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Abstract

Numerous seabird species are experiencing population declines, and this trend is expected to continue or even accelerate in
the future. To understand the effects of environmental change on seabird populations, long-term studies are vital, but rare.
Here, we present over four decades (1978-2020) of population dynamic and reproductive performance data of Wilson’s
Storm Petrels (Oceanites oceanicus) from King George Island (Isla 25 de Mayo), Antarctica. We determined temporal
trends in population size, breeding output, and chick growth rates, and related interannual variation in these variables to
various environmental variables. Our study revealed a decline of 90% in population size of Wilson’s Storm Petrels in two
colonies, and considerable changes in breeding output and chick growth rates. Temporal changes in breeding demographics
were linked to interannual environmental variation, either causing changes in food availability (particularly Antarctic krill,
Euphausia superba) or in nest burrow accessibility due to snow blocking the entrance. With the expected rise in air and
sea surface temperatures, the predicted increases in precipitation over the Antarctic Peninsula will likely lead to increased
snowstorm prevalence. Additionally, the rising temperatures will likely reduce food availability due to reduced sea ice cover
in the wintering grounds of Antarctic krill, or by changing phyto- and zooplankton community compositions. The ongoing
environmental changes may thus lead to a further population decline, or at the very least will not allow the population to
recover. Monitoring the population dynamics of Antarctic seabirds is vital to increase our understanding of climate change-
induced changes in polar food webs.
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Introduction

Seabirds form an integral part of marine ecosystems
(Signa et al. 2021), not only connecting nutrient (e.g.,
Duda et al. 2020) and contaminant (Blais et al. 2005;
Signa et al. 2013) flow between marine and terrestrial sys-
tems, but also linking marine habitats on a global scale
(Pacyna et al. 2019; Signa et al. 2021; Wild et al. 2022).
Their fundamental place in the food web means that sea-
birds are exceptionally susceptible to changes in marine
environments, and that, in turn, makes them vulnerable to
ongoing climate and anthropogenic changes. Indeed, many
seabird species are under threat globally, with nearly half
of the species experiencing population declines (Croxall
et al. 2012; Dias et al. 2019). These population declines
are likely caused by multiple factors including climate
change and direct anthropogenic threats (Dias et al. 2019).
The effects of variation in environmental conditions
on avian reproductive performance and demography are
complex and may differ between species, area, phase in
the annual cycle, and age groups (Bestley et al. 2020).
Local weather conditions such as air temperature (Quill-
feldt 2001; Jenouvrier et al. 2005; Ritz et al. 2005; Hahn
et al. 2007), precipitation (Quillfeldt 2001; Hahn et al.
2007; Youngflesh et al. 2021), or wind conditions (Quill-
feldt 2001; Ritz et al. 2005; Nevoux and Barbraud 2006;
Hahn et al. 2007) can have contrasting and variable effects
on various breeding parameters (Michielsen et al. 2019).
Similarly, local and regional oceanographic conditions,
such as sea ice extent (Ballerini et al. 2009; Hinke et al.
2014), or sea surface temperature (Barbraud et al. 2000;
Jenouvrier et al. 2003; Hahn et al. 2007), and variation
in large-scale environmental indices such as the Southern
Annular Mode (SAM; or Antarctic Oscillation, AAO) can
have diverse effects on both juvenile and adult survival
(Nevoux and Barbraud 2006; Descamps et al. 2016; Abadi
et al. 2017) or breeding success (Jenouvrier et al. 2005;
Descamps et al. 2016; Sauser et al. 2018) with various
time lags (Descamps et al. 2016; Pacoureau et al. 2019).
Climate and oceanographic variation are undeniably
interlinked, with large-scale indices affecting oceano-
graphic variables on regional and local scales (Barbraud
et al. 2012; Lee et al. 2019). While changes in local
climate conditions may have direct effects on species’
behaviour (Tarroux et al. 2016; Dehnhard et al. 2021)
and breeding success (Quillfeldt 2001; BiiBler et al. 2004;
Michielsen et al. 2019), the effects may also be indirect
through their effect on food availability (Quillfeldt 2001;
BiiBer et al. 2004; Lescroél et al. 2014; Jenouvrier et al.
2015). Birds breeding in adverse weather conditions may
mitigate the negative effects on their offspring through
adopting various strategies, such as chicks gaining large
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fat reserves (Gebcezyniski and Jadwiszczak 2000) or going
into facultative hypothermia (Ggbczynski 1995; Kuepper
et al. 2018). However, prolonged food deprivation will
nevertheless lead to starvation (Biiler et al. 2004; Kue-
pper et al. 2018), negatively affecting chick growth and
survival. In addition, food stress may exacerbate oceano-
graphic effects under harsh weather circumstances (Ritz
et al. 2005; Kriiger et al. 2021).

Pelagic seabirds breeding in the Southern Hemisphere
are more threatened compared to seabirds from other parts
of the world, with over half of the species in decline (Crox-
all et al. 2012; Chambers et al. 2014). These declines are
mostly linked to fisheries (e.g., overfishing and bycatch)
and climate change (Dias et al. 2019). In addition to popu-
lation declines, southern hemisphere seabird species show
changes in phenology in response to climate change, with
most Procellariidae populations and migratory species
breeding in the Antarctic showing shifts towards later
phenological events (Barbraud and Weimerskirch 2006;
Chambers et al. 2014). This may lead to mismatches with
prey phenology, eventually affecting reproductive perfor-
mance and demography (Sauser et al. 2021).

The effects of environmental changes on breeding popu-
lation size in seabirds are often delayed due to their lon-
gevity and late recruitment age (Gaston and Descamps
2011; Miles et al. 2015). Low breeding success due to
unfavourable environmental conditions (Quillfeldt 2001;
Jenouvrier et al. 2005, 2015; Nevoux and Barbraud 2006;
Bestley et al. 2020) may only have a significant effect on
population size years later due to lowered recruitment rates
(Anchundia et al. 2014; Miles et al. 2015; Pacoureau et al.
2019). This effect may be enhanced by low survival of
juveniles in unfavourable environmental conditions reduc-
ing recruitment further (Forcada et al. 2008; Hinke et al.
2014).

