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Abstract

Anthropogenic activities generate increasing disturbance in wildlife especially in extreme environments where species have
to cope with rapid environmental changes. In Antarctica, while studies on human disturbance have mostly focused on stress
response through physiological and behavioral changes, local variability in population dynamics has been addressed more
scarcely. In addition, the mechanisms by which breeding communities are affected around research stations remain unclear.
Our study aims at pointing out the fine-scale impact of human infrastructures on the spatial variability in Adélie penguin
(Pygoscelis adeliae) colonies dynamics. Taking 24 years of population monitoring, we modeled colony breeding success
and growth rate in response to both anthropic and land-based environmental variables. Building density around colonies
was the second most important variable explaining spatial variability in breeding success after distance from skua nests, the
main predators of penguins on land. Building density was positively associated with penguins breeding success. We discuss
how buildings may protect penguins from avian predation and environmental conditions. The drivers of colony growth rate
included topographical variables and the distance to human infrastructures. A strong correlation between 1-year lagged
growth rate and colony breeding success was coherent with the use of public information by penguins to select their initial
breeding site. Overall, our study brings new insights about the relative contribution and ecological implications of human
presence on the local population dynamics of a sentinel species in Antarctica.

Keywords Pygoscelis adeliae - Antarctica - Population monitoring - Human disturbance - Population dynamics - Breeding
habitat quality

Introduction

Anthropogenic perturbations are durably modifying geo-
chemical cycles and altering environmental features as
never before during the Holocene (Waters et al. 2016). The
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Anthropocene is characterized by an accumulation of cli-
mate anomalies associated with an increased extinction rates
for all groups of vertebrate (Ceballos et al. 2015), resulting
from the overexploitation of natural resources and altera-
tions to the habitat (Horvéth et al. 2019). Marine ecosystems
are no exception to human-induced habitat transformations:
oceans are subjected to various pollutions, either chemical,
e.g., through microplastics (Roy et al. 2022) and pharmaceu-
ticals (Gaw et al. 2014), or physical, e.g., by noise generated
by ship propellers (Erbe et al. 2019), acoustic and magnetic
disturbances from offshore wind farms (Bergstrom et al.
2014). Moreover, local human disturbances are concomitant
with rapid transformations in ocean dynamics induced by
climate change that may have cumulative effects on wildlife,
which need to be assessed and characterized.

Polar regions are particularly prone to rapid environmen-
tal changes even under small climate fluctuations: changes
in sea-ice seasonality (Cavalieri and Parkinson 2012) and
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increasing areas of ice-free land in summer (Post et al.
2019). In Polar Regions such as Antarctica, the physical
environment is changing rapidly, both at sea (Purich et al.
2016; Lee et al. 2017b; Eayrs et al. 2021) and on land (Lee
et al. 2017a). Expanding coastal ice-free patches—which
host the reproduction sites of most Antarctic-breeding sea-
birds—potentially uncovers new breeding sites and pushes
the latitudinal distribution of subantarctic species south-
ward (Convey and Peck 2019; Gutt et al. 2021). In some
areas, these abiotic changes are aggravated by intense local
human pressures e.g. industrial fisheries, growing tourism
(McCarthy et al. 2019) and research activities (Pertierra
et al. 2017). Because of this, studying the long-term impact
of human presence on Antarctic wildlife has become a major
topic both for providing guidelines for conservation (Coet-
zee et al. 2017) and for unraveling species responses to cli-
mate change from anthropogenic stress (Bricher et al. 2008).

To disentangle human-induced effects from broader cli-
mate changes on ecosystems, insights can be gained from
areas subjected to a gradient of human activities. Isolated
research stations such as Dumont d’Urville in Adélie land
(location 66°39'47" S and 140°00'10" E), offer such vari-
ability in terms of human impact. Indeed, infrastructures of
the station are grouped and closely surrounded by breeding
bird colonies whose distance to the buildings range from
a few meters to several hundreds (photos in the Fig. 1). In
addition to this particular configuration, the station benefits
from long-term population monitoring of local bird species
(Barbraud et al. 2020). These species are considered relevant
bioindicators of changes in Antarctic ecosystems. However,
they exhibit different levels of sensitivity to human presence
and habitat transformations in terms of demography (Micol
and Jouventin 2001). Sensitive populations like the South-
ern giant petrel (Macronectes giganteus) decreased by 43%
between 1985 and 1999, while other species significantly
increased over the same period, notably the Adélie penguin
(Pygoscelis adeliae)—65% population increase 1985-2018;
(Barbraud et al. 2020)—and the South polar skua (Stercorar-
ius maccormicki, hereafter named skua)—61% population
increase (Pacoureau et al. 2019b). For Adélie penguins in
particular, contrasted results have been reported elsewhere
in response to human proximity (Carlini et al. 2007; Bricher
et al. 2008). Station proximity was mostly associated with
decreasing population (Bricher et al. 2008), and lower breed-
ing success (Woehler et al. 1994). However, the influence of
station proximity seems often outweighed by environmental
variability (Carlini et al. 2007) and no clear long-term effect
of stations on breeding Adélie penguins populations have
been reported yet. At the individual scale, however, Adélie
penguins strongly react to human approach and handling
with immediate physiological responses including increased
heart rate (Culik et al. 1990) and stress-hormone release
(Cockrem et al. 2008). Hence, between the whole population
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dynamics and the individual physiological responses,
insights may come from studying the intermediate colony-
scale response to long-term human presence. Indeed, Adélie
penguin populations are organized into spatially individual-
ized colonies—of at least three and up to several thousands
pairs (Ainley 2002)—whose local population dynamics are
influenced by the surrounding environmental conditions
(Schmidt et al. 2021). In the context of the research station,
if infrastructures negatively influence breeding penguins,
then colony-scale breeding success and population dynam-
ics should be affected with deleterious effects.

