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Ongoing climate change and glacial retreat are expanding ice-free areas in Antarctica,
offering new potential breeding habitats for marine birds such as penguins. This study
examines the relationship between terrain features and the nesting distribution of three
species of Pygoscelis penguins in the Western Antarctic Peninsula, a region experiencing
rapid climate change, fishing pressures, and shifts in penguin species abundance and dis-
tribution. Here, we used remote sensing and geospatial analysis to process digital terrain
models and orthophotos obtained from fixed-wing unmanned aerial vehicle (UAV)
beyond visual line of sight (BVLOS) surveys (94.82 km and 104.20 km flights at alti-
tudes of 350 m above sea level) in the South Shetland Islands, allowing detailed analysis
of a selected 35-ha subset of the larger surveyed dataset. Statistical analyses confirmed
selectivity in nest location and breeding ground choice by Adélie Pygoscelis adeliae, Gen-
too Pygoscelis papua and Chinstrap Pygoscelis antarcticus Penguins. Adélie Penguin nesting
areas differed from their surroundings in more relief variables than the nest-sites of Gen-
too and Chinstrap Penguins. For all three species, at least one variable clearly distin-
guished breeding sites from the adjacent landscape. Adélie Penguins nested in higher,
more inland areas, while Chinstrap Penguins occupied lower, coastal sites with steeper
slopes and greater topographic variability. Gentoo Penguins used sites with the lowest
hydrological risk, Chinstrap Penguins occupied sites with moderate water-accumulation
conditions and Adélie Penguins nested in areas with the highest potential water accumu-
lation, reflecting distinct ecological strategies across species. Qur findings highlight pre-
ferred breeding conditions for each species, such as areas with minimal snow and water
accumulation and a tendency toward low slope and northern exposure. These insights
into nesting site selection could inform conservation efforts. The UAV BVLOS-based
method demonstrated high efficiency and minimal disturbance, suggesting its suitability
for further applications in penguin habitat monitoring and research.

Keywords: Antarctic specially protected areas, breeding ecology, habitat heterogeneity, seabirds,
South Shetland Islands.

Nest-site selection may be consistent throughout a
species’ range or may vary depending on habitat
availability and regional constraints on nesting suc-
cess (Pratte et al. 2016, Schmidt et al. 2021,
Colombelli-Négrel & Iasiello 2023). This process is
central to reproductive  performance and
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population trends, and is of current interest, par-
ticularly for colonial birds inhabiting rapidly chang-
ing Antarctic regions. In these areas, glacial retreat
is expanding ice-free land (e.g. Lee et al. 2017,
Convey & Peck 2019), creating new potential
breeding habitats for marine birds such as pen-
guins. However, species are expected to differ in
their site preferences and in microhabitat require-
ments (Trivelpiece & Volkman 1979, Trivelpiece
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et al. 1987, Moczydlowski 1989, Ainley 2002,
Boersma 2008). Pygoscelid penguins are an impor-
tant component of the Antarctic ecosystem.
Although their global population has declined
from an estimated 10.23 million (1990) to 7.64
million pairs (Woehler 1995, Lynch & Larue 2014,
Herman et al. 2020, Strycker et al. 2020), they still
account for over 90% of Antarctic bird biomass in
the West Antarctic Peninsula (WAP) and the Sco-
tia Sea (Dunn et al. 2016 and references therein).
In the WAP region, the ranges of Adélie Pygoscelis
adeliae, Chinstrap Pygoscelis antarcticus and Gen-
too Pygoscelis papua Penguins overlap, yet their
population trends diverge: Adélie and Chinstrap
populations are declining, whereas Gentoo Pen-
guins are increasing and expanding southward (e.g.
Korczak-Abshire et al. 2013, 2019, Sierakowski
et al. 2017, Herman et al. 2020, Strycker
et al. 2020). The region is undergoing rapid cli-
mate change, shifts in prey availability and intensi-
fied commercial fishing, all of which may be
influencing regional biodiversity and food web
dynamics (Hinke et al. 2017, Watters et al. 2020).
Although Pygoscelid penguins spend most of their
lives at sea, they rely on snow-free land for breed-
ing, chick rearing and moulting, making terrestrial
habitat essential for reproductive success, offspring
survival and, ultimately, population dynamics
(Mdller -Schwarze 1984, Quintana 2001, Ain-
ley 2002, Patterson et al. 2003).

Nest-site selection is a hierarchical, multi-scale
process influenced by both abiotic factors — such
as elevation, slope and microclimate — and biotic
pressures, including predation risk, social interac-
tions, access to resources and competition (Mar-
tin 1998, Jones 2001). As a result, birds often face
trade-offs when selecting nest-sites, balancing the
benefits and risks associated with each potential
location. For example, elevated or wind-exposed
terrain can reduce flooding and snow accumulation
but may increase visibility to predators due to the
‘edge effect’ — namely, increased predation risk at
habitat boundaries (Massaro et al. 2001, Korne
et al. 2020). Territoriality, phenology and the dis-
tribution of high-quality sites can further intensify
intra- and interspecific competition (Kildaw 1999,
Gjerdrum et al. 2005). In some cases, birds may
also rely on social information, selecting sites near
conspecifics even when environmental conditions
are suboptimal (Betts et al. 2008).

