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ABSTRACT: Leach’s storm-petrel Oceanodroma leucorhoa populations in the North Atlantic have
declined in recent decades. The cause of those declines is not clear but one potential contributing
factor could be reductions in the availability of essential nutrients due to changing marine ecology
resulting from global warming. One group of particular concern is the omega-3 highly unsaturated fatty acids (n-3 HUFAs), in particular, eicosapentaenoic (EPA) and docosahexaenoic (DHA)
acids. Dietary sources of EPA and DHA are required for normal growth and development in
higher consumers, including birds. However, previous work has predicted increases in sea surface temperatures may cause declines in their availability. Here, we investigate this possibility by
examining temporal trends (1992−2015) in EPA and DHA concentrations in Leach’s storm-petrel
eggs from 5 Canadian colonies: 2 on the Atlantic coast (Gull, Kent Islands) and 3 on the Pacific
coast (Hippa, Storm, Cleland Islands). Neither EPA nor DHA concentrations in eggs decreased
with time on either coast; rather, on the Atlantic coast, both EPA and DHA increased over the
period of study. Carbon stable isotopes in the same eggs indicated that storm-petrels foraging in
offshore, pelagic waters may have had increased access to n-3 HUFA. The data generated here
provide a baseline for future comparisons. Ongoing regular monitoring of fatty acids in seabird
eggs would be prudent given the likelihood of further increases in ocean temperatures.
KEY WORDS: Leach’s storm-petrel · Oceanodroma leucorhoa · Essential fatty acids ·
Eicosapentaenoic acid · Docosahexaenoic acid · Stable isotopes · Global warming · Climate change

1. INTRODUCTION
Leach’s storm-petrel Oceanodroma leucorhoa, hereafter storm-petrel, is the most widely distributed procellariiform breeding in the Northern Hemisphere
(Pollet et al. 2021). In recent decades, however, populations in the Atlantic Ocean, including at the world’s
largest nesting colony at Baccalieu Island, Newfoundland (Sklepkovych & Montevecchi 1989, Wilhelm et
al. 2020), have shown significant declines (Robertson
et al. 2006, Wilhelm et al. 2015, 2020, Pollet & Shutler
*Corresponding author: craig.hebert@canada.ca

2018, but also see Duda et al. 2020). Most research on
Canadian storm-petrel populations has occurred on
colonies in Atlantic Canada. Much less has been done
on the Pacific coast where population trends are unknown; however, Rennie et al. (2020) found that apparent survival of adult storm-petrels was much
higher in the Pacific than on the Atlantic coast. Declines in storm-petrel populations in Atlantic Canada
may be due, in part, to low survival of adults and
young caused by a variety of factors including loss of
habitat (D’Entremont et al. 2020), predation at nesting
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colonies (Stenhouse & Montevecchi 1999, Robertson
et al. 2006), offshore oil and gas development (Ellis et
al. 2013, Hedd et al. 2018), strandings as a result of
light attraction (Gjerdrum et al. 2021, Wilhelm et al.
2021), environmental contaminants such as mercury
(Elliott & Elliott 2016a, Burgess et al. 2018) and
plastics (Bond & Lavers 2013, Frith et al. 2020, Krug et
al. 2021), and alterations to food availability caused by
commercial fishing, ocean acidification and climate
change (Hedd et al. 2009). Here, we focus on aspects
of the last issue.
Sea surface temperatures (SST) in the North Pacific
and North Atlantic oceans have increased through
time, with changes in the latter region being more
pronounced (Hansen et al. 2010, Belkin 2016). One of
the ways in which SST affects seabird populations is
through changes in food availability and quality, i.e.
prey energy density (Diamond & Devlin 2003). For
storm-petrels, annual global mean surface (land and
sea) temperature has been associated with hatching
success at Kent Island in Atlantic Canada (Mauck et
al. 2018). Hatching success exhibited a quadratic
relationship with temperature, in that it increased to
a critical threshold temperature, whereupon it
declined. The initial positive effect of temperature
may have been due to a lowering of thermoregulatory costs during incubation, while the negative
effect of higher temperatures may have been caused
by declines in food availability (Mauck et al. 2018).
Diamond & Devlin (2003) found changes in prey
energy density were important in regulating reproductive success in some species of Atlantic seabirds.
In addition to this aspect of food quality, changes in
nutrient content in the form of the availability of
essential fatty acids is an issue that deserves consideration. Fatty acids are the main constituents of
lipids, and when metabolized, they provide animals
with energy. In addition to this vital role, some fatty
acids are essential for normal growth and development (Brett & Müller-Navarra 1997, Arts & Kohler
2009). The long carbon-chain highly unsaturated
omega-3 fatty acids (n-3 HUFAs) eicosapentaenoic
acid (20:5n-3, EPA) and docosahexaenoic acid
(22:6n-3, DHA) are of particular importance in this
regard (Twining et al. 2016a). EPA and DHA are
important regulators of growth and development in
young birds (Twining et al. 2016b, 2018, Price et al.
2018) and of flight performance in birds travelling
long distances (Guglielmo 2018). Storm-petrels can
travel over 2000 km in a single foraging trip (Hedd et
al. 2018) so adequate EPA and DHA availability may
be important in enabling successful foraging and
migration. However, higher consumers, such as sea-

