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Abstract Many of the Adélie penguin colonies used for
long-term demographic studies are located near research
stations, and there is a need to disentangle the effects of
human activities and environmental variability on Adélie
penguin population trends. This study used Geographic
Information Systems and decision trees to examine whether
potential changes in snow cover and/or proximity to human
activities were able to explain the varying population trends
of colonies at two breeding localities near Casey, East Ant-
arctica. At the less visited site, Whitney Pt, wind exposure
and snow accumulation correctly predicted the broad trends
of colonies in most (84%) instances, whereas at Shirley I
their predictive accuracy fell to 58%. At Shirley I, proxim-
ity to human activity correctly predicted the broad trends
for 84% of colonies. While snow accumulation patterns are
a primary driver of variation in population trends among
colonies, the effect of snow accumulation is outweighed by
proximity to human activities near Casey.
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Introduction

Adélie penguins (Pygoscelis adeliae) have been widely
used as indicators of changes in Antarctic Ocean ecosys-
tems (Micol and Jouventin 2001; Croxall et al. 2002; Kato
et al. 2002, 2004). There are a number of reasons for this,
including their perceived primary role in these ecosystems
and the relative ease with which their populations can be
monitored (Micol and Jouventin 2001; Kato et al. 2002).
However, it has also been acknowledged that the use of
birds as bioindicators of climate change may be problem-
atic due to the complex and numerous interactions in Ant-
arctic ecosystems (Croxall et al. 2002), and the potential
confounding effects of human impacts at local scales. Adé-
lie penguin colonies are known to be abandoned and recol-
onised as the climate changes (Ainley 2002; Emslie and
Woehler 2005).

Many recent investigations of Adélie penguin population
trends have focused on the effects of climate variability,
mostly at meso- and macro-scales (Trivelpiece and Fraser
1996; Croxall et al. 2002; Kato et al. 2002, 2004; Forcada
et al. 2006). Others have attempted to separate the effects of
climate change and human activities (Fraser and Patterson
1997; Micol and Jouventin 2001, Patterson et al. 2003).
Long-term studies of Adélie penguin populations have gen-
erally been conducted at sites that are easily accessed from
research stations, where human activities are focused (e.g.
Woehler et al. 1994; Fraser and Patterson 1997; Micol and
Jouventin 2001; Woehler et al. 2001). Variability in the
sizes of stations, the activities associated with them histori-
cally and currently, and their distances from penguin colo-
nies makes it difficult to establish a broad understanding
of the effects of human activities on Adélie penguins
(Thomson 1977; Ainley et al. 1983; Woehler et al. 1994;
Fraser and Patterson 1997; Micol and Jouventin 2001;
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Patterson et al. 2003). This makes it difficult to disentangle
the relative effects of climatic variability and human
activities on trends in breeding Adélie penguins (Fraser and
Patterson 1997; Micol and Jouventin 2001; Patterson et al.
2003). As the number of people visiting Antarctica increases,
so does concern about the potential impacts of human dis-
turbance on Antarctic wildlife (Pfeiffer and Peter 2004). In
2005/06, more than 26,000 people visited Antarctica on
tourism vessels (JAATO 2006). In addition, almost 4,000
people live in research stations located throughout Antarc-
tica during the summer (COMNAP 2006).

Very few studies have attempted to investigate the spa-
tial variability within and among Adélie penguin colonies
within a breeding locality. Only Fraser and Patterson
(1997) and Patterson et al. (2003) simulated snow accumu-
lation patterns based on a digital elevation model (DEM)
and hillshade analysis. They used human visitation records
to investigate the relative effects of snow accumulation pat-
terns and human impacts on breeding success of resident
penguins.

This study aimed to determine the contribution of snow
accumulation patterns, wind exposure and proximity to
human activities to the observed long-term population
trends of Adélie penguin colonies at two breeding localities
in the Windmill Is, Antarctica. In addition, this study
attempted to differentiate between environmental and
human-induced effects on penguin population trends at a
local scale. It improved on previous investigations of the
effects of human activities and snow accumulation patterns
on population trends in Adélie penguin colonies, by using a
more accurate physically-based snow accumulation model
and a high-resolution DEM to model finer scale patterns.

