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Abstract

According to the ‘selfish herd’” hypothesis, most seabird species breed colonially so that individuals can decrease their risk
of predation by forming compact groups. However, costs and benefits associated with colonial breeding may not be evenly
distributed among individuals within a colony. At Adélie penguin colonies, individuals nesting on the periphery of sub-
colonies (distinct groups of nests) may experience higher rates of nest predation by south polar skuas, and thus the optimal
aggregation pattern for Adélie penguins may be within groups that minimize the proportion of edge nests. Nevertheless,
some penguins choose to nest solitarily, at significant distances from conspecifics. We tracked 50 of these “solitary-nesting”
Adélie penguins at Cape Crozier, a large colony on Ross Island, during the 2021 nesting season and compared their breeding
success to individuals nesting within subcolony boundaries. We found that both solitary and subcolony nests successfully
raised chicks large enough to join créches and left unattended by adults. However, chicks from solitary nests exhibited a
rate of mortality more than six times higher during the transition from nest brooding/guarding to creche stage. In the 2022
nesting season, we found that solitary nests which had previously hosted actively breeding penguins were more likely to be
re-occupied. Solitary nesting therefore appears to be a less-successful alternative to breeding within subcolonies, but enough
individuals could be successful with this approach to maintain the apparently disadvantageous behavior and effectively
pioneer previously unused locations, possibly including eventual new colony locations.
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Introduction

Colonial breeding is nearly ubiquitous among seabirds, hav-
ing been recorded in more than 90% of seabird species (Lack
1967; Coulson 2002). Though apparently adaptive on evo-
lutionary time scales, the costs and benefits of coloniality
may vary among species and individuals across space and
time (Wittenberger and Hunt 1985). Most seabirds depend
on terrestrial nesting space in close proximity to marine prey
resources, which may influence the selection of colony loca-
tions and limit colony size (Alexander 1974; Forbes et al.
2000; Ainley 2002). However, considerable variation in
the distribution and size of seabird colonies within areas
of suitable habitat implies the existence of driving forces
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beyond habitat limitation (Furness and Burkhead 1984; Wit-
tenberger and Hunt 1985; Brown 2016; Santora et al. 2020).

Patterns of colonial breeding are likely to be driven by
selection across various life-history dimensions, including
risk of predation and access to resources. For example, indi-
viduals may choose to breed in aggregations to reduce their
individual risk of predation (Hamilton 1971). Under this
‘selfish herd’ hypothesis, individual risk of predation can
be reduced through swamping predators’ ability to exploit
an entire population (Patterson 1965; Nisbet 1975; Williams
1975) or through group vigilance and defense tactics which
directly reduce the effectiveness of predation attempts (Tre-
isman 1975; Williams 1975). Additional benefits of colonial-
ity include benefits from group foraging and public informa-
tion (information gleaned from conspecifics, either through
observation or communication) (Boulinier et al. 1996; Cook
et al. 2017). In polar climates, social thermoregulation (hud-
dling), either by adults, in the case of Emperor penguins, or
by chicks forming créches, can also provide important ben-
efits (Black et al. 2016; Gilbert et al. 2006). Simultaneously,
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large aggregations of organisms with identical ecologi-
cal needs are likely to increase competition where avail-
able resources are limited. Such competition may manifest
through direct interactions (such as increased aggression,
territory disputes, and nest theft) (Williams 1942; Stone-
house 1962; Burger 1978) as well as indirect interactions
(such as resource depletion around the colony) (Ashmole
1963; Birt et al. 1987; Ainley et al. 2004). Tradeoffs such
as these shape colonial behavior at the individual as well as
species level (Wittenberger and Hunt 1985).

Adélie penguins (Pygoscelis adeliae) are one of two pen-
guin species that breed only in Antarctica, and likely experi-
ence strong selection toward coloniality due to extreme limi-
tation of suitable habitat. Breeding Adélie penguins require
terrain free from ice and snow (available across < 5% of the
Antarctic coastline), which must also have abundant stones
for nest building, near both open water and sea ice (Ainley
2002). The size and distribution of many Adélie penguin
breeding colonies are well-documented, and several colo-
nies are the subject of long-term monitoring efforts (Lynch
and LaRue 2014; Santora et al. 2020). Cape Crozier, the
largest of three Adélie penguin colonies located on Ross
Island, has been studied continuously since 1996, during
which time it has grown substantially from ~ 170,000 breed-
ing pairs to> 270,000 breeding pairs in 2014 (Ainley et al.
1995; Lynch and LaRue 2014; Lyver et al. 2014).