Long-term studies are vital in understanding how inter-
annual variation in environmental conditions affects popu-
lation demographics in long-lived seabirds. Such studies
are generally scarce, and especially so for species nesting
in hard-to-reach remote areas in cracks and crevices such
as the smallest member of the Procellariidae breeding in
Antarctica: the Wilson’s Storm Petrel, Oceanites oceanicus,
(hereafter WSP) (Chambers et al. 2014). Except for a long-
term study (1959-2004) on Antarctic seabird phenology,
for which WSP annual arrival dates were scored (Barbraud
and Weimerskirch 2006), the longest study of variation in
breeding output spanned a decade (Bii3er et al. 2008). WSPs
play a crucial role in the Antarctic food web both as predator
and prey (Biier et al. 2008; Bestley et al. 2020) due to their
high abundance (est. population size 8—200 million; Warham
1990; BirdLife International 2021). Therefore, changes in
their breeding output and population dynamics may have
substantial effects on the Antarctic marine ecosystem.
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In this study, we summarised opportunistically assem-
bled (mainly for purposes of various short-term studies)
data on WSP population demographics and breeding per-
formance collected at irregular intervals between 1978 and
2020 on King George Island (or Islas 25 de Mayo, here-
after KGI), South Shetland Islands, maritime Antarctic,
with a total of 27 years with available data. WSP is the
smallest endotherm breeding in the Antarctic region with
a circumpolar breeding distribution (Olivier and Woth-
erspoon 2006), with colonies along the Antarctic coast,
on islands in the Southern, Indian and Atlantic Ocean as
far north as the Falkland Islands (Islas Malvinas) (Car-
boneras et al. 2017). WSP forages primarily on Antarc-
tic krill (Euphausia superba), but also supplements its
diet with other crustaceans, and small fish (Ridoux 1994;
Quillfeldt 2002). Considering the sensitivity of Antarctic
krill to climate change (Atkinson et al. 2004, 2019; Reiss
et al. 2017), WSP may be especially vulnerable to changes
in environmental conditions once they lead to changes in
food abundance (Quillfeldt 2001), for example, through
affecting chick provisioning rates (Biifler et al. 2004).
Additionally, snowstorms are known to block the entrances
of WSP burrows (Wasilewski 1986; Biifler et al. 2004),
preventing adults from entering and laying eggs (Quill-
feldt 2001) or provisioning chicks possibly leading to
starvation (Ggbczyniski and Jadwiszczak 2000; Quillfeldt
2001; Kuepper et al. 2018), or hypothermia (G¢bczyriski
2003; Kuepper et al. 2018). Indeed, based on an estimated
foraging range of ca. 500 km (Croxall and Prince 1980),
the breeding season foraging habitat of WSP from KGI
is found to the north and west of the Antarctic Peninsula,
and therefore lies in one of the areas undergoing the most
rapid warming worldwide (e.g., Ducklow et al. 2007). The
temperature rise in this area has been about three times
higher than the global mean (2 C over the year; 6 C in
winter), leading to a reduction in winter sea ice extent by
10% per decade, and a shorter seasonal duration of sea ice
cover (Clarke et al. 2007).

Locally, weather conditions may affect access to nest
burrows on land and food availability at sea. The waters
around KGI do not have a standing stock of Antarctic krill,
but the predator species rely on krill swarms supplied by
ocean currents from the Bellingshausen Sea (Sahrhage
1988; Quillfeldt 2001). Krill abundance is heavily reli-
ant on sea ice cover (SIC) during the preceding winter
(Loeb et al. 1997), thus, variation in SIC in the Belling-
shausen Sea may affect food availability for WSP. The
prevalence of westerly winds affects the distribution of
krill stocks, and a decline in westerly winds is thus associ-
ated with lower food availability (Quillfeldt 2001; Biiler
et al. 2008). Variation in SAM is associated with a change
in wind conditions (Lee et al. 2019), and may therefore

affect food availability for krill-eating predators as well
as precipitation events (Marshall et al. 2017).

Combining environmental data measured by remote sens-
ing techniques and modern statistical techniques allows
researchers to relate variability in long-term data collected
decades before, to changes in environmental conditions on
large temporal and spatial scales. Given the observed decline
of various pelagic seabird species (Croxall et al. 2012; Dias
et al. 2019), WSP is likely to follow the same trend despite
the current classification as Least Concern and stable (Bird-
Life International 2021). Indeed, surveys in 1984 and 2016
in Adélie Land, Antarctica showed a 40% decline in breed-
ing pairs (Barbraud et al. 2017). The declining trend in WSP
is further suggested by the apparent lower occupancy rate of
nests and thus number of chicks in recent years compared
to earlier studies in the same locations on KGI (Jabtorski
1986; Wasilewski 1986; Kostelecka-Myrcha and Myrcha
1989; Gebczyniski and Jadwiszczak 2000; Ausems et al.
2020). Similar to other seabirds (Dias et al. 2019), the pos-
sible causes for a population decline are likely manifold,
mainly weather, climate and food availability related (Quill-
feldt 2001, 2002; BiiBer et al. 2004).

Here, we explored the link between environmental con-
ditions and breeding population demographics of WSP.
Given the reported decreasing trend in the population sizes
of various krill-eating Antarctic predators (Croxall et al.
2012; Dias et al. 2019; Kriiger et al. 2021), we expected to
find lowered breeding output of WSP in more recent years
compared to earlier years, and to find evidence for declin-
ing population sizes over time. Considering the phenologi-
cal shifts of WSPs breeding on the coast of Adélie Land
(Barbraud and Weimerskirch 2006), we expected that WSP
reproductive phenology on KGI has also shifted to later in
the year. Due to the elusive nature of the species, due to their
pelagic lifestyle, nocturnal activity in the breeding colony,
and tendency to breed in hard-to-reach cracks and crevices,
measuring population size or age directly is nearly impos-
sible. In addition to the opportunistic nature of our data,
we thus used various measurements to describe population
dynamics, and a suite of environmental variables. Therefore,
the results presented in this study should be interpreted as
trends which need to be confirmed with independent data.

Materials and methods

Study species and area

We studied WSP colonies on KGI (Fig. 1), in the vicin-
ity of the Argentinian Base Carlini (62°14'S, 58°40'W,
CA, formerly called Base Jubany) and the Henryk Arc-

towski Polish Antarctic Station (62°09'S, 58°27'W; HA).
WSP adults arrive at the colonies on KGI from September
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Fig. 1 Study area. The study area is located to the west of the Ant-
arctic Peninsula (a) on King George Island (Isla 25 de Mayo), South
Shetlands (b). The Wilson’s Storm Petrel (Oceanites oceanicus) colo-
nies at either side of the Warszawa Icefield were studied at the Argen-
tinian Base Carlini and the Henryk Arctowski Polish Antarctic Sta-
tion (c). The black circle in a shows King George Island (Isla 25 de