Methods
Study areas

The Windmill Is are the islands and coastline covering an
area of about 80 km? around Casey (66° 17’ S, 110° 32" E)
in Wilkes Land, East Antarctica (Fig. 1). They comprise
four large peninsulas and more than 30 islands (Murray and
Luders 1990; Kirkup etal. 2002). During summer, the
Windmill Is contain the only extensive areas of snow-free
land in approximately 800 km of coast (Murray and Luders
1990; Kent et al. 1998). The Windmill Is contain extant
Adélie penguin colonies on 14 islands and peninsulas, with
a total population estimated at 93,000 & 9,300 pairs in
1990 (Woehler et al. 1991). The Windmill Is weather is
frigid-Antarctic (Melick et al. 1994). Weather observations
between 1989 and 2004 showed that in the warmest month,
January, mean daily temperatures ranged from —2.6° to
2.1°C. October was the coldest month of the breeding
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Fig. 1 Map of the Windmill Is, East Antarctica. Localities mentioned
in the text are shown

season, with a mean daily temperature range of —15.3° to
—8.3°C.

Census data

A breeding colony is here defined as an area of contiguous
nest territories sensu Woehler et al. (1991, 1994). A breed-
ing locality is a geographical feature, either an island or a
discrete area of mainland, on which breeding colonies are
found. This contrasts with the use of the term “colony” to
describe a breeding locality sensu Ainley (2002).

Whitney Pt (66° 15’ S, 110° 32" E) is one of two main-
land Adélie penguin breeding localities in the Windmill Is
and is located on the Clark Peninsula, which was desig-
nated a site of special scientific interest (SSSI) in 1985. In
1996, the Clark Peninsula SSSI was redesignated Antarctic
Specially Protected Area 136 (AAD 2006). Shirley I (66°
17" S, 110° 29" E) lies approximately 750 m west of Casey,
across a 100 m-wide channel that is blocked with sea-ice
for part of the year. Adélie penguin census data were avail-
able for the colonies at Whitney Pt for 22 breeding seasons
between 1959/60 and 2005/06, and for the Shirley I colonies



Polar Biol (2008) 31:1397-1407

1399

for 18 breeding seasons between 1968/69 and 2005/06
(Woehler et al. 1994; EJ Woehler unpub. data).

In February 2006, the Adélie penguin colonies at Shirley
I and Whitney Pt were mapped with a differential GPS. The
boundaries had a positional accuracy of approximately
41 m (Bricher 2006). DEMs with a cell size of 2 m were
derived from stereophotographs of the study sites (AADC
1994, 2001). These DEMs had a vertical accuracy of £2 m
(90% certainty) for snow-free areas. The extents of perma-
nent snow and ice cover were digitised from an orthophoto
of Shirley I derived from photographs taken in 2001, and
from geo-referenced photographs of Whitney Pt taken in
1990. The boundary cells (2 m x 2 m) of current and relic
Adélie penguin colonies were removed from the analyses
because of the positional uncertainty of the colony bound-
aries. This increased the certainty that all cells described as
having Adélie penguins present represented actual penguin
colony habitat.

NCEP/NCAR weather reanalysis data

The NCEP/NCAR weather reanalysis data (Kistler et al.
2001) for the Casey region were extracted for three key
periods in 1959/60, 1968/69 and 2005/06. The first two
periods correspond to the summers in which the first Adélie
penguin counts were conducted at Whitney Pt and Shirley
I, respectively, and the 2005/06 data correspond with the
most recent counts used in analyses for this study. The data
were calculated for a point 63 km NNE of Casey (65.7125°
S, 110.625° E). Australian Bureau of Meteorology data
were available for the Windmill Is region from 1960
onwards, but it was considered that any changes in weather
conditions were likely to have been obscured by two
changes in the locations of weather observing equipment.

