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In the d’Urville Sea in East Antarctica, a population of roughly 20,000 pairs of Adélie
penguins of Iles des Pétrels (Terre Adélie) has experienced two massive breeding failures,
with no chick surviving the 2013–14 and 2016–17 breeding seasons. In both seasons
the extent of sea ice in front of the colony persisted throughout the breeding cycle of
the birds. The timing of sea-ice recession differed greatly between seasons and the
absence of polynya in a crucial phase of the cycle were paramount in driving these
failures. The change in the icescape in front of Ile des Pétrels following the calving of
the Mertz glacier in 2010, together with increase in precipitations and changes in sea-ice
firmness explain this situation and are discussed in the present manuscript. To prevent
additional future impacts on this colony, like competition with fisheries for instance, we
strongly support a scientific research zone in the d’Urville Sea—Mertz area, one of the
three zones of proposed Marine Protected Area in East Antarctica to the Commission for
the Conservation of Antarctic Marine Living Resources.
Keywords: eco-indicating species, Sea ice, breeding, foraging, marine protected areas, seabirds, extreme events

INTRODUCTION
Antarctica and its surrounding ocean are at the forefront of the global environmental changes.
Freshwater ice on land and sea ice are indeed strongly affected by the warming of the air and sea,
and this has drastic consequences on the biotic components of the Antarctic ecosystems (Constable
et al., 2014). A large number of mid-trophic level species playing pivotal roles in the food webs, rely
on sea ice for their embryonic development, food and breeding, and are the main prey species of
marine birds and mammals. As such, the monitoring of the biology of Antarctic meso- and top
predators has been successfully used as eco-indication of environmental changes (Hindell et al.,
2003).
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are developed enough and display thermoregulatory abilities,
parental trips to sea become irregular and the chicks form
crèches, until they fledge in early March (Ainley, 2002).

Adélie penguins (Pygoscelis adeliae) are often considered as
good indicators of environmental changes because their ecology
is closely related to the state of sea ice (Ainley, 2002). Recently,
satellite measurements have led to a new estimate that suggests
an increase in the total number of Adélie penguins, as well
as in the number of colonies across the continent (Lynch and
LaRue, 2014). Using this technique and ground-based surveys,
Adélie populations have been shown to be generally in decline
in the Antarctic Peninsula, while other populations are stable
or slightly increasing (Cimino et al., 2013; Lyver et al., 2014;
Southwell et al., 2015). The use of satellite counts has contributed
to the downgrading of the species on the IUCN scale from
“Near Threatened” to “Least Concerned” in 2017. However,
this downgrading at a continental scale may mask major local
disparities and further population trajectories: stable and/or
slightly increasing populations are found where sea ice has
increased and the opposite where sea ice is melting. With
projected continuous warming the increasing sea-ice trend is not
expected to last.
In the d’Urville Sea of the East Antarctic sector, a well-studied
region in terms of eco-regionalisation (Koubbi et al., 2011),
the situation of Adélie penguins in Terre Adélie has rapidly
deteriorated over the last 6 years. This population experienced
a catastrophic breeding season with no chick surviving out of
20196 breeding pairs in the 2013–14 breeding season (Barbraud
et al., 2015; Ropert-Coudert et al., 2015). This had never been
recorded over the 36 years that the Adélie colony was monitored
and not to such an extent in other locations around the
continent. Details about the physical factors that led to this
massive failure—namely sea-ice extent larger than usual and
rain episodes—have been recently described for Adélie penguins
(Barbraud et al., 2015; Ropert-Coudert et al., 2015). Here, we
report on a second massive breeding failure for the same Adélie
penguins’ colony that took place in the 2016–17 season. We
aim to highlight the similarities and differences in the sea-ice
and meteorological conditions that could cause the two massive
failures, and compare the impact these had on the foraging
activity and reproductive output of the birds. Such unusual
events—both in terms of size of the population affected and the
increasing frequency at which they occur—could be indicative of
the start of massive changes in the environment and have specific
relevance to the current discussion around the establishment of
a Marine Protected Area in East Antarctica, which includes the
D’Urville Sea/Mertz region.

