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Abstract

Surveying seabirds in polar latitudes can be challenging due to sparse human populations, lack of infrastructure and the risk
of disturbance to wildlife or damage to habitats. Counting populations using un-crewed aerial vehicles (UAVs) is a promising
approach to overcoming these difficulties. However, a careful validation of the approach is needed to ensure comparability
with counts collected using conventional methods. Here, we report on surveys of three Antarctic bird species breeding on
Signy Island, South Orkney Islands; Chinstrap (Pygoscelis antarctica) and Gentoo (Pygoscelis papua) Penguins, and the
South Georgia Shag (Leucocarbo atriceps georgianus). We show that images from low-altitude UAV surveys have sufficient
resolution to allow separation of Chinstrap Penguins from contiguously breeding Adélie Penguins (Pygoscelis adéliae),
which are very similar in appearance when viewed from overhead. We compare data from ground counts with manual counts
of nesting birds on images collected simultaneously by low-altitude aerial photography from multi-rotor UAVs at the same
colonies. Results at this long-term monitoring site confirmed a continued population decline for Chinstrap Penguins and
increasing Gentoo Penguin population. Although both methods provided breeding pair counts that were generally within~5%,
there were significant differences at some locations. We examine these differences in order to highlight potential biases or
methodological constraints that should be considered when analysing similar aerial census surveys and comparing them
with ground counts.

Keywords Un-crewed aerial system - UAV - Seabird - Survey - Population - South Orkney Islands - Ecological variability -
Pygoscelis penguins

Introduction Trathan et al. 2015; Phillips et al. 2016; Southwell et al.
2017a). However, obtaining such data from polar regions
is inherently difficult owing to the lack of infrastructure

and volunteer networks that are available at lower latitudes:

Understanding patterns of abundance in wildlife popula-
tions—including those of seabirds—through space and time,

is dependent on the collection of accurate counts at appropri-
ate frequency and scales (Lynch et al. 2015; Hodgson et al.
2018; Rush et al. 2018). In the case of seabirds, which are
one of the most threatened of all bird groups globally (Crox-
all et al. 2012), such information can be critical to conserva-
tion efforts as it allows species at global risk to be recognised
and the importance and condition of specific populations to
be determined, including in the Antarctic (Harris et al. 2015;
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conventional ground-based counts are only possible close
to research stations or during short visits to particular loca-
tions on ships of opportunity (Naveen et al. 2000; Lynch
et al. 2008). Fortunately, a number of developing technolo-
gies have recently become available to seabird researchers,
all of them providing means of overcoming to some extent
the challenges of accessing polar seabird populations. These
include the use of remotely sensed satellite imagery to locate
and estimate the size of colonially breeding bird populations
(Fretwell et al. 2012; Lynch et al. 2012; Fretwell et al. 2015),
and autonomous time-lapse camera systems collecting spa-
tially extensive phenological and reproductive data, replac-
ing the need for direct observation (Southwell et al. 2013;
Lynch et al. 2015; Black et al. 2018; Hinke et al. 2018).
However, whilst satellites can achieve global coverage,
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they also have relatively low accuracy (LaRue et al. 2014;
Fretwell et al. 2017) and occasional errors in colony identifi-
cation (Southwell et al. 2017b), whereas autonomous camera
systems have too narrow a field of view to accurately moni-
tor numbers except in small colonies, making them more
suitable for study of nesting phenology and success than
census work (Black et al. 2018; Hinke et al. 2018). Manned
aerial seabird surveys have been successfully utilised in the
polar regions (Trathan 2004) but are expensive and require
either runways or ships with helidecks to operate.

The use of un-crewed aerial vehicles (UAVSs) has, in
recent years, offered an alternative tool for carrying out sys-
tematic census work on colonial, surface-nesting seabird
species across a wide variety of environments (Sarda-Pal-
omera et al. 2012; Barr et al. 2018; Rush et al. 2018), includ-
ing within the Antarctic and islands of the South Atlantic
(Ratcliffe et al. 2015; Pfeifer et al. 2019; Oosthuizen et al.
2020). Ground counts are a well-established means of accu-
rately assessing numbers of breeding seabirds (CCAMLR
2004). However, following a number of concept studies at
small scales, the increasing reliability, capability and afford-
ability of different UAV platforms have led to a growing
number of ambitious, large-scale seabird population surveys
spread across archipelagos or large islands using vertically
captured, high-resolution imagery (Goebel et al. 2015; Boro-
wicz et al. 2018; Korczak-Abshire et al. 2019).