During the austral summer, Pygoscelis species
exhibit disparate breeding behaviours (e.g.
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Lishman 1985). Nevertheless, all species form
breeding colonies on ice-free terrain, either in
monospecific or mixed groups, and construct nests
from pebbles (Volkman & Trivelpiece 1981).
Some species are known to occupy territories or
practice pairing close to the natal site (Ain-
ley 2002). It can be reasonably assumed that the
breeding territory with the best chances for repro-
ductive success is likely to be the most favoured.
In densely packed penguin colonies, microtopo-
graphic variation creates nesting sites that are
locally optimal with respect to factors such as
drainage, thermal exposure and accessibility, with
the relative importance of these factors changing
over time. All Pygoscelid penguins breed during
the peak of the Antarctic summer (Borboroglu &
Boersma 2013), sharing biparental incubation but
differing in timing and shift patterns (Trivelpiece
et al. 1987). Gentoo Penguins are semi-migratory
and often remain at colonies year-round (Trivel-
piece & Trivelpiece 1990, Korczak-Abshire
et al. 2021) whereas Adélie and Chinstrap Pen-
guins migrate long distances, arriving in early
October and November, respectively (Hinke
et al. 2015, 2019, Black 2016). Breeding success
depends on nesting timing and accessibility, which
are influenced by sea-ice cover and weather-driven
land conditions.

The topography of Pygoscelis penguin rookeries
was first described qualitatively (Jablonski 1984a,
1984b, Quintana 2001, de Neve et al. 2006).
Technological advances now enable
high-resolution environmental analysis through
structure-from-motion photogrammetry and Geo-
graphic Information System (GIS)-based terrain
modelling, offering new tools for testing hypothe-
ses about nest-site selection (Korne et al. 2020).
Subsequent studies have applied remote sensing
and digital mapping to identify Antarctic avifauna
breeding areas and analyse terrain characteristics
(Mustafa et al. 2017, OQosthuizen et al. 2020,
Schmidt et al. 2021, Santa Cruz & Kriiger 2023).
Digital terrain models (DTMs) have also been
used to investigate how terrain influences Adélie
Penguin habitat selection, demography and repro-
ductive  success (Patterson 2001, Schmidt
et al. 2021).

The nest-site preferences of Pygoscelis penguins
from King George Island, South Shetlands, were
first quantified and described by Volkman and Tri-
velpiece (1981), who reported intense competition
linked to population increases driven by enhanced
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krill (Euphausiacea) availability in former whaling
areas (Trivelpiece & Volkman 1979). In this study,
we re-evaluated nest-sites at the same locations on
King George Island (Volkman & Trivelpiece 1981,
Jabloriski 1984b), and on the neighbouring Ardley
Island using unmanned aerial vehicle (UAV) pho-
togrammetry and geospatial analysis. In addition to
the existing open-source data for Ardley Island
(Mustafa & Pfeifer 2014), long-range, beyond
visual line of sight (BVLOS) UAV flights were
conducted to collect photogrammetric data for
generating high-resolution digital terrain models
and orthophotos of Admiralty Bay’s west coast on
King George Island (c.7 km? Zmarz et al. 2018,
2023). These datasets provide a high-resolution
alternative to ground-based and satellite imagery,
which are often limited in coverage and spatial res-
olution (McDowall & Lynch 2017, 2019, Schmidt
et al. 2021). We investigated the spatial character-
istics and potential preferences of Pygoscelis pen-
guin nest-sites by testing two hypotheses: (1)
terrain features differ significantly between
nest-sites and non-nesting areas and (2) each
Pygoscelis penguin species exhibits distinct nest-site
preferences.

METHODS

Investigated penguin rookeries

We studied Pygoscelis penguin breeding colonies
located in two Antarctic Specially Protected Areas
(ASPAs) on King George Island (ASPA No. 128)
and Ardley Island (ASPA No. 150) in the South
Shetland Islands, Western Antarctic (Fig. 1). Ana-
lyses were conducted on three species: Adélie P.
adeliae, Gentoo P. papua and Chinstrap P. antarc-
ticus Penguins. Rookeries were studied at Point
Thomas and Llano Point, where Adélie and Gen-
too  Penguins  occupied  separate  areas.
Single-species rookeries included Gentoo Penguins
at Ardley Island and Chinstrap Penguins at
Uchatka and Patelnia Point at Admiralty Bay's
west coast. The colonies comprised birds of vary-
ing ages. Seven single-species sub-areas, each mea-
suring 5 ha, were delineated (Fig. 1). One penguin
species’ breeding site was examined in each sub-
area. The abundance and recent trends of the
investigated populations are presented in the Sup-
porting Information (Fig. S1). Terrestrial ice-free

areas have changed over time, creating possible
new nesting habitats. In ASPA 128, 6.1 km? of
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land became ice-free over 39 years (Pudelko
et al. 2018).

Digital terrain model and orthophoto

The DTMs were derived from two sources. The
first was the DTM of Ardley Island (ASPA 150)
with a ground sampling distance (GSD) of 10 cm,
originally downloaded on 3 April 2015 from
http://www .think-jena.de/daten1-1_en.php (now
available at https://zenodo.org/records/14614877).
The open source data were provided by the Turin
Institute for Sustainable Development and Climate
Protection ThINK (Mustafa & Pfeifer 2014). The
second dataset was the ASPA 128 King George
Island DTM, based on imagery derived from
BVLOS UAV flights in November 2014 (Zmarz
et al. 2015, 2023), and SCAR data as part of the
Antarctic Digital Database. Photogrammetric
flights over ASPA 128 were conducted on 11
November and 6 December 2014 (IBB PAS Per-
mit No. 6/2014, ATCM38_ip077_e), when indi-
viduals of each species were incubating eggs in
visible and separate breeding groups. The UAV
flights were performed autonomously using an
autopilot linked to a telemetry module. They were
carried out by a team of three, all holding BVLOS
licences issued by national authorities. ASPA 128
was photographed using a fixed-wing PW-ZOOM
UAV equipped with a Canon 700D digital SLR
camera and a Canon 35-mm {/2.0 lens. Both
flights were conducted at an altitude of 350 m
above sea level, with total distances of 94.82 km
(11 November) and 104.20 km (6 December).
The UAV f{lights were designed to cover the west
coast of Admiralty Bay (ASPA 128), with take-off
and landing points located near the Arctowski
Research Station. The images were captured with
a 70% forward overlap and a 60% side overlap. All
collected images had a GSD of less than 5 cm
(Zmarz et al. 2015, Rodzewicz et al. 2017). The
ASPA 128 terrain model and orthophoto were
generated using Agisoft PhotoScan (Agisoft 2015).
The WGS-84 Antarctic Polar Stereographic Sys-
tem (EPSG:3031) was used to model King George
Island for consistency with Antarctic Digital
Database data.