Within Adélie penguin breeding colonies, nests occur in
distinct groups, referred to as subcolonies. Habitat quality
of discrete subcolonies (and even nests within subcolonies)
is highly variable. Some evidence suggests that breeding
success within a subcolony is best predicted by its shape
and size, affecting the proportion of penguins in the group
located along the periphery (Schmidt et al. 2021). Chick
predation by south polar skuas (Stercorarius maccormicki) is
higher on peripheral nests, and is one hypothesized driver of
this pattern (Tenaza 1971; Davis 1982; Schmidt et al. 2021).
Because they have fewer neighbors to signal and guard
against intruders, peripheral nests may be more vulnerable
to ground as well as aerial attacks. Together, these data sug-
gest that the optimal distribution of Adélie penguin nests is
in the interior of large, circular subcolonies; however, some
penguins do not follow this pattern. Across colonies, a small
subset of Adélie penguins nest solitarily, separate from any
subcolony group. Some evidence suggests that solitary
nesting penguins are primarily inexperienced breeders with
low breeding success (Tenaza 1971). However, any solitary
nests which do successfully raise chicks may be perceived
as alternative habitats and attract other penguins to occupy
new areas (Danchin et al. 1998; Kildaw 1999). To date, the
breeding success and re-occupancy among solitary nests
have not been fully explored.

In this study, we evaluated the selfish herd hypothesis
from the perspective of individuals who go it alone. To
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evaluate solitary nest breeding success, we tracked Adélie
penguins in 50 solitary and 102 subcolony nests at Cape
Crozier during the 2021 breeding season and compared the
quantity and size of chicks from each clutch before and after
chicks left their parent’s nest. We considered three predic-
tions related to breeding success: (1) solitary nests should
produce fewer créched chicks on average compared to nests
located within subcolonies; (2) Solitary nests should be
located near habitat features which reduce their exposure
if predation is a primary driver of reduced success; and
(3) solitary nests should produce smaller chicks than those
within subcolonies if solitary nests are primarily occupied
by inexperienced breeders (Tenaza 1971). Based on previous
research suggesting that seabirds may select breeding habi-
tat based on perceived conspecific success (Danchin et al.
1998), we also predicted that solitary nests which success-
fully raised chicks to the creche stage would be re-occupied
more frequently in the subsequent breeding season.

Methods
Study site

The study was conducted at Cape Crozier (77°27'S,
169°14'E), Ross Island, Antarctica (Fig. 1). Adélie pen-
guins arrive between late October and early November to
claim territory, construct a pebble nest, form pairs, and mate.
Females lay one or two eggs in November, and parents take
turns attending and incubating eggs for about 35 days (Tay-
lor 1962; Ainley 2002). Newly hatched chicks are constantly
attended by at least one parent for about 20 days, also known
as the brood stage (Ainley 2002; Jennings et al. 2023). Once
chicks are thermally independent and growth cannot be sus-
tained by the foraging of only one parent, chicks are left
unattended and form groups called créches, while both par-
ents forage at once (Davis 1982).

Nest tracking

To address our hypotheses about breeding success, we com-
pared the number of chicks surviving per nest, among Adélie
penguins in solitary and subcolony nests. Solitary nests were
defined as any nest greater than 3 m (~ 3 times the average
inter-nest distance, calculated from 35 nests selected using a
random point generator in an aerial orthomosaic with~1 cm
per pixel resolution) from the nearest subcolony. During the
2021 austral summer, we monitored the breeding success of
50 solitary nests distributed throughout the colony at Cape
Crozier (Fig. 1). Here, we refer to breeding seasons using the
initial year of the season (i.e., the summer of 2021-2022 is
referred to as the 2021 season). We identified the 50 solitary
nests during three surveys of the colony in mid-November,
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after which nests were photographed, a marker was placed
within 15 cm of each nest, and the habitat features (such
as large rocks) and GPS positions were recorded to facili-
tate relocation. Only sites which showed at least some nest
construction (demonstrated by pebble accumulation) were
selected.

