3 estimates, but were not adjusted between elements (Hooper, 2025). All results are averaged over the study years.

Element Isotope Source Estimate df Contrast Difference df t-value p-value

As δ13C Colony − 1.41 ± 0.35 
(− 2.10; − 0.72)

241.9 Colony – Inshore − 1.88 ± 0.84 256.8 − 2.24 0.067

Inshore 0.47 ± 0.76 
(− 1.04; 1.97)

181.1 Colony – Offshore − 0.82 ± 1.02 57.6 − 0.81 0.702

Offshore − 0.59 ± 0.95 
(− 2.52; 1.33)

44.9 Inshore – Offshore 1.06 ± 1.18 92.2 0.90 0.641

Cu δ13C Colony 0.73 ± 0.11 
(0.52; 0.95)

242 Colony – Inshore 0.81 ± 0.21 277.2 3.94 < 0.001

Inshore − 0.08 ± 0.18 
(− 0.43; 0.27)

160 Colony – Offshore 0.80 ± 0.62 47.9 1.30 0.405

Offshore − 0.07 ± 0.61 
(− 1.30; 1.16)

45 Inshore – Offshore − 0.01 ± 0.63 51.0 − 0.02 0.999

Hg δ15N Colony 0.24 ± 0.06 
(0.11; 0.36)

243.5 Colony – Inshore 0.17 ± 0.07 378.9 2.264 0.062

Inshore 0.07 ± 0.04 
(− 0.01; 0.15)

155.6 Colony – Offshore 0.33 ± 0.24 52.0 1.38 0.356

Offshore − 0.10 ± 0.23 
(− 0.56; 0.37)

45.1 Inshore – Offshore 0.16 ± 0.23 47.5 0.70 0.766

Tl δ13C Colony − 6.44 ± 1.29 
(− 8.97; − 3.91)

241.2 Colony – Inshore − 7.77 ± 1.91 409 − 4.07 < 0.001

Inshore 1.33 ± 1.41 
(− 1.46; 4.11)

188.4 Colony – Offshore − 3.76 ± 1.79 146 − 2.10 0.094

Offshore − 2.68 ± 1.25 
(− 5.21; − 0.15)

41.2 Inshore – Offshore 4.00 ± 1.80 126 2.22 0.07

δ15N Colony − 3.48 ± 0.50 
(− 4.46; − 2.50)

242.0 Colony – Inshore − 3.36 ± 0.77 342.5 − 4.35 < 0.001

Inshore − 0.12 ± 0.59 
(− 1.29; 1.06)

156.4 Colony – Offshore − 3.02 ± 1.14 58.7 − 2.65 0.027

Offshore − 0.46 ± 1.03 
(− 2.54; 1.62)

38.9 Inshore – Offshore 0.34 ± 1.18 66.5 0.29 0.954

V δ15N Colony − 0.79 ± 0.24 
(− 1.25; − 0.32)

238 Colony – Inshore − 0.63 ± 0.30 400.5 − 2.07 0.099

Inshore − 0.16 ± 0.19 
(− 0.54; 0.22)

152 Colony – Offshore − 0.31 ± 0.53 69.5 − 0.60 0.822

Offshore − 0.47 ± 0.47 
(− 1.42; 0.48)

45 Inshore – Offshore 0.31 ± 0.51 59.2 0.62 0.811

Zn δ15N Colony 0.03 ± 0.02 
(− 0.01; 0.08)

242 Colony – Inshore − 0.02 ± 0.03 353.0 − 0.59 0.826

Inshore 0.05 ± 0.03 
(0.00; 0.11)

154 Colony – Offshore − 0.10 ± 0.36 45.4 − 0.30 0.953

Offshore 0.14 ± 0.36 
(− 0.58; 0.86)