The spatial drivers of breeding success of two Adélie
penguin colonies were recently analyzed at the colony scale
in Ross island (Schmidt et al. 2021). Smaller perimeter-to-
area ratio of the colonies—Ilikely reflecting nest predation
by skua at the edge of the groups—shallower slopes and
higher elevation were among the main drivers of colony
breeding success (Schmidt et al. 2021). In the present study,
we integrate variables derived from the Dumont d’Urville
infrastructures and other local environmental characteris-
tics to predict Adélie penguins colony breeding success. In
the particular context of human facilities around penguin
colonies, we hypothesize that (1) a high colony breeding
success would be associated with a low human footprint—
i.e., longer distance between colonies and infrastructures or
lower infrastructures density around the colonies. Moreover,
we hypothesize that (2) a negative impact of infrastructures
on breeding success may also influence long-term colony
demography. Hence, the growth rate of colonies in the vicin-
ity of the infrastructures should be lower than the one of
colonies situated far from infrastructures.

Materials and methods
Study area and population monitoring

Demographic data were collected in Pointe Géologie archi-
pelago, Adélie Land, Antarctica from 1998 to 2021 (i.e.,
breeding cycles 1998/1999, hereafter 1998 and so on). The
study area encompasses Pétrels island—where the Dumont
d’Urville research station is built—and the two neighboring
islands Bernard and Rostand classified as Antarctic Spe-
cially Protected Area ASPA-120 (Fig. 1). The ASPA-120
remains free of major human infrastructures and access is
restricted to authorized scientific monitoring only.

Adult Adélie penguins mate mid-October and usually lay
two eggs. Their breeding cycle spans through late-February
when the last chicks fledge. Population monitoring occurs
twice for each reproductive cycle i. Breeding pairs (4;)
are ground counted mid-November of year i and fledged
chicks are counted (mix of aerial photography and ground
counting depending on weather conditions and location)
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Fig.1 Study area in the Pointe Géologie Archipelago, Adélie land,
Antarctica. Satellite caption shows the area of the Pointe Géologie
archipelago near the coast of Adélie land and the Astrolabe glacier
to the East (Copernicus Sentinel-2 satellite snapshot taken on Janu-
ary 19th 2021, processed by ESA). The study area spans over three
islands of the Pointe Géologie archipelago: Pétrels, Bernard, and
Rostand islands. Yellow polygons indicate Adélie penguins colonies

mid-February (F;, |) of year i+ 1 (see Barbraud et al. 2020
for methodological details). The breeding success of each
colony (i.e., the number of chicks fledged per pair) for cycle
i was calculated as the ratio F; _,/A;.

We defined penguin colonies as individualized groups of
at least three breeding pairs nesting on ice-free rocky areas
(Ainley 2002; Schmidt et al. 2021). The study colonies
remained spatially stable probably in part because of the

0 100 200 m

counted annually for demographic monitoring. Red polygons repre-
sent station buildings. Green dots are skua nest locations. Pictures on
the left depict different penguin colonies configurations regarding sta-
tion’s infrastructures: A colony located in the middle of the station;
B colony located under a building; C colony located outside the core
station

penguin philopatry at the colony scale (Ainley and DeMas-
ter 1980; Ainley 2002; Cimino et al. 2016) and adult nest-
site fidelity (Schmidt et al. 2021) (Fig. 1). If two or more
nearby colonies were counted together at least once, then we
merged them through the entire time-series. We obtained a
total of 83 colonies on the three islands. We mapped each
colony using georeferenced aerial pictures (taken during
the breeding cycle 2016/2017) imported in the Geographic
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Information System software QGIS (2019). Each of the 83
colonies has not been counted every year, either because of
technical limitations or because of the absence of breeding
penguins on each colony on that year. A detailed mapping of
the available data is provided in the Online Resource 2 with
the number of colonies counted for each year. Three breeding
cycles have been discarded due to missing data (1999/2000)
or zero-chick survival (2013/2014 and 2016/2017, Barbraud
et al. 2015; Ropert-Coudert et al. 2018).