Terrain features

Based on existing literature (Volkman & Trivel-
piece 1981, Moczydlowski 1989, Trivelpiece &
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Figure 1. The study areas were located at the southwest coast of King George Island (South Shetland Islands, Antarctica) (a). The
analysis included two rookeries at Point Thomas and Llano Point, both hosting Adélie and Gentoo Penguins in spatially separated
nesting areas, and two single-species Chinstrap Penguin rookeries at Uchatka and Patelnia Point in the Antarctic Specially Protected
Area (ASPA) No. 128 on the west coast of Admiralty Bay (b) and a single-species Gentoo Penguin rookery at the Antarctic Specially
Protected Area No. 150 on the western part of nearby Ardley Island (c). Adapted from figures 2, 3 and 5 in Jaworska (2016).

Fraser 1996, Quintana & Cirelli 2000,
Boersma 2008), the following types of terrain
characteristics were selected for analysis: elevation
above sea level (m a.s.l.); distance from shore (m);
slope (°); exposure (the compass direction that a
terrain  surface faces); flow accumulation
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(hydrological conditions); solar radiation intensity;
as well as terrain roughness (microrelief). Monthly
solar radiation (kWh/m?/month) was calculated
for the period from 1 to 30 November, when the
breeding season had already started for all three
species. Terrain roughness was an available
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geomorphological parameter treated as an expres-
sion of small-scale topographic variability (Groh-
mann et al. 2011).

Geoinformatics analyses

A series of geospatial analyses was conducted using
a DTM with a 1-m GSD and orthophotos with
10- to 20-cm GSD. The orthophoto was used to
delineate seven research sub-areas manually
according to the spatial distribution of the breed-
ing colonies. Each was rectangular (with a strong
resemblance to a square) and had an area of 5 ha
(see Fig. 1). These research sub-areas were
restricted to land only. However, narrow patches
of sea were sometimes included to keep the nest-
ing groups in the centre of the photo. On the
orthophotos, breeding group boundaries (pink
polygons in Fig. 2) were manually delineated in
ArcMap using the Create Features tool, based on
nest clustering, inter-nest distances and visible
landscape features. Selected nests within these
groups (marked as ‘points within breeding groups’
in Fig. 2) were analysed. The number of these
points was proportional to the size of the breeding
group (Table 1). Terrain features characteristic of
non-breeding grounds were identified at ‘random
points’ across seven delimited research sub-areas.
The random point distribution within each
research sub-area had a density of 5/ha (using the
ArcMap software tool Random Points). Each point
(random and within breeding groups) was assigned
corresponding values of the study variables. This
assignment was performed using ArcMap tools:
Slope, Aspect, Flow Accumulation and Area Solar
Radiation, with the last calculating potential solar
radiation under clear-sky conditions, not account-
ing for clouds or indirect reflections, providing a
standardized metric for site comparison. Addition-
ally, the mean and standard deviation of the fea-
ture ‘nest distance from shore’ were calculated for
the three species using the ArcMap tool Near for
distance from shore and Extract Values to Points
for elevation.

An additional set of points (marked as ‘points
within 5-m buffer’ in Fig. 2) was used to examine
terrain roughness. This analysis aimed to deter-
mine whether there were any discernible dispar-
ities in relative height within the immediate
vicinity of the nest groups and to assess whether
birds were more likely to establish breeding sites
on small elevations, such as hills or ridges, within
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the local topography. Visual analysis of the DTM
showed the most significant changes in slope
within 5 m of nest group boundaries. A 5-m
buffer zone was created around each breeding
group, with the number of selected ‘points within
5-m buffer’ distributed equally among the corre-
sponding group (Fig. 2). Terrain roughness was
therefore compared across three categories: the
slope at the breeding groups (representing nests),
within the 5-m buffer zone and at random points.
Most of the results are presented as boxplots gen-
erated using the ggplor2 package (Wickham 2016)
in the R statistical environment (version 4.4.1; R
Core Team 2024). Exposures are presented using
radar diagrams to illustrate the contribution of
each direction to the total exposure at the sur-
veyed points. Flow accumulation was expressed as
the number of 1-m cells in the regular grid into
which the terrain had been divided. It represents
the number of cells through which water must
flow to reach the point under study from the
watershed boundary. The results are divided into
four classes (0, 1-5, 6-100 and =>101) and
expressed as percentages. The class ranges were
selected manually based on the distribution of
values in the histogram. Cells with a flow accumu-
lation value of O correspond to local topographic
highs and were used to identify ridges. In contrast,
cells with high flow accumulation represent areas
of concentrated flow and help identify stream
channels (e.g. Jenson & Domingue 1988).

To test the first hypothesis — that terrain fea-
tures differ significantly between nest-sites and
non-nesting areas — a comparative analysis of ter-
rain variables was conducted between nest loca-
tions (points within breeding groups) and random
points drawn from two groups: (1) random points
within sub-areas adjacent to the nesting site of
each species: two sub-areas for Adélie (50 points),
three sub-areas for Gentoo (75 points) and two
sub-areas for Chinstrap Penguins (50 points), these
representing the surrounding areas occupied sepa-
rately by each species; and (2) random points
within the entire study area: a total of 175 points
from the seven sub-areas were analysed, serving as
a reference to the general environment surround-
ing the nest-sites of all three species combined.

The Mann-Whitney U-test was used to deter-
mine statistically significant differences between
groups. The presented figures indicate whether the
difference between the samples was statistically
significant at the P <0.005 level. The text

© 2026 British Ornithologists’ Union.
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Figure 2. Distribution of measuring random points, points within breeding groups and within 5-m buffers in the research sub-area of
Gentoo Penguin breeding groups at Point Thomas. A section of the Digital Terrain Model is shown against an orthophoto background.