UAVs provide a means of quickly and accurately survey-
ing seabirds across large areas at high spatial resolution that
would be otherwise unobservable, such as offshore stacks,
tree canopy or wetlands (Linchant et al. 2015; Hodgson and
Koh 2016; Barr et al. 2018; Hodgson et al. 2018). In rugged
and uneven terrain, aerial imagery from UAVs can reveal
nests that might otherwise remain hidden from a ground-
based perspective (Goebel et al. 2015; Brisson-Curadeau
et al. 2017). Crucially, imagery from UAVs can be rean-
alysed at a later date, as the images provide a permanent
record from each survey, and potentially a wealth of addi-
tional data on colony distribution, area, shape, nest spacing
and nest/colony habitat selection (Henriksen et al. 2015;
Chabot and Francis 2016; Rush et al. 2018).

UAVs potentially offer a means of reducing disturbance to
breeding seabirds (or other non-target species) by eliminat-
ing the need for intrusion into colonies on foot (McClelland
et al. 2016; Borrelle and Fletcher 2017; Brisson-Curadeau
et al. 2017). Although the application of UAVs continues
to increase, including in the polar regions, there is concern
over potential flight disturbance impact on seabirds and other
marine wildlife, with a number of studies seeking to estab-
lish safe operating procedures to prevent wildlife disturbance
(Borrelle and Fletcher 2017; Brisson-Curadeau et al. 2017,
Rummler et al. 2018; Weimerskirch et al. 2018). Based on
data from existing studies using UAVs, current recommen-
dations relating to the use of UAVs on Antarctic wildlife
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by the Scientific Committee on Antarctic Research (SCAR)
highlight the need for further studies evaluating the use of
such platforms in wildlife research (Mustafa et al. 2018).
Nevertheless, given the known risks of ground survey dis-
turbance to breeding colonial birds (Carney and Sydeman
1999), when used appropriately, UAVs are able to collect
comparable data in a significantly shorter time than ground-
based surveys of the same-sized colonies, without undue
disturbance (Rush et al. 2018; Vas et al. 2018; Valle and
Scarton 2020).

There are also some drawbacks to the use of UAVs, com-
pared with ground surveys: reduced opportunities to carry
out surveys owing to inclement weather preventing flights,
potential for loss or failure of equipment curtailing sur-
veys and potential difficulties in obtaining permits at both
national and local levels (Ratcliffe et al. 2015; McClelland
et al. 2016; Callaghan et al. 2018). A need for trained per-
sonnel and capital investment needed to procure equipment
can also limit wider application, although the recent growth
of the consumer-grade UAV market mean UAVs are now
easier to fly and more affordable than was previously the
case (Rummler et al. 2015; Hodgson et al. 2018; Mustafa
et al. 2018).

Modern UAVs commonly used for wildlife surveys can
be classified into two main categories: multi-rotor and fixed-
wing (Verfuss et al. 2019). Fixed-wing UAVs offer a longer
flight time and greater survey range than multi-rotor UAVs
but require a flat area for launch and landing (Verfuss et al.
2019). Their higher flight speeds, lower manoeuvrability
and operation beyond visual line of sight require higher
safe operational altitudes, resulting in a reduction in image
resolution which impairs identification of similar species
in mixed species colonies and separation between breeding
and non-breeding birds (Zmarz et al. 2018; Korczak-Abshire
et al. 2019; Pfeifer et al. 2019). Fixed-wing platforms are
therefore most suited to surveys of single-species colonies,
although differences in nest spacing patterns and habitat
type may allow separation of species in some circumstances
(Zmarz et al. 2018). Multi-rotor platforms are small, port-
able and have vertical take-off and landing capability allow-
ing deployment from boats or rugged terrain (Goebel et al.
2015; Ratcliffe et al. 2015; Verfuss et al. 2019). Their slow
flight speed and high manoeuvrability allow low-altitude
surveys and hence higher-resolution images compared to
fixed-wing UAVs and manned flights (Borowicz et al. 2018;
Hodgson et al. 2016, 2018), making it possible to separate
species in mixed colonies by their field characteristics and
non-breeders by their posture (Rush et al. 2018; Magness
et al. 2019). Both platform types therefore have complemen-
tary roles in surveying of seabird colonies, with fixed-wing
UAVs being most suitable for long-range surveys of single
species colonies from a flat launch site and multi-rotors for
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short-range surveys of mixed species colonies from boats
or rough ground.