GIS processing methods
Wind exposure

The NCEP/NCAR data showed that almost all daily mean
wind speeds greater than 10 ms~' came from an ESE direc-
tion (100°-135°) (Fig. 2). Using ArcGIS 9.0 (ESRI 2005),
we approximated the spatial distribution of wind exposure
with a hillshade model, following the approach of Patterson
et al. (2003). A hillshade model is a derivative of a DEM
that simulates relative solar insolation for each grid cell
based on its slope, aspect, and the position of the sun (as
defined by an elevation and azimuth angle). Here, we used
the hillshade model to simulate wind exposure by replacing
the sun azimuth with the prevailing wind direction (122°)
and by selecting a low elevation angle (5°). This approach
generalized the physical characteristics of wind flow, but
we hypothesize that the hillshade model provided a
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Fig. 2 Wind rose showing the direction of prevailing winds during the
2005/2006 breeding season, as modelled by the NCEP/NCAR weather

reanalysis project. Data for the period 15 October 2005-31 January

2006 (3-h means) are shown. The dark bars indicate winds <10 m s,

pale bars indicate winds 11-20 m s~!

sufficiently accurate surrogate for wind exposure in the
context of this study. For Shirley I, this layer was also used
as a surrogate for exposure to potential airborne pollutants
from Casey (Fig. 2).

Snow accumulation model

No long-term observations of snow cover were available
for the Windmill Is. As snow cover is thought to be a major
driving force for penguin colony locations, we chose to
model the spatial patterns of snow accumulation, using a
new GIS model to simulate the drifting of snow across
Whitney Pt and Shirley I and the resulting short-term distri-
bution of snow (Wallace 2005). Due to the physical com-
plexity of the forces that drive snow transport, models of
snow accumulation have generally involved a balance
between accuracy, and the available input data and compu-
tational power (Liston and Sturm 1998). Therefore, factors
which were considered less important for a particular appli-
cation have typically been excluded in order to minimise
computational expense (see Walter et al. 2004; Tappeiner
et al. 2001).

The model used here required a DEM, an initial snow
layer and daily mean temperature, air pressure, wind speed
and direction data. The model accounted for wind deflec-
tion, wind speed, wind shear stresses, saltation, suspension
and snow density (Wallace 2005). Saltation and suspension
were treated as a single variable, after the approach taken
by Kind (1981). The algorithms underlying the model are
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detailed in Bricher (2006). Commonly incorporated factors
that have been excluded from this model comprise precipi-
tation, sublimation, vegetation and snow melt, due to a lack
of available data (Wallace 2005). Without direct measures
of precipitation or initial snow depth, it was not possible to
derive absolute snow-depths. Instead, the model produced a
map of relative snow accumulation, following the approach
of Purves et al. (1998), Ishikawa and Sawagaki (2001) and
Orndorff and van Hoesen (2001).

The model was applied to a 5 m resolution DEM that
covered the northern Windmill Is and the area immediately
inland. This provided sufficiently large areas from which
snow could blow into the study sites. Mid-November marks
the peak laying period for Adélie penguins and is hence the
time when snow cover was considered to be most crucial.
We initialised the snow model with a uniform snow cover
layer of 1 m thickness and used daily average temperature,
wind speed, wind direction and air pressure data from the
NCEP/NCAR weather reanalysis project (Kistler et al.
2001). To eliminate artefacts caused by the initial uniform
snow cover, we ran the model for the 3-month period
before November 15. This procedure was performed for the
years of the first and most recent censuses at each site, i.e.
1959, 1968 and 2005. Once the snow accumulation data
layers had been calculated, the layers for 1959 and 1968
(first counts for Whitney Pt and Shirley I, respectively)
were subtracted from the 2005 layer. This produced layers
showing the changes in short-term snow accumulation.

Human influences

Euclidean distance from Casey was calculated for both
breeding localities. Shirley I is regularly visited by station
personnel, so distance from the main island access point
was also calculated. No equivalent variable could be
applied to Whitney Pt, which is rarely visited because of its
protected status as an ASPA. Likewise, at Shirley I, wind
exposure was used as a surrogate for potential exposure to
any airborne pollutants from Casey, as the island is located
immediately downwind of the station. This is not the case
for Whitney Pt, which is located 3 km upwind from Casey.