(Sierakowski 1991) to October (Wasilewski 1986), with eggs
being laid from December to February (Wasilewski 1986).
WSPs lay a single egg per season (Carboneras et al. 2017)
which is incubated for 38—59 days. Partners are socially and
genetically monogamous (i.e., there is no extra-pair pater-
nity) and share parental duties during the breeding season
(Wasilewski 1986; Quillfeldt 2001; Quillfeldt et al. 2001).
The egg may be left unattended for several days, increas-
ing the total length of incubation period (Beck and Brown
1972). The chick fledges at an age of 54—69 days (Beck
and Brown 1972). Although there are no data on the age at
first breeding for WSP, similar sized Storm Petrels gener-
ally start breeding between 2 and 4 years of age (Morse and
Buchheister 1977; Bried and Bolton 2005; Okill and Bolton
2005; Sanz-Aguilar et al. 2009). Like all Procellariiformes,
WSP is a long-lived species, with an estimated mean adult
life expectancy of 10.4 years (Beck and Brown 1972) and a
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Mayo). The black outline in a shows the Bellingshausen Sea, from
Spalding et al. 2007. The black dots in b and ¢ show the locations
of the research stations (CA = Argentinian Base Carlini; HA =Hen-
ryk Arctowski Polish Antarctic Station). The black arrows in b and ¢
point North. Map source: Quantarctica (Matsuoka et al. 2018)

maximum lifespan of approximately 30 years based on local
ring recoveries.

Data collection

We studied WSP on KGI since 1978 at HA (Jabtonski 1986)
and at CA since 1995 (Quillfeldt 2001). In total, we collected
WSP breeding demographic data in seven breeding seasons
at HA and 19 breeding seasons at CA (Table 1). At CA, we
caught adults at night throughout the breeding season using
a mist net at the same location in the Tres Hermanos colony
in each study year. The population size in 1995-96 was esti-
mated at 1400-2300 breeding pairs (Hahn et al. 1998). As a
proxy of local population size, we calculated the number of
birds caught per hour at CA between 1 and 3 h after sunset,
to correct for the length of the catching events. Since we cap-
tured the birds at various times during the breeding season,
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Table 1 Study years of Wilson’s storm-petrel population demographic data collected on King George Island, South Shetland, maritime Antarc-

tica

Colony CA HA

Variable n Year n Year

Adults caught per hour 15 1996; 1999; 2001; 2003-2007; 2013-2017; 2020 0 -

Foot spot ratio 14 1999-2001; 2003-2007; 2013-2017; 2020 0 -

Number of nests 19 1996; 1999-2009; 2013-2017; 2020 7 1979-1981; 1984; 1995; 2017-2018
Number of eggs 19 1996; 1999-2009; 2013-2017; 2020 4 1979; 1981; 1995; 2018

Laying success 19 1996; 1999-2009; 2013-2017; 2020 4 1979; 1981; 1995; 2018

Number of chicks 19 1996; 1999-2009; 2013-2017; 2020 7 1980-1981; 1984; 1990; 1995; 2017-2018
Hatching success 19 1996; 1999-2009; 2013-2017; 2020 6 1980-1981; 1984; 1995; 2017-2018
Hatching date 16 1996; 1998-2003; 2005-2009; 2015-2017; 2020 5 1980-1981; 1995; 2017-2018
Number of fledged chicks 16 1996; 1998-2007; 2013-2016; 2020 2 2017-2018

Fledging success 16 1996; 1998-2007; 2013-2016; 2020 2 2017-2018

Food loads 12 1996; 1998-2002; 2005-2007; 2015-2017 0 -

Tarsus growth rate 11 1996; 1998-2002; 2005; 2015-2017; 2020 4 1991; 1995; 2017-2018

Wing growth rate 11 1996; 1998-2002; 2005; 2015-2017; 2020 4 1991; 1995; 2017-2018

Body mass growth rate 11 1996; 1998-2002; 2005; 2015-2017; 2020 5 1979; 1991; 1995; 2017-2018
Maximum body mass 10 1998-2002; 2005; 2015-2017; 2020 5 1979; 1991; 1995; 2017-2018

Data was collected during several expeditions to the Argentinian Base Carlini (CA) and the Henryk Arctowski Polish Antarctic Station (HA).
n=the number of years with data collected on the listed variables; Year=study years denoted as the year in January of the breeding season (e.g.,

the breeding season of 1996 spans September 1995 through May 1996)

we used the mean number of birds caught during the peak
hours. The number of birds caught in mist nets did not differ
significantly over the season (Online Resource 1). Since mist
net captures often include non-breeding birds, we estimated
the likelihood of an individual to be a breeder or pre-breeder
by scoring whether foot web spots were absent (0; young
bird; pre-breeder) or present (1; older bird; breeder) follow-
ing Quillfeldt et al. 2000. The foot spot ratio of all adults
caught in a year thus ranges from O (only young birds, or
pre-breeders) to 1 (only older birds, or breeders).

We assembled all known data describing reproductive
performance at both breeding sites, either from published
materials (Jabtoriski 1986; Wasilewski 1986) or our own
studies, including unpublished data. We determined the
number of potential nests as burrows from which we at
least heard an adult WSP calling, or in which we found
an egg or chick. We marked nests either permanently, or
within a breeding season with markers being removed at
the end of the study period. At CA we stored nest loca-
tions on an x—y grid with a local reference point in earlier
years (1996-2001). We stored nest locations in a handheld
GPS device (Garmin) in the years after 2001 at CA, and in
2017-2018 at HA. The teams that carried out data collection
varied between years and colonies. However, we assumed
search effort was similar between years or to have slightly
increased in later years. We could not determine reproduc-
tive output at the individual or pair level due to the elu-
sive behaviour of the species, because nest burrows are not

occupied every year, and research teams often arrived after
egg laying and hatching had started. We used variation in
hatching date between years to assess phenological changes,
as laying date or fledging date could often not be recorded
within the period research teams were present at the study
sites. Therefore, as a measurement of colony-wide produc-
tion, we calculated laying success and hatching success by
dividing the number of eggs (including chicks found after
hatching) and chicks, respectively, by the maximum number
of active nests found in an area in previous years. However,
care should be taken when interpreting these variables, as
especially laying success may thus be underestimated if
unhatched eggs were not found. We determined fledging
success as the number of fledglings divided by the number
of chicks in a given year, and considered it as NA in years
with complete hatching failure.