Biological Data
Breeding success data were collected between 1993 and 2017 as
part of the program 109 of the French Polar Institute (IPEV),
on the colonies of Ile des Pétrels, which ranged from 10,849
to 20,957 breeding pairs over these 24 seasons. Active nests
(with at least one egg) were counted in November, and the
number of chicks that were still alive was counted in February.
The breeding success was calculated as the number of chicks in
February divided by the number of active nests in November (see
Jenouvrier et al., 2006 for more details).
Foraging activity of Adélie penguins was monitored in the
frame of the IPEV program 1091 through the deployment of
miniaturized GPS devices (CatLogTM GPS, Catnip Technologies,
USA, and AxyTrekTM GPS-accelerometry loggers, Technosmart,
Italy). These devices were temporarily attached to the back
feathers of the penguins using marine tape (Wilson et al., 1997)
and recorded the position of the birds every 15–30 min during the
long trips of the incubation phase, and every 3 min in the shorter
trips of the chick-rearing phase. Location data were processed
following the methods described in Widmann et al. (2015), which
showed that, typically, females travel at sea for 15 days after laying
the eggs, followed by the foraging trip of males that last between
10 and 15 days. The egg hatches after the return of the male.
Thereafter, foraging trips become shorter, getting as short as a few
hours to 3–4 days during the chick rearing phase. Foraging trip
duration (days) and maximum distance (km) from the colony
was calculated for each trip. Adults were weighed to the nearest
10 g at their departure from (initial body mass) and their return
to their nest. The difference between these two body masses was
calculated to give the body mass change for birds in incubation.
Body mass changes were not calculated during chick-rearing as
we could not ascertain that the adults had already fed chicks or
not when recaptured at the nest and only initial body mass is thus
shown. Statistical analyses were conducted in R (R Core Team,
2016). Analysis of variance with post-hoc Bonferroni multiple
comparison testing was used for each stage when more than three
seasons were compared.

Environmental Data
Meteorological data (monthly air temperature and direction of
prevailing winds in degrees from the north) between 1956 and
2017 were downloaded from the British Antarctic Survey website
(https://legacy.bas.ac.uk/met/READER/). The percentage of seaice cover was calculated as the percentage where sea-ice
concentration was more than 15% in an area ranging from
135 and 145◦ E and 61 and 67◦ S (foraging range of Adélie
penguins at Ile des Pétrels, Widmann et al., 2015) and over
a period ranging from 1992 to 2017, using the data provided
by the Institut Français de Recherche pour l’Exploitation de
la Mer (ftp://ftp.ifremer.fr/ifremer/cersat/products/gridded/psiconcentration/data/antarctic/). Sea-ice extent was calculated as
the distance (km) from the colony to the nearest open water (seaice concentration < 15%). A polynya was defined as a zone of

MATERIALS AND METHODS
The study was conducted on Adélie penguins’ colonies on
Ile des Pétrels, near the Dumont d’Urville station (66◦ 40′ S,
140◦ 01′ E). Female Adélie penguins lay one or two eggs in midNovember and both parents participate to the reproductive effort
by alternating foraging trips at sea, where they feed primarily on
two species of krill (Euphausia superba and E. crystallorophias)
and Antarctic silverfish (Pleuragramma antarctica) (RopertCoudert et al., 2002), with presence on the nest to keep the
eggs/chicks warm and protected from predators. When the chicks
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(Figure 2C). Wind direction over the 3 years considered here
shows a clear shift in the regime as the winds were blowing mainly
from a more easterly direction than before (Figure 2D).
In the 2013–14 season, following the large extent of seaice, birds traveled further during trips of longer duration at all
breeding stages (Table 1, Figure 3). In 2015–16, the maximum
distances reached during incubation by females did not differ
from that of the 2013–14 season but the trips were shorter in
time. During incubation by males and chick rearing the distances
traveled and the time spent at sea in 2015–16 were considerably
less than during the 2013–14 season. During the 2016–17 season,
incubating birds did not travel as far as those in the 2013–
14 season but their trips were as long as in the previous zero
year. Interestingly, duration and distance of foraging trips varied
substantially over the 2016–17 chick-rearing phase. Birds could
only have access to cracks and crevasses in the ice near the
breeding colony to find food. Parents were observed provisioning
chicks, and the reddish color of the feces suggested they found
krill within a short radius around the colony. Yet, these resources
lasted only for a few days and distances covered apparently
increased again as birds stopped returning to their nests or
only after protracted periods of time (up to 20 days for those
recaptured).
The body mass gained during foraging trips by incubating
females (F = 16.7, P < 0.001, Figure 4A) and males (F =
31.0, P < 0.001, Figure 4B) was greater in the 2015–16 season
compared with both the 2013–14 and 2016–17 seasons, which
did not differ significantly. The initial body mass of chick-rearing
birds was different among seasons: it was the heaviest in 2015–16
and the lightest in 2013-14, with 2016–17 being intermediate (F
= 65.2, P < 0.001, Figure 4C).