We calculated the growth rate 1 of each colony s with the
equation (Eq. 1) linking the number of breeding pairs for the
two extreme years of the time-series; 1998 and 2021. Out of
the 83 colonies, only 70 were counted in both 1998 and 2021
(a map of observed colonies is provided in Fig. 4, panel (b))

Ap()'"

A(s) = A0)

ey

Colony characteristics

All covariate maps and distributions are provided in the
Online Resource 3. Explanatory covariates included five
topography-derived variables (elevation, slope, aspect,
windshelter index, and topography wetness index), one
related to predation pressure (distance to the nearest skua
nest), two derived from human infrastructures (distance to
the nearest building and building density), and two intrinsic
to the colony (surface area and perimeter-to-area ratio).

Topographic covariates

Topography is a major factor affecting nest selection in
Adélie penguins (Ainley 2002). Following (Schmidt et al.
2021), we selected a set of five environmental covariates
reflecting colony steepness and exposure to meteorologi-
cal stressors like heat, wind, and snow accumulation. This
includes elevation, slope, aspect, windshelter index and
topography wetness index (TWID). Slope may affect colony
size, snow accumulation, and the probability of eggs rolling
off the nest (De Neve et al. 2006). Wind may increase wind
chill in exposed areas or may trigger snowdrift formation in
sheltered areas. Excessive snow accumulation is detrimen-
tal to egg development and chicks by burying nests under
snowdrifts. Moreover, melting snow chills eggs and chicks
and can even drown them (Bricher et al. 2008; Fraser et al.
2013). To identify areas of higher risk of snow- and flood-
related nests failures, we calculated a topographic-derived
windshelter index and a topographic wetness index.

To calculate the topographic characteristics of each col-
ony, we built environmental covariate rasters in R from a
Digital Elevation Model (DEM)—the Reference Elevation
Model of Antarctica (REMA—Polar Geospatial Center)

@ Springer

(Howat et al. 2019). The tile containing the Pointe Géolo-
gie archipelago (mosaic tile 11_47_8m with 8 m of lateral
resolution and 1 m vertical resolution) was downloaded from
the REMA website (Polar Geospatial Center and University
of Minnesota).

We derived an elevation raster in R from the raw DEM
data. We calculated slopes and aspects (i.e., the direction
physical slopes faces in degrees related to geographic North)
by processing the DEM data with the starsExtra package
(v.0.2.7, Dorman 2024). Aspect calculation from DEM was
corrected for the polar inaccuracy between grid north and
geographic north as described in (Moret and Huerta 2007).

To take into account the effect of snow on colonies
(Bricher et al. 2008; Schmidt et al. 2021), we calculated a
windshelter index (wind.shelter function, RSAGA package
v. 1.3.0, Winstral et al. 2002; Brenning 2008). The function
requires the elevation raster and is called by a focal function
containing user-supplied wind angle and radius. We chose a
wind angle of 140°(S-SE) which is the dominant direction
of the katabatic wind blowing on the archipelago (Konig-
Langlo et al. 1998). We applied a tolerance angle of 22.5°
to allow for a wind direction blowing from the whole conti-
nental coastline with an angular range from 117.5° (South-
East) to 162.5° (South). The maximum search radius of the
rolling-window was fixed to 100 m. Higher wind shelter
index means higher snowdrift formation risk, and negative
index values correspond to exposed wind areas where snow
accumulates less.

Terrain wetness and wet conditions are major factors
influencing penguin chicks survival during the breeding
season (De Neve et al. 2006; Ropert-Coudert et al. 2015).
To account for flood risk in colonies, we calculated a topo-
graphic wetness index downslope using the whiteboxTools
hydrology package (v2.1.5, Wu and Brown 2022). The index
calculates how likely a cell is to be wet according to its
slope and the weighted slope accumulation of the surround-
ing cells flowing toward.

Predation and infrastructure covariates

The main predator of penguin chicks on land are skuas
whose predation is known to influence colony breeding
success especially on the edges (Emslie et al. 1995; Wilson
et al. 2017; Pacoureau et al. 2019b). At Pointe Géologie
skua territories, which generally include Adélie penguin
colonies in their perimeter, are visually identified every year
for population monitoring (Pacoureau et al. 2019a). To take
predation risk on colonies into account, we mapped all skua
territories found repeatedly across years and derived a raster
of distance to the nearest territory.