Table 1. Data on Pygoscelis for seven research sub-areas, number and area size of breeding groups, and selected measurement
points (both random and within breeding groups representing nests). ARDL, Ardley Island; LLAN, Llano Point; PAPT, Patelnia Point;

PTHO, Point Thomas; UCHA, Uchatka.

Number of
Number of breeding Size of the area measurement points
Research groups within occupied by
Colony sub-area research breeding Nest Random
Species name size (ha) sub-area groups (m?) number points
Adélie PTHO 5 10 3600 25 25
LLAN 5 4 1800 20 25
Gentoo LLAN 5 24 6300 25 25
PTHO 5 4 250 10 25
ARDL 5 41 1300 25 25
Chinstrap UCHA 5 6 700 25 25
PAPT 5 3 300 15 25
Total - 35 91 14 250 145 175

provides detailed test results, including median
values (M, median for nests; M,, median for ran-
dom points within sub-areas adjacent to the nest-
ing site of each species; M,, median for random
points within the entire study area; M}, median
for 5-m buffers) and the U-test value. While
P <0.05 is typical for naturalistic studies, this
studly used a more rigorous threshold of
P < 0.005. To assess penguin preference for a ter-
rain feature, a coefficient of variation was calcu-
lated. The coefficient of variation was calculated
by dividing the standard deviation by the sample
mean and multiplying the result by 100 to obtain
a percentage figure (Everitt 2002). A lower

© 2026 British Ornithologists’ Union.

coefficient indicates a stronger preference for a
particular terrain feature. To verify the results,
coefficients of variation were also calculated for
the random points. These analyses allowed for the
assessment of whether a high concentration of
scores resulted from low variability of a site feature
across the study area. To test the second hypothe-
sis — that each Pygoscelis species exhibits distinct
nest-site preferences — nest-site characteristics
among the three species were compared. This was
accomplished using the Kruskal-Wallis test, a
non-parametric method by which statistically sig-
nificant differences in variable distributions among
the three species were evaluated. Although this
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test can detect overall interspecies differences, it
does not indicate which specific pairs differ.
Therefore, Dunn’s test with post-hoc pairwise
comparisons was conducted. The results are pre-
sented in the same way, in the form of boxplots
(ggplot2, R version 4.4.1). The statistical analyses
were conducted using Real Statistics
(Zaiontz 2016), an open-source software package
that extends Excel statistical functions.

RESULTS

Adélie Penguins

In the selected breeding colonies, Adélie Penguins
nested in open areas, with an average distance
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from the shore of 167 m (standard deviation (sd)
=457 m; Fig. 3a). The Mann-Whitney U-test
showed that nests were located at higher eleva-
tions (M, =44.9 m asl) than random points in
adjacent areas (M, =349 masl, U= 1688,
P < 0.005; Fig. 3d), and also higher than random
points  across the  entire  study  area
(M, = 24.6 m asl, U = 7063, P < 0.005). Adélie
Penguin breeding grounds had a gentle slope of
about 6°, which was significantly lower than the
slope of adjacent areas (M, = 10°, P = 0.003) and
the entire study area (M, =9°, P <0.001;
Fig. 3g). Within 5-m buffers around nests, slope
was significantly higher than at nest locations
themselves (M, = 8.3°, U= 1352, P = 0.006).
Overall, these results indicate that Adélie Penguins
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Figure 3. The median (horizontal line), minimum and maximum values (whiskers) for elevation (m a.s.l.), distance from the shore
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P < 0.01; ***P < 0.005; ****P < 0.001).
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8 M. Korczak-Abshire et al.

nest on relatively gentle terrain compared with
their surroundings. There were no major terrain
obstacles in the breeding area; consequently, solar
radiation was uniformly high and exhibited very
low variation (2%). The Mann-Whitney U-test
detected no significant difference in solar radiation
between Adélie Penguin nest-sites (M, = 119.1
kWh/m?/month) and adjacent areas (M, = 120.4
kWh/m?/month, U =932, P=0.453), nor
between nest-sites and the entire study area
(M, =117.4 kWh/m?/month, U = 4563,
P = 0.300). Most nests (55.6%) were situated on
well-lit northwesterly slopes (Fig. 4), which
received strong sunlight in the southern hemi-
sphere. Random points in adjacent areas were also
predominantly northerly (64% for north, northeast
and northwest); however, shaded areas (e.g. terrain
depressions or sites with unfavourable exposure)
reduced mean solar radiation. Adélie Penguin nests
were located in areas with divergent flow accumu-
lation patterns. Across the study area, 40% of nests
had zero flow accumulation, but this varied mark-
edly between sub-areas: in the Llano Point area,
65% of nesting points had no accumulation,
whereas in Point Thomas only 20% had none.
However, nest-sites had much lower flow accumu-
lation (M, = 4, expressed as the number of 1-m?
grid cells contributing flow) than random points in
the adjacent area (M, =18 grid cells; U= 711,
P < 0.01) and the entire study area (M,, = 14 grid
cells; U= 2675, P<0.005). The two sets of

random points did not differ significantly

(U = 4645, P = 0.506).