The Western Antarctic Peninsula and Scotia Sea have
been identified as regions undergoing rapid environmental
change, including increasing air and ocean temperatures and
reductions in seasonal sea-ice extent and duration (Vaughan
et. 2003; Forcada et al. 2006; Ducklow et al. 2007; Stammer-
john et al. 2008a, b; SCAR 2009; Turner et al. 2016). Across
the region, seabird census data (in particular for three spe-
cies of Pygoscelis penguins which are similar in appearance
and breed sympatrically at numerous sites) have revealed
significant population trends that have in turn been linked to
changes in their environment, especially sea ice (Fraser et al.
1992; Trathan et al. 1996; Lynch et al. 2012), and regional
environmental indices such as the Southern Annual Mode
(Forcada and Trathan 2009) and the El Nifio-Southern Oscil-
lation (Trathan et al. 2006, 2007; Trivelpiece et al. 2011).
Seabirds thus represent a practical indicator of change in
the Antarctic marine ecosystem. Improving accuracy, fre-
quency and spatial extent of counts is important to not only
understand the dynamics driving specific populations, but
to provide the latest site-wide census data needed to correct
bias in size distribution of local-scale counts and in so doing
contribute to seabird abundance monitoring at a regional
scale (Lynch et al. 2012, 2013; Dunn et al. 2016).

Here we describe an island-wide population survey
using multi-rotor UAVs to collect aerial images of three
colonial, surface-nesting seabird species breeding at Signy
Island, South Orkney Islands, during the austral summers
2016/2017 and 2017/2018. We selected multi-rotor UAVs
as the survey required high-quality images to identify incu-
bating Chinstrap Penguins (Pygoscelis antarctica), Gentoo
Penguins (Pygoscelis papua) and South Georgia Shags (Leu-
cocarbo atriceps georgianus) and separate these from non-
breeding conspecifics and sympatrically breeding Adélie
Penguins (Pygoscelis Adéliae) that were not included in
the census as the timing of the survey was too late in their
nesting season. We compared count data collected using
UAV aerial imagery with simultaneous ground counts of
the same colonies to determine comparability between UAV
and ground counts and to allow for a sound quantitative
adjustment for any method-related differences in data bias
between protocols. We also tested the potential for UAVSs to
extend counts to nearby islets that were previously inacces-
sible owing to a lack of boat transportation. Additionally, we
present the latest (2017/18) whole-island counts of Chinstrap
and Gentoo Penguins at Signy Island and compare these
with previous surveys.

Materials and methods
Study site and species

Our study was carried out at Signy Island, South Orkney
Islands (60°42°S, 45°36°W, Fig. 1). The British Antarctic
Survey established a research station on the island in 1947
and has since undertaken long-term research on penguins
and other taxa, so the distribution and population trends are
well known for a number of seabird species (Dunn et al.
2015, 2016). Gentoo Penguins breed at the northern end of
the island (North Point), whilst Chinstrap Penguin colonies
are located at North Point, Gourlay Peninsula, the south-
west coast (Fyr Channel) and on several offshore islands
(Confusion, Moe, Mariholm and Oliphant, Fig. 1), although
access to the offshore islands is limited owing to boats being
unavailable. A census in 2009/2010 counted 1,300 pairs of
Gentoo Penguins and 19,500 Chinstrap pairs breeding at
Signy (Dunn et al. 2016). Although not part of this study,
there are also approximately 18,300 pairs of Adélie Penguins
breeding at Signy (Dunn et al. 2016). All penguin species
nest sympatrically at Signy: Chinstrap colonies occupy slop-
ing ground with large boulders and rock outcrops, whilst
Gentoo colonies are found on higher ground and elevated
headlands usually ~20 m from the nearest Chinstrap colony
(White and Conroy 1975; Volkman and Trivelpiece 1981;
Williams 1995). On Signy, the difference in breeding chro-
nology between Adélie and Chinstrap Penguins results in the
former beginning their breeding season two to three weeks
earlier. Although this results in little intermixing of nest sites
between the two species, it is not uncommon at Signy for
nesting Chinstraps to settle around the edge of Adélie colo-
nies, creating contiguous boundaries. Gentoo colonies are
discrete from those of the other species. An estimated total
island population of 306 breeding pairs of South Georgia
Shags have been recorded during the 2016/2017 breeding
season at Signy (Dunn 2020). South Georgia Shags breed on
sea cliff ledges and slopes at two locations: North Point on
the main island and Shagnasty Island (Fig. 1) that is acces-
sible on foot during low spring tides.