Population trends

Each colony was assigned to a population trend class. The
census data for each colony was converted into percent-
ages, with the initial census year assigned the value of
100%. The baseline was typically 1959/60 for Whitney Pt
and 1968/69 for Shirley I. For colonies that were estab-
lished after those years, the baseline year was the first year
in which penguins were counted at that colony. The trend
was based on the percentage difference between the year of
first count and 2005. Population trends were then grouped
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into five classes: strongly decreasing (<50% of baseline
population); moderately decreasing (50-80%); stable (80—
120%); moderately increasing (120-150%) or strongly
increasing (>150%) (Fig. 3).

Statistical analyses

To determine which combination of variables had the great-
est impact on the population trends of Adélie penguins, the
variables were examined individually and in combination to
determine the relative effects of weather variables and prox-
imity to human activities (Table 1). All analyses were con-
ducted on the values of all cells within colonies and on the
mean values for each colony. Analysing the individual cell
values allowed for analysis of intra-colony variability, but
left the analyses vulnerable to the effects of spatial autocorre-
lation. The results for the individual cell values are presented
here, and for the colony means in Bricher (2006). However,
both sets of analyses produce broadly similar results. None of
the variables was normally distributed, so non-parametric
tests were used. Wilcoxon two-group tests for difference
were used to compare the distributions of values for
each variable among population trend classes (Zar 1999).
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Fig. 3 Observed population trends of Adélie penguin colonies at (a)
Whitney Pt and (b) Shirley I
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Table 1 Variables used in the statistical analyses

Variable Whitney Pt~ Shirley I
Snow cover Wind exposure Yes Yes
analyses Snow cover 2005 Yes Yes
Snow cover difference  Yes Yes
Human proximity  Distance from Casey Yes Yes
analyses Distance from island ~ No Yes
access point
Wind exposure No Yes
(downwind from
Casey)

A decision tree is a multivariate non-parametric classifi-
cation technique capable of handling different data types
(such as categorical and nonlinear data) and non-normal
data (Witten and Frank 2005). Decision trees use Boolean
logic to classify data into predetermined groups. This study
used the J48 decision tree in Weka 3.4 (Witten and Frank
2005), which was derived from the C4.5 model developed
by Quinlan (1993). Each of the study sites was examined
individually. When classifying data into five groups, a
purely random classifier could be expected to correctly pre-
dict the class with approximately 20% accuracy. Therefore,
models were considered to have some explanatory power if
they correctly classified significantly more than 20% of the
test data points. The cells were randomly divided and 80%
of grid cells were used to train the models and 20% used for
validation. Decision trees were used to classify the popula-
tion trends of grid cells using modelled snow cover for 15
November 2005, changes in the modelled snow cover
between the first year of Adélie penguin count data (1959
for Whitney Pt and 1968 for Shirley I) and 2005, and expo-
sure to prevailing winds as input variables. For Shirley I,
the decision tree used distance from Casey, distance from
the main island access point and wind exposure as input
variables. The results of the analyses of wind exposure
needed to be interpreted with caution, due to the potential
for wind exposure to have dual impacts, such as potential
air-borne pollution from Casey, in addition to its role in
mediating snow cover. For Whitney Pt, Euclidean distance
from Casey was the sole measure of proximity to human
activity.

Results
Weather
The area had a modelled mean annual snowfall of
224.6 mm snow water equivalent (Bureau of Meteorology

2004). Between 1996 and 2006, monthly mean wind direc-
tions ranged between 92° and 186°, with the prevailing

winds coming from ESE (100°-135°). During the Adélie
penguin breeding seasons, the mean wind speed was 12.6
knots, with a mean monthly maximum wind gust of 65.1
knots. On average winds exceeded gale force (37 kts) on
32.5 days a year (AADC 2006).

Wind exposure and snow accumulation model

There were very weak negative correlations between snow
accumulation and wind exposure (Whitney Pt R* = 0.006;
Shirley I R? = 0.043). Areas of snow ablation and accumu-
lation generally agreed with snow accumulation patterns
observed in aerial photographs (AADC 1990, 2001). The
model did not predict the areas of permanent snow and ice
that occur along the eastern and southern coasts of the study
sites, but it did predict the snow that accumulates in the val-
ley to the south of Whitney Pt (Fig. 4). This suggests that
the model could not account for the local effects of sea-ice
that builds up around the Antarctic coast in the study area.
No area of either study site showed broad patterns of
increases or decreases in snow accumulation between the
two years for which snow cover was modelled (1959-2005
for Whitney Pt, 1968-2005 for Shirley I).

