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Abstract

Monitoring changes in wildlife populations over time requires regular assessments using robust methodologies. For many
species of seabirds, including Antarctic penguins, population assessments have traditionally involved on-ground methods
using standardised approaches. Recently, uncrewed aerial vehicles (UAVs) have emerged as a complementary tool to address
challenges with traditional methods. To understand any potential impacts of this methodological shift on long-term datasets,
we compared on-ground counts with two independent counts from UAV-derived imagery from 12 sites across the Antarctic
Peninsula. We also investigated changes to breeding phenology at one site on the Peninsula, to help to contextualise other
factors that influence population sizes across different temporal scales, as UAV surveys are usually conducted opportunisti-
cally and so may not capture peak populations. Whilst on-ground and UAV counts generally showed close comparability,
only half of the counts fell within the generally accepted 5% repeatability threshold. UAV counts tended to be higher and
more consistent with each other than on-ground counts, suggesting the UAV counts were more accurate, and may have
captured parts of colonies missed during on-ground surveys. We observed significant variation in breeding phenology, and
a negative correlation between survey timing and counts of breeding success. Through comparing our counts with historic
data, our findings confirm gentoo penguin (Pygoscelis papua) population growth across the Peninsula, and showed mixed
results for chinstrap (Pygoscelis antarctica) populations. We discuss potential sources of discrepancy between the methods
and considerations for using UAVs in penguin surveys, particularly for informing management decisions.
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Introduction

To understand and record changes to wildlife populations

across time, regular assessments of population size are

54 Mairi Hilton essential. Timely and accurate monitoring data facilitate
mairihilton @ gmail.com informed decision-making, potentially leading to more
effective management and improved conservation outcomes
(Robinson et al. 2018). For many species of seabird, popu-
lation assessments have traditionally involved on-ground
methods where researchers hand-count the number of
nests, often by entering the colonies (Hodgson et al. 2018).
Such methods have become well established in Antarctica,
including population monitoring of brushtail penguins
(Genus Pygoscelis; Cobley and Shears 1999; Trathan et al.
2008; Dunn et al. 2019). Standardised approaches for con-
ducting on-ground surveys have been developed (Agnew
1997; CCAMLR 2014) and applied across multiple sites,
enabling population trends to be monitored and compared
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across space and time (Lynch et al. 2008; Dunn et al. 2019;
Herman et al. 2020).

There are, however, several drawbacks with on-ground
survey methodologies, particularly in locations such as
Antarctica. Penguin colonies are often remote, or in areas
of complex topography, presenting access and observation
challenges, especially where colonies extend over large
areas of terrain where parts of a colony may be difficult to
access (Trathan 2004; Dickens et al. 2021; Dunn et al. 2021).
Brushtail penguin colonies can range in size from tens of
birds to hundreds of thousands (Lynch et al. 2008; Borowicz
et al. 2018; Herman et al. 2020), so opportunities to conduct
surveys at larger colonies can be both challenging and time
consuming. Colonies that are remote from research stations
are generally limited by logistical opportunities and tem-
poral constraints (Pfeifer et al. 2019; Dickens et al. 2021).
Researcher proximity to birds can also cause disturbance
(Chabot and Bird 2012), which may cause birds to temporar-
ily abandon their nests (Ellenberg et al. 2015), potentially
with long-term influences on population size (Bricher et al.
2008).

To help address these issues, there has been a recent
increase in the use of uncrewed aerial vehicles (UAVs)
to survey seabird populations (Hodgson et al. 2018; Rush
et al. 2018; Dickens et al. 2021), including penguins (Rat-
cliffe et al. 2015; Pfeifer et al. 2019, 2025; Dunn et al. 2021;
Krause et al. 2021; Dickens et al. 2021; Pina and Vieira
2022). Surveys are generally conducted by flying the UAV
over colonies and capturing vertical images, which are then
combined in post-processing to produce a single, mosaic
image of the complete colony. Researchers can then count
the number of nests from this mosaic image, including
through the use of automated methods (e.g. Borowicz et al.
2018; Qian et al. 2023). Images can also be stored for later
reference, or recounted as software methods evolve.