45 Inshore – Offshore − 0.08 ± 0.36 45.4 − 0.24 0.970
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(Wilhelm et al., 2021). Disorientation by coastal ALAN in juvenile 
burrow-nesting birds can be, in part, explained by their underdeveloped 
visual systems at fledging (Atchoi et al., 2020). This vision-based sus
ceptibility to disorientation would be strongest at the time of fledging 
and is likely equal for all newly fledged juveniles. The similar level of 
disorientation irrespective of biogeochemical composition may explain 
why the trace element concentrations and stable isotope values varied 
less between nestlings and inshore stranded juveniles, presumably 
stranding near their natal colony soon after fledging. In contrast, ALAN 
at offshore structures is disorientating to many species and age groups of 
seabirds (Gjerdrum et al., 2021; Ronconi et al., 2015). Juveniles exposed 
to ALAN offshore have travelled further from their natal colonies than 
inshore stranded juveniles. The time and energy expenditure required 
for this journey may reveal previously obscured differences in stranding 
susceptibility. For example, differences in nestling diet, reflected in trace 
element concentrations and stable isotope values, may cause differences 
in the likelihood of stranding, such that less healthy juveniles become 
weaker and more likely to strand the more time they spend in flight or at 
sea.

It may seem intuitive to infer a causal relationship between the 
elevated trace element concentrations observed in offshore stranded 
juveniles and stranding probability. Trace elements are known to 
interact with each other, exacerbating or alleviating negative effects 
(Mills, 1980; Parnet et al., 2025). Therefore, the cumulative effects of 
multiple increased trace element burdens may have had subtle, delete
rious physiological effects leading to increased fatal collisions at 
offshore locations during the period immediately following peak 
fledging. However, the trace element concentrations found during our 
study were either below reported toxicity thresholds in feathers (e.g., As 
<3 ppm; Hg < 1.10 ppm; Pollet et al., 2022; Vizuete et al., 2019; 
Table 3), or comparable to other studies that did not report toxicity (see 
above; Table S2.1). Furthermore, members of the Procellariiformes are 
known to tolerate high trace element burdens compared to other seabird 
families (e.g., Hg; Pollet et al., 2022). As our study did not examine the 
toxicological effects of trace element concentrations in Leach's storm- 
petrels we can not conclude that the higher trace element concentra
tions in offshore stranded juveniles directly affected stranding proba
bility. Further research is necessary to determine the thresholds at which 
the species experiences any (negative) effect of trace elements in the 
body.

The differences in trace element concentrations between nestlings 
and stranded juveniles, paired with the differences in stable isotope 
values can be linked to differences in diet. In adults, correlating trace 
element concentrations and stable isotope values may lead to spurious 
relationships as these values reflect vastly different timescales [i.e., trace 
element burdens are accumulated over a whole year between moult 
cycles before being (partially) excreted into the feathers, while stable 
isotope values represent the diet during the 2–3 weeks prior to feather 
growth (Bond, 2010)]. However, in juveniles these correlations may 
reveal legitimate relationships as the lifespan of the chick overlaps with 
its feather growth period (Gómez-Ramírez et al., 2023), which is on 
average 25.2 days for full primary coverage in Leach's storm-petrels 
(Vermeer et al., 1988).

Birds can excrete some accumulated trace elements through their 
feces (Yin et al., 2008), but much of the burden is sequestered into body 
tissues, with distributions varying among tissues and elements (Kim 
et al., 1998). They can then lower the burden by redistributing some 
trace elements from body tissues to growing feathers (Braune and 
Gaskin, 1987; Monteiro and Furness, 2001) and to a lesser extent to 
eggs (Burger and Gochfeld, 1991) or bones (Ethier et al., 2007). Nes
tlings also dump contaminants into their growing feathers (Mikoni et al., 
2017), which are linearly correlated with blood concentrations at the 
time of feather growth (Bearhop et al., 2000b; Gatt et al., 2021; Pollet 
et al., 2022). While feather concentrations are often elevated 
compared to body tissues (Braune and Gaskin, 1987), they are still a 
valuable proxy for total trace element burden (Mikoni et al., 2017).