FIGURE 1 | Reproductive success of Adélie penguins between 1994–95 and
2016–17 at Ile des Petrels, Terre Adélie. The 2 years when no (or virtually no)
chicks survived are indicated by orange (2013–14) and magenta dots
(2016–17). The year 2015–16 where breeding success was relatively high is
indicated by a blue dot. This color code is used in the rest of the article when
zero success years are compared with the high success year. The arrow
indicates the collapse of the Mertz glacier (see Discussion).

open water enclosed in sea ice. Summer sea-ice characteristics
(firmness) around the colony were observed several times a week
by foot and using helicopter for distant sites (up to the ice edge).

RESULTS
The breeding success varied greatly over the 1993–2017 period
but it declined from 2011 onward—to the exception of the
2015–16 season which showed breeding success around 0.9—
with breeding successes below 0.4 and reaching zero, or near
zero success, in 2 years. Indeed, breeding success was zero for
the 20196 breeding pairs in the 2013–14 season and only two
chicks survived out of the 18163 breeding pairs in the 2016–
17 season (Figure 1). In the remainder of the analyses we will
focus on comparing the conditions between the zero success years
(2013–14 and 2016–17 seasons) and the typical high breeding
season of 2015–16. We chose this season because its breeding
success is exceptionally high in comparison with other recent
years (post 2010 and Mertz glacier calving, see Discussion) and as
such causes and consequences are expected to be exacerbated (see
Ropert-Coudert et al., 2009 for a similar test case). In addition,
2015–16 is the only year of high breeding success for which we
have tracking data.
The season 2013–14 showed the largest sea-ice extent and
cover in our dataset (since 1992) in the beginning of the breeding
season in November (Figures 2A,B). Interestingly, 2016–17 had
the smallest sea-ice extent in the beginning of the breeding
season but both years kept a larger than usual extent later in
the summer. While it was compact in 2013–14, the sea ice in
January was sherbet-like in 2016–17 and did not break for the
whole summer. There was no polynya opening in vicinity of the
colony in 2013–14 and 2016–17, closest opened water was 80–
90 km away. In contrast, a polynya started to open in front of the
colony in November 2015 and connected with the open sea by
January 2016. Air temperature in the two zero years were in the
upper range and 2016–17 saw the warmest November in decades
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DISCUSSION
Sea-ice distribution contributed to shape the foraging and
breeding performances of Adélie penguins, as has been reported
in other locations around the Antarctic (Emmerson and
Southwell, 2008). The reasons for the two catastrophic years
recorded in Terre Adélie differ but in both seasons the extent of
the sea ice in front of the colony was greater than in other years
and, most importantly, persisted throughout the season. This
abundance of sea ice could be explained by several, non-exclusive,
factors. For instance, in mid-February 2010 the massive B9B
iceberg coming from the Ross Sea collided with the Mertz Glacier
tongue, east of Dumont d’Urville (Young et al., 2010). The
expected consequences of such a massive change in the icescape
included, among other things, a decrease in polynya activity
(Tamura et al., 2012). As several icebergs, freed from the collision,
anchored themselves in the shallow bay in front of the colony
of Dumont d’Urville they created a network of “pillars” onto
which sea ice could form and be retained (Massom et al., 2009).
In parallel, temperatures rising from the seasonal norms in the
summer also melted the icebergs’ and continent’s freshwater ice,
which then flow toward the sea where it froze again at the contact
of the −1.8◦ C seawater (https://www.nasa.gov/content/goddard/
antarctic-sea-ice-reaches-new-record-maximum). In addition, a
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FIGURE 2 | Monthly distance to the nearest open water from the colony (A) and the percentage of ice-covered area between 135 and 145◦ E, and between 61 and
67◦ S from 1992 to 2017 (B). Monthly average air temperature in ◦ C (C) and direction of prevailing winds in degrees from the north (◦ ) (D) observed at the Dumont
d’Urville station for the years 1956–2017 (months on the x-axis). The years 2013–14, 2015–16, and 2016–17 are in orange, blue and magenta, respectively, while
other years are in gray.