Storm Petrel chick growth follows a sigmoid curve, with a
period of exponential growth followed by a period of linear
growth, ultimately reaching an asymptote (Quillfeldt and
Peter 2000; Ausems et al. 2020). When a chick’s hatching
date was unknown, we estimated it based on the size of the
chick’s tarsus, provided it had not yet reached the asymptote
(Quillfeldt and Peter 2000; Ausems et al. 2020). We meas-
ured chick body mass to the nearest 0.1 g with an electronic
or spring scale, tarsus length to the nearest 0.1 mm with a
calliper and wing length to the nearest 1 mm with a ruler. We
calculated chick growth rates for individual chicks (Ausems
et al. 2020) whenever possible, or for the entire year when
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no individual data were available and we had to estimate
it from published data. We assumed chicks had passed the
linear body mass growth period after 20 days (Ausems et al.
2020), the age at which they generally reach their maximum
body mass before losing weight to be able to fledge (Pollet
et al. 2021). We log-transformed chick body mass using the
natural logarithm before calculating the body mass growth
rate. For chicks older than 20 days, we took the maximum
recorded body mass and averaged that for all chicks per year,
as an estimate of chick body condition. We calculated chick
feeding rates (i.e., food load per day in g) for chicks at CA
where we measured body mass daily, based on daily mass
differences and the estimated metabolic loss during the day
(Gladbach et al. 2009; Kuepper et al. 2018).

We defined the different breeding periods based on the
median predicted hatching date per year. The non-breeding
(NB) period starts at the end of the chick-rearing period of
the previous year until 140 days before the median hatching
date, the pre-breeding (PB) period runs from 140 to 50 days
before the median hatching date, the incubation (IN) period
from 50 days before until the median hatching date, and the

chick-rearing (CR) period from the median hatching date
until 40 days after (Wasilewski 1986; Sierakowski 1991;
Carboneras et al. 2017). NB covers the period when WSPs
are absent from the colonies, but may be important for Ant-
arctic krill development. PB covers the period when WSPs
arrive at the colonies, and start courtship and egg produc-
tion (Wasilewski 1986; Sierakowski 1991; Carboneras et al.
2017). For each breeding stage, we selected relevant envi-
ronmental conditions which are summarised in Table 2.

Environmental conditions

To understand the effects of interannual variation in envi-
ronmental conditions on breeding output, we selected
environmental variables on local and regional scales with
known effects. As local weather variables, we considered
interannual variation in wind conditions (i.e., wind direc-
tion and wind speed), precipitation, sea surface tempera-
ture (SST), and 2 m air temperature. As regional variables,
we included the hemisphere-wide SAM, which is a meas-
ure of the strength of the westerly winds, and SIC west of

Table2 Response and
explanatory variables used for
the bootstrapped regression

Breeding stage

analyses per breeding stage of
Wilson’s storm-petrels breeding
on King George Island, South
Shetland, Maritime Antarctic

Non-breeding Pre-breeding Incubation Chick-rearing
Response variables

Adults caught (h™") v v

Foot spot ratio v v

Laying success v v

Hatching success v v v

Hatching date v v v

Tarsus growth v v v v
Wing growth v v v v
Body mass growth v v v v
Mean maximum body mass v v v v
Fledging success v v v v

Explanatory variables

Sea ice cover (lag 0-5 years) v v

Southern annular mode v v v v
Total precipitation v v v
Air temperature v v v
Wind speed v v v
Westerly winds v v v
Sea surface temperature v v v
Snowstorm days v v v

The tick marks (v’) indicate which breeding stage was relevant for each variable, while empty cells indicate
that a breeding stage was not relevant. For the response variables, a tick mark indicates that environmen-
tal conditions in that breeding stage were used for bootstrapped regression analysis, while environmental
conditions in breeding stages without tickmarks were excluded (e.g., environmental conditions during the
chick-rearing period cannot have affected laying success). For the explanatory variables, tick marks indi-
cate for which period data was extracted, while empty cells indicate for which period data was excluded
from the analyses (e.g., air temperature at the breeding grounds during the non-breeding period is unlikely
to have affected the breeding success in the following breeding seasons as the birds are absent)
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the base of the Antarctic Peninsula, in the Bellingshausen
Sea marine ecoregion (Fig. 1a; Spalding et al. 2007).

We extracted monthly average wind speed data (mes™!)
from the READER (REference Antarctic Data for Envi-
ronmental Research) data base (British Antarctic Survey
2013) for CA (listed under its former name Jubany sta-
tion). We downloaded wind direction in U (west—east axis)
and V (north—south axis) components (mes~') using the
Movebank database (https://www.movebank.org) from
the ERA-interim (ECMWF Re-Analysis; European Cen-
tre for Medium-range Weather Forecast (ECMWF), 2011)
datasets with a spatial resolution of 79 km grids. From
the ERAS datasets (fifth generation ERA), which have
a spatial resolution of 31 km grids, we extracted daily
precipitation totals in mm water equivalent and daily
mean surface air temperature (K) for the breeding season
(January—March) for CA for 1979-2020 (Muifioz Sabater
2019, 2021). We marked a possible snow blocking event,
or snowstorm prevalence, when the total precipitation
was > 10 mm in a 3-day rolling average, followed by a
period >3 days with mean air temperatures below freez-
ing. We chose these parameters based on field observations
in the 2014/2015-2017/2018 breeding seasons.

We downloaded 0.25-degree Daily Optimum Interpola-
tion SST data from NOAA (National Oceanic and Atmos-
pheric Administration) (Huang et al. 2020) for the area
between latitude 54—63°S and longitude 60—65°W using
the rerddap package in R (Chamberlain 2021; R Core Team
2022) from the start of the data collection in 1982. SAM
data were downloaded from http://www.nerc-bas.ac.uk/icd/
gjma/sam.html (accessed 26-04-2021; Marshall 2003) for
1978-2020. We calculated monthly SIC for the Belling-
shausen Sea marine ecoregion (Spalding et al. 2007) from
remote sensing (Scanning Multichannel Microwave Radi-
ometer, Special Sensor Microwave Imager, Special Sensor
Microwave Imager/Sounder) sea ice concentration data (Fet-
terer et al. 2008). The spatial resolution of the sea ice con-
centration data is 25 X 25 km, with a temporal resolution of
one day. Sea ice concentration values between 1% and 15%
are statistically irrelevant because data values less than 15%
from passive microwave instruments are too uncertain to
use, and were thus ignored (i.e., set to NA) (Fetterer et al.
2008).

As westerly winds are connected with krill availability
(Quillfeldt 2001), we calculated the proportion of days with
westerly winds for each relevant time period. We considered
days with wind speeds > 5 mes~! for analyses. We calculated
the sum of the precipitation for each breeding stage, and the
sum of days with potential snow blocking events. For the
other environmental variables, we calculated the anomaly
from the monthly mean using all available data between
1978 and 2020. We then calculated the mean anomaly value
for each breeding stage.

The mean length of Antarctic krill found in chick food
has been reported to be 42.8 mm (Wasilewski 1986), which
corresponds to krill of about four years old (Ikeda 1985).
Additionally, Antarctic krill shows a multi-year abundance
cycle (Hewitt 2003; Steinberg et al. 2015) and its abundance
is closely related to sea ice cover (Hewitt 2003; Atkinson
et al. 2008). Therefore, we analysed not only the correlation
between breeding output and SIC of the preceding winter,
but also of the SIC of the winters with time lags up to five
years prior.