To dissect the influence of long-term human proximity
on colony dynamics, we used infrastructures as a proxy of
chronic human disturbance on Adélie penguins. We derived
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infrastructure layers from the polygons of buildings that we
generated from georeferenced aerial images taken during
the breeding season 2016/2017 on Pétrels island, similarly
to the spatial layer of Adélie penguin colonies. We then
selected the buildings considered to generate most human
traffic and noise (i.e., living buildings, dormitories, offices,
garage, power plant, and helicopter platforms) and excluded
passive buildings used for storage. We rasterized each build-
ing polygon and derived a raster of distance to the nearest
building for the three islands. For building density, we gen-
erated 40-m buffers around each building and then summed
the raster layers outputs to generate a building density map.
Finally, we characterized each colony by its area and
perimeter calculated in R Core Team (2023) with the sf (v.
1.0-7, Pebesma et al. 2024) and lwgeom (v. 0.2-8, Pebesma
2018) packages, respectively. Perimeter-to-area ratio is an
indicator of edge nests proportion in new or growing colo-
nies (Schmidt et al. 2021). Distributions of area and perim-
eter-to-area values are displayed in the Online Resource 3.

Statistical modeling

To account for repeated data per colony, we modeled spatial
variations in breeding success using a Generalized Additive
Mixed Models approach (GAMM, R package mgcv v1.8-39,
Wood 2017). Populations’ dynamics were modeled with a
Generalized Additive Model (GAM, R package mgcv v1.8-
39, Wood 2017).

Colony breeding success varies temporally due to prey
availability and meteorological conditions. To compare the
relative breeding success between colonies, we controlled
for colony-scale temporal variations by subtracting annual
mean breeding success of all colonies from the annual breed-
ing success per colony. We used the residual mean annual
breeding success as a measure of the spatial variability in
breeding success between colonies (Schmidt et al. 2021). For
population dynamics, we used the growth rate A of each col-
ony through the whole study period as a response variable.

To compare the magnitude of their effects on the response
variables, we standardized all explanatory covariates, so that
their mean is equal to zero and standard deviation equal to
one. All covariates were tested for the absence of collinearity
with a Variance Inflation Factor inferior to 2 (usdm package
v1.1-18, Naimi et al. 2014). We used the gam function from
the mgcv package (Wood 2017) fitted with maximum likeli-
hood and with shrinkable thin-plate regression splines. Due
to its circular values, we fitted the aspect covariate with a
cyclic cubic regression spline (—80 = 180). We used Gauss-
ian family distributions for all models and we limited the
basis dimension to k=4. Because the models for colony
breeding success are based on repeated data, we included
a random effect of colony identity in the corresponding
GAMMs.

We allowed automated model selection by specifying
shrinkage smoothers in the gam formula (Marra and Wood
2011). Shrunk splines were then removed from the model
formula. Finally, we compared the different model fits based
on the lowest Akaike Information Criterion (AIC) (for
the growth rate model, we used the AICc which corrects
for small sized samples; n/df <40, Burnham et al. 2010).
We were able to obtain one best model for each response
variable that we tested for residual distribution and spatial
autocorrelation with Moran’s [ test (spdep package v1.2-4,
Bivand 2022). To assess the predictors’ importance in the
top-selected models, we removed each predictor at a time
and calculated the AIC weight of the resulting model. The
Relative Variable Importance (RVI) was calculated by sum-
ming AIC weights across all models in the set were the vari-
able occurs (Burnham et al. 2010). We generated prediction
maps for colony residual breeding success and growth rate
using the top-selected models with the covariate layers.

To really test the effect of infrastructures, we compared
our top-selected models to an infrastructure-only model and
an environmental-variables-only model. All models were
ranked by AIC to evaluate their relative performance.

At the annual scale, we tested for lag-correlations
between mean annual breeding success and mean annual
growth rate. The growth rate of each colony has been cal-
culated for each year and then smoothed through time by
subtracting the annual mean growth rate for all colonies on
the three islands from the annual growth rate of each colony.
The mean annual breeding success of each colony was then
correlated with the year lags of their mean annual growth
rate. Both variables were corrected for temporal variability
to infer spatially influenced mechanisms of breeding site
selection.

Results
Breeding success and population dynamics

Contrary to the trend of increasing population at the
regional scale reported between 1985 and 2018 (Barbraud
et al 2020), the number of nests per colony in the study area
remained largely stable throughout the 24-year time-series
with a right-skewed distribution and a median number of
162 nests per colony (Q1: 66, Q3: 340, calculated across
all years and colonies simultaneously; Online Resource 1,
panel (a)). Mean breeding success (i.e., chicks per penguin
pair) and productivity (i.e., chicks per colony) were 0.8 +0.4
and 258 +454, respectively and varied through time (calcu-
lated across all years and colonies simultaneously; Online
Resource 1, panel (b) and (c)). Temporal variations in breed-
ing success were correctly smoothed by the mean annual
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breeding success of each colony (Online Resource 1, panel

(d)).
Spatial modeling
Colony breeding success

Infrastructures-only and environmental-variables-only
models showed similar adjusted R*> and overall deviance
explained (respectively, 0.116 and 0.118 adjusted R,
14.8% and 14.7% deviance explained, see Table 1) but were
not competitive with the top-selected model (AAIC > 2).
The top-selected model (m1) included a set of environ-
mental covariates (aspect, Topography Wetness Index
Downslope (TWID), windshelter index, perimeter-to-area
ratio, and skua nest distance) and building density. The
adjusted R? and overall deviance explained of m1 were,
respectively, 0.115 and 13.8%. Model residuals were ran-
domly distributed around zero and showed no spatial auto-
correlations (Moran I statistic standard deviate =—0.499,
p value=0.69). m1 summary is available in the Online
Resource 4, Table S1.