The significant differences in stable isotope values (Fig. 2) and the 
significant correlations between As, Cu, Hg, Tl, V and Zn concentrations 
and stable isotope values (Table 4) suggest that offshore stranded ju
veniles have been fed a different (e.g., Ausems et al., 2020; Hedd and 
Montevecchi, 2006). Lower δ15N values, such as in the stranded juve
niles compared to nestlings, with offshore stranded juveniles having the 
lowest values, can be indicative of lower trophic level and lower quality 
diets (Hobson, 1993; Prince and Ricketts, 1981). The differences in 
stable isotope values reported in this study (Table 3) are similar to those 
observed in adults from two colonies in the same region (Pollet et al., 
2014) However, the correlation between trace element concentrations 
and stable isotope values is not straightforward and may be confounded 
by, for example, specific prey selection, parental foraging location, dif
ferences in food web baselines (Vander Pol et al., 2011), and differences 
in excretion rates into the feathers (Anderson et al., 2010; Elliott, 2005). 
Another study that assessed Hg in Leach's storm-petrel juveniles 
stranded at an inshore site found no correlations with δ15N or δ13C, 
though this was attributed to birds potentially originating from a single 
colony and thus having limited variation in diet (Krug et al., 2021).

Parental foraging areas differ between colonies, which can lead to 
differences in stable isotope values (Hedd et al., 2018; Wiley et al., 
2019), and potentially differences in trace element exposure (Bond 
and Lavers, 2011). Thus, the differences in trace element concentra
tions between nestlings and stranded juveniles may, in part, be 
explained by the (unknown) provenance of the stranded birds. Most 
inshore stranded birds are assumed to originate from the nearby colonies 
of Baccalieu and Gull Island, because of their proximity to the stranding 
locations and because these colonies are the largest in the region 
(Wilhelm et al., 2021). Together, Baccalieu and Gull represent 80.9% of 
the Atlantic Canadian breeding population (COSEWIC, 2020) and, 
therefore, should logically account for the majority of fledglings in the 
western North Atlantic. Colony-of-origin may especially explain the fact 
that trace element concentrations and stable isotope signatures of 
inshore stranded juveniles were more similar to those of nestlings from 
nearby colonies than to those of offshore stranded juveniles. Indeed, 
while the overall results were comparable to the analyses including the 
whole dataset, the differences between nestlings from Baccalieu and 
Gull Island and the inshore stranded juveniles were less pronounced. 
However, trace element concentrations and stable isotope values from 
nestlings at the studied colonies were consistently lower than in 
stranded juveniles (Table 3), and inter-colony differences need to be 
further assessed. Furthermore, nestlings were selected based on whether 
the S4 was fully grown when the field team visited the colony and may 
thus have been biased towards healthier or older chicks than the colony 
average.

As the Leach's storm-petrel breeding distribution is well known in the 
Canadian Atlantic region, it is unlikely that the offshore stranded juve
niles are from an, as yet, undiscovered colony with vastly different trace 
element and stable isotope signatures. The nearest known colonies of 
Leach's storm-petrels outside of the eastern Canadian region (i.e., 
including Maine, USA, and Saint-Pierre et Miquelon, France) are in 
Iceland. Unpublished trace element concentrations from juveniles 
stranded, but not killed, in Iceland (Ausems et al., under review with 
Marine Pollution Bulletin; n = 12, lab protocols identical to this study) 
overlapped with the concentrations reported in our study for nestlings. 
Therefore, it is unlikely, but possible, that the offshore stranded birds 
originated from an unsampled colony with different trace element and 
stable isotope signatures.

While sample sizes were roughly equal among years and colonies 
when sampling nestlings (Table 1), the number of stranded juveniles per 
colony could naturally not be controlled and is assumed to be unequal 
and proportional to colony size (i.e., it is more likely that a stranded 
juvenile is from Baccalieu Island than from Middle Lawn Island, 
considering the large difference in population sizes). Further research is 
needed to assess whether juveniles from different colonies strand dis
proportionally at inshore and offshore locations, and how they compare 
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to juveniles in the area that do not strand or that are not fatally affected 
by stranding.