By eliminating the need to enter colonies, UAVs can
help reduce disturbance (Chabot et al. 2015; Krause et al.
2021). However, as penguins have aerial predators whilst
on land, they can exhibit aggressive or escape behaviours if
UAVs are flown too close, as the UAV may be perceived as
a threat (Riimmler et al. 2018; Harris et al. 2019). Neverthe-
less, it has been demonstrated that the disturbance impacts
on nesting penguins are reduced compared to ground survey
methods (Krause et al. 2021), if UAV surveys observe rec-
ommended minimum flight heights (see e.g. Mustafa et al.
2018b; Harris et al. 2019).

Alongside reducing disturbance, there are further benefits
to surveying using UAVs. They can make previously inac-
cessible sites accessible to researchers (Dunn et al. 2021;
Dickens et al. 2021), and the top-down vertical view can also
reveal birds that may have been obstructed from sight dur-
ing on-ground surveys (Chabot and Bird 2012). UAVs also
facilitate surveying of larger colonies due to the increased
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rate of surveying (Borowicz et al. 2018; Pfeifer et al. 2019),
and the images captured provide a permanent record of the
colony at that time, which can be used to assess environ-
mental information related to colony distribution or habitat
variables (Hodgson et al. 2018).

To ensure that new census counts from UAV surveys are
comparable with historical long-term datasets, UAV meth-
ods must be rigorously evaluated. Some penguin colonies
have been monitored using traditional on-ground methods
for several decades (Santos et al. 2018; Dunn et al. 2019,
2021), so it is vital that these datasets are not compromised.
Previous research has demonstrated that UAV and on-ground
surveys conducted on the same day are within +5% (e.g.
Dunn et al. 2021), the generally accepted threshold used
to ensure count repeatability for brushtail penguin sur-
veys (Croxall and Kirkwood 1979). Other studies compar-
ing UAV and on-ground surveys for other seabird species
have even found that UAV surveys can yield more accurate
counts than traditional methods (Hodgson et al. 2016, 2018),
though the accuracy is affected by several factors including
the quality of the UAV imagery, terrain, weather (precipita-
tion, cloud cover) and species composition (Chabot and Bird
2012; Pfeifer et al. 2025). Yet, to date, there has been no
wide-ranging comparison of on-ground and UAV surveys
for Antarctic penguins. As UAVs are increasingly used for
estimating penguin population size, a broader understanding
about methodological limitations is needed.

In addition to better understanding the influence of survey
methodology, interpreting long-term population trends also
requires an understanding of other factors that influence pop-
ulation sizes across different temporal scales. Traditional on-
ground survey methods are generally conducted in a manner
that ensures that peak nesting is captured (CCAMLR 2014),
so that between-year surveys are comparable (Trathan 2004;
Dunn et al. 2021), which is important as gentoos are known
to show significant inter-annual fluctuations in phenology
(Hinke et al. 2012; Black 2016). However, UAV surveys of
penguin colonies are often opportunistic, given the types of
ship platforms used. Consequently, it is important to under-
stand how the timing of surveys is likely to influence popula-
tion estimates, regardless of survey method.

Here, we used data from the 2023/24 Austral summer
to compare counts of penguin colonies collected by UAV
and traditional on-ground methods. Using data from a range
of sites, we identified where differences in counts between
methodologies arose, investigated possible causes of those
differences, and compared the counts from our surveys
with previous counts for each colony. We also investigated
changes to breeding phenology at one site on the Antarctic
Peninsula, Goudier Island, where on-ground surveys have
been undertaken for over 20 years. We discuss the implica-
tions this may have when comparing counts between survey
methodologies and assessing long-term population trends.
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Methods
On-ground survey methods

We used two different approaches to estimate penguin
population size using on-ground surveying methods. The
first was the Convention on the Conservation of Ant-
arctic Marine Living Resources (CCAMLR) Ecosystem
Monitoring Programme (CEMP) standardised method for
assessing penguin breeding population size (CCAMLR
2014), which involves selecting one penguin sub-colony
that is monitored every two days to determine the number
of nests, number of nests with eggs, and then the num-
ber of nests with chicks. The observer stands at the edge
of the sub-colony, or enters the sub-colony if necessary,
and records each nest and how many eggs or chicks are
present. Once 95% of nests in the sub-colony have eggs
(then later chicks), a colony-wide survey is triggered.
The CEMP method therefore provides information on
breeding population size, breeding success, and breeding
phenology.