Field equipment used

The UAV we used during the 2017/2018 breeding season
was an Inspire 2 quadcopter (DJI, Shenzhen, China; https://
www.dji.com/uk/inspire-2) equipped with a DJI Zenmuse
X5s Camera with Micro 4/3 Sensor and wide-angle fixed
lens DJI MFT 15 mm/1.7 ASPH 24 mm equivalent (https://
www.dji.com/zenmuse-x5s/info). The Inspire 2 has approxi-
mately 20 minutes of flight time on a single charge. A second
aircraft, the DJI Phantom 4 Pro quadcopter with integrated
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Fig. 1 Location of South Orkney Islands: locations of Chinstrap and Gentoo Penguin and South Georgia Shag breeding colonies on Signy Island

are shown—see text for further details

camera mounting a FOV 94° 20 mm {/2.8 lens and similar
flight duration, was used for the 2016/2017 season and partly
in the 2017/2018 season (https://www.dji.com/uk/phantom-
4-pro). It is smaller and less robust than the Inspire 2, but
more suitable for hand launches and captures on uneven
terrain. In the case of both UAVs, a sufficient number of
batteries were taken into the field each day to complete the
planned surveys. Batteries were subsequently recharged at
the research station.

Survey methods

Surveys of the same colonies were conducted using counts
by observers on the ground and aerial surveys using UAVs:
ground counts took place immediately following the UAV
survey at each colony. Ten Gentoo and eleven Chinstrap
colonies were surveyed during 2016/2017 using both direct
counts and UAVs. In 2017/2018, an all-island survey of
Chinstrap Penguins (104 colonies in total) was carried out
by UAV (including all of Signy and the offshore islands Con-
fusion, Oliphant and Shagnasty), with ground counts also
conducted for 56 of the mainland colonies. The offshore
island counts were omitted in previous years as they were
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not accessible. Both of the South Georgia shag colony areas
on Signy were surveyed during 2017/2018 (ground counts
and UAV aerial surveys).

Ground surveys of penguin colonies followed the meth-
ods detailed by the Commission for the Conservation of
Marine Living resources (CCAMLR) Ecosystem Monitor-
ing Programme (CEMP) (CCAMLR 2004). Each spatially
discrete group of breeding birds was defined as a colony
and complete counts made of each (CEMP Method A3A),
(CCAMLR 2004). The count unit was apparently occu-
pied nests (AONs), which gives an approximation of the
number of breeding pairs. An AON was defined as a bird
lying or sitting on a ring of pebbles. Surveys must be con-
ducted within one week of the peak of egg laying to be accu-
rate: too early and later laid AONs will be missed and too
late and a proportion of AONs will have failed. Optimal
dates for the Chinstrap surveys were therefore determined
from study colonies where nesting phenology data were col-
lected every three days (CCAMLR 2004). Chinstrap counts
took place between 8 and 24th December in both 2016/2017
and 2017/2018, and Gentoo surveys took place on the 29th
November in the 2016/2017 season only. The surveys were
too late in the season to be accurate for the earlier nesting
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Adélie Penguins, but separating them from the very similar
looking Chinstrap penguins in mixed colonies presented a
key challenge for the UAV surveys (see below).

For South Georgia Shag surveys, optimal survey dates
were based on observed phenology during approximately
weekly visits to the North Point colony in each survey year.
When the peak of laying was reached, all South Georgia
Shag AONSs (birds sitting on a pedestal nest) were counted.
During the 2017/2018 season, laying peaked on 19th and
20th December, but the date varied between 13th November
and 27th December between 1996/1997 to 2019/2020 (BAS
unpublished data). Counts of the Shagnasty Island colony
were also conducted in 11 of the intervening years.

Ground count protocol

Ground surveys were carried out using: (a) visual scan
counts with a tally counter, conducted from the edge of
the colony or adjacent vantage points of between 30—50 m
distance using binoculars (repeated by two observers until
counts were within 10% of one another); (b) taking an
oblique digital photograph (Canon EOS 60D Digital SLR
with Canon EF-S 17-55 mm £/2.8 IS USM lens) of the col-
ony from a vantage point and then counting individual occu-
pied nests on the images taken or; (c) using capture-mark
counts involving observers walking through the colony and
spraying each AON with wildlife-safe livestock marker dye
to avoid omission or double counting of nests (CCAMLR
2004). Method (c) was only used for smaller colonies (<400
AONSs), although in some cases counts at several adjacent
sub-colonies were made using this method and combined.
As Method (c) resulted in some disturbance to incubating
birds (birds sometimes left their nests but usually returned
quickly), such counts were only conducted after the UAV
surveys had been completed.