birds, cannot synthesize them. They must satisfy
their EPA and DHA requirements from dietary
sources that originate primarily from phytoplanktonbased food webs in marine and freshwater ecosystems (Hixson et al. 2015). Cold-water organisms generally have higher levels of EPA and DHA than
organisms inhabiting warmer waters (McMeans et
al. 2015) because they help to ensure proper function
of cellular membranes in low temperature environments, including maintaining membrane fluidity
(Arts & Kohler 2009). There is growing concern, however, that climate change induced increases in water
temperature may reduce the production of EPA and
DHA at the base of the food web (Jónasdóttir 2019),
resulting in reduced availability for higher trophic
level consumers (Hixson & Arts 2016, Colombo et al.
2017, 2020). This could be manifested either through
alterations in the fatty acid composition of prey (Hixson & Arts 2016, Jónasdóttir 2019, Colombo et al.
2020) or in overall declines in primary production in
ecosystems such as the North Atlantic (Behrenfeld et
al. 2013, Jónasdóttir 2019).
Declines in n-3 HUFA availability to higher trophic
level organisms could result from changes in the fatty
acid composition of organisms at the base of the food
web, i.e. phytoplankton (Hixson & Arts 2016), which
constitute the main source of these essential compounds to higher consumers such as seabirds (Hixson & Arts 2016). In Canadian marine environments,
production of HUFAs such as EPA largely derives
from spring diatom blooms (Hixson & Arts 2016).
Warming of coastal waters may result in changes in
the structure of phytoplankton communities, with a
transition from species rich in EPA and DHA, e.g.
diatoms, to others (Behrenfeld et al. 2013, Jónasdóttir
2019). Ocean warming may also lead to increased
stratification of water masses, limiting the transfer of
nutrients from deep to surface waters (Jónasdóttir
2019). This could limit nutrient availability at the
base of the food web, detrimentally affecting plankton growth, plankton lipid quality, and ultimately
HUFA availability for higher trophic level organisms
(Jónasdóttir 2019).
Here, we investigate possible declines in the food
web availability of EPA and DHA by examining temporal trends in their concentrations in storm-petrel
eggs over the past 3 decades at colonies in Atlantic
and Pacific Canada. We hypothesize that temporal
changes in egg fatty acid composition may be more
apparent in Atlantic Canada because of greater historical increases in SST (Hansen et al. 2010, Belkin 2016).
Storm-petrels feed on zooplankton and small fish
(Pollet et al. 2021), and investigating the fatty acid
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composition of storm-petrel tissues may provide
insights into alterations in fatty acid availability at
these lower trophic levels. Eggs are a useful matrix to
evaluate changes in the fatty acid composition of bird
diets (see Hebert et al. 2008 for an example) because
the diet of breeding females is evident in the fatty
acid composition of their eggs (Farrell 1998, Surai et
al. 2001, Surai & Speake 2008). Storm-petrels use
both exogenous, i.e. locally-obtained, and endogenous resources for egg formation, but the former predominate (Bond & Diamond 2010). Obtaining resources within a foraging range relatively close to the
breeding colony is thought to be critical for successful breeding (Bond & Diamond 2010), so changes in
diet composition at the breeding colony should be
evident in egg fatty acid composition.
Alterations in the resources used for egg formation
may also be reflected in other dietary markers. Stable carbon isotopes (13C:12C, expressed as δ13C) are
useful in identifying the origins of food utilized by
consumers, because they change very little (approximately + 0.4 ‰ per trophic level) as they pass through
food webs (Post 2002). δ13C values can differentiate
between sources of primary production in marine
habitats (Miller et al. 2008), with pelagic primary
producers being depleted in 13C. By measuring δ13C
values in the tissues of consumers, such as stormpetrels, insights into their food sources can be gained.