Over the course of the 2021 season, nests were checked
every four to seven days to monitor the development and
survival of chicks from each nest. Observations were made
using binoculars, standing~5 m from the nest to minimize
disturbance. On each check, we recorded breeding status
(incubating, brooding, or créched), nest contents (number
of eggs or chicks), as well as chick size once hatched (size
categories described below, Table 1). On each check (and
especially approaching the transition from one breeding sta-
tus to another), observers waited until penguins stood or
shifted to clearly view nest contents. For nests that were
first seen attended by an adult but with no eggs, we returned
every four days to check for eggs. If no egg was seen in the
nest by the time of median hatching within the colony (when
half of observed eggs had hatched), that nest was defined as
non-breeding and dropped from the study. Among monitored
solitary nests, median hatching occurred on December 23th
in 2021. For nests that were seen with one or more eggs,
we returned once every seven days until the egg(s) hatched.
After hatching, we visited nests every four days and visually
estimated chick size as a fraction relative to the flipper length
(FL) of the attending adult, assigning each chick to a size
category between 0 and 6 (Table 1). Once chicks from a soli-
tary nest were determined large enough to potentially enter
a créche (chicks at least size class 1, the size when>75%
of historically monitored subcolony chicks entered creches;
this study), a strip of black tape (4651 Tesa®, Norderstedt,
Germany) approximately 1 by 3 cm was attached to a pinch
of down on the back of the chicks as a marker to track them

Tablﬁ 1 Siz/e .categori.es us.ed Eo Size relative
cla§51fy Adélie penguin chicks to adult FL
which met our brood success (%)

criteria

Size category

<50
50-62.5
62.5-75
75-87.5
87.5-100
100
>100

AN A WD = O

Size categories were assigned
by visually comparing the
chick’s body size (excluding
head and neck) to the flipper
length (FL) of the bird that was
brooding the chick

as they moved from their natal nest to a créche. Some tape
strips were given unique white (paint pen) or silver (duct
tape) markings to visually differentiate between different
chicks from solitary nests in the same area. We stopped
visiting study nests if they were empty on two consecutive
checks before chicks reached the size threshold for marking
(recorded as a failed nest). For chicks which met size criteria
(class 1 or larger) and were marked when last seen in a nest,
we attempted to locate them within nearby créches on two
consecutive checks, where re-located chicks were designated
successful and chicks that were never re-sighted in a créche
were designated as failed.

As part of an ongoing demographic study, subcolony
nests (defined as any nest within 1 m of at least two other
actively breeding Adélie penguins) in which one parent was
flipper-banded, were monitored in 2021 through the brood
stage. Chicks from these nests were not marked so we were
not able to follow them into the créche or determine chick
survival beyond the brood stage for subcolony nests in 2021.
However, chicks were marked as part of a separate, previ-
ous study (in 2016-2019), where nests of flipper-banded
adults across 49 subcolonies were monitored (Table 2).
Flipper-banded penguins on active nests were located in
early November of each season, at which point nests were
flagged and checked every 4—7 days following the same pro-
tocol described for solitary nests. During the 2016-2019
breeding seasons, chicks from subcolony nests were marked
approximately 2 weeks after hatching using an individually
numbered plastic T-bar “fish tag” (Floy Tags Inc., USA)
anchored subcutaneously (Jennings et al. 2016). These mark-
ings allowed us to re-locate chicks during the créche stage
and marked chicks were ultimately recaptured at the end of
the breeding season to remove their tags.

Success metrics

To assess our first prediction, we compared the breeding suc-
cess of solitary and subcolony nests at two key points during
the breeding cycle. The first metric, brood success, repre-
sented the number of chicks that survived the brood stage
and disappeared at a size large enough to have potentially
entered a creéche (e.g., at or above size class 1). Only chicks
which exceeded this size threshold before disappearing from

Table2 Sample sizes of
subcolony nests (one parent
flipper-banded) tracked at Cape
Crozier from 2016-2019 and 2016 80
2021 used in this study