Un-crewed aerial vehicle survey protocol

All flights took place in dry conditions in wind speeds below
15 knots (7.7 ms™'). Survey areas were marked out with
coloured plastic sheets weighed down with stones; GPS
coordinates of these were recorded to allow subsequent geo-
referencing of images. A cloth “helipad” was used to protect
the drone from dust and guano during take-off and landing,
which was positioned on a flat area at least 30 m distant from
any nesting birds to reduce disturbance (Junda et al. 2015;
Mustafa et al. 2018; Rummler et al. 2018). The location and
name of the colony were written on a small whiteboard,
and a photograph of this was taken with the UAV camera
to allow subsequent image identification. Camera SD cards
were changed after every flight to secure the data in case the
drone was lost subsequently. An observer assisted the pilot
with flight preparations, warned of potential hazards during

flights (such as the approach of flying birds or squalls) and
recorded behavioural responses of the birds to disturbance.

The UAVs were flown manually rather than on pre-
planned routes as most colonies were relatively small and
often located in areas of complex terrain. Surveys were
conducted at a constant altitude of 35 m above ground
level, during which overlapping images were taken using a
“lawnmower” flight pattern to cover the entire colony area
(Fig. 2a). This altitude provided a good compromise between
the swath of the transect, image resolution and risk of dis-
turbance to birds (Mustafa et al. 2018). The resolution from
this altitude was sufficient to discriminate between similar
penguin species nesting in mixed colonies (see below). We
found altitudes higher than 35 m above ground reduced the
resolution of the images, making identification less certain.
Most images were taken with a vertical camera angle but,
where colonies occupied broken terrain, oblique images
were also taken to detect birds that were not visible from
above. The average time taken to survey each colony using
a UAV was five minutes.

The shags nesting offshore are infrequently visited by
researchers, leading to concern that these individuals might
be particularly sensitive to disturbance. As a precaution, we
increased the UAV survey height to 50 m (for both shag
colonies to maintain consistency). Shags have large pedestal
nests and are very different in appearance from contiguously
nesting chinstrap penguins, so identification from this alti-
tude did not present problems.

Data analyses

Images were processed and nests counted immediately after
collection. Adobe Lightroom (https://www.adobe.com) was
used to download, edit, batch-name and archive all images,
and a panoramic stitch software, AutoPanoGiga Pro (http://
www.autopano.net), was used to create mosaic images for
colonies surveyed with multiple frames. Adobe Photoshop
(https://www.adobe.com) was used to label the stitched
mosaics and zoom in to analyse image clarity and accuracy.
Fiji-Image J (https://imagej.net/Fiji), an open-source free
counting software, was used to manually count nests in the
images. Each bird in an image was inspected and labelled
according to species and whether or not it qualified as an
AON. Where this was difficult to determine in aerial pho-
tographs, other clues such as bird body posture and guano
streaks around the nest and on the back of individual birds
were used to help differentiate between incubating and off-
duty/non-breeding birds (Fig. 3).

Careful attention was necessary to omit unoccupied nests
and non-breeding birds, the latter distinguished as standing
upright as opposed to lying down in an incubation posture,
or lying/standing on ground with no signs of nesting material
beneath them. Other species not targeted for the survey were
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Fig.2 UAV images of adjacent Chinstrap Penguin colony C100
(right of green line) and Adélie Penguin colony A47 (left of green
line), Signy Island. a=image taken at 35 m height. b=magnified
image allowing most nesting birds to be identified to species. The
green line represents the boundary between the Adélie and Chinstrap
colonies. Adélies are to the left of the line and chinstraps to the right.
c=Morphometric features used to distinguish between Adélie and
Chinstrap Penguins

also omitted: in most cases, this was Adélie Penguins nesting
immediately adjacent to chinstrap colonies. Species were dis-
tinguished based on their size and markings: Chinstrap Pen-
guins were discriminated from Adélies by their white facial
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Fig.3 Examples of non-breeding Chinstrap Penguins (red dots) and
apparently occupied nests: distinguishing features include posture,
presence/absence of nest material, presence/absence and radius of
guano streaks and guano on back of bird

plumage and smaller area of black head colouration although
this character is subtle when viewed from above and requires
high-resolution images for it to be visible (Fig. 2b, c). Occasion-
ally penguins were unidentifiable and were either discounted
if located along a shared colony boundary, or else classed as
the same species as neighbouring birds. Gentoo Penguins were
easily distinguishable from both Adélie and Chinstrap Penguins
by their white head markings, larger size and orange beak. The
six Gentoo Penguin colonies were also located some distance
away from Adélie and Chinstrap colonies.