Like carbon isotopes, stable sulfur isotopes (34S:32S,
expressed as δ34S) may also be useful in indicating
the origin of food resources. In open ocean waters,
marine sulfate has a δ34S value of 21 ‰ (Tostevin et al.
2014) while organic matter from terrestrial and freshwater environments has lower δ34S values (Alling et
al. 2008, Croisetière et al. 2009). Hence, tissues of
consumers foraging in offshore habitats would be
expected to have higher δ34S values than those foraging in shallower, nearer shore waters (Fry & Chumchal 2011, Willacker et al. 2017).
Stable nitrogen isotopes (15N:14N, expressed as
15
δ N) reflect organism trophic position because δ15N
values in tissues increase by 3−4 ‰ from one trophic
level to the next (Minagawa & Wada 1984). However,
interpretation of δ15N values in higher trophic level
organisms must consider the possible effect of differences in δ15N values of sources of inorganic nitrogen
entering the base of the food web. Without adjusting
for baselines, spatial comparisons are likely not
appropriate (Post 2002, Dolgova et al. 2018).
By examining stable isotopes of carbon, sulfur, and
nitrogen in eggs we investigate whether factors related to habitat use and diet may be influencing egg
fatty acid concentrations.
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2. MATERIALS AND METHODS
Storm-petrel eggs were collected at regular intervals as part of contaminant monitoring research in
Atlantic and Pacific Canada (Elliott et al. 1989, 1992,
Pearce et al. 1989, Burgess et al. 2013). Eggs collected from 5 Canadian colonies from 1992 to 2015
were examined in this study. Freshly-laid eggs were
the focus of egg collections but stage of development
at the time of egg processing was inconsistently
assessed through time. Two colonies were located in
marine waters of Atlantic Canada: Gull Island, Newfoundland and Labrador, and Kent Island, New
Brunswick. Three colonies were located off the
Pacific coast of British Columbia: Hippa Island, Storm
Islands, and Cleland Island (Fig. 1). Storm-petrels
begin to visit nesting colonies approximately 2 mo
before egg laying (Pollet et al. 2021). Both members
of a breeding pair occasionally occupy burrows during daylight 3 to 4 wk before laying, with copulation
occurring during this time (Pollet et al. 2021). Bond &
Hobson (2015) estimated that yolk formation required 15 to 16 d, with an additional approximately
6 d until the egg was laid. At colonies in the northeastern Atlantic Ocean, egg laying usually occurs
during mid-June, with most clutches consisting of
one egg (Pollet et al. 2021). For each annual colony
collection, one freshly-laid egg was collected from 9
to 15 different nests. Calipers were used to measure
maximum length and width (±1 mm) of each egg
and, identical to Gilmour et al. (2015), egg volume
(cm3) was calculated using Hoyt’s (1979) formula:
Egg volume = (0.51 × (length × width2))/1000 (1)
Annual mean egg volume was calculated for each
site.
After collection, egg contents (yolk and albumen)
were homogenized together, aliquoted and combined
on an equal weight basis to form 3 pooled samples
(see below for exceptions) from each colony for each
time point. Each of the Atlantic Canada pools was
comprised of 5 eggs; each Pacific Canada pool was
comprised of 3 eggs (except for the single pool from
Cleland Island in 1998, which was comprised of 13
eggs) (Gilbertson et al. 1987). These egg pools were
stored frozen in the National Wildlife Specimen Bank
(NWSB) at the National Wildlife Research Centre
(NWRC) in Ottawa, ON, Canada. The NWSB is the
largest repository of frozen wildlife tissues in Canada
(Braune et al. 2010). To minimize the potential for
temporal degradation of fatty acids in frozen material,
samples were kept at −40°C in large walk-in freezers
and freeze-thaw events were avoided. Rudy et al.
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Fig. 1. Leach’s storm-petrel eggs were collected from 5 locations: 2 in Atlantic Canada (Gull and Kent islands) and 3 in Pacific
Canada (Hippa, Storm, and Cleland islands). Dashed line around St-Pierre-et-Miquelon: territorial waters of France