Statistical analyses

We performed all statistical analyses in R 4.0.5. (R Core
Team 2022). Laying success, hatching success, the number
of adults caught per hour, foot spot ratio, mean maximum
body mass, and fledging success have single values associ-
ated with each year and colony, while hatching date, chick
growth rates, and food load had multiple values per year
coming from different nests.

We assessed demographic variation over time and in
relation to changing environmental conditions using linear
models (Im; package stats), and visually assessed model fit
using QQ plots. We included year and the environmental
conditions during the breeding stages relevant to the breed-
ing variable (Table 2). Additionally, since the micro-climate
of the nest burrow may affect chick growth (Michielsen et al.
2019) and 1/3 of the nests was measured at least twice (176
out of 535 nests), in analyses including hatching date or
chick growth we used linear mixed-effects models (LMM)
with the nest identity as a random effect (Imer; package
Ime4, Bates et al. 2015).

We assembled 27 years of data spanning over four dec-
ades, with the number of years in which each breeding
variable was monitored ranging between 13 (chick growth
parameters) and 24 (hatching success; Table 1). Although
the considered data set is unique in terms of the temporal
scale of data collection, the overall sample size (i.e., the
number of study years) was rather moderate, thus result-
ing in models with wide confidence intervals. Therefore, we
examined the significance of the estimates using a bootstrap-
ping (N=1000) procedure (Manly 2007). Additionally, we
limited the number of explanatory variables in the models
to one to prevent overfitting (Harrell 2015). We determined
the results to be significant if the 95% confidence interval
of the regression coefficients did not include zero. Since
we expected temporal autocorrelation in the data (e.g., the
number of adults caught in year t+ 1 is likely affected by
the number of adults caught in year t), we included year as
an explanatory variable. Due to the large number of years
without data collection, we could not include temporal auto-
correlation structures in the models, which may complicate
the interpretation of the results. The pairwise approach to
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defining the linear models resulted in 333 bootstrapped pair-
wise linear models (Table 2), for which we did not use any
p-value correction methods (Rothman 1990; Saville 1990;
Althouse 2016). However, we accounted for the possibil-
ity of making Type I errors by interpreting the results on a
larger scale than the individual comparisons (e.g., by their
potential effects on food availability or nest burrow access).
To account for potential multicollinearity between envi-
ronmental variables, we used the Pearson’s correlation coef-
ficient (rcorr; package Hmisc; Harrell Jr, 2021) to determine
correlations between the environmental variables.

Results

Temporal trends in populations dynamics
and breeding performance

The bootstrapped linear regression estimates for laying
success (adjusted R>=0.41; Fig. 2a) and hatching success
(adjusted R”=0.29; Fig. 2b) indicated significant decreases
over time (Fig. 3a, b). Hatching date did not significantly
increase or decrease over time (adjusted R’=-0.01:
Fig. 2c¢; Fig. 3c). The number of adults caught per the sea-
son decreased significantly (adjusted R’ =0.74; Fig. 2d;
Fig. 3d), but foot spot ratio did not change over the studied
period (adjusted R*=— 0.07; Fig. 2e; Fig. 3e). The mean
number of adults caught per hour, during peak hours (1-3 h
after sunset) was 123.0 in 1996-1999, compared to 12.2
in 2001-2020 (see also Online Resource 1 for total catch
number per night), a 90.1% decline.

Chick growth rates showed diverging effects with tar-
sus growth rate significantly increasing over time (adjusted
R*=0.16; Fig. 2f; Fig. 3f), but with wing growth rate
(adjusted R?=0.24; Fig. 2g, Fig. 3g) and log body mass
growth rate decreasing over time (adjusted R’ =0.02;
Fig. 2h, Fig. 3h). Mean maximum chick body mass did not
change significantly over time (adjusted R>=0.10; Fig. 2i;
Fig. 3i), and food loads did not change significantly over
time either (adjusted R =0.05; Fig. 2j; Fig. 3j). Fledging
success significantly increased (adjusted R =0.12; Fig. 2h;
Fig. 3h).

Effects of environmental conditions on breeding
parameters

Laying success was significantly, positively correlated with
PB SIC in the preceding year and two years prior, and sig-
nificantly, negatively correlated with pre-breeding precipi-
tation (Fig. 2a). The adjusted R? for laying success ranged
between -0.08 (SIC with a 3-year lag) and 0.37 (SIC in the
preceeding winter; Online Resource 2). Hatching success
was also significantly, positively correlated with PB SIC in
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the preceding year, as well as with the PB SST anomaly,
the incubation air temperature anomaly, and negatively with
precipitation during incubation (Fig. 2b). The adjusted R?
for hatching date ranged between -0.07 (pre-breeding air
temperature) and 0.27 (incubation air temperature; Online
Resource 2). The mentioned environmental parameters were
not correlated with each other for either laying success, or
hatching success (p-value > 0.05; Online Resource 3).

Hatching date was significantly correlated with non-
breeding SIC with O- up to 5-year lags, and with pre-breed-
ing SIC with 2-, 3- and 5-year lags (Fig. 2c). It was posi-
tively correlated with non-breeding SIC in the preceding
year, two years prior and three years prior, and with pre-
breeding SIC two years prior and five years prior. Hatch-
ing date was negatively correlated with non-breeding SIC
one year prior, four years prior and five years prior, and
with pre-breeding SIC three years prior. SIC in the non-
breeding period was significantly, positively correlated with
SIC during the pre-breeding period (p-value < 0.05; Online
Resource 3).

Hatching date was additionally significantly correlated
with non-breeding SAM anomaly Fig. 2¢). It was also sig-
nificantly correlated with pre-breeding precipitation, SST
anomaly and air temperature anomaly (Fig. 2¢). Lastly,
hatching date was significantly correlated with incubation
precipitation, SAM anomaly, SST anomaly, air temperature
anomaly, wind speed anomaly and westerly winds (Fig. 2c).
The environmental predictors significantly correlated with
hatching date showed various levels of correlation with each
other (Online Resource 3). The adjusted R? for hatching date
ranged between -0.08 (pre-breeding SIC with a 5-year lag)
and 0.37 (incubation SST; Online Resource 2).

The log-transformed number of adults caught per hour,
during peak hours (1-3 h after sunset) was significantly,
positively correlated with pre-breeding SIC up to two years
prior (Fig. 2d). Foot spot ratio was significantly, negatively
correlated with non-breeding SIC four years prior, and with
pre-breeding precipitation (Fig. 2e). The adjusted R? for the
log-transformed number of adults caught per hour ranged
between -0.11 (pre-breeding SAM) and 0.58 (pre-breeding
SIC with a 2-year lag; Online Resource 2). None of the sig-
nificant environmental predictors correlating the number of
adults or foot spot ratio was significantly correlated with
each other (Online Resource 3).