Paired t-tests were used to compare whether counts made
at the same colonies, within years and species, differed signifi-
cantly. A standard linear regression model was used to examine
the relationship between UAV and ground count data across
all penguin species and years combined. We used the function
linearHypothesis from the CAR package in Program R, to test
whether the slope of each regression differed significantly from
one (i.e. representing a 1:1 correspondence between UAV and
ground count data). We used the Cook’s D statistic from the
influencePlot function within CAR to identify any outliers that
had a large influence on the slope estimate. If these were evi-
dent, we fitted a robust regression model with Huber weights
using the MASS package in program R, which reduces the
influence of outliers on the slope estimate.

Results

Comparisons of ground and un-crewed aerial
vehicle counts

In 2016/2017, comparison of ground counts with UAV
counts at a sample of 16 Chinstrap Penguin colonies on the
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same day estimated 1384 and 1352 AON:s, respectively,
a-2.3% difference (Online Resource 1). In 2017/2018, all
Chinstrap Penguin colonies and sub-colonies (104) were
surveyed on Signy using UAVs and 56 of these were also
surveyed using ground counts. UAV counts estimated 6006
and ground counts 6345 AONs, a difference of —5.3%
(Online Resource 2). Paired t-tests at the scale of indi-
vidual colonies showed that these small differences were
not significant in either year between the 11 Chinstrap Pen-
guin colonies in 2016/2017 (¢=-1.11, degrees of freedom
(df)=10, p=0.294) and 56 Chinstrap Penguin colonies in
2017/2018 (r=1.36, df=55, p=0.1799, Fig. 4). All six Gen-
too Penguin colonies on Signy were surveyed by both UAV
and ground count methodology in 2016/2017. There was
a -0.2% difference between Gentoo Penguin pair numbers
recorded from UAV aerial imagery (914 pairs) compared
to ground counts (916 pairs, Online Resource 3). The six
Gentoo Penguin colonies showed no significant difference
between UAV imagery and ground surveys (1=0.11, df=35,
p=0.9154, Fig. 4). Pooling penguin species and years, a
linear regression of UAV counts against ground surveys at
the same colonies produced a positive relationship with a
slope of 1.08 (standard error (SE)=0.02, n="73), which dif-
fered significantly from one (F=17.36, df=1, p <0.0001,
Fig. 4). The count of the largest Chinstrap colony was an
obvious negative outlier that exerted a large leverage on the
slope (Cook’s D=9.23), where UAV counts estimated num-
bers 17.8% higher than the model estimate (Fig. 4, Online
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Fig.4 Comparison of UAV and ground survey counts for penguin
colonies, Signy Island: Linear regression lines are shown, with stand-
ard linear regression as solid line and regression including Huber
weights shown as dashed line. Regression equations are shown in
the plot. Blue circles indicate Chinstrap colonies (2016/2017 and
2017/2018) and red triangles indicate Gentoo colonies (2016/2017)

Resource 2). The robust regression with Huber weights
reduced the regression slope to 1.01 (SE=0.003, n=73,
Fig. 4). Although this slope was very close to one, it still dif-
fered significantly from one (F=13.49, df=1, p<0.0001),
owing to the very small standard error of the estimate.

A total of 304 South Georgia Shag AONs were identi-
fied from UAV images and 281 pairs were identified from
ground counts in 2017/2018 (Online Resource 4), equating
to a difference of + 8.2%. However, ground counts and UAV
surveys recorded 129 AONs and 130 AON:Ss, respectively,
at the Shagnasty Island colony, and 152 and 174 AONs at
the North Point colony; a difference of +0.8% and + 14.5%,
respectively, between ground and UAV counts.

Only minor behavioural responses were observed from
any of the target species surveyed during UAV flights: no
breeding birds were observed to leave their nests during
UAV surveys, but during landings some head-turning was
noted in Chinstrap Penguins at the border of colonies 30 m
away. No collisions between the UAVs and flying seabirds
occurred, even though skuas (Stercorarius spp.) and petrels
(Southern Giant Petrel Macronectes giganteus, Cape Petrel
Daption capense, snow petrel Pagodroma nivea and Wil-
son’s Storm Petrel Oceanites oceanicus) utilised the airspace
above the surveyed colonies.