(2016) noted that for fish, n-3 HUFA degradation occurred primarily in species with high lipid content, i.e.
charr (~20% lipid). Petrel eggs contain lower levels of
lipid (Miller et al. 2014) so may not be as prone to fatty
acid degradation. Furthermore, previous long-term
(~40 yr) longitudinal research on egg samples
(herring gull Larus argentatus) stored in a similar
manner showed no evidence of fatty acid degradation
through time; in fact, older samples contained higher
levels of n-3 fatty acids due to dietary change (see
Hebert et al. 2008, 2020). We are not aware of studies
that have evaluated fatty acid stability in frozen samples stored for many decades; therefore, we cannot
rule out the possibility of oxidative degradation of
fatty acids in these egg samples.
Fatty acid concentrations were determined in 3 egg
pools per colony per yr (except where noted) from the
following sites and years: Gull Island (1996, 2000,

2004, 2008, 2012), Kent Island (1992, 1996, 2000, 2004,
2012), Hippa Island (1995, 2003, 2007, 2011, 2015),
Storm Islands (1994 (n=1), 2003, 2007, 2011, 2015),
Cleland Island (1994, 1998 (n=1), 2002, 2006, 2011,
2015). All samples were analysed in 2019 using the
same methods. We are not aware of other fatty acid
data generated using storm-petrel eggs; however,
information on fatty acids in other storm-petrel tissues
is available for Atlantic Canada (Logan 2007). Fatty
acid analysis comprised 3 steps: extraction of lipids,
derivatization of their acyl chains to fatty acid methyl
esters (FAMEs), and gas chromatography of the
FAMEs. Thirty to 40 mg of freeze dried (done at the
time of fatty analysis analysis) egg contents were extracted 3 times in chloroform:methanol (2:1, v/v)
(modified from Folch et al. 1957) and centrifuged at
4000 rpm to remove non-lipid material. From a final
volume of 2 ml, duplicate 200 µl aliquots were placed
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into pre-weighed vessels, which were dried and reweighed on a Sartorius M5 electronic balance with
0.001 mg precision to provide a quantitative measure
of total lipid content. The remaining extract (1.6 ml)
was transferred to a 5 ml Shimadzu vial (Sigma, no.
27319U), evaporated to dryness using N2, and stored
at −80°C until derivatization. The lipids were re-suspended in 1.5 ml toluene and 2 ml of H2SO4/methanol
(1%) were added before overnight methylation (16 h)
in a water bath at 50°C. FAMEs were extracted using
hexane. The extract was evaporated to dryness under
N2 and re-dissolved in 2 ml hexane. A 250 µl portion
was used for fatty acid analysis. Fatty acid concentrations were quantified using a capillary gas chromatograph (Agilent 6890N) coupled with a flame ionization detector. Instrument configuration was splitless
injection; Supelco SP-2560 column; 100 m × 0.25 mm
internal diameter; 0.20 mm thick film; oven temperature 140°C (hold 5 min) to 240°C at 4°C min−1, hold
for 12 min; He carrier gas, 1.2 ml min−1; flame ionization detector at 260°C; injector at 260°C; total run time
of 42 min sample−1. A 37 component FAME standard
(Supelco, no. 47885-U) was used to identify and quantify (4 point calibration curves) FAMEs in the samples
by comparing their retention times to those of the
FAME standard. Quality control was maintained
through analysis of in-house reference materials,
method blanks, and sample duplicates (mean relative percent difference < 5%). Results were reported
as milligrams of fatty acids per gram of tissue (dry
weight).
Carbon, nitrogen, and sulfur stable isotopes were
also measured in each egg pool. For carbon and