Number of
tracked nests

Breeding season

2017 52
2018 51
2019 28
2021 102
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Fig.1 Map of tracked nests at Cape Crozier, Ross Island, Antarctica.
Locations of solitary nests within the colony are shown in yellow and
subcolony nests are shown in blue. The star on the upper inset map
of Antarctica indicates the location of Ross Island. Close-up, bottom

their parent nest were designated successful. We used a Wil-
coxon rank-sum test to compare the number of chicks which
met brood success criteria between solitary and subcolony
nests (Wilcoxon 1945). One advantage of using brood suc-
cess as a metric is that it can be determined without requir-
ing chicks to be physically marked. We therefore have a
brood success outcome for all chicks from tracked nests and
can make a statistical comparison of subcolony and solitary
nests based on direct observations from the 2021 season.
However, brood success does not account for mortality dur-
ing the transition to the créche stage. Our second metric,
créching success, represents the number of chicks confirmed
to have survived to enter creches. Under this metric, only
chicks observed at least once within a créche were desig-
nated as successful while any chicks which disappeared
before reaching size class 1 (and were therefore unmarked),
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inset shows spatial segregation of solitary and subcolony nests with
boundaries of subcolony areas shaded in blue. Satellite image of Cape
Crozier from WorldView-3, November 20, 2014 (copyright 2014
DigitalGlobe, NextView License)

or which were never re-sighted in a créche were assumed to
have died. Creching success is a more accurate measure of
breeding success since it accounts for chick mortality during
the transition from brood to créche stage, but requires that
chicks be marked (distinguishing individuals within groups)
which we did not do for subcolony nests in 2021 (therefore
we lack an estimate of this value from 2021, Fig. 2). Instead,
we used values of brood and creéching success from historical
subcolony nests to calculate an estimate of “expected” créch-
ing success for subcolony nests in 2021. This was achieved
by calculating the average difference between brood and
créching success in each year, which we refer to as transition
mortality, given it represents the number of chicks which
survived through the brood stage but then died during the
transition to the creche.
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Fig.2 Brood and créching
success values for historical and
contemporary (brood success
only) subcolony nests. Transi-
tion mortality (A) is the differ-
ence between créching success
and brood success, and is shown
above each line. Creching
success could not be observed
for subcolony nests in 2021
because chicks were not physi-
cally marked. Historic values of
transition mortality shown here
were used to estimate créching
success for subcolony nests

in 2021 (Fig. 3). The negative
transition mortality in 2017
(which had higher than average
breeding success) was due to
three chicks that were last seen
at size class 0 (designated as
failed under brood success cri-
teria) but later found in créches
(designated as successful under
créching success criteria) 0.6

-
N

N
o

Nest Success (chicks/nest)

Brood Success

Calculating transition mortality allowed us to control
for interannual variability when estimating créching suc-
cess. In Adélie penguin colonies, the number of chicks that
survive to creche varies naturally between years based on
environmental conditions, and therefore, the exact values
of brood and créching success from previous seasons can-
not be directly compared to values from 2021 (Dugger
et al. 2014). By comparison, our data show that values of
transition mortality have a much smaller range of inter-
annual variation among subcolony nests (Fig. 2). There-
fore, applying a historic average of transition mortality is
likely to produce a reasonable estimate of créching rates in
2021. Including both brood and creching success allowed
us to compare the number of chicks that died during the
transition from the brood to créche stage for solitary and
subcolony nests.

To estimate créching success for subcolony nests in
2021, we first determined the difference between average
creéching success (CS) and brood success (BS) for subcol-
ony nests tracked during the 2016-2019 seasons (Fig. 2).
This difference is hereafter referred to as the transition

mortality (TransitionMort,.,,).

TransitionMort,,,

= mean(BS;) — mean(CS,)

where i represents an individual nest in a given year. Next,
we used these estimates of transition mortality from all four
years of historical subcolony data to calculate a range of

A= 018

Season

2016
2017
2018
2019
2021

E b 2 b b o

Créching Success
Success Metric

expected creching success values for 2021 based on the
observed brood success.

Expected SubcolonyCS,y, = mean(BSy,,;) — TransitionMort,,,

These four expected subcolony creéching success val-
ues for 2021 were then compared with the mean observed
creching success and transition mortality for solitary nests.
Because we are only able to estimate creching success for
subcolony nests based on historical data, we refrained from
making a statistical comparison of créching success between
solitary and subcolony nests as we did for brood success.

To assess our second prediction relating to breeding suc-
cess, we tracked the number of solitary nests located next to
a large shelter rock. Here, shelter rocks are defined as any
rock> 15 cm in diameter which blocked access to the nest on
at least one side. We hypothesized that solitary nests would
be preferentially located next to such shelter rocks because
they could improve solitary nest success by reducing the
angles from which solitary nests were vulnerable to attacks
by predators.