Penguin population counts and trends

The total number of Chinstrap Penguin AONs counted by
UAVs in 2017/2018 was 19,419 (Online Resource 5). The
last all-island Chinstrap Penguin count in 2009/2010 did
not include offshore islands, so excluding these produces
a total of 18,137 AONSs for the mainland of Signy alone in
2017/2018 (Online Resource 5). This equates to a decrease
of 7.1% (—0.9% per annum) from the previous Chinstrap
Penguin survey (ground count) of 19,530 pairs carried out
on Signy in 2009/2010 (Dunn et al. 2016).

All six Gentoo Penguin colonies on Signy were surveyed
by both UAV and ground count methodology in 2016/2017
(Online Resource 3). Overall, AON numbers from each
count method both showed the same increase in Gentoo pairs
of 21.4% (equalling +2.8% per annum) since the 2009/2010
Gentoo Penguin ground count (Dunn et al. 2016).

Discussion

This study shows close comparability between ground
counts and UAV surveys for three different species of Ant-
arctic seabird. A 5% threshold for count repeatability has
been recommended in previous studies reporting the size of
penguin populations in the Antarctic (Woehler and Croxall
1997; Naveen et al. 2000; CCAMLR 2004; Borowicz et al.
2018) and in our survey counts of penguin colonies using
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UAVs and ground counts within colonies on the same day
were at or below this value. The regression of UAV counts
against ground counts showed a slope value of 1.01, and
while this differed significantly from a 1:1 correspondence,
it falls within an accuracy threshold of +5%. This conforms
with our practical requirements for estimates to be within 5%
of each other to be considered comparable. Previous stud-
ies have also found that UAV counts are similar to ground
counts (Chabot et al. 2015; Hodgson et al. 2016, 2018), thus
allowing direct comparisons of trends through time or rela-
tive abundance through space across methodologies without
the need for correction factors.

The largest Chinstrap Penguin colony showed the high-
est deviation from a 1:1 count ratio, with larger numbers
of nests counted from UAV images than by ground count
estimates. The ground counts for this colony (C65) were
carried out from adjacent vantage points at a distance of
between 30-50 m using binoculars and a tally counter. We
believe the higher number of AONs recorded from UAV
images reflects visual count underestimates, as has been
reported in previous studies (Frederick et al. 2003; Buck-
land et al. 2012; Chabot and Francis 2016). The accuracy of
scan counts from the ground is likely to decline as colony
size increases: distant birds are likely to be obscured behind
those closer to the observer and it becomes increasingly dif-
ficult for observers to keep track of which nests have been
counted (Hodgson et al. 2016). Increasing distances from the
observer in larger colonies will also increase the likelihood
of identification errors, and nesting birds can more easily
be obscured by topography or vegetation (McClelland et al.
2016). Errors can also be inconsistent among species and
locations: UAV and ground counts for the two South Geor-
gia Shag colonies at Signy, differed by as little as < 1% at
Shagnasty Island and as much as around 8% at North Point.
We believe this is due to inaccuracies in the ground counts
at North Point, where a number of nests on cliff ledges were
not visible to the personnel carrying out the ground count.
This undercounting by the ground survey at one of the two
colonies consequently led to the combined population dif-
ference of ~8% between the two methods. In contrast, in
the case of the Gentoo Penguin survey, the close similarity
of ground and UAV counts we report was expected, since
at Signy this species builds large, clearly defined nests on
exposed ground in small colonies (<360 pairs) where there
are no features obscuring visibility.

We demonstrate that low altitude multi-rotor UAV sur-
veys are capable of obtaining sufficiently high-resolution
images to allow accurate identification of Chinstrap and
Adélie Penguins from appearance, despite both species look-
ing very similar from above and the boundaries of several
colonies being contiguous. This would not be possible from
higher altitude surveys using fixed-wing UAVs or manned
aircraft, which would instead depend on other cues such as

@ Springer

nest spacing, habitat or guano colouration to separate spe-
cies (Trathan 2004; Pfeifer et al. 2019). This is more likely
to result in identification errors unless the species-specific
colony boundaries are first ground-truthed (Waluda et al.
2014).