Adélie penguin colony population trends
Snow accumulation

At Whitney Pt, the colonies with strong population
increases (>150% of the baseline population) were associ-
ated with the thinnest snow cover, while stable colonies
were found in areas with thicker snow cover. Wilcoxon
tests found significant differences among trend classes for
each of the three snow accumulation variables (Table 2).
Colonies in all population trend classes were associated
with areas where there were minimal changes in the mod-
elled snow cover between 1959 and 2005.

The difference in snow cover between 1959 and 2005 did
not improve the predictive power of the decision tree. Vali-
dation showed that the tree based on the 2005 snow accu-
mulation and wind exposure had 83.7% accuracy. The
model was most accurate in predicting strongly increasing
colonies (class 5: 98.8%, Table 3). In contrast, the model
failed to predict accurately any of the decreasing colonies
(classes 1 and 2) at Whitney Pt. However, these are small
groups. The predictive map showed that the model pre-
dicted strong population increases for almost all cells in all
colonies (Fig. 5a). The major exception was a small group
of colonies at the western end of Whitney Pt, which is
located at the base of a short snow cliff, where the model
predicted a mixture of stable and strongly increasing trends.
Overall, the map showed strong predictions except where
the DEM failed to show a small topographic feature.
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Fig. 4 a Modelled snow accu-
mulation at Whitney Pt, Novem-
ber 2005; b modelled difference
in snow accumulation Whitney
Pt, November 1959-November
2005; ¢ modelled snow accumu-
lation at Shirley I, November
2005; d Modelled difference in
snow accumulation Shirley I,
November 1968—November
2005

High: 7.2
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High: 248 High - 12.7

Low: 0 Low :-15.7

o 125 250m L] 125 250m

Table 2 Wilcoxon tests for differences in the snow cover variables
among population trend classes on Whitney Pt

Variable Chi-Square df P

Wind Exposure 234.77 4 <0.0001
Snow 2005 28.13 4 <0.0001
Snow Difference 12.64 4 0.013

At Shirley I, the Wilcoxon test showed significant differ-
ences among the five population trend classes for all the
variables associated with snow accumulation patterns
(Table 4). A decision tree was constructed using the
November 2005 snow cover, wind exposure and the change
in snow cover between 1959 and 2005 as inputs. Validation
showed that it had an overall accuracy of 57.8%. The model
most accurately predicted strongly increasing colonies (class
5: 73%: Table 5). The resulting map (Fig. 5b) predicted that
the colonies at the western end would have stable or increas-
ing populations, while those at the eastern were generally

predicted to be decreasing. The model correctly predicted
the trend class for some cells in seven out of 21 strongly
decreasing colonies, and entirely failed to predict accurately
a cluster of strongly decreasing colonies in the central north
of the island. For most of the island, errors were within one
class of the observed trend, but in the central north, the
strongly decreasing colonies were predicted as either stable
or strongly increasing. At Shirley Island, a decision tree
based on snow cover variables had limited power to predict
Adélie penguin colony population trends.

Proximity to human activities

At Whitney Pt, no clear relationship could be found between
the colonies’ population trend and their distance from Casey,
despite the Wilcoxon test showing a significant difference
among the classes for the distance from Casey (Table 6).
Strongly increasing colonies occurred at all distances from
Casey, while stable (class 3) and moderately decreasing
(class 2) colonies were clustered closest to Casey. Strongly

Table 3 Confusion matrix of

. Predicted trend class
the performance of the decision

Observed trend class

tree analysis of colony popula- Class1 ~ Class2  Class3  Class4  Class 5 Total
tion trends on Whitney Pt based
on snow accumulation Class 1 (Strong Dec.) 0 0 0 0 0 0
parameters Class 2 (Mod Dec.) 0 0 0 0 0 0
Class 3 (Stable) 0 0 9(29%)  1(20%) 2(1.2%) 12 (5.7%)
Class 4 (Mod Inc.) 0 0 0 0 0 0
Class 5 (Strong Inc.) 4 (100%)  1(100%) 22 (71%) 4 (80%) 166 (98.8%) 197 (94.3%)
Total 4 1 31 5 168 209