To assess our third prediction relating to breeding suc-
cess, we evaluated the size of chicks from solitary and
subcolony nests when last seen in their natal nest. Chick
survival is heavily influenced by size, and chicks that attain
larger sizes before entering créches are more likely to sur-
vive to fledging (Jennings et al. 2023). We used a chi-square
test to determine if the distribution of chick sizes (Table 1)
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were different between solitary and subcolony nests at the
last observation before chicks left their natal nest. To further
test our hypothesis and determine if differences in chick size
might be attributable to differences in parental investment
between solitary and subcolony nests, we compared the
length of the brood stage for chicks from each nest type. We
calculated the length of the brood stage for each chick as the
difference between median hatch date in 2021 (the day when
half of tracked nests had hatched chicks) and the date when
each chick was last observed in their natal nest. Owing to the
four-day interval between nest checks, we could not deter-
mine a precise hatch date for each chick and used a median
hatch date instead. The median hatch date for solitary and
subcolony nests was December 23 and 24th, respectively.
We used a Student’s t-test to determine if brood duration dif-
fered between nest types. Finally, we fit an ordinal regression
model predicting chick size by brood duration and nest type
to explore if either variable could explain observed differ-
ences in chick size.

To address our prediction about solitary nest re-occu-
pancy, we revisited solitary nest sites in mid-November to
late December of the following season (2022). Each solitary
nest was visited at least twice and, if a penguin was present
on at least one of these checks, the nest was considered to
be reoccupied. We compared the number of solitary nests
which were re-occupied in 2022 based on their breeding
status and outcome in 2021 to assess if re-occupancy could
be predicted by performance in the previous season. Specifi-
cally, we used a Fisher’s exact test to compare the number
of nests re-occupied or not between solitary nests which
successfully raised chicks and those which did not. We con-
ducted our Fisher’s exact test first using data from all solitary
nests which were occupied in 2021 and again using only
those which were actively breeding in 2021. We used both
brood and créching success for this comparison to determine
if success in one stage of the breeding cycle is more impor-
tant to nest re-occupancy than another. All analyses were
conducted using R v4.2.1 (R Core Team 2022). Means are
presented + the standard error unless otherwise noted.

Results
Nest monitoring effort

Of the 50 solitary nests we monitored in 2021, 36 (72%)
were ever seen with eggs or chicks (i.e., were “active”). The
number of subcolony nests followed each year ranged from
28 (2019) to 102 (2021) and was distributed across > 40 dis-
tinct subcolonies (Fig. 1). Nest locations for solitary nests
were more widely distributed throughout the colony than
subcolony nests in 2021 (Fig. 1).
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Breeding success
Brood success

In 2021, 23 of 36 active solitary nests produced chicks of at
least size class 1, which met our size criteria for brood suc-
cess and were assumed to be large enough to enter a créche.
Of these 23, four nests raised two chicks to at least size class
1 and 19 nests raised one chick. This resulted in an aver-
age brood success of 0.75+0.11 chicks for solitary nests.
In the same year, 102 active subcolony nests were tracked
and 68 produced chicks that survived the brood stage. Of
these 68, seven nests raised two chicks and 61 nests raised
one yielding an average brood success of 0.74 +0.06 chicks
per subcolony nest. We found no difference between brood
success of solitary and subcolony nests (Wilcoxon rank-sum
test, W=1831, p=0.98; Fig. 3).

Créching success

In total, 11 out of 36 solitary nests raised chicks that were
directly confirmed to enter a creéche. Of these, one nest raised
two chicks to creéche, while 10 raised only one. From these
data, we calculated an average creéching success rate of
0.33 +0.09 chicks per solitary nest, less than half the brood
success estimate. The transition mortality for solitary nests
was 0.42 +0.09 chicks lost per nest between the brood and
creching success estimates. By comparison, transition mor-
tality among historical subcolony nests ranged from — 0.06
to 0.18 chicks per nest (average 0.06 +0.04). Based on these
data, the magnitude of mortality experienced by chicks from
solitary nests was 6.69 times higher on average than among
subcolony nests during the transition between brood and
creche stages. Using our historical values of transition mor-
tality, the mean expected créching success for subcolony
nests in 2021 was 0.67 chicks per nest and estimates based
on individual years ranged from 0.56 to 0.79. These esti-
mates suggest that solitary nests produce 42-60% (mean
50%) fewer chicks entering the créche stage compared to
subcolony nests.