Food load was significantly, positively correlated with
non-breeding SIC with lags between one and five years,
and with pre-breeding SIC with 1-, 3- and 4-year lags,
but negatively with pre-breeding SIC with a 5-year lag
(Fig. 2j). Food load was significantly, negatively corre-
lated with wind speed anomaly in the pre-breeding and
incubation period, but positively with chick-rearing wind
speed anomaly (Fig. 2j). Food load increased with air
temperature anomaly during incubation, and incubation
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and chick-rearing SST anomalies (Fig. 2j). Food load
was significantly, negatively correlated with precipitation
in the pre-breeding, incubation, and chick-rearing stage
(Fig. 2j). Conversely, food load was significantly, posi-
tively correlated with pre-breeding snowstorm prevalence,

10 -3
Estimate

caughtsh™!; e foot spot ratio; f chick tarsus growth (mmed='); g chick
wing growth mmed™'); h log chick body mass growth (ged™"); i mean
maximum chick body mass (g); j food loads (g); k fledging success.
SAM = Southern Annular Mode, SIC=Sea Ice Cover in the Belling-
shausen Sea (Fig. la) with 0-5 year lags, SST Sea surface tempera-
ture, NB Non-breeding period, PB Pre-breeding period, /N Incubation
period, CR Chick-rearing period. For sample sizes, see Table 1

but negatively with chick-rearing snowstorm prevalence
(Fig. 2j). The adjusted R? of food load ranged between 0.04
(pre-breeding SIC with a 1-year lag) and 0.09 (incubation
SAM; Online Resource 2). The environmental predictors

@ Springer



Polar Biology

1.00]a 1.00{b c ~,
) e
(2} ] }-]
Q o ¢
g 0.751 8 075 = of
O o a > o
g (/3) ° 8 : c
® 050 o 0.50 2 8¢
(@) C (3 < —— = - -
£ = 2 8
> Q © '
& 0.251 L 025 = 8
- T e
o, ]
0.001 0.00 %
1980 1990 2000 2010 2020 1980 1990 2000 2010 2020 2000 2010 2020
=-0.017x + 33.626 =-0.008x + 16.193 y = -0.098x + 234.057
- 6]d 1.00{e 2
< o
= el =
5 £ 075 . c
S 4 =
3 g E
- 8 050 o . s
= n o o
3 5 L e_s___ % _ O
< O 025{ ¢ ¥ s
o) . 7
o) [ ) o
= of 0.00 0 « O
2000 2010 2020 2000 2010 2020 2000 2010 2020
log(y) = -0.150x + 303.544 y = 0.000x + 0.527 y = 0.005x + -8.400
— g < 0.31h o sojie
b 3 2
E 2 g v - .
=2 = = S~ LI
5 e S 60 i I
2 0] E A
= @ 3 50 ‘e S
G ; g = * .
=2 J =
g 0 o 0.2 § 40
; . [e] (] [
| . = . .
2000 2010 2020 1980 1990 2000 2010 2020 1980 1990 2000 2010 2020
= -0.014x + 30.571 log(y) = -0.001x + 2.519 y = -0.324x + 705.841
404 1.00
[2}
— (%]
° 30 : @ 075
o & o
S Lolt i . D
S 204 “ ‘ g " o 0-50
b o Y <
8 § 3
S 10 H “l— g 025 o
-=-- T
a;
0 eoee 0.00 o
1995 2000 2005 2010 2015 2000 2010 2020

=-0.015x + 35.318

y = 0.015x + -28.566

Year

Fig.3 Wilson’s Storm-Petrel breeding variables regression over
time. Significant relationships (Fig. 2) are shown with solid regres-
sion lines defined by the bootstrapped coefficients and intercepts,
while non-significant correlations are shown with dashed lines. For
each breeding variable the linear regression model is expressed below
the panel. a laying success; b hatching success; ¢ hatching date; d log

significantly correlated with hatching date showed various
levels of correlation with each other (Online Resource 3).

Fledging success was significantly, negatively correlated
with pre-breeding SIC with 2- and 4-year lags (Fig. 2k). It
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adults caught-h_l; e foot spot ratio; f chick tarsus growth (mm-d_l);
g=chick wing growth (mmed™'); h log chick body mass growth
(g-d.’l); i mean maximum chick body mass (g); j food loads (g); k
fledging success. Note that the single points in 1979 in panels h and
i are based on measurements from multiple nests (Wasilewski 1986)

was positively correlated with pre-breeding westerly winds
but negatively with chick-rearing westerly winds (Fig. 2k).
Lastly, fledging success was negatively correlated with wind
speed anomaly during incubation (Fig. 2k). The adjusted
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R? of fledging success ranged from -0.09 (chick-rearing
wind speed) to 0.26 (pre-breeding SIC with a 4-year lag;
Online Resource 2). None of the significant environmental
predictors correlating with the number of adults or foot spot
ratio was significantly correlated with each other (Online
Resource 3).

Effects of environmental conditions on chick growth

Chick tarsus growth rate was significantly, positively corre-
lated with SIC in the preceding year during the non-breeding
and pre-breeding periods, and negatively with pre-breeding
SIC 2 years prior (Fig. 2f). Tarsus growth rate was positively
correlated with the pre-breeding air temperature anomaly,
but negatively correlated with westerly winds during the
incubation period (Fig. 2f). It was additionally negatively
correlated with precipitation, wind speed anomaly, and
snowstorm days during the chick-rearing period (Fig. 2f).
The adjusted R’ of chick tarsus growth rate ranged between
0.10 (pre-breeding SIC with a 4-year lag) and 0.27 (incuba-
tion westerly winds; Online Resource 2).

Chick wing length growth rate was significantly, posi-
tively correlated with non-breeding SIC with 1-, 3-, 4- and
5-year lags, non-breeding SAM anomaly (Fig. 2g). It was
also significantly, positively correlated with pre-breeding
SIC with 2- and 3-year lags, SAM, and SST anomalies
(Fig. 2g). Wing length growth rate was additionally signifi-
cantly, negatively correlated with incubation precipitation,
and positively with incubation SST and air temperature
anomalies (Fig. 2g). Lastly, wing length growth rate was
significantly, negatively correlated with chick-rearing pre-
cipitation, and positively with chick-rearing SST anomaly
(Fig. 2g). The adjusted R? for wing length growth rate ranged
between 0.17 (chick-rearing air temperature) and 0.33 (pre-
breeding SIC with a 5-year lag; Online Resource 2).