Although this method is more informative, it requires
nearly continuous researcher presence, which is typically
only possible at research stations or at long-term camps.
For the majority of our sites, we therefore used a modi-
fied CEMP procedure, which involved observers recording
nest counts from near or within the colony, and repeating
counts three times to ensure that counts were within + 5%,
with additional repeats if the counts were not within this
margin. Observers worked in pairs, but counted separate
parts of the colony to ensure the entire colony was counted
within the time available. The relationship between counts
observed and timing of peak egg-laying was therefore not
documented, but we believe nonetheless provides a robust
and comparable estimate of the peak nesting population
in almost all cases.

Un-crewed aerial vehicle survey method

UAV surveys were conducted using DJI Mavic Enterprise
3 Thermal aircraft. All surveys were flown at a mini-
mum height of 50 m. Previous research has flown UAVs
at heights of 35 m for gentoo (Dunn et al. 2021) and
30 m for chinstrap (Krause et al. 2021) penguins without
reports of disturbance behaviours; however, surveys in
the 2023/24 Antarctic field season were all flown higher
due to concerns about Highly Pathogenic Avian Influenza
(HPAI). The Scientific Committee on Antarctic Research
(SCAR) recommendations required a higher flight height
to minimise the possibility of any potential additional
stress for the birds (Dewar et al. 2023). All flights took

place at wind speeds below 20 knots (10.3 m/s). Fur-
ther, as precipitation (snow, rain or mist) can compro-
mise image quality, most surveys were conducted in dry
conditions.

Smaller colonies were surveyed manually, whilst pre-pro-
grammed routes were used for larger colonies. Both methods
were conducted using the typical “lawnmower” flight pattern
to cover the entire colony. For pre-programmed routes, we
ensured 70% overlap between photos forwards and to each
side, and used the Reference Elevation Model of Antarc-
tica (REMA) digital elevation model (Howat et al. 2022)
to ensure a consistent height above ground level (AGL) of
50 m, replicating these conditions as closely as possible for
manual flights. Camera resolution was approximately 1.5 cm
ground sample distance (GSD), altering with the altitude of
the flight. Pre-programmed routes were checked against the
terrain upon arrival at a site, and adjusted to ensure the entire
colony was captured. All UAV surveys involved two per-
sonnel: one individual was responsible for flying the UAV,
whilst the second maintained visual line of sight and acted
as a spotter to alert the pilot to risks from terrain, wildlife or
encroachment of uninvolved humans.

The research was conducted under a permit issued by the
United States National Science Foundation Office of Polar
Programmes.

Site selection

For the second on-ground counting method and all UAV
surveys, teams of two observers were deployed across sev-
eral expedition cruise ships. Expedition cruise ships, some-
times referred to as ‘ships of opportunity’, bring tourists
to sites across the Antarctic Peninsula and the South Shet-
land Islands. Site selection was therefore determined by the
schedule of the host ships. As expedition ships commonly
visit the same sites, some sites were surveyed multiple times
throughout the season, whereas less frequently visited sites
were surveyed only once.