While the solitary nests monitored in this study were
widely distributed throughout the Cape Crozier colony, most
were located near a common habitat feature. We observed
that 36 of the 50 solitary nests we originally identified
(including 26 active solitary nests) were located next to a
large rock (> 15 cm in diameter). Rocks ranged in size from
15 to 150 cm in diameter and provided shelter by reducing
the area of exposure on at least one side of the solitary nest.

Among chicks that met the brood success criteria, chicks
of solitary nesting penguins were last seen at their nest at
larger sizes compared to chicks from subcolony nests in
2021 (Fig. 4; chi-square test, X 2=30.5, p<0.001). Approxi-
mately, 30% of chicks from solitary nests belonged to the
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Fig.3 Brood and creéching success among solitary (yellow) and sub-
colony (blue) nests in 2021. Center points represent the mean for
each group, while solid error bars extend one standard error in either
direction. Four values of expected créching success were generated
for subcolony nests in 2021. These were calculated as the difference
between observed brood success from 2021 and transition mortality
values from subcolony nests monitored in four historical breeding
seasons (Fig. 2). Mean expected creching success is presented in bold
with a dotted error line displaying the range values. Individual values

of expected creéching success are also displayed offset and in a lighter
shade. Expected créching success values calculated using historical
data are shown as diamonds, while data directly observed in 2021 are
plotted as circles. The number of solitary and subcolony nests tracked
in the 2021 season are provided in the bottom left corner of each
plot, while sample sizes of historical subcolony nests used to calcu-
late creching success estimates are found in Table 2. The difference
in brood and average créching success (transition mortality) is printed
above the black dashed connecting lines

Fig.4 a Size distribution of a3 ] |b
chicks which met brood success
criteria in 2021 from solitary
(yellow) and subcolony (blue) 20 g)
nests. Chick sizes are estimated ;\3 =
relative to the size of an adult o S i
penguin flipper and placed S 10
in binned classes (Table 1). b
b Summary of brood dura- 8 | L
tion measured as days since g 38 ]
median hatch when chicks were %
last seen in their natal nest € o
(Median hatch for solitary nests: o 20 S
12/23/2021; subcolony nests: o) o -
12/24/2021) a g
10 2
0 I | ! . .
1 2 3 4 5 6 5 10 15 20
Chick Size Class Brood Duration (Days)

largest size class (> 100% of adult flipper length) before
disappearing from their natal nest, while only 1% of sub-
colony chicks reached this size before entering creches. By
comparison, the largest fraction of subcolony chicks (32%)
disappeared at the smallest size required to meet the brood
success criteria (50% of adult flipper length). Chicks from

solitary nests disappeared from their natal nest 4 calendar
days (95% CI=2-6 days) later on average compared to
chicks from subcolony nests (Student’s t-test, t=— 4.75,
p<0.001; Fig. 4). However, an ordinal regression model
suggested the difference in size between chicks from solitary
and subcolony nests was not attributable to a difference in
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brood duration (p =0.63) Nest type was the only significant
predictor of chick size (p <0.01) in our model.

Re-occupation rates

In 2022, we re-located 41 of the solitary nests tracked in
2021. The remaining nests either could not be re-located
(n=3), or the identity of the original solitary nest was
ambiguous (n=6). Among re-located nests, 20 (49%) were
re-occupied, all of which were among the 36 nests which
hosted active breeders in 2021. We made our statistical com-
parison using all occupied solitary nests in 2021 which were
re-located in 2022 (n=41) as well as using only solitary
nests that were active (confirmed to have an egg or chick) in
2021 and re-located in 2022 (n=34). When occupied nests
from 2021 were considered, nests that raised chicks through
the brood stage in 2021 (n=23 nests) were three times more
likely than those which did not (n=18) to be re-occupied
the following season (Fisher’s Exact test, p=0.003). How-
ever, when testing across only nests that were active in 2021
and re-located in 2022, nests that raised chicks through the
brood stage (n =23) were not significantly more likely to be
re-occupied than those that failed earlier (n=11; Fisher’s
Exact test, p=0.058). When using créching success crite-
ria instead of brood success (n=11 successful nests), there
were no significant relationships between outcome in 2021
and re-occupancy in the subsequent season among either
nests which were occupied or those which were active in
2021. Classifying ambiguous nests as re-occupied (vs. leav-
ing them out) did not change the significance of our results.
We also observed that four solitary nest sites from 2021 had
attracted neighbors and were the locations of newly estab-
lished, potential subcolonies (three or more active territories
in close proximity in 2022).