nitrogen isotope analysis, analytical details are identical to those reported in Hebert & Popp (2018).
Briefly, 1.0 ± 0.2 mg (dry wt) of homogenized egg
contents was encapsulated in tin. Stable nitrogen
and carbon isotope analyses were conducted simultaneously using an Elementar IsotopeCube elemental analyzer (EA), followed by trap-and-purge separation and online analysis by continuous flow with a
DeltaPlus Advantage isotope ratio mass spectrometer (Thermo Scientific) coupled with a ConFlo III.
δ15N is reported as ‰ relative to AIR and normalized
to internal standards (C-51: nicotinamide [δ15N =
0.07, δ13C = −22.95], C-52: mix of ammonium sulfate
and sucrose [16.58, −11.94], C-54: caffeine [−16.61,
−34.46], C-55: glutamic acid [−3.98, −28.53]) calibrated to international δ15N standards IAEA-N1
(+ 0.4 ‰), IAEA-N2 (+ 20.3 ‰), USGS-40 (−4.52 ‰)
and USGS-41 (47.57 ‰). δ13C is reported as ‰ relative to Vienna Pee Dee Belemnite normalized to
the internal standards described above calibrated
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to international standards IAEA-CH-6 (−10.4 ‰),
NBS-22 (−29.91 ‰), USGS-40 (−26.24 ‰) and USGS41 (37.76 ‰). A mathematical correction, based on
sample C:N content and derived specifically for
avian eggs (Elliott & Elliott 2016b), was used to adjust
δ13C values for sample lipid content. For organic sulfur isotope analysis, samples were encapsulated in
tin with at least twice the sample weight of tungsten
oxide (WO3). Samples were flash-combusted in an EA
(Isotope Cube, Elementar) and released gases carried by helium through the EA to be cleaned, then
separated. Pure SO2 gas was then carried into a Delta
Plus XP isotope ratio mass spectrometer (Thermo
Finnigan) via a Conflo IV interface for sulfur isotope
determination. δ34S is reported as ‰ relative to
Vienna Cañon Diablo Troilite normalized to an internal standard (S-6).
Quality control of stable isotope measurements
was maintained through analysis of in-house reference materials (control limits ± 3 standard deviations)
and sample duplicates (one duplicate for every 10
samples; relative percent difference < 5%). Analytical precision (± 0.2 ‰) was based on internal standard C-55.
Linear regression analysis was used to examine
temporal trends in egg EPA and DHA concentrations
and egg volume at each colony. Correlation analysis
was used to examine relationships between egg concentrations of EPA and DHA, stable isotope values,
and volume. Stable isotope biplots (δ13C versus δ34S)
were used to visualize differences in the isotopic
composition of eggs among colonies. Inter-site differences in mean egg δ13C, δ34S, and δ15N values were
evaluated using ANOVA followed by Tukey’s HSD
test. δ15N values associated with nitrogen entering
the base of the food web can differ greatly across
sites, thereby affecting δ15N values in consumer tissues (Hebert & Wassenaar 2001). Hence, when using
δ15N values to assess organism trophic position it may
be inappropriate to compare raw δ15N values without
adjusting for baseline differences in δ15N (Post 2002,
Dolgova et al. 2018). In this study, it was not possible
to conduct such an adjustment, so inter-site differences in egg δ15N values likely reflect not only
trophic position but also inter-site differences in
baseline nitrogen isotope values. Hence, inter-site
differences in egg δ15N values are not emphasized
here. Normality (P-P plots, Q-Q plots, Shapiro-Wilk
tests) and homogeneity of variance (Levene tests)
assumptions underlying the use of parametric statistics were tested using data residuals. All statistical
analyses were conducted using Statistica Ver 12
(StatSoft Inc., Tulsa, Oklahoma, USA) with α = 0.05.