Log-transformed chick body mass growth rate was sig-
nificantly, positively correlated with non-breeding SIC in
the preceding year and up to 4 years prior (Fig. 2h). Pre-
breeding SIC in the preceding year, and with 2- and 3-year
lags were also significantly, positively correlated with log-
transformed body mass growth rate, as were pre-breeding
SAM and SST anomalies (Fig. 2h). Pre-breeding precipita-
tion and air temperature anomaly had significant, negative
effects on log-transformed chick body mass growth rate, as
had incubation precipitation while incubation air tempera-
ture had a positive effect (Fig. 2h). Westerly wind prevalence
during the incubation period had a positive effect on log-
transformed chick body mass growth rate but westerly wind
prevalence during the chick-rearing period had a negative
effect (Fig. 2h). Wind speed anomaly and snowstorm preva-
lence during the chick-rearing period had significant, posi-
tive effects on log-transformed chick body mass growth rate
(Fig. 2h). The adjusted R? for log-transformed chick body

mass growth rate ranged between 0 (non-breeding SIC with
a 5-year lag, pre-breeding air temperature and wind speed,
and incubation air temperature and SST) and 0.11 (pre-
breeding SIC in the preceeding winter; Online Resource 2).

The significant environmental predictors affecting chick
growth rates showed an extensive correlation with each
other (p-values < 0.05; Online Resource 3). In addition to
the significant, positive correlations between non-breeding
SIC and pre-breeding SIC with various lags, the significant
environmental predictors were intercorrelated at various lev-
els (p-values < 0.05; Online Resource 3).

The annual mean maximum chick body mass was sig-
nificantly, negatively correlated with non-breeding SIC
four years prior, and with pre-breeding precipitation, wind
speed anomaly, and westerly wind prevalence (Fig. 2i). The
adjusted R? for mean maximum chick body mass ranged
between -0.10 (pre-breeding SIC with a 5-year lag) and
0.36 (pre-breeding precipitation; Online Resource 2). Total
precipitation and wind conditions during the pre-breeding
period were significantly correlated with each other (p-val-
ues < 0.05), but not with pre-breeding SIC with a 4-year lag
(p-value > 0.05; Online Resource 3).

Discussion

The WSP colonies on KGI showed significant changes in
population demographics over the last four decades. At CA,
the number of adults caught during peak hours (i.e., 1-3 h
after sunset) decreased by 90.1%. While mist net captures
often include non-breeders and may thus not directly reflect
changes in the breeding population size (Quillfeldt et al.
2000; Sanz-Aguilar et al. 2010), this decline corresponds to
a decrease in nests found around HA of up to 88.9% when
comparing historical numbers (Jabtoriski 1986) with the
2016/2017 and 2017/2018 breeding seasons (614 vs. 68 nests
in the same area). At the Tres Hermanos colony near CA, a
similar decline of 87.5% occurred in the numbers of nests
found (1998: 224 nests vs. 2020: 28 nests found). Moreover,
foot spot ratio did not change over the studied period, sug-
gesting that the proportion of non-breeders did not change.

Jabtoniski (1986) described several large colonies of
WSP around HA in the breeding season of 1978/1979
which were abandoned or had shrunk in the breeding sea-
sons of 2016/2017 and 2017/2018. Decreases in seabirds on
KGI have been reported for multiple seabird species (Petry
et al. 2016; Braun et al. 2021), generally related to climate
change causing changes in food availability (Atkinson et al.
2004, 2019), reduced access to nest sites (Biifler et al. 2004,
Michielsen et al. 2019), or increased human activity in the
area (Chwedorzewska and Korczak 2010). Additionally, data
of annual observations of WSP on a global scale from the
ebird database (ebird.com 2020) suggests that these declines
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Fig.4 Wilson’s Storm-Petrel observations from the ebird database.
Bird-watchers across the world can enter their observations to the
ebird database (ebird.com 2020), which is monitored by verified
experts and powered by the Cornell Lab of Ornithology. Historical
data from checklists, or other sources are included as well. Panel a
shows the total number of Wilson’s Storm Petrels counted across the
globe per year, panel b shows the total number of observation events
(i.e., data entries) per year, and panel ¢ shows the mean number of

are due to a global decline in WSP numbers, rather than
due to relocation (Fig. 4). While the total number of WSP
observed has exponentially increased over time (Fig. 4a),
so has observation effort (Fig. 4b), but the number of WSP
observed per observation event steeply declined in the early
2000s (Fig. 4c).

Changes in WSP adult survival may have had profound
effects on the population size, as in long-lived species with
low reproductive output, such as storm-petrels, changes in
adult survival have a high impact on population size (Sand-
vik et al. 2012). The decrease in WSP adult activity over
time was accompanied by decreases in colony-wide laying
success and hatching success calculated as the number of
eggs and chicks per maximum number of nests in the area.
However, fledging success did increase (Fig. 3k), implying
that the few chicks that did hatch were relatively often raised
successfully (Reid et al. 2013). Parental quality may thus not
have driven the decline in breeding output, but this decline
is likely due to a reduction in adult numbers. The age struc-
ture of the adult population does not appear to have changed
(Fig. 3e) suggesting that the breeding propensity of the dif-
ferent age classes is similar between years and juveniles are
still recruited into the breeding population. Combined with
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Wilson’s Storm Petrels observed per observation event per year. The
solid lines in panel a—c show the change over time using local poly-
nomial regression fitting (LOESS) from the geom_smooth function
with the default LOESS setting (package ggplor2; Wickham 2016).
Panel d shows the number of adults caught per hour at the Argentin-
ian Base Carlini (CA) with the bootstrapped regression line (Fig. 3d).
The vertical lines show the start of the study period at CA (1996)

the increased fledging success, this may imply that the cause
of the population decline lies at least partially outside of the
breeding season (Reiertsen et al. 2014). Indeed, while pre-
dation at the breeding grounds and invasive species pose a
threat to many Storm Petrel species (Dias et al. 2019; Pollet
et al. 2023), the colonies at KGI do not experience excessive
predation risks nor have invasive species taken residence in
the area.

Non-breeding food availability may affect adult survival
rates (Reiertsen et al. 2014), and energy expenditure during
the non-breeding period may have carry-over effects on the
following breeding period (Clay et al. 2018). There is very
little detailed information about the behaviour of WSP dur-
ing the non-breeding period (Quillfeldt et al. 2005, 2017;
Gladbach et al. 2007; Ausems et al. 2021), but field observa-
tions (e.g., bird-watchers) show that they might migrate as
far north as the northern Atlantic (ebird.com 2020; Ausems
et al. 2021), an area that has undergone substantial changes
in environmental conditions and prey compositions (Hedd
et al. 2009; Gaston et al. 2009; Wanless et al. 2018). In addi-
tion to changes in food availability, increased human activity
in the marine landscape encountered during the non-breed-
ing period may negatively affect WSP survival rates as well.
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Light pollution may cause strandings of seabirds (Rodriguez
et al. 2017), including Storm Petrels (Lieske et al. 2019), and
persistent organic pollutants and trace metals like mercury
(Pacyna et al. 2019), picked up in more polluted areas (Wag-
ner et al. 2019) may have negative effects on various breed-
ing parameters, including adult survival (Goutte et al. 2014).
While most pollutant concentrations in WSP were lower
around 2015 than in the late 1990s or early 2000s (Kuepper
et al. 2022), the high concentrations may have played a role
in the population crash observed here and supported by the
data from ebird (Fig. 4c; ebird.com 2020).