Discussion
Breeding success

We found that solitary and subcolony nests appeared to have
similar success through the brood stage but that substantially
fewer chicks likely reached créches from solitary nests than
from subcolony nests. These disparate outcomes suggest that
chicks from solitary nests experience a key mortality bot-
tleneck during the transition from the brood to creche stage.
The most likely cause of this bottleneck is differential rates
of predation by south polar skuas, despite the larger size of
chicks from solitary nests at the end of the brood stage.
Solitary nest chicks likely become more vulnerable to
predation relative to subcolony nests as the breeding season
progresses. Adélie chicks are susceptible to skua predation
during both the brood and creche stage, until approximately
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30 days of age by some estimates (Davis 1982). During the
brood stage, chicks increase in vulnerability as they grow,
becoming unable to fit completely under their parents or
within the nest, making them easier for skuas to grab (Young
1994). Larger chicks are also more challenging for skuas to
carry in flight, so as the season progresses, predation pres-
sure shifts toward peripheral nests which are exposed to
ground attacks (Young 1994). During the créche-stage, skua
predation is most effective on isolated chicks (Sladen 1958)
especially those leaving créches to solicit food from parents
at their natal nest (Taylor 1962; Penney 1968). Solitary nests
in this study were located more than 3 territories away from
their nearest nesting neighbor, and therefore, chicks from
these nests were exposed for longer periods when moving
between their nest and the nearest créche (Sladen 1958).
Consequently, solitary nest chicks that disappeared during
the transition from brood to creche stage likely died from
predation.

Solitary nesting penguins appear to be less affected by
their increased vulnerability to predation during the brood
stage, suggesting they may modify their behavior to over-
come some of the inherent disadvantages of their isolated
positions. For example, solitary nesting penguins may rec-
ognize an increased vulnerability to predators and select
habitat features to strengthen their defensive positions in
the absence of neighbors. We observed that 72% of solitary
nests were positioned next to a large sheltering rock, which
reduced exposure by obstructing at least one side of the nest.
This percentage was the same among all occupied solitary
nests and among only those which were actively breeding.
The frequent association between solitary nests and shelter-
ing rocks suggests their habitat selection is non-random and
future work could use aerial imagery to map solitary nests
and describe their association with these and other observ-
able habitat features (Schmidt et al. 2021; Hinke et al. 2022).

In addition to selecting special habitat, solitary nesting
Adélie penguins may partially mitigate the risk of predation
by increasing their parental investment to raise larger chicks.
Chicks which grow faster and attain larger sizes before enter-
ing creches are more likely to survive to fledging and recruit
to the colony as subadults (Chapman et al. 2011; Ainley
et al. 2018; Jennings et al. 2023). Adélie penguins could
raise larger chicks either by extending their brood period
and/or providing more or higher quality food. While it did
not appear that chick size was related to date of the last
sighting at the nest, we could not formally test for a rela-
tionship in chick age on last sighting as we were not able to
precisely determine hatch date. Previous research has shown
that male Adélie penguin chicks grow faster than females
and are fed more Antarctic silverfish (Pleuragramma ant-
arcticum) (Jennings et al. 2021) and thus differences in pro-
visioning behavior may be another cause of the observed
size difference.
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Alternatively, chicks from solitary nests may be larger
because penguins in solitary nests are unable to effectively
guard two chicks, and when one chick perishes, more energy
is invested in the survivor. Out of 36 active solitary nests, we
observed that 15 nests only succeeded in hatching one chick
and of the 17 nests that hatched two chicks, one had died
within 10 + 1.64 days of hatching on average. This supports
the hypothesis that solitary nests are extremely vulnerable
to predation, and are only able to raise large chicks during
the brood stage because they are quickly forced to invest
all energy in guarding and provisioning a single chick, and
often still predated during the transition to the créche stage.

We have previously found that flipper-banded individu-
als at Cape Crozier averaged 8% longer-duration chick-pro-
visioning trips than un-banded individuals (Dugger et al.
2006), which could lead to lower breeding success. Given
that in this study we found that solitary nests have signifi-
cantly lower creching success than subcolony nests (where
one parent was flipper-banded), the negative effects of soli-
tary nesting could be larger than we report here. To further
clarify the effects of solitary nesting, and also to address
related ethical considerations, we recommend that future
studies explore the use of alternative methods of marking
the penguins (e.g., RFID tags; Ballard et al. 2001, Dugger
et al. 2000).