Mar Ecol Prog Ser 684: 199–210, 2022

204

3. RESULTS
All egg morphometric, stable isotope, and fatty
acid data are available in Table S1 in the Supplement at www.int-res.com/articles/suppl/m684p199_
supp.xlsx.

δ15N r = 0.18, p = 0.53; δ34S r = −0.09, p = 0.76). At Kent
Island, egg volume was correlated with egg δ15N values (r = 0.57, p = 0.03) (Fig. 5) but not related to egg
δ13C or δ34S values (δ13C r = 0.23, p = 0.41; δ34S r =
0.35, p = 0.20).

3.2. Pacific Canada colonies
3.1. Atlantic Canada colonies
3.2.1. Temporal trends
3.1.1. Temporal trends
Concentrations of EPA and DHA in egg pools
increased through time at both Gull Island (EPA R2
= 0.40, F(1,13) = 8.8, p = 0.01; DHA R2 = 0.64, F(1,13)
= 23.5, p < 0.001) and Kent Island (EPA
R2 = 0.64, F(1,13) = 23.2, p < 0.001;
DHA R2 = 0.51, F(1,13) = 13.5, p =
0.003) (Fig. 2). Egg volume showed no
temporal change at either Gull (R2 =
0.01, F(1,13) = 0.1, p = 0.77) or Kent
Island (R2 = 0.11, F(1,13) = 1.6, p =
0.22).

Concentrations of EPA and DHA in egg pools
showed no temporal trend at any of the 3 Pacific
colonies (Hippa Island: EPA R2 = 0.04, F(1,13) = 0.5,
p = 0.49; DHA R2 = 0.03, F(1,13) = 0.5, p = 0.52; Storm

3.1.2. Stable isotope relationships
At Gull Island, egg δ13C values were
related to egg EPA and DHA concentrations (EPA Pearson r = −0.66,
p = 0.007; DHA r = −0.71, p = 0.003)
(Fig. 3A). No such relationships were
observed at Kent Island (EPA r = −0.17,
p = 0.54; DHA r = 0.05, p = 0.86).
Egg δ15N values were not related to
egg EPA or DHA concentrations at
Gull Island (EPA r = 0.10, p = 0.72;
DHA r = 0.21, p = 0.46). At Kent
Island, egg δ15N values were negatively correlated with EPA concentrations (r = −0.57, p = 0.03) but not DHA
(r = −0.43, p = 0.11).
Egg δ34S values were not related to
egg EPA or DHA concentrations at
Gull Island (EPA r = −0.11, p = 0.69;
DHA r = −0.04, p = 0.88). At Kent
Island, egg δ34S values were negatively
related to both egg EPA and DHA concentrations (EPA r = −0.75, p = 0.001;
DHA r = −0.65, p = 0.009) (Fig. 4).
Egg volume was not correlated with
any of the stable isotope measurements
at Gull Island (δ13C r = 0.09, p = 0.74;

Fig. 2. Temporal trends in (A) EPA and (B) DHA concentrations in eggs from 2
Atlantic Ocean storm-petrel colonies (Gull Island EPA R2 = 0.40, p = 0.01, DHA
R2 = 0.64, p < 0.001; Kent Island EPA R2 = 0.64, p < 0.001, DHA R2 = 0.51, p =
0.003). The Pacific Ocean colonies showed no trends through time
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Islands: EPA R2 = 0.22, F(1,11) = 3.2,
p = 0.10; DHA R2 = 0.12, F(1,11) = 1.5,
p = 0.25; Cleland Island: EPA R2 = 0.09,
F(1,14) = 1.3, p = 0.27; DHA R2 = 0.09,
F(1,14) = 1.4, p = 0.25). Egg volume
decreased through time at Hippa
Island (R2 = 0.34, F(1,10) = 5.1, p =
0.048) (Fig. 5) but not at Storm (R2 =
0.01, F(1,10) = 0.1, p = 0.80) or Cleland
(R2 = 0.03, F(1,11) = 0.3, p = 0.57)
islands.