Aerial images taken by UAVs can provide a permanent
record for future reference, facilitating careful and reliable
examination of every visible nest: count units can be marked
to avoid double and repeat counting, allowing a systematic
review of the entire colony and the establishment of clearly
defined subdivisions within its boundaries (Hodgson et al.
2018; Rush et al. 2018). The creation of a photographic
map also facilitates the study of additional variables such
as colony site selection, nest spacing patterns and density
(Henriksen et al. 2015; Chabot and Francis 2016).

In our study, manual counting of AONs from images by
experienced observers familiar with the species enabled
accurate counts to be made from the UAV images, as has
been done in previous surveys (Sarda-Palomera et al. 2012;
Hodgson et al. 2016, 2018). This was feasible for the rela-
tively small number and sizes of the colonies being surveyed
but could become an onerous task in situations where much
larger mixed colonies occur. Computer vision is capable of
identifying and counting single-species colonies (Trathan
2004; McClelland et al. 2016; Borowicz et al. 2018) and
has already been proven to work with gull species of similar
appearance in mixed colonies (Rush et al. 2018). However,
the extreme similarity between Adélie and Chinstrap Pen-
guins may present a challenge for automated identification
of species, but we aim to investigate the feasibility of this
in future work.

This study confirms a continuing and significant long-
term decline in Chinstrap Penguin breeding pairs at Signy
since the late 1970s (Dunn et al. 2016), the population hav-
ing fallen by 70% up to 2017/2018. The smaller Gentoo Pen-
guin population has also continued a long-term trend (Dunn
et al. 2016), in this case increasing by ~ 150% over the same
period. The ongoing changes in population trends of these
two Pygoscelis penguin populations at Signy, coupled with
similar population trends for the same species at other sites
across the Scotia Arc and West Antarctic Peninsula (Hinke
et al. 2007; Barbosa et al. 2012; Lynch et al. 2012; Lynch
2013; Clucas et al. 2014), highlight the importance of con-
tinued and comprehensive long-term monitoring, at Signy
and elsewhere, which is essential if we are to understand the
large-scale processes that act as drivers of these changes.

Our study provides impetus to extend UAV survey work
in the South Orkney region. Additional future UAV surveys,
potentially with ground counts for further validation, of the
declining Adélie Penguin and Southern Giant Petrel popu-
lations at Signy (Dunn et al. 2015, 2016), would be desir-
able, particularly as the latter is highly sensitive to observ-
ers approaching colonies on foot. Previously, the all-island



Polar Biology (2021) 44:717-727

725

surveys of Chinstrap and Adélie Penguins at Signy have
been limited to an approximately decadal time frame, owing
to the scale of the task of performing these using ground
counts (Dunn et al. 2016). The future use of small, portable
multi-rotor UAV platforms such as those used in this study
will allow more frequent, entire-island population surveys
to be carried out at Signy. Multi-rotor UAV surveys could
also be extended to obtain breeding success data, collect-
ing information on individual nest survival by carrying out
surveys at the peak of incubation and at the end of the brood
period when chicks leave their nest to form creches. Surveys
of near-fledged chicks at the end of the créche period could
be used to quantify productivity (chicks fledged per pair) at
the sub-colony level.

This study used UAVs to extend surveys beyond the
mainland of Signy to include small nearshore islets, that
have been inaccessible since cessation of boat operations
in the 1990s. Future use of multi-rotor UAVs with greater
flight endurance would allow surveys to extend across the
Moe Island Antarctic Special Protection Area (ASPA) or
nearby colonies on Coronation Island to the north. The port-
ability and speed of deployment of multi-rotor UAVs also
allow them to obtain accurate surveys during brief visits to
colonies from expedition or tourist ships, extending sam-
pling more widely. Use of fixed-wing UAVs has potential
to survey colonies across the whole of the South Orkneys
when operating from the bases at Signy and Laurie Islands,
and improvements in camera technology may soon allow
species identification from the higher altitudes these oper-
ate at. The South Orkneys are particularly poorly surveyed
for seabirds owing to only two research stations being pre-
sent in the whole archipelago and visits by tourist ships that
provide researchers with access to sites across much of the
South Shetlands and Antarctic Peninsula being rare (Naveen
et al. 2000; Lynch et al. 2008; Clucas et al. 2014). As a
consequence, many sites have not been visited since brief
yacht surveys in the 1980s (Poncet and Poncet 1985). UAV
surveys are therefore poised to revolutionise surface nesting
seabird surveys at the South Orkneys in particular but also
more widely across Antarctica.
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