The correlation between m1-predicted and observed
values in residual breeding success was r=0.38 (Pearson
correlation, p value <0.001). Distance to the nearest skua
nest was the most important covariate according to Relative
Variable Importance rank (see RVI in Table 2). The mod-
eled relationship between skua nest distance and residual
breeding success was sigmoidal; encompassing zero effect
between zero and 100 m, then positive (Fig. 2), indicating
that residual breeding success was higher when skua nests
were situated >100 m away from the colonies. Building
density was the second most important covariate selected.
Colony residual breeding success increased linearly with
increasing building density. Windshelter index and perim-
eter-to-area ratio were, respectively, the third and fourth
most important covariates both with a decreasing linear

Table 2 Relative variable importance (RVI) of the top ranked model
explaining variations in colony residual breeding success

Residual breeding success model (m1)

Term removed AIC AAIC Weight RVI
None 112.7

(-skua) 122.2 9.5 0.01 1.48
(-building_density) 120.9 8.2 0.02 1.47
(-windshelter) 115.6 2.9 0.23 1.25
(-perimeter_to_area) 115.1 2.4 0.30 1.18
(-TWID) 115.0 2.3 0.32 1.17
(-aspect) 113.7 1.0 0.61 0.88

AIC corresponds to the AIC of the model once the variable is
removed

AAIC is the difference between the AIC of the top model and the
model with the removed variable. RVI is calculated by summing the
AIC weights across all the models where the removed variable is pre-
sent

relationship with residual breeding success. Other selected
covariates included topography wetness index with a posi-
tive relationship and aspect, for which colony breeding suc-
cess peaked around —75° (slopes facing North-West).

The prediction map for colony residual breeding success
revealed below average breeding success near the shores
and away from the station. Above-average breeding success
colonies were concentrated around the infrastructures of the
station (Fig. 3).

Growth rate

For growth rate, infrastructure-only and environmental-
covariates-only models were not competitive with the
top-selected model (AAIC > 2, see Table 3). The top-
selected model (m4) found no effect for most covariates
but elevation, topography wetness index, building dis-
tance, and perimeter-to-area ratio. m4 adjusted R> and

Table 1 Generalized additive mixed models used to explain spatial variations in breeding success of Adélie penguin colonies with the residual

mean annual breeding success as a response variable

Formula Description LogLik  AIC Delta AIC df Weight n R? (adjusted) % Deviance
explained
ml: aspect+ TWID + windshelter + perim- Best model after covariates —18.0 112.7 0.0 38.3  1.000 1431 0.115 13.8%
eter_to_area+ skua_distance + build- selection
ing_density + (colony as random)
m2: eleva- Environmental variables only -10.6 118.8 6.1 48.8  0.047 1431 0.118 14.7%
tion +slope +aspect +TWID + wind-
shelter + area + perimeter_to_
area + skua_distance + (colony as
random)
m3: building_distance + building_den- Infrastructures only -9.4 126.1 134 53.7 0.001 1431  0.116 14.8%

sity + (colony as random)

Models were compared by AIC, m1 being the best model after covariates selection. m2 included all environmental covariates listed below. m3
included all infrastructure covariates. All models described below included a random effect on colonies due to repeated data per colony across

multiple years
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Fig.2 Predicted relationships between response and explanatory vari-
ables. Grey shades correspond to the 95% confidence interval of the
prediction. a Predicted relationships for the model explaining spatial

deviance explained were, respectively, 0.308 and 34.8%.
Model residuals were randomly distributed around zero
and showed no spatial autocorrelations (Moran I statistic
standard deviate =0.320, p value =0.375). m4 summary
is available in the Online Resource 4, Table S2.

Correlation between predicted and observed values in
colonies growth rate was r=0.59 (Pearson correlation, p
value <0.001). The most important variable in the model
was the distance to buildings (see Table 4 for RVI) with
growth rate linearly decreasing with infrastructures dis-
tance (Fig. 2). Topography wetness index was the sec-
ond most important variable with a U-shaped relation-
ship largely encompassing one (no change in population
dynamics). Growth rate also slightly increased with eleva-
tion and perimeter-to-area ratio.