3.2.2. Stable isotope relationships
Hippa Island egg δ13C values were
not correlated with egg EPA (r =
−0.12, p = 0.67) or DHA (r = −0.25, p =
0.93) concentrations. At Storm Islands,
egg δ13C values were correlated with
EPA (r = −0.66, p = 0.02; Fig. 3C) but
not DHA (r = −0.43, p = 0.14). At Cleland Island, egg δ13C values were correlated with both egg EPA (r = −0.54,
p = 0.03) and DHA (r = −0.54, p = 0.03)
concentrations.
Egg δ15N values were correlated
with egg EPA concentrations at Hippa
Island only (r = −0.56, p = 0.03). No
other significant relationships existed
between egg δ15N values and egg n-3
fatty acid concentrations at Hippa
(DHA r = −0.49, p = 0.07), Storm (EPA
r = −0.37, p = 0.21; DHA r = −0.22, p =
0.47) or Cleland (EPA r = −0.28, p =
0.30; DHA r = −0.26, p = 0.33) islands.
Egg δ34S values were not correlated
with egg EPA or DHA concentrations
at Hippa (EPA r = −0.21, p = 0.46; DHA
r = −0.15, p = 0.58), Storm (EPA r =
0.34, p = 0.25; DHA r = 0.15, p = 0.62)
or Cleland (EPA r = 0.23, p = 0.40;
DHA r = 0.22, p = 0.40) islands.