TABLE 1 | Mean values (±SD) of durations and maximum distances reached during foraging trips of Adélie penguins, by year and by phase of the reproductive cycle.

Incubating females

Trip duration (days)
Maximum distance (km)

Incubating males

Trip duration (days)
Maximum distance (km)

Chick-rearing males and females

Trip duration (days)
Maximum distance (km)

2013–14

2015–16

2016–17

20.5 ± 2.1(12)a

15.8 ± 2.6(15)

21.1 ± 4.5(10)a

355.6 ± 73.4(12)b

339.3 ± 78.7(15)b

237.2 ± 35.5(10)

F = 9.63, P < 0.001

19.1 ± 4.0(12)c

13.5 ± 1.8(15)

20.4 ± 3.5(8)c

F = 16.92, P < 0.001

285.8 ± 63.5(12)

208.3 ± 62.3(15)d

214.0 ± 50.1(8)d

F = 6.21, P < 0.01

4.4 ± 1.8(36)e

0.8 ± 0.4(17)

75.8 ± 18.4(36)

17.0 ± 4.3(17)

3.5 ± 5.6(29)e
–

ANOVA
F = 11.62, P < 0.001

F = 6.10, P < 0.01
F = 167.23, P < 0.001

Sample size (number of individuals) is given between brackets. Values with the same superscript letters do not differ significantly. Maximum distances in 2016–17 are not used because
8 GPSs stopped recording before the return of the birds due to battery exhaustion.

years when the breeding success was zero show that it is
imperative to monitor the changes in bird activity throughout
the season. Here, sea-ice extent during incubation in the 2015–
16 (high breeding success) was similar to that of 2016–17 but
it subsequently decreased and a large polynya opened directly
opposite the colony. The opening of a polynya in the vicinity
of the colony has been shown to be crucial to the breeding
success of the penguins from Dumont d’Urville, as it allowed
parents to access food quickly and return rapidly to their
nest to feed the growing chicks (Widmann et al., 2015). In
other words, a very small sea-ice extent in October does not
necessarily mean that the breeding success will be high, especially
if, like in 2016–17, the sea ice turns into a glutinous sherbet
that does not break with the offshore swell, preventing access
to open water and reducing net food availability. Those are
visible in the lower body mass gains during incubation in the

change in the main bearing of the winds that, instead of blowing
from the mainland and detaching ice from the continent, blows
now more from the East and tend to concentrate the sea ice
in front of the archipelago of Pointe Géologie (Massom et al.,
2009). Finally, linked to the increased temperature and change in
wind regimes increased precipitation (including rain) in 2013–14
further aggravated the conditions for the Adélie penguins: besides
the flooding of unprotected nests, malnourished, wet chicks with
their non-waterproof plumage suffered from the cooling power of
the wind leading to massive failure events (Ropert-Coudert et al.,
2015).
If sea ice is the principal reason behind the failures, there are
major differences in both “zero years;” one is the extent of the
sea ice early in the season, and the other is the state of the sea
ice, although the role of the latter deserves further investigation
and repeatable measurement. The differences between the 2
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FIGURE 3 | Foraging tracks of Adélie penguin females (orange) and males (pink) during their first incubation trips, and males and females during chick rearing (yellow)
superimposed on maps of sea-ice concentration (Dec. 1st of each year) from open water (navy blue) to maximum ice concentration (lighter shades of blue), for (A)
2013–14, (B) 2015–16, and (C) 2016–17. The periphery of the continent is indicated by a black border. The colony is indicated by a red dot.