Gentoo Penguins

The average distance between Gentoo Penguin
nests and the shoreline was 90 m (sd = £46 m;
Fig. 3b). No significant differences were found
between nest-sites and either group of random
points (all P> 0.999). Elevation at nest-sites
showed considerable variation (mean 25.3 m a.s.l,
sd = £9.0 m), with nests located significantly
higher than adjacent random points
(My=265masl, M,=234masl, P<0.05
Fig. 3e). However, no elevation difference was
detected between nests and random points distrib-
uted across the entire area (M, =24.1 m asl,
P> 0.999). No statistically significant differences
were observed between nests and random points
for  terrain  slope (M,=9.3° M, =9.°
M,, = 8.7°, P> 0.999; Fig. 3h). No evidence was
found that Gentoo Penguins select nest-sites based
on slope, as comparisons between nest-sites, 5-m
buffer zones and adjacent random points showed
no significant differences. Nonetheless, the slope
within buffer zones was steeper (M, = 14.9)
than that of the surrounding landscape. No
statistically significant differences were observed
between nests and random points for solar
radiation intensity (M, = 116.8 kWh/m*/month,
M, =117.2 kWh/m*/month, M,, = 117.4 kWh/
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Figure 4. Exposure of Adélie, Gentoo and Chinstrap Penguin nesting areas, random points in adjacent areas (random points) and

the entire study area (total random points).
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m?/month, P > 0.999). Nest-sites occurred on
slopes with diverse exposure angles, with approxi-
mately half facing near-northern directions — spe-
cifically northeast (20%), northwest (18%) and
north (12%). Random points in the surrounding
terrain with north, northeast or northwest expo-
sures comprised slightly less than 47% of the sam-
ple. However, clear differences emerged in
east-west exposure patterns. Slopes with north-
west, west and southwest aspects accounted for
over 43% of nest-sites but only 17% of random
points within sub-areas adjacent to the nest-site.
By contrast, slopes facing northeast, east or south-
east comprised 35% of nests, compared with
approximately 63% for random points within
sub-areas (Fig. 4). Gentoo Penguins showed a
strong preference for nesting in areas with low
flow accumulation. The majority of nests (79%)
were located in areas with zero flow accumulation,
whereas only 31% of random points shared this
feature. Across nesting areas, flow accumulation
values were relatively evenly distributed across the
lower three classes: 0 (79%), 1-5 (13%) and
6-100 (8%). No points fell into the highest class
(>101), which typically corresponds to stream
channels.

Chinstrap Penguins

Chinstrap Penguin nests were, on average, 18.5 m
from the shoreline (sd +11.9 m) and significantly
closer to the shore (M, = 16.3 m) than adjacent
random points (M, = 66.6 m; U =222,
P < 0.005), and random points across the entire
study area (M,, =90.7 m; U =395, P <0.005,
Fig. 3¢). Chinstrap Penguin nests occurred within a
narrow elevational range (mean 25.83 m asl,
sd = +2.80 m). Nests were significantly higher
(M, =24.87 m as.l.) than random points in the
adjacent area (M, =2180m asl, U=1378,
P =0.007), which showed much greater eleva-
tional variability (mean 25.92 m, sd = £10.40 m).
No significant elevational differences were found
between nest-sites and random points from the
entire study area (M,, = 24.07 m as.l., U = 3809,
P > 0.999), nor between adjacent area and entire
study area random points (U = 4032, P > 0.999;
Fig. 3f). The median slope within Chinstrap Pen-
guin breeding groups was 6.7°. Adjacent areas were
steeper (M, = 8.2°), but the Mann-Whitney U-test
showed no significant difference between nest-sites

UAV-based terrain metrics reveal Pygoscelis nesting preferences 9

and adjacent area random points (U = 838,
P > 0.5). Similarly, there was no significant differ-
ence between nest-sites and random points from
the entire study area (M, =8.7°, U= 2764,
P > 0.1). Within the 5-m buffers surrounding the
nesting groups, the median slope was 14°. A signifi-
cant difference was found between the 5-m buffer
zones and the nest-sites (U = 1208, P < 0.005).

Solar  radiation at the nesting sites
(M, = 117.5 kWh/m*/month) did not significantly
differ from random points around the Chinstrap
Penguin colonies (M, = 115.62 kWh/m*/month,
U=1135.5, P> 0.819) or the entire study area
(M, = 1174  kWh/m¥month, U = 3376.5,
P >0.999). Most nests were on northeastern
(27.5%) and northern (22.5%) slopes, with only
2.5% on southern slopes. The dominance of north-
eastern exposure was not solely the result of area
availability, as random points showed different
results (Fig. 4). Chinstrap Penguin nests were
located in areas with significantly lower flow accu-
mulation values compared with fully random
points across the study area (M, =5 grid cells,
M,, = 14 grid cells, U = 2475, P = 0.012). No sig-
nificant differences were found between nests and
adjacent area random points (P = 0.500), nor
between the two groups of random points
(P = 0.624). Over half of the nests (55%) were in
areas with zero flow accumulation, compared with
42% for adjacent area random points.

Comparison between Pygoscelis
species

The results of the Kruskal-Wallis test indicated
significant interspecific differences for elevation
(H=84.72, df = 2, P < 0.001), distance from the
shore (H =100.32, df =2, P <0.001) and slope
measured  within nests (H=13.5, df=2,
P =0.001) and 5-m buffers around the breeding
groups (H=12.43, df =2, P=0.001), whereas
exposure, flow accumulation and solar radiation
intensity showed no significant differences. Eleva-
tion above sea level was highest for Adélie Pen-
guins, intermediate for Gentoo Penguins and
lowest for Chinstrap Penguins (Fig. 5). Dunn’s
post-hoc test with Bonferroni correction revealed
that Adélie Penguins nested significantly higher
than both Chinstrap and Gentoo Penguins
(P <0.0001), with no significant difference
between the latter two (P > 0.999). Distance from
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Figure 5. Elevation (m a.s.l.), distance from the shore (m), slope within nest areas (°) and slope within 5-m buffers (°) differed signifi-
cantly among the three Pygoscelis species (Kruskal-Wallis tests, P < 0.005 for all variables). Each boxplot shows the variable’s dis-
tribution: the thick line marks the median, the box the interquartile range and the whiskers the range of non-outlying values. Pairwise
differences between species were evaluated using Dunn’s post-hoc tests with Bonferroni correction.