Research teams were generally ashore first at each site,
surveying whilst the ships conducted their normal opera-
tions. The time available for surveying was therefore
dependent on the length of the host ships’ operations, but
usually teams had between three and six hours available at
each site. Time and weather permitting, teams attempted to
conduct both on-ground surveys and UAV surveys during
each visit. If weather conditions prevented flying the UAV
(sustained windspeeds over 20 knots, heavy precipitation, or
fog), then on-ground surveys were prioritised. If there was
only a short period of time to survey a large colony, then
UAV surveys were prioritised. Here, we include data from
surveys where both a UAV survey and a ground count of the
number of nests were conducted on the same day, providing
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Fig. 1 Location of the 12 Pygoscelid penguin colonies included in the comparison of UAV and on-ground survey methodologies

Table 1 Pygoscelid penguin colonies included in the comparison of
UAV and on-ground survey methodologies, the date the survey was
conducted, and the species surveyed. See Fig. 1 for map of colony
locations

Site name Survey date Penguin species surveyed
Damoy Point 2024-01-02 Gentoo (Pygoscelis papua)
Damoy Point 2024-01-22 Gentoo

Damoy Point 2024-01-24 Gentoo

Danco Island 2024-02-03 Gentoo

Dorian Beacon 2024-01-02 Gentoo

Dorian Beacon 2024-01-24 Gentoo

Fort Point 2023-12-16 Gentooa

Half Moon Island  2024-01-07 Chinstrap (Pygoscelis antarcticus)
Hydrurga Rocks 2023-12-17 Chinstrap

Mikkelsen Harbour 2024-01-06 Gentoo

Neko Harbour 2024-01-04 Gentoo

Palaver Pointb 2023-12-17 Chinstrap

Skottsberg Point 2024-01-06 Gentoo

Spigot Peak Pointb 2023-12-02 Gentoo and chinstrap
Tetrad Islands 2024-01-06 Chinstrap

#Chinstrap also surveyed but not included in study as surveyed using
UAV only

bAlso had Antarctic Shag (Leucocarbo bransfieldensis) present

16 surveys from 12 unique sites (Fig. 1). Surveys included
counts for gentoo (Pygoscelis papua) and chinstrap (Pygos-
celis antarcticus) penguins (Table 1).
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Analysis
Image analysis

DII Terra (DJI 2024) was used to stitch the individual verti-
cal images collected during each UAV survey to create a sin-
gle mosaic image for the whole colony on each survey date.
Images were georeferenced to WSG1984 UTM 20S. QGIS
(QGIS Development Team 2024) was then used to inspect
images to determine whether penguins were either nesting
or non-nesting. Each nesting penguin was marked with a
point feature to facilitate counting of all marked penguins.
Two observers, who had two and 25 years of experience of
working with penguins in the field, independently marked
nesting penguins for each survey to give two independent
counts. Both observers had previous experience of ground
and UAV surveys of penguins in Antarctica, and of assessing
UAYV imagery of penguin colonies.

To determine which penguins were nesting, several visual
clues were used, following Dunn et al. (2021). Brushtail
penguins build nests out of pebbles, so penguins surrounded
by obvious pebbles or a grey-black outline were indicative
of a nest. Rings of guano streaks around birds were also
used to identify nests, as well as bird posture. Nesting birds
usually lie flat with their wings by their sides, or may be
hunched over eggs or young chicks. Standing birds were
also marked as nesting if surrounded by indications of nests
or guano streaks, as the bird may have been briefly standing
or stretching at the time the image was taken. At the two
mixed species colonies (Table 1), species were differenti-
ated using phenotypic differences, such as the white band
on the head of gentoo penguins, and more extensive white
around the top of the chest and face on the chinstrap, as in
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Pfeifer et al. (2025). Species were usually segregated at a
colony, and so prior knowledge on the distribution of species
at the site was useful. Examples of imagery from mixed- and
single- colonies are provided in the Appendix to highlight
these phenotypic differences, and how nesting penguins
were marked in QGIS.

Methodological comparison

To examine whether there were differences in counts
obtained by UAV and on-ground surveys, for each site on
each survey date, we compared the total number of nests
counted during the on-ground survey with each of the counts
from the UAV imagery. We also compared the total number
of nests in the two counts from the UAV imagery.

Phenological analysis

To understand how the timing of opportunistic surveys may
impact counts, we used Goudier Island in the Palmer Archi-
pelago of the Antarctic Peninsula (64°49'S, 63°29'W) as a
case study to examine nesting phenology. Goudier Island is
in Port Lockroy Harbour, and we herein use the term Port
Lockroy to refer to the site. We