FIGURE 4 | Body mass changes (kg) over the first incubating foraging trips of females (A) and males (B), and initial body mass of chick-rearing Adélie penguins (C),
over the 3 years considered in this analysis (2013, 2015, and 2016 stands for 2013–14, 2015–16 and 2016–17, respectively).

two zero years and lower body mass of adult during chick
rearing.
In the light of the above, long-term (> 10 years) and finescale (combining at-sea tracking of the foraging with on-land
monitoring of breeding activities) observations are more than
ever paramount to our understanding of the resilience of species
to the growing pressure of environmental changes but also to
chaotic events and their consequences (Lescroël et al., 2014).
These are some of the pressing questions highlighted by the 1st
Horizon Scan of the Scientific Committee on Antarctic Research
(Kennicutt et al., 2014). Our long-term observatories on Adélie
penguins’ foraging and breeding activities contributed to the
demonstration of the fragility of the populations of penguins
and the ecosystem they depend upon. Recent studies in the Ross
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Sea highlighted the existence of an optimal sea-ice condition for
Adélie populations (Ainley, 2002; Ballard et al., 2010). Here, we
further suggests that this optimal may be narrower than expected,
but also that the sea-ice recession timing and the characteristics
of the sea ice may play a major role in shaping the foraging and
breeding successes of Adélie penguins (e.g., Lescroël et al., 2014).
In summary, the Adélie penguin population of Ile des Petrels
can be now considered as a population with severe environmental
constraints and, based on current climatic projections of a global
increase in air temperature (IPCC, 2014), this may continue for
several years. Although difficult to anticipate, the absence of
two generations at 3 years intervals will most certainly lead to
changes in the dynamics of this population, which was increasing
until now. In Terre Adélie, the success of the emperor penguin

5
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breeding is also very closely related to the extent of the fast ice
attached to the Antarctic continent, partly for the same reasons
than for the Adélie penguin (but on another time frame): the
greater this extent, the less successful breeding, especially if
no polynya forms in the vicinity of the colony (Barbraud and
Weimerskirch, 2001; Massom et al., 2009; Barbraud et al., 2015).
For example, in 2013, 2014, and 2016, the mortality of emperor
penguin eggs and chicks was as high as 0.89, 0.97, and 0.73,
respectively (number of eggs laid in May of the year that died
before fledging in December of the same year, C. Barbraud,
unpublished data).
Given the aforementioned environmental constraints already
imposed on the populations of the archipelago of Pointe
Géologie, we strongly support the planning of a Marine
Protected Area in East Antarctica. Three areas are proposed
by the Australian and the EU delegations to the Commission
for the Conservation of Antarctic Marine Living Resources
(https://www.ccamlr.org/). It includes the d’Urville Sea – Mertz,
Drygalski and Mac Robertson regions. For the D’Urville
Sea Mertz, there are multiple specific objectives to protect
representative areas of pelagic and benthic biodiversity including
essential habitats for mid-trophic level species (krill species and
Antarctic silverfish) and important bird areas. In October 2017,
the proponents of the East Antarctic MPA proposal indicated
to CCAMLR that, for the d’Urville Mertz region, a no take
zone for Antarctic krill fisheries should be proposed to at least
protect the summer foraging range of the Adélie population
and the emperor breeding ground of Ile des Pétrels, and to
allow long term monitoring of the region until clear trends
on marine birds populations are obtained. While an MPA is
no solution to global environmental changes, it removes some

of the additional impacts (e.g., fisheries) that could weigh on
populations. Predictive modeling is a powerful conservation tool
to anticipate how populations may react to expected changes
(e.g., Jenouvrier et al., 2015) but such approaches require data
like those presented here to be obtained in a system with no
additional pressure. Protecting the waters of East Antarctica
would mean the creation of a large-scale MPA in the Southern
Ocean, and be the next step in realizing the initial commitment
of the members of CCAMLR to establish a network of protected
areas around Antarctica.
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