The prediction map for colony growth rate showed
increasing population (i.e., growth rate above one) in
areas situated close to buildings (Fig. 4). Importantly,
colony growth rate mainly increased on the Pétrels Island,
while the colony population sizes of the two other islands
rather decreased.
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variations in colony residual breeding success. b Predicted relation-
ships for the model explaining growth rate spatial variations

Relationships between population parameters

Predicted values of colony breeding success and growth rate
were found to be weakly but significantly correlated (Pearson’s
correlation r=0.13, p value <0.001).

At the annual scale, mean annual breeding success corre-
lated significantly with 3-year lags in mean annual growth rate
(Online Resource 7). The first correlation happened at O-year
lag and was negative, meaning that residual breeding success
was higher when the annual growth rate was low (r=—-0.345,
p value <0.001 =6.85e—30). The second correlation was posi-
tive at a year lag of one (r=0.375, p value <0.001). The third
correlation was slightly negative at 2-year lag (r=-0.073,
p value=0.039). Subsequent years seemed to propagate a
sigmoid-like relationship between the residuals but with no
significant correlation coefficients.
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Fig.3 Prediction map for col-
ony residual breeding success.
Buildings in grey. a Positive
values indicate above average
breeding success, and nega-
tive values are below average
breeding success areas. b Map
showing the observed residual
breeding success averaged
between 1998 and 2021
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This study aimed at disentangling the relative contributions
of long-term human disturbance and other land-based envi-
ronmental drivers to Adélie penguins’ colonies population
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dynamics. We used human infrastructure variables together
with topographic-derived covariates to model spatial vari-
ability in colony breeding success and growth rate. Con-
trary to our predictions, infrastructure density was positively
associated with colony breeding success, and proximity
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Table 3 Generalized additive models used to explain spatial variations in Adélie penguin colonies growth rate

Formula Description LogLik  AIC Delta AIC df Weight n  R?(adjusted) % deviance
explained
m4: elevation+ TWID + perimeter_to_ Best model after covariates selection 179.4 —-3449 0.0 7.0 1.000 70 0.308 34.8%
area + building_distance
mS5: eleva- Environmental variables only 176.8 -3419 3.0 6.8 0.223 70 0.256 29.7%
tion + slope + aspect + TWID + wind-
shelter +area + perimeter_to_
area + skua_distance
m6: ~building_distance + building_den- Infrastructures only 173.0 -3399 5.0 3.0 0.082 70 0.204 21.6%

sity

Models were ranked by AIC; m4 being the best model after covariates selection. m5 included all environmental covariates and m6 included all

infrastructure covariates

Table 4 Relative variable importance (RVI) of the top ranked model
explaining variations in colony growth rate

Growth rate model (m4)

Term removed AIC AAIC Weight RVI
None —344.8

(-building_distance) -339.2 5.6 0.06 1.65
(-TWID) —340.6 4.2 0.12 1.59
(-elevation) —344.0 0.8 0.67 1.04
(-perimeter_to_area) —345.1 0.3 0.86 0.85

AIC corresponds to the AIC of the model once the variable is
removed

AAIC is the difference between the AIC of the top model and the
model with the removed variable. RVI is calculated by summing the
AIC weights across all the models where the removed variable is pre-
sent

of colonies to infrastructures was associated with higher
growth rate.

One can propose that infrastructures could be used as
a proxy of chronic human disturbance. This temporally
integrated disturbance differs from other disturbance types
reported in the literature—such as pedestrian approach,
handling of penguins or vehicle operations—which trig-
ger acute physiological and behavioral stress responses in
wildlife (Coetzee and Chown 2016). Multiple studies proved
human activities around penguins to trigger physiological
stress responses [such as accelerated heart rate and increased
energy expenditure (Culik et al. 1990), glucocorticoid
release—especially upon capture (Cockrem et al. 2008)—
and shorter telomeres in chicks from disturbed versus undis-
turbed areas (Caccavo et al. 2021)]. How these physiologi-
cal responses translate into population dynamics remains
unclear. In a previous study, experimental disturbance (nest
checking and simulated recreational visits by tourists) both
significantly decreased hatching success and chick survival
(Giese 1996). On a wider scale, the effect of aggregated
human activities between areas of high and low disturbance
has been assessed in Adélie penguin population trends in the

Antarctic Peninsula with no significant differences found in
breeding success except in 1996/1997 when breeding suc-
cess was higher in high human disturbance areas (Carlini
et al. 2007). Our results show that, over a long period (24
years), the proximity of human infrastructures was not del-
eterious to Adélie penguin breeding success and growth rate
at the colony scale.