Solitary nest persistence

We found evidence that some solitary nests do persist over
time, despite significantly lower breeding success than their
subcolony counterparts. All solitary nests we re-located had
hosted active breeders in the 2021 season, suggesting only
solitary nests that at least initiated incubation are likely to
persist in future years. We also found some evidence that
solitary nests that successfully raise chicks are more likely
to be re-occupied than those which did not. However, this
result was not significant when only active solitary nests
were considered, suggesting that whether breeding was
attempted is more important than breeding outcome when
predicting solitary nest re-occupancy. In this study, we can-
not quantitatively distinguish between new and returning
occupants because solitary nesting adults were not physi-
cally marked, and therefore we can only speculate on the
drivers of this pattern.

Additional studies tracking individual penguins in soli-
tary nests across seasons are needed to determine the pre-
cise mechanisms driving solitary nest persistence. One
hypothesis is that inactive solitary nests are abandoned
more frequently because they are occupied by young pen-
guins prospecting territory. Tenaza (1971) hypothesized
that most solitary nests are occupied by young, inexperi-
enced breeders, which are also more likely to wander the
colony, claiming territories and pairing for short periods

without attempting breeding (Ainley 2002). Indeed, we
observed inactive solitary nests were, on average, abandoned
9+ 1.5 days after they were first observed. Inactive nests
may also be occupied by low-quality birds which do not
return because they are less likely to survive to the subse-
quent breeding season relative to active breeders (Lescroél
et al. 2009). Alternatively, active solitary nests may be
occupied by older individuals which demonstrate greater
breeding skill and stronger philopatry to their chosen terri-
tory (Ainley 2002). None of these hypotheses are mutually
exclusive and future studies might evaluate them by marking
adults at solitary nests using RFID tags (see above under
Breeding Success) so that individuals can be distinguished
between years. In any case, our results show that some soli-
tary nests are able to persist over time, either by retaining
their occupants and/or attracting new ones.

Significance of solitary nesting

Solitary nests produced chicks large enough to enter creches
and were consistently occupied over time, suggesting this
strategy may allow Adélie penguins to colonize new suitable
habitats. Climate warming is exposing new breeding sites for
Adélie penguins along the Antarctic coast, while decreas-
ing the northern extent of their sea-ice habitat (Emslie et al.
2007; LaRue et al. 2013; Lee et al. 2017). These shifts create
the potential for a redistribution of the Adélie penguin global
population (Forcada and Trathan 2009; LaRue et al. 2019;
Wethington et al. 2023) and indeed colonies in the Ross
Sea region (where the world’s southernmost colonies are
located) have grown substantially in recent decades (Lynch
and LaRue 2014). However, given that solitary nesting is
less successful than nesting in subcolonies, the prevalence
of this behavior may instead signal shifts in resource com-
petition and population dynamics within Adélie penguin
colonies.

Indeed, seabirds become more likely to colonize new
areas as the costs of occupying existing habitat exceed
perceived risk of pioneering new territory (Forbes and
Kaiser 1994; Tims et al. 2004; Kildaw et al. 2005). Dur-
ing periods of colony growth, density-driven competition
for shared resources like prey (Ballance et al. 2009; Ainley
et al. 2018) or nest materials (Carrascal et al. 1995; Moran-
dini et al. 2021) may drive Adélie penguins to increasingly
pioneer new habitat at the colony and subcolony scale. Fur-
thermore, high nesting philopatry among Adélie penguins
(Ainley 2002) ensures that young, inexperienced individuals
are more likely to pioneer new territory (Coulson and White
1958; Blus and Keahey 1978). Therefore, shifts in solitary
nesting behavior may be likely during periods of population
growth, reflecting influxes of young birds and/or declines in
existing habitat quality.
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In theory, solitary nests which persist over time while also
attracting new recruits may act as precursors in the process
of subcolony formation. We observed four novel subcolonies
appear at locations previously occupied by solitary nests,
which supports this hypothesis. However, two of these sub-
colonies occurred at solitary nests which had not previously
hosted active breeders. When considered with our other
results, this observation suggests that while solitary nests
may indeed act as precursors to subcolony formation, the
drivers of this process are likely different (and perhaps inde-
pendent) from those predicting solitary nest re-occupancy.
Future research is needed to explore the connection between
solitary nesting and population dynamics at Adélie penguin
subcolonies.
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