Fig. 3. Negative relationship between egg δ13C
values and egg EPA and DHA concentrations at
(A) Gull Island (EPA r = −0.66, p = 0.007; DHA r
= −0.71, p = 0.003), (B) Cleland Island (EPA r =
−0.54, p = 0.03; DHA r = −0.54, p = 0.03), and (C)
Storm Island (EPA r = −0.66, p = 0.02; δ13C values were not correlated with DHA). EPA data
are represented by closed symbols and solid regression lines, DHA data by open symbols and
dashed regression lines
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4. DISCUSSION
Despite reported increases in SST,
particularly in the North Atlantic
(Hansen et al. 2010, Belkin 2016), we
found no evidence of reductions in
food web availability of EPA or DHA as
indicated by their concentrations in
storm-petrel eggs. On the contrary,
eggs collected from the 2 North Atlantic colonies exhibited increases in
EPA and DHA concentrations through
time. It is possible that degradation of
fatty acids during storage contributed
to this result. However, relationships
between egg EPA and DHA concentrations and stable carbon and sulfur isotopes suggested that the fatty acid data
were providing insights into petrel diFig. 4. Negative relationship between egg δ34S values and egg EPA and DHA
ets similar to those inferred from stable
concentrations at Kent Island (EPA r = −0.75, p = 0.001; DHA r = −0.65, p =
isotopes, which are unaffected by
0.009). EPA data are represented by closed symbols and solid regression lines,
frozen storage (Sweeting et al. 2004).
DHA data by open symbols and dashed regression lines
At the Atlantic breeding colonies
there was no temporal change in egg
Egg volume was not correlated with any of the stable
volume. This finding was consistent with previous
isotope measures at Hippa (δ13C r = 0.53, p = 0.08;
work at Gull and nearby Great islands (Pollet et al.
δ15N r = 0.06, p = 0.86; δ34S r = −0.42, p = 0.18), Storm Is2021). Previous research indicated that resource
land (δ13C r = 0.07, p = 0.83; δ15N r = 0.11, p = 0.74; δ34S
availability was not a limiting factor affecting stormr = −0.17, p = 0.59) or Cleland Islands (δ13C r = −0.24,
petrel reproduction, with only very small declines in
p = 0.42; δ15N r = −0.38, p = 0.20; δ34S r = −0.21, p = 0.49).
egg size between original and replacement clutches
(Bond & Hobson 2015). However, in this study, there
was a relationship between egg volume and egg
3.3. Inter-colony comparisons
δ15N values at Kent Island, suggesting that consumption of higher trophic level prey may have had a benMean egg δ13C, δ34S, and δ15N values differed
eficial effect on resources available for egg formaamong the 5 breeding locations (δ13C Welch’s F4,33 =
tion. Fairhurst et al. (2015) reported a positive
154.9, p < 0.001; δ34S Welch’s F4, 32 = 47.4, p < 0.001;
impact of higher trophic level feeding on reduced
δ15N Welch’s F4, 32 = 48.0, p < 0.001). Egg δ13C valstress levels in storm-petrels.
ues were less negative at the Atlantic colonies (Fig.
Changes in planktonic physiology and planktonic
6). δ34S values in eggs differed among colonies, with
community composition are likely occurring due to
the lowest values observed at Kent Island (Fig. 6).
climate change (Barton et al. 2016). These alterations
Egg δ15N values were statistically different across
could decrease n-3 HUFA availability for stormall colonies, with the exception of Gull and Kent
petrels if warmer water temperatures reduce the
Islands which were not different from each other.
need for n-3 fatty acids to maintain membrane fluidEgg δ15N values were greatest at Cleland Island
ity in plankton (Arts & Kohler 2009). It is also possi(mean = 16.03 ‰), followed by Storm (14.80 ‰),
ble that changes in the species composition of marHippa (13.72 ‰), Gull (12.50 ‰), and Kent (12.38 ‰).
ine food webs (resulting in corresponding changes in
As mentioned in the Methods section, egg δ15N valthe fatty acid profile of prey) could have affected
ues unadjusted for baseline δ15N values are complistorm-petrel diets to the extent that they overshadcated to interpret in terms of or ganism trophic posiowed any declines that may have occurred in n-3
tion. Baseline adjustment was not possible in this
HUFA availability at the base of the food web (Hedd
study so inter-site differences in egg δ15N values
et al. 2009). The diet of Pacific and Atlantic stormare not discussed further.
petrels largely consists of zooplankton (Frith et al.
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make-up of storm-petrel tissues, including eggs. Changes in the annual
composition of storm-petrel diets have
been documented (Hedd et al. 2009,
Frith et al. 2020), and similar changes
could have contributed to the egg fatty
acid and stable isotope patterns
observed here.
At 3 (Gull, Storm, Cleland) of the 5
colonies there were negative relationships between egg n-3 HUFA concentrations and δ13C values. One possible
explanation for this result is that feeding on more pelagic food increased
access to n-3 HUFAs. Consistent with
this interpretation were the intercolony differences observed in egg
δ13C values. Hedd et al. (2018) tracked
the foraging movements of nesting
storm-petrels at a number of colonies
in Atlantic Canada. Birds from most
colonies foraged well offshore in pelagic waters. However, storm-petrels
from Kent Island were an exception;
they foraged to a greater extent over
shallower waters. The less negative
δ13C values of Kent Island eggs were
consistent with their different foraging
habits, as were the lower δ34S values
compared to eggs from Gull Island.
Biota using shallower areas may be
influenced to a greater extent by riverine/terrestrial inputs of sulfur, which
would be expected to have lower δ34S
than marine regions dominated by sulfate δ34S values (Peterson & Fry 1987).
Further investigation of the mechanisms responsible for the increased
concentrations of EPA and DHA in
Fig. 5. Egg volume increased with egg δ15N values at (A) Kent Island (r = 0.57,
Atlantic storm-petrel eggs is beyond
p = 0.03) and decreased through time at (B) Hippa Island (r = −0.58, p = 0.048)
the scope of this study. Our goal was
to investigate possible temporal
2020) and fish, with myctophids (lantern fishes)
declines in n-3 HUFA availability to storm-petrels
being particularly important (Vermeer & Devito
as a possible factor contributing to declines in their
1988, Vermeer et al. 1988, Hedd et al. 2009). Lantern
populations. Based upon the results presented
fishes undergo a diel vertical migration from deep
here, there is no evidence to suggest that declines
waters to the surface at night where they feed on
in n-3 HUFA availability during the period of egg
plankton (Hudson et al. 2014). This makes them vulformation has played such a role. Another aspect
nerable to predation by storm-petrels, which are
that needs to be considered, however, is n-3 HUFA
known to forage nocturnally (Vermeer & Devito
availability during the chick growth and fledging
1988, Hedd et al. 2009). However, alterations in the
periods, as adequate supplies of these essential
relative abundance and availability of different prey
nutrients are critical for development in birds
types would be expected to influence the fatty acid
(Twining et al. 2016b, Lamarre et al. 2021).
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