According to Schmidt et al. (2021), the spatial quality of
the colony (termed ‘subcolony’ in the paper) was reflected
by its relative performances compared to the rest of the
study population (termed ‘colony’ in the paper). Our results
suggest that colony quality was higher for those colonies
located where both building density and breeding success
were higher. However, breeding success is only one of the
demographic parameters contributing to the growth rate, and
other demographic parameters may co-vary negatively with
breeding success. Comparing our two models of breeding
success and growth rate may then help characterizing more
accurately the drivers of colony quality around the station.

However, the exact mechanisms by which human infra-
structures may favor breeding success and growth rate of
colonies remain unclear. Indeed, colonies located in the
vicinity of buildings are experiencing regular and intense
disturbances through noise, vibrations, or human and vehicle
approaches. Yet, in the longer time scale, the deleterious
effects of human presence on penguins may be balanced
through selective advantages related to disrupted predation,
favorable micro-environment, or behavioral selection as dis-
cussed below.

First, skua predation is a major driver of colony breed-
ing success. Indeed, distance to the nearest skua nest was
the most influential variable explaining breeding success.
Skuas defend foraging territories around their nest, so colo-
nies located close to skua nests are more prone to regular
predation attempts on eggs and chicks (Pacoureau et al.
2019b; Schmidt et al. 2021). Yet, skua nest distance is only
a proxy of skua predation and its importance may vary
between locations (Schmidt et al. 2021). Indeed, even colo-
nies outside of skua nest territories may experience avian
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Fig.4 Prediction map for (a)
growth rate. Buildings in grey. o
56.660°S
a Values above one correspond
to areas of growing population,
while values below one indicate
contracting population. b Map
showing the observed residual 56.662°S
growth rate for colonies counted
both in 1998 and 2021
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predation by breeding or non-breeding skuas. Predation
pressure increases with skua abundance relative to the num-
ber of Adélie nests (Wilson et al. 2017). In our study area,
the relatively low Skua abundance (32 skua pairs compared
to ~19,000 penguin nests or 0.002 skua pairs per penguin
pairs) may explain the importance of skua nest distance in

@ Springer

the predation risk experienced by penguins. Another proxy
of predation selected both in Schmidt et al. 2021 and in our
own model is the colony perimeter-to-area ratio. This ratio
is related to predation risk, because skuas mainly attack
nests located at the edge of the colonies (Taylor 2008). A
higher perimeter-to-area ratio means a higher proportion of
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edge nests which, therefore, results in lower colony breed-
ing success. In this context, the effect of infrastructures
could disrupt predation risk by skuas and thus contribute
to increased breeding success. A similar mechanism was
described in breeding terns for which predation by gulls was
temporarily impaired by human presence and associated
research activities (Donehower et al. 2007; Riensche et al.
2012). In Dumont d’Urville, several colonies are situated
under buildings (whose location may increase nest protec-
tion from skuas), but they were too few in number to include
this dimension in our model. Moreover, no data exist at the
scale of colonies on the number of skua predation attempts.
Further data need to be collected to measure any local dif-
ferences in predation pressures.

Local topography or micro-environment may be another
important driver of Adélie penguins’ colony breeding suc-
cess (Acero and Aguirre 1994; Ainley 2002). Some colonies
located directly under the buildings will be completely shel-
tered from the elements and avian predation (~2-3 colonies,
Fig. 1). For exposed colonies, topographic variables selected
in the model included aspect (i.e., slopes orientation of the
colonies relative to geographic north) and windshelter index.
These variables are related to the risk of snowdrift formation
which is known to be an important driver affecting Adélie
penguin breeding success (Fraser et al. 2013; Schmidt et al.
2021). Indeed, snowdrifts mainly form in areas protected
from the dominant winds. Aspect gave a general indicator
of the direction faced by colonies and windshelter index
includes the wind protection induced by local topography.
Although aspect did not seem to have any significant effect,
breeding success decreased with windshelter index, probably
due to higher snowdrift risk in wind-protected areas. Hence,
snowdrift formation likely plays a role in breeding success,
but its effect will likely depend on precipitations and wind
storms whose occurrence and intensity vary annually. Still,
the long duration of our study allowed us to capture the spa-
tial variability in snowdrift risk induced by the topography.
At the infrastructure scale, however, the spatial resolution
of our model did not allow us to model the snowdrift forma-
tion risk induced by buildings. The infrastructures (buildings
but also footbridges, tanks and other stationary equipment)
generate multiple snowdrifts during the breeding season
(Kwok et al. 1992). Depending on their position around the
infrastructures, colonies can either be protected from the
snowdrift risk or be subjected to it. How this artificial micro-
environment contributes to colony breeding success remains
unclear. The limited number of colonies within the core of
the station compared to the rest of the study area makes
statistical comparison of environmental characteristics chal-
lenging. Long-term analysis of local meteorological vari-
ables between areas of disturbance may help to characterize
a potential micro-climate induced by the station. Still, the
limited space available between the buildings seems to have

been colonized by penguins avoiding the main snowdrift
areas and using all local humps (personal observations).