shore followed the same order, with Adélie nests
furthest inland, Gentoo at intermediate distances
and Chinstrap closest to the shore (Fig. 5). Pair-
wise comparisons confirmed significant differences
among all three species (Adélie versus Chinstrap:
Z=999, P<0.001; Adélie versus Gentoo:
Z =4.63, P<0.001; Chinstrap versus Gentoo:
Z =6.17, P<0.001). Terrain slope at nest-sites
varied significantly among penguin species
(Kruskal-Wallis: H = 13.50, df =2, P =0.001).
Dunn’s test indicated that Adélie Penguins nested
on significantly gentler slopes than Gentoo Penguins
(P < 0.001), but no significant differences were
found between Adélie and Chinstrap (P = 0.391)
or between Chinstrap and Gentoo (P = 0.167) Pen-
guins. Gentoo Penguins occupied steeper nest-sites,
whereas Chinstrap Penguins occupied intermediate
slopes. Slope in the 5-m buffers around nests also
differed significantly among species, but here,
Adélie Penguins showed significantly different pref-
erences from both Chinstrap (P = 0.0059) and
Gentoo (P = 0.0069) Penguins, which did not differ
from each other (P> 0.999). This indicates that
Adélie Penguins select breeding environments with
distinct surrounding terrain, while Chinstrap and
Gentoo Penguins share similar slope conditions
around their nests. Solar radiation at nest-sites was
highest for Adélie Penguins, slightly lower for

© 2026 British Ornithologists’ Union.

Chinstrap Penguins and lowest for Gentoo Pen-
guins. It was on the borderline of statistical signifi-
cance (H = 5.99, df = 2, P = 0.050), but post-hoc
Dunn’s tests revealed that only the difference
between Adélie and Gentoo Penguins was statisti-
cally significant (P = 0.044). The Kruskal-Wallis
test showed that exposure (H =2.90, df =2,
P=0.235) and flow accumulation (H = 0.10,
df = 2, P =0.95) did not differ significantly among
species. Although statistical differences in exposure
were not detected, we observed a predominance of
north-facing aspects, with nests oriented toward the
north, northeast and northwest accounting for over
61% of all nests surveyed (Fig. 6). This pattern
probably reflects the prevailing topography of the
surveyed breeding areas rather than species-specific
preferences, and therefore comparisons across spe-
cies should be interpreted with caution.
South-facing aspects were the least common, repre-
senting less than 5% of all nests.

Regarding hydrological conditions, only 40% of
the Adélie nests were located in areas with zero
flow accumulation, while 9% were in zones classi-
fied as having the highest flow accumulation risk
(Table 2). Chinstrap Penguins showed a more
favourable distribution, with 55% in zero-risk areas
and only 2.5% in high-risk zones. Gentoo Penguins
exhibited the most optimal conditions, with 79%
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Figure 6. Exposure of each Pygoscelis penguin species’ nesting area.

Table 2. Flow accumulation index values at the nesting areas
of three Pygoscelis species.

Adélie Gentoo Chinstrap
Classified (%; n = 45) (%; n = 60) (%; n = 40)
0 40 79 55
1-5 26.5 13 37.5
6-100 24.5 8 5
>101 9 0 25

of nests situated in areas without flow accumula-
tion and none in the highest risk class.

DISCUSSION

Statistical analyses confirmed selectivity in nest
location and specific preferences for the nesting
area of each of the three Pygoscelis penguin species
studied. This segregation in nest-site use between
species allows relatively small ice-free areas of Ant-
arctica to be fully occupied. Although species dif-
ferences in nest-site selection may reflect intrinsic
preferences, interspecific competition — where
larger or earlier-nesting species potentially limit
options for smaller or later-nesting ones — could
also play a role. Adélie Penguin nesting areas
exhibited a greater number of relief variables that
significantly differed from the surrounding land-
scape compared with Gentoo Penguin sites, which
displayed fewer distinct differences. Moreover, for
each of the three species, at least one of the exam-
ined variables clearly differentiated the breeding
sites from their surroundings. Adélie Penguins

preferred nesting areas that were both higher in
elevation and located farther from the shore,
whereas Chinstrap Penguins selected sites that
were lower and closer to the sea, with the steepest
slopes and greatest topographic variability. Inter-
estingly, Chinstrap nests were closer to the shore
yet situated at higher elevations compared with
random points in the surrounding area. Because a
steadily rising slope from the shoreline would typi-
cally result in lower elevations near the coast, this
pattern suggests that Chinstrap colonies occur on
locally elevated landforms — such as raised marine
terraces or topographic prominences near the
shoreline. This topographic peculiarity indicates
that Chinstrap Penguins may select shore-proximal
sites that offer relief, potentially reducing flood
risk. Differences in phenology may play a key role;
Adélie and Gentoo Penguins in the WAP arrive
about 2 weeks before Chinstrap Penguins
(Black 2016), which influences the availability and
suitability of nesting habitats. The earlier arrival of
Adélie Penguins probably allows them to secure
optimal high-elevation sites with more convenient
conditions (i.e. less erosion, fewer landslides and
less seasonal flooding), whereas the later arrival of
Chinstrap Penguins may force them to use areas
characterized by steeper slopes and greater topo-
graphic variability. Although traversing long dis-
tances and climbing steep slopes is energetically
costly, these behaviours may help Adélie Penguins
reach nesting sites with reduced snow cover,
increasing their ability to start laying eggs on
snow-free ground early in the season and lowering
the risk of hazards associated with snowmelt. This
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suggests that they invest extra energy to access
areas with minimal snow accumulation. This aligns
with recent findings on the preference of Adélie
Penguins for elevated nesting grounds in site selec-
tion (Gallagher et al. 2025). Our results are also
consistent with earlier reports of Adélie Penguins’
tendency to select nest areas with gentler slopes
(Trivelpiece &  Volkman 1979, Moczy-
dtowski 1989, Chesalin et al. 2009). Adélie Pen-
guins, highly colonial, nest where ice and snow are
minimal and the ground is at least partially
exposed  (Trivelpiece &  Volkman 1979,
Jablonski 1984b, Ainley 2002, Boersma 2008).
The South Shetlands archipelago is one of the
northernmost breeding sites for Adélie Penguins
(Trivelpiece & Fraser 1996, Lynch & Larue 2014).
This species is well-adapted to colder, drier
regions, primarily breeding on the Antarctic conti-
nent. In these habitats, their tendency to breed in
large groups facilitates snow melt — snow that
melts faster because of a reduction in albedo — fur-
ther aided by sodium chloride excretion, which
lowers the melting point (Moczydlowski 1989).
Large breeding sites are required, but on King
George Island low-lying beaches are unsuitable
because of water and snow accumulation at the
beginning of the season. The most suitable areas
are at higher elevations. Elevation was the most
important terrain feature influencing nest-site
selection across species. This agrees with previous
findings that most Adélie Penguins nest at higher
elevations (2045 m, up to 80 m; Volkman & Tri-
velpiece 1981, Myrcha et al. 1987), whereas Chin-
strap Penguin colonies are generally low-lying
(0-30 m; Jablonski 1984b, Macdonald
et al. 2002). Our results follow this pattern: Adélie
Penguins nested highest (median 44.9 m as.l;
interquartile range (IQR) 12.8 m), followed by
Gentoo Penguins (26.5 m a.s.l; IQR 8.91 m) and
Chinstrap Penguins (24.9 m a.sl; IQR 5.42 m),
reflecting the elevational gradients of King George
Island. The narrow IQR for Chinstrap Penguin
nests reflects the small, spatially constrained colo-
nies studied, whereas larger colonies typically
occupy a broader elevational range.