While WSPs breeding on the coast of Adélie Land, conti-
nental Antarctica advanced their breeding season (Barbraud
and Weimerskirch 2006), we found no significant change in
the hatching date of WSP on KGI (Fig. 3). However, we did
find significant effects of environmental conditions on hatch-
ing dates, particularly SIC anomalies, and ambient weather
conditions during the pre-breeding and incubation period
(Fig. 2). Hatching dates were mostly affected by changes
related to food availability, though generally factors associ-
ated with higher spring productivity (e.g., high SAM, SIC)
seemed to delay hatching dates (Fig. 2). However, the lack
of a significant change in hatching date may be driven by
a few relatively late years (2015-2016) later in the study
period (Fig. 3), and total laying or hatching failure in the two
years prior (2013-2014). Snowstorms were observed during
the laying and incubation periods in 2013, 2015 and 2016,
potentially explaining the total failures or late hatching as
adults may not have been able to access nest burrows (Biiler
et al. 2004; Descamps et al. 2023).

Chick growth may be depressed or delayed in response
to unfavourable conditions as shown, for example, in the
Atlantic Puffin, Fratercula arctica (Jyan and Anker-Nilssen
1996). We found that both wing and body mass growth were
significantly slower in later years than at the beginning of
the study period (Fig. 3). At the same time, the maximum
body mass of the chicks did not significantly change (Fig. 3),
indicating that eventual chick body size remained the same.
Moreover, conversely, tarsus growth rate increased over
time (Fig. 3). Variation in chick growth rates was related to
a combination of environmental conditions affecting food
availability at sea and weather conditions both at the nesting
site and at sea (Fig. 3). In an earlier study based on data col-
lected at HA in 2017 and 2018, we also showed significant,
but contrasting interannual differences in chick body mass
and tarsus growth, but not in wing growth (Ausems et al.
2020). Tarsus growth was higher in 2017, characterised by
higher SSTs and an earlier chlorophyll-a peak than 2018,
while body mass growth was higher in 2018 (Ausems et al.
2020).

The divergence in growth rate change, without affecting
the eventual, maximum body mass of the chick, cannot be
explained based solely on our results. To fully understand

why interannual environmental variation leads to contrast-
ing effects on WSP chick growth rates, further research is
needed. While food loads did not change over the study
period (Fig. 3), it is possible that krill quality did change in
response to environmental conditions (Clarke 1984; Ikeda
1985; Wasilewski 1986; Polito et al. 2013; Shelton et al.
2013), affecting chick growth (Romano et al. 2006).

Alternatively, within-season variation in hatching date
might affect the length of the nestling period, potentially
favouring faster chick growth in later chicks to finish breed-
ing before seasonal deterioration of environmental condi-
tions (Wanless and Harris 1988; Murphy 1995; Quillfeldt
and Peter 2000). While hatching date in our study was not
significantly delayed, contrary to other Antarctic species
and locations (Barbraud and Weimerskirch 2006; Chambers
et al. 2014), a similar drive for shortened nestling periods
may exist due to the increased variability of environmental
conditions (Turner et al. 2014) and thus increased unpredict-
ability of food availability. Generally, body mass growth is
more variable than tarsus or wing growth (@yan and Anker-
Nilssen 1996; Gebcezyriski and Jadwiszczak 2000), and body
mass growth might respond more quickly to changes in
food availability. Therefore, the observed increase in tarsus
growth rate may reflect an evolutionary adaptation to envi-
ronmental change, while the lowered body mass growth may
be a short-term response to lower food availability or quality.

We are aware of some limitations of this study. Although
our study includes the longest dataset available for WSP, the
fact that it consists of several long- and short-term studies
limited the consistency of the data. Aside from logistical
challenges, records of exact nest locations were often lost
for the historical data, thus impeding calculations of the
number of unique nests sites. Moreover, colony-wide lay-
ing success is a conservative estimate as nests were often
hard to find, and unhatched eggs were likely missed. How-
ever, the data still provides a unique insight in the population
changes over the last decades in light of ongoing climate
change. Additionally, we could only include the effects of
environmental variation on the breeding grounds. As WSP
is a highly migratory species (Gladbach et al. 2007; Aus-
ems et al. 2021; BirdLife International 2021), environmental
variation or changes in prey availability at the non-breeding
sites may also have led to changes in population dynamics
during the breeding period (Desprez et al. 2018). However,
further studies into their exact non-breeding distribution are
necessary before the effect of environmental variation during
the non-breeding period can be assessed.
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Conclusion

Our study shows a substantial decline in population size
(estimated at approximately 90%) and breeding output for
WSP breeding on KGI in maritime Antarctica. WSP sur-
veys from the other site of Antarctica (Pointe Géologie
archipelago, East Antarctica) reported a 23% decrease in
the number of nests, and a 40% decline in the number of
breeding pairs in 2016 compared to 1984 (Barbraud et al.
2017). These alarming results thus potentially contradict
the IUCN stable population trend status (BirdLife Inter-
national 2021) as the decline is mirrored in reductions in
global observation numbers (Fig. 4; ebird.com 2020). The
population changes were associated with changes in envi-
ronmental conditions at the breeding site affecting food
availability and nest accessibility. Additionally, we showed
that other breeding parameters, such as hatching date and
chick growth rates, were also affected by environmental
variation. The relationships between environmental condi-
tions and breeding output were often complex, and ongo-
ing environmental change may thus impact WSP popula-
tion dynamics in unexpected ways. However, our study
sheds additional light on the potential impacts of environ-
mental change on the breeding output of smaller Antarc-
tic seabird species. Additional research into the effects of
environmental change during the non-breeding period on
population dynamics is also vital for effective conservation
efforts. Monitoring the population dynamics of Antarctic
seabirds is vital to increase our understanding of climate
change-induced changes in polar food webs. WSP is not
only the smallest endotherm breeding in the Antarctic, but
also one of the world’s most numerous seabird species.
As such, changes in their numbers may have far reaching
effects on the world’s marine ecosystems.
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