An indirect effect of the infrastructures that may affect
breeding site selection around the station is the availability
of excavated pebbles generated by road and building con-
structions. The precise granulometry of the pebbles used for
nest construction—which are moved singly by penguins—
is decisive in partner attraction (Ainley 2002). Adélie pen-
guins developed a set of strategies to accumulate pebbles
triggering inter-individual competition within and between
colonies. Bigger nests reflect more intense individual effort
to reproduce and are the most successful. They tend to be
located at the center of the colonies where pebble removal
pressure by conspecific is less intense (Morandini et al.
2021). Hence, areas saturated in pebbles of the adequate
size could therefore reduce inter-individual competition and
subsequent effort allocated to nest construction and mainte-
nance. No systematic comparison has been conducted yet to
compare the relative breeding success of nests between the
center of the station and the rest of the study area.

Another behavioral selection in penguins may arise from
a progressive habituation to human presence as suggested for
Gentoo penguins (Pygoscelis papua) (Holmes et al. 2006)
and other seabirds (Nisbet 2000). Habituation mechanisms
may lower stress response (Bejder et al. 2009) and could
therefore explain the maintained presence of breeding
penguins within the station. Habituation, however, do not
explain the higher breeding success of the colonies within
the station. Personality traits may also have been selected
in individuals nesting near humans with lower responses
to stressful stimuli selecting bold personalities rather than
shy ones (Cockrem 2007). Personality traits of individuals
for which human presence is less impacting may be linked
to a stronger motivation to reproduce with higher breeding
success. Personality tests on the field in different disturbance
areas coupled with stress response analysis will be instru-
mental to validate the hypothesis of penguins’ personality
selection through human presence or distance to facilities.

Projected maps of colony breeding success and colony
growth rate are only poorly correlated. Indeed, the drivers
of these population parameters diverged significantly. The
main driver of colony growth rate was the topographical
wetness index calculated downslope (TWID). We selected
this index as a proxy of terrain drainage through topogra-
phy. Indeed, the TWID calculates indices of terrain wet-
ness based on the relative contribution of surrounding
slopes. Accumulation of wetness in poorly drained areas
may flood penguins’ colonies with consequences on nests
insulation from soil temperature and subsequent offspring
survival. Interestingly, TWID increased both with colony
breeding success and growth rate. We may explain this
relationship, because higher TWID corresponds to flat
areas located downslopes which are easily accessible by
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penguins from the sea. At the beginning of the breeding
season, these areas are mostly covered with snow and not
yet submitted to flooding events. Moreover, this index is
calculated at the resolution of the digital elevation model
which does not integrate small eminences nor nest con-
structions used by penguins to isolate from running water
and mud (Ainley 2002). Finally, zero TWID in our pro-
jections corresponds to areas not computed due to zero
elevation in the digital elevation model. Therefore, the
U-shape of the relationship between TWID and growth
rate is probably artefactual, the topographical character-
istics of zero TWID areas being more related to those of
higher TWID areas. We therefore hypothesize that colony
accessibility from the sea rather than potential wetness
accumulation plays a role in initial colony formation and
maintenance through time, especially considering that
most of the breeding areas are uniformly covered with
snow at the beginning of the reproductive cycle (personal
observation).

According to the public information hypothesis
(Danchin et al. 1998; Doligez et al. 2003), higher breed-
ing success colonies are expected to attract new breeding
pairs through prospection of conspecific breeding success
in the previous years. Interestingly, the annual growth rate
of Adélie penguin colonies was highly correlated with a
1-year lag to colony breeding success, therefore support-
ing the hypothesis that prospecting new breeders may use
public information to select their breeding site for the
next year. Thus, colonies situated close to infrastructures
experiencing higher breeding success may attract breed-
ing individuals the following year, resulting in a positive
association between colony growth rate and the proxim-
ity of infrastructures. In addition, colony size within the
station is constrained by the surrounding infrastructures.
Hence, the colonies within the core station area may be
limited in their extension which may affect further density
dependence mechanisms. However, experienced breeders
are expected to recruit from the same colony every year
(Ainley 2002), and therefore, competition for favorable
colonies may mainly arise from unexperienced breeders
during their first breeding attempts.

Our study revealed a strong spatial variability in Adélie
penguin colonies breeding success and growth rate around
the Dumont d’Urville research station. While predation
seemed to be a relatively important driver of breeding suc-
cess, human infrastructures were positively associated with
an overall higher colonies breeding success. How these
relationships impact the penguin population dynamics at
the scale of the archipelago remains unclear. Demographic
mechanisms at the colony scale should be investigated to
assess potential source-sink mechanisms and how the prox-
imity of infrastructures affect these dynamics. This would
provide strong insights to decipher the contribution of
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facility-related human disturbance on a long-lived Antarc-
tic species population in a rapidly changing environment.
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