Despite clear habitat preferences, no site guar-
antees breeding success due to environmental vari-
ability and other ecological constraints. Not all
nests will have equally favourable locations, and
the selection of a suitable nesting site is also influ-
enced by seasonal variations in conditions, and the
age and breeding experience of the birds

© 2026 British Ornithologists’ Union.

(Ainley 2002, de Neve et al. 2006, Cimino
et al. 2019). Nevertheless, the analyses carried out
identified preferred breeding conditions for each of
the three species studied, including (1) low flow
and water and/or snow accumulation potential and
(2) a tendency toward low slope and northern
exposure in contrast to the other two species. In
the southern hemisphere, north-facing areas
receive more sunlight, accelerating snowmelt and
water evaporation. Studies have identified north-
facing slopes as the primary locations for Adélie
Penguin colonies (JabloAski 1984a, Moczy-
dlowski 1989, Aguirre 1995, Trivelpiece & Fra-
ser 1996, Naveen & Lynch  2011).
Patterson (2001) reported that colonies on Torger-
sen Island’s north-facing slopes declined far less
than those on south-facing slopes, highlighting
northwest-facing slopes as the optimal nesting
sites. Unfortunately, the studied population of
Adélie Penguins on King George Island is declining
dramatically (Fig. S1). The slope impacts nest sta-
bility, with water flow and stagnation posing signif-
icant risks to nestlings (Moczydlowski 1989,
Boersma 2008). Our analysis suggests that water
may pose the greatest threat to Adélie Penguin
breeding grounds, particularly at the Point Thomas
site, where only 20% of nests were located in
zero-flow areas. Moreover, Adélie Penguins gener-
ally occupied zones with relatively unfavourable
water accumulation conditions (see Table 2). Moc-
zydlowski (1989) predicted that declining popula-
tions and expanding suitable terrain would drive
colony shifts away from unfavourable sites, but we
observed that many high-accumulation areas, his-
torically linked to poor nesting success and ele-
vated chick mortality, were still occupied for the
last 20 years. Adélie Penguins exhibit strong natal
philopatry, returning annually to the same colonies
and even competing with their parents for nesting
space (Ainley 2002). They also avoid new nesting
sites — even when availability increases — because
their colonial behaviour and site fidelity reduce
exposure to unfamiliar-area predation (McDowall
& Lynch 2019). This neighbour-preference strat-
egy typically protects against skua predation
(Schmidt et al. 2021) and probably reflects nest-
site inertia and the benefits of conspecific cluster-
ing (McDowall & Lynch 2019). However, this
behaviour may now constitute an ecological trap:
Adélie Penguins evolved in cold, arid East Antarc-
tica — where rain and surface runoff were once
negligible (Ropert-Coudert et al. 2015) — and cue
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into traditionally ‘dry’ terrain, which no longer
guarantees low water stress under a warming cli-
mate. In contrast, Gentoo Penguins — a more sub-
Antarctic species accustomed to wetter conditions
— show the strongest avoidance of flow accumula-
tion zones (79% of nests in zero-flow areas). As
precipitation and meltwater events become more
frequent, Adélie Penguins’ reliance on outdated
environmental cues could trap them in increasingly
unsuitable habitats, reducing reproductive success
despite the continued appeal of familiar sites.
Framing our results within an ecological-trap
framework highlights the urgent need to monitor
changing hydrological cues and reassess the
assumed stability of long-used nesting areas.