@ Springer



Polar Biol (2008) 31:1397-1407

1403

B Stable
Strong Increase

1] 75 150m
P ——]

Bk, (T

B Strong Decrease
| Moderate Decrease
B Stable
Moderate Increase
Strong Increase

0 125 250m
[ —

Fig. 5 Predicted population trends based on snow variables at (a)
Whitney Pt and (b) Shirley I

Table 4 Wilcoxon tests for differences in the snow cover variables
among population trend classes on Shirley I

Variable Chi-square df P

Wind exposure 103.15 4 <0.0001
Snow 2005 302.70 4 <0.0001
Snow difference 33.11 4 <0.0001

decreasing (class 1) and moderately increasing (class 4) colo-
nies were found near the middle of the study site (Fig. 3a).

A decision tree was constructed based on distance from
Casey. Validation showed that it correctly predicted penguin

colony population trends for 90.9% of test cells at Whitney
Pt. The predictive map (Fig. 6a) shows three distinct bands
of cells in class 5 (strong increase), interspersed by a band
of cells with stable penguin populations and a band of cells
with moderately increasing penguin colony populations
(class 4). Both the colonies closest to Casey and farthest
away were classified as class 5. The model most accurately
predicted increasing colonies (class 4: 100% and class 5:
94.1%). It failed to predict accurately the trends of any
decreasing colonies (Table 7) although these classes con-
tained low numbers of colonies. This model more accu-
rately predicted the performance of the stable colonies at
the western end of the point than the model based on snow
variables. It also correctly predicted the trends of two mod-
erately increasing colonies at the western end of Whitney
Pt, which the other model failed to.

At Shirley I, there were significant differences among the
five population trend classes for all the parameters associated
with proximity to human activity (Table 8). All population
trend classes were clustered around the median values for
wind exposure. Almost all the strongly increasing colonies
were found farthest from Casey and the island access point.
Most of the stable colonies occurred at medium to long dis-
tances from Casey and the island access point. Moderately
decreasing colonies were clustered very close to Casey, and
close to the access point. Strongly decreasing colonies were
bimodal, occurring close to Casey and the access point, and
also at moderately long distances from both (Fig. 3b).

A decision tree based on the variables associated with
human proximity predicted Shirley I population trends with
83.8% accuracy. The distance from the sea-ice crossing
point and from Casey had the most predictive power. The
model most accurately predicted trends for increasing colo-
nies (class 4: 87.7% and class 5: 86.5%; Table 9). The
model predicted (Fig. 6b) that all increasing colonies occur
at the greatest distance from Casey, with stable and
decreasing colonies occurring closer to the station. The pre-
dictive map closely matched the map of observed popula-
tion trends. The biggest exception was five very small
colonies near the middle of the island, which were pre-
dicted to be decreasing strongly, but were observed to be
decreasing moderately.

Table 5 Confusion matrix of

the validated accuracy of the Predicted trend class

Observed trend class

decision tree analysis of colony Class 1 Class 2 Class 3 Class 4 Class 5 Total

population trends on Shirley I

based on snow accumulation Class 1 (Strong Dec.) 12(29.3%) 0 5 (3.6%) 0 2 (1.1%) 19 (4.5%)

variables Class 2 (Mod Dec.) 0 7(63.6%) 5(3.6%) 0 1(0.1%) 13 (3.1%)
Class 3 (Stable) 13 (31.7%) O 78 (56.1%) 10 (17.5%) 34 (19.1%) 135(31.7%)
Class 4 (Mod Inc.) 2 (4.9%) 2(18.2%) 9 (6.5%) 19 (33.3%) 11 (6.2%) 43 (10.1%)
Class 5 (Strong Inc.) 14 (34.2%) 2(182%) 42 (30.2%) 28 (49.1%) 130(73%) 216 (50.7%)
Total 41 11 139 57 178 426
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Table 6 Wilcoxon test for difference in distance from Casey among
population trend classes on Whitney Pt