We identified several future research priorities. Firstly, minimum 
trace element concentrations at which individuals experience any 
(negative) effect are largely understudied (but see: Pollet et al., 2022; 
Vizuete et al., 2019), especially in Procellariiformes which can tolerate 
relatively high burdens (Pollet et al., 2022). Based on our study design, 
we cannot conclude that the higher trace element concentrations 
increased stranding probability in offshore areas, and indeed, the con
centrations reported here are largely below published values 
(Table S2.1). Future research should incorporate direct measures of di
etary variation in trace element concentrations (e.g., Bryan et al., 2012), 
temporal variation in body tissues (e.g., following Ackerman et al., 
2011), and assess negative effects on behaviour (e.g., Burger and 
Gochfeld, 2000b) or internal tissues and hormones (e.g., Herring 
et al., 2012). Secondly, we were unable to determine the origins of the 
stranded juveniles and could therefore not determine whether prove
nance was a driver of stranding probability. Combining genetic and 
isotopic approaches, or other markers of provenance (Gómez-Díaz and 
González-Solís, 2007) may allow us to uncover whether juveniles from 
particular colonies are more likely to strand (but see Bicknell et al. 
(2012) for genetic homogeneity in the Atlantic population). Lastly, 
ongoing monitoring of trace element concentrations both in nestlings, 
and stranded juveniles would provide important information about 
changes in the marine environment and contaminant exposure risk 
(Bond and Lavers, 2020).

5. Conclusions

Our study shows that juvenile Leach's storm-petrels stranded on 
offshore structures had elevated trace element concentrations and 
different stable isotope values compared to nestlings and juveniles 
stranded inshore (Fig. 2). Conversely, we showed that the feather trace 
element concentrations of juveniles stranding at inshore locations 
differed only slightly from trace element concentrations in nestlings 
(Fig. 2). Our study provides new information showing differences be
tween offshore stranded juveniles and nestlings and juveniles stranded 
inshore. We posit that this indicates different underlying mechanisms for 
inshore and offshore stranding events, but further research is necessary. 
As juveniles stranded inshore had trace element concentrations and 
stable isotope signatures that were more similar to those of nestlings, the 
factors causing inshore stranding events may affect all newly fledged 
juveniles more equally, while offshore stranding events may be due in 
part to differences in dietary exposure causing differences in contami
nation levels.
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L., Baran, M., Diamond, T., Fayet, A.L., Fitzsimmons, M.G., Frederiksen, M., 
Gilchrist, H.G., Guilford, T., Huffeldt, N.P., Jessopp, M., Johansen, K.L., 
Kouwenberg, A.-L., Linnebjerg, J.F., Major, H.L., Tranquilla, L.M., Mallory, M., 
Merkel, F.R., Montevecchi, W., Mosbech, A., Petersen, A., Grémillet, D., 2021. North 
Atlantic winter cyclones starve seabirds. Curr. Biol. 31, 3964–3971.e3. https://doi. 
org/10.1016/j.cub.2021.06.059.

Collins, S.M., Hedd, A., Fifield, D.A., Wilson, D.R., Montevecchi, W.A., 2022. Foraging 
paths of breeding leach’s storm-petrels in relation to offshore oil platforms, breeding 
stage, and year. Front. Mar. Sci. 9. https://doi.org/10.3389/fmars.2022.816659.

Correia, E., Granadeiro, J.P., Vale, C., Catry, T., 2023. Trace elements in relation to 
trophic ecology of long-distance migratory shorebirds and seabirds in West Africa. 
Environ. Pollut. 316, 120674. https://doi.org/10.1016/j.envpol.2022.120674.

COSEWIC, 2020. COSEWIC assessment and status report on the leach’s storm-petrel, 
Oceanodroma leucorhoa, Atlantic population, in Canada. COSEWIC, Committee on 
the Status of Endangered Wildlife in Canada = COSEPAC, Comité sur la situation des 
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