In contrast to the other two species, Gentoo
Penguins showed greater flexibility in their nest-
site preferences. Their nesting locations were not
significantly different from randomly selected
points in most cases, except for elevation and flow
accumulation, with Gentoo Penguins preferring
slightly drier areas. The average slope value was
4.8° and was similar to that observed by other
researchers (Volkman & Trivelpiece 1981, Quin-
tana 2001). However, the slope within the 5-m
buffer around breeding groups was higher than
that observed on the breeding sites and surround-
ing areas. This was because Gentoo Penguin nests
were typically located on flat or gently sloping ter-
rain, surrounded by steeper slopes. They usually
choose outcrops, terraces and moraines, which
offer well-drained areas, further reducing the risk
of water damage to their nests (Jabloriski 1984b,
Moczydlowski 1989, Aguirre 1995, Quintana 2001,
Korczak-Abshire et al. 2013). Although Gentoo
Penguins tended to occupy sites in higher places
earlier in the breeding season (Jabloriski 1984b,
Chesalin et al. 2009), they are more opportunistic
and adaptable in their choice of nesting sites
(Volkman & Trivelpiece 1981, Quintana 2001).
This was evidenced by our own observations using
a network of photo traps over a 10-year period
(unpubl. data). According to Quintana (2001), the
most important feature was the availability of peb-
bles, which are needed for nest-building. Gentoo
Penguin nests showed weaker north orientation
than Adélie Penguin nests but were on flat or gen-
tle slopes, often near hilltops, where exposure may
be less crucial. The global population of Gentoo
Penguins is stable or growing (Baylis et al. 2013,
Herman et al. 2020), and this is also the case in
the studied areas (Fig. S1). Gentoo Penguins’
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ability to select seasonally optimal breeding sites
may contribute to this. Gentoo Penguins from the
WAP region are probably less tied to traditional
breeding sites than their sub-Antarctic counter-
parts (Williams & Rodwell 1992), reflecting their
adaptability to environmental changes. Rapid pop-
ulation growth and the establishment of new colo-
nies, especially in the WAP and farther south,
have been documented (e.g. Herman et al. 2020,
Korczak-Abshire et al. 2021).

Unlike the more adaptable Gentoo Penguins,
Chinstrap Penguins presented a more complex
pattern of nest-site selection, making their habitat
preferences harder to define. This may be because
the sample was less representative than for the
other species. King George Island has numerous
Chinstrap Penguin colonies, but relatively few of
them are in the area under investigation. Most col-
onies are on the island’s north side
(Jabloriski 1984a, Strycker et al. 2020). The study
covered only a fraction of the population, particu-
larly Patelnia Point and Uchatka, which we have
observed to decline by about 91% over 40 years
(Fig. S1). Myrcha et al. (1985) noted that Chin-
strap Penguin colonies were near the coast and
Volkman and Trivelpiece (1981) found that the
average distance of the Point Thomas Chinstrap
Penguin colony (which no longer exists) from the
nearest beach was 93 m. It should be noted that
our study measured the distance of the nests from
the coast, not landing beaches. The values do not
necessarily correspond to the penguins’ actual
walking distance to the ocean. This is particularly
important in the case of Chinstrap Penguins,
whose colonies are often located in hard-to-reach
places. Earlier reports (Volkman & Trivel-
piece 1981, Miiller-Schwarze 1984, Myrcha
et al. 1985) describe Chinstrap Penguins nesting
on steep slopes. Our results for Chinstrap Penguin
nests showed a wide range of slope values (see
Fig. 5). According to de Neve et al. (2006), breed-
ing success of Chinstrap Penguins decreased with
steeper slopes. The nesting sites surveyed were
bounded on one or more sides by steep cliffs and
on the other by relatively flat terrain. Such colony
locations have often been cited as characteristic of
the species (Aguirre 1995, Macdonald et al. 2002,
Kendall et al. 2003, Naveen & Lynch 2011). Colo-
nies were typically located near cliffs, offering pro-
tection and drainage benefits, with solid rock
substrates reducing risks from stagnant water and
snow, and providing suitable materials for nest

© 2026 British Ornithologists’ Union.
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building. CIiff sites also limit competition from
heavier and less agile Adélie and Gentoo Penguins
(Volkman & Trivelpiece 1981, Jabloriski 1984b).

A broader modelling approach is needed to
understand the environmental drivers of nesting
site selection in penguins and other colonial birds.
Techniques such as generalized linear models and
generalized additive models, linking nest occur-
rence to multiple habitat features, offer valuable
insights. Holistic analyses indicate terrestrial eleva-
tion as the most important variable across all three
Pygoscelis species (Gallagher et al. 2025), consis-
tent with findings for flying colonial birds (Mom-
berg et al. 2023, Larsen et al. 2024). These models
surpass traditional three-dimensional mapping
methods but require careful variable selection. Pre-
vious research shows that demographic changes
and intraspecific interactions influence colony frag-
mentation and predation risk (McDowall &
Lynch 2017, 2019). We emphasize the need for
further analysis of terrestrial habitats, particularly
under climate change. Future studies should apply
supervised classification techniques, e.g. terrain
classification with Random Forests in the QGIS/
EnMapBOX plugin, to predict potential nesting
sites probabilistically and examine species-specific
preferences. This approach could generalize find-
ings across Pygoscelis colonies, explore multi-
species dynamics and improve predictive mapping
under varying climatic scenarios.

CONCLUSIONS

This study highlights the effectiveness of fixed-
wing UAV BVLOS data, GIS tools and high-
resolution digital terrain models in analysing nest-
site preferences of three Pygoscelis penguin species.
The minimally intrusive approach of UAV BVLOS
surveys — operated at altitudes of 350-500 m a.s.l.
and covering single-flight distances up to 320 km —
enables large-scale habitat mapping (see also
Korczak-Abshire et al. 2016, 2019, Dabski
et al. 2017, Zmarz et al. 2018, 2023) at a resolu-
tion higher than satellite imagery. Statistical ana-
lyses confirmed nest-site selectivity in Pygoscelis
penguin species. The integration of cyclical photo-
grammetric surveys offers potential to monitor
long-term ecological changes, while spatial model-
ling tools may assist in identifying likely rookery
locations in newly accessible regions. This quanti-
tative, non-invasive methodology constitutes a
valuable tool for defining species-specific ecological

© 2026 British Ornithologists’ Union.

requirements and may support future conservation
and management strategies. Its efficiency and mini-
mal disturbance make it a promising solution for
repeated ecological assessments.
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Figure S1 Breeding population sizes, expressed
as the number of nests, of the three study species
on King George Island.
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