Variable Chi-Square df P

Casey distance 221.31 4 <0.0001
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Fig. 6 Predicted population trends based on human proximity vari-
ables at (a) Whitney Pt and (b) Shirley I

Discussion

The DEMs that were created for this study are the most
detailed elevation data produced to date for Shirley I and

Whitney Pt. However, it is likely that improved DEMs, as a
result of better aerial photography and more accurate
ground control points, would increase the reliability of the
results reported here as wind exposure and snow accumula-
tion models rely heavily on fine scale terrain information.
Improved positional accuracy would also reduce the need
to remove cells at the edges of colonies from the analysis.
This would in turn mean that very small colonies would not
be excluded from the analyses. This is potentially signifi-
cant because smaller colonies have higher perimeter to area
ratios, and it is possible that the landscape properties of
these small colonies differ from those of larger colonies. It
is also possible that the effects of environmental or human-
related stressors are more severe for these small colonies, as
has been shown in other parts of Antarctica (e.g. Giese
1996; Patterson et al. 2003). Since the smallest colonies on
Shirley I are concentrated at the eastern end of the island,
where the majority of strongly decreasing colonies are
located, this is a subject that needs further investigation.

The models presented here are potentially affected by
spatial autocorrelation. However, the analyses were repeated
on mean values for each colony, hence removing intra-
colony spatial autocorrelation, and produced similar results
(see Bricher 2006). In future work, we are planning to
include spatial autocorrelation in our models.

The NCEP/NCAR weather reanalysis data were pro-
duced for a grid point located 63 km to sea NNE of Casey.
Thus, the effects of local topographic features in mediating
the weather conditions at the study sites could not be exam-
ined in this study. There is also a need for further validation
of the snow accumulation model, though it showed strong
visual agreement with the available aerial photography.

The effects of snow accumulation patterns, wind expo-
sure and proximity to human activities on Adélie penguin
colony population trends.

On the Antarctic Peninsula, snow accumulation patterns
have been found to be important predictors of Adélie pen-
guin colony population trends, and of colony distributions
(Fraser and Patterson 1997; Patterson et al. 2003). This
study’s results supported those findings. At Whitney Pt, the
modelled snow accumulation and wind exposure layers
explained much of the variability in colony population

Table 7 Confusion matrix of

the validated accuracy of the Predicted trend class

Observed trend class

decision tree analysis of colony
population trends at Whitney Pt

based on proximity to Casey

Class 1 Class 2 Class 3 Class 4 Class 5 Total
Class 1 (Strong Dec.) 0 0 0 0 0 0
Class 2 (Mod Dec.) 0 0 0 0 0 0
Class 3 (Stable) 0 0 27 (87.1%) O 5 (3%) 32 (15.3%)
Class 4 (Mod Inc.) 0 0 2 (6.5%) 5(100%) 5 @3%) 12 (5.7%)
Class 5 (Strong Inc.) 4 (100%) 1(100%) 2 (6.5%) 0 158 (94.1%) 165 (79%)
Total 1 31 5 168 209
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Table 8 Wilcoxon tests for difference in proximity to human activi-
ties variables among population trend classes on Shirley I

Variable Chi Square df P

Casey distance 1466.67 4 <0.0001
Sea-ice crossing point distance 1446.62 4 <0.0001
Wind exposure 103.15 4 <0.0001

trends. These layers had less predictive power on Shirley I,
where proximity to human activities explained a significant
proportion of the variability on colony population trends.

Patterson et al. (2003) conducted their study in an area
where increasing mean temperatures led to increased snow-
fall. In the Windmill Is, little attention has been paid to
local effects of climate change, and the modelled change in
snow cover in this study suggested that there was little
change in snow accumulation patterns between the begin-
ning and end of the study period (1959-2005). The results
suggest that while a broader-scale process is driving the
overall increase in Adélie penguin numbers for the Whitney
Pt colonies, differences in snow accumulation patterns
mediate that increase in individual colonies.

Distance from Casey had a significant effect on the popu-
lation trends of colonies at Whitney Pt. The model pre-
dicted trends with 91% accuracy. The fact that the colonies
both closest to and farthest from Casey had strong popula-
tion increases suggests that some other environmental fac-
tor is driving the variability in population trends. At Shirley
I, proximity to human activities had greater predictive
power for colony population trends than at Whitney Pt. Sig-
nificant differences were present among population trend
classes for distance from Casey and from the sea-ice cross-
ing point used by visitors to access the island. While these
results suggest that proximity to human activities was a sig-
nificant driver of Adélie penguin colony population trends,
further investigations are required to separate the potential
effects of station-related activities, such as noise and partic-
ulate emission, and the effects of visits to the colonies by
station personnel, given that Shirley I is downwind of
Casey and the two distance measures covaried.

Previous studies of the effects of human activities on
Adélie penguin population trends have produced site-

specific results. The results of the present study at least par-
tially support the proposition of Woehler et al. (1994) that
visits by station personnel appeared to be causing decreases
in populations among some Adélie penguin colonies on
Shirley I. At Cape Bird on Ross I, Adélie penguin colonies
close to a small research station underwent significant pop-
ulation decreases at a time when the overall penguin popu-
lation was increasing (Young 1990). Human activities there
included helicopter operations, whereas helicopter flights
are routed away from penguin colonies around Casey. Sim-
ilarly, Giese (1996) reported significantly lower breeding
success in Adélie penguin colonies that had been subjected
to daily recreational visitors or to regular scientific nest-
checks. She concluded that the frequency of disturbance
influenced the magnitude of the decrease in breeding suc-
cess. Giese’s study was conducted in a breeding locality
that had been little disturbed by previous human activities.
In contrast, Patterson et al. (2003) investigated colonies on
Torgersen 1 (64° 46" S, 64° 5" W) near Palmer on the Ant-
arctic Peninsula that had been regularly visited by tourists
and researchers for many years. They found that tourism
had no detectable effect on Adélie penguin colony popula-
tion size or breeding success, but noted that landscape-scale
processes were operating. Similarly, Fraser and Patterson
(1997) found no correlation between Adélie penguin popu-
lation trends and human-use histories of breeding localities
in the vicinity of Palmer.

Thomson (1977) found that after the Adélie penguin
population at Cape Royds had decreased markedly, the col-
ony began to recover after the introduction of regulations
preventing helicopter over-flights and people from walking
through the colonies. These restrictions were similar to
those in operation at Shirley 1. Ainley et al. (1983) found
that human activities were likely to be responsible for
reductions in the number of chicks in colonies near a
research hut at Cape Crozier.

A few studies of the effects of proximity and/or exposure
to human activities on the breeding success and population
trends of Adélie penguins have also examined the effects of
habitat modification arising from infrastructure construction
(Wilson et al. 1990; Micol and Jouventin 2001). From these
studies, it appears that the effects of proximity and/or exposure

Table 9 Confusion matrix of

the validated accuracy of the Predicted trend class

Observed trend class

decision tree analysis of colony Class 1 Class 2 Class 3 Class 4 Class 5 Total

population trends at Shirley I

based on proximity to human Class 1 (Strong Dec.) 27 (65.9%) 0 0 0 0 27 (6.3%)

activities variables Class 2 Mod Dec.)  4(9.8%)  7(63.6%) 1(07%) 0 0 12 (2.8%)
Class 3 (Stable) 5(122%) 4(36.4%) 119 (85.6%) 1 (1.8%) 12 (6.7%) 141 (33.1%)
Class 4 (Mod Inc.) 0 0 4 (2.9%) 50 (87.7%) 12 (6.7%) 66 (15.5%)
Class 5 (Strong Inc.)  5(12.2%) O 15(10.8%) 6 (10.5%) 154 (86.5%) 180 (42.3%)
Total 41 11 139 57 178 426
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to human activities are determined by a combination of the
types of activities involved and the history of interactions
between humans and Adélie penguins at a given site.

The results of this study suggest that proximity to human
activities plays a highly significant role in mediating the
observed long-term increases in Adélie penguin numbers in
the Windmill Is. Of the colonies for which long-term
census data are available, the majority of colonies with
decreasing population trends are located at the eastern end
of Shirley I, which is the closest breeding locality to Casey
(Woehler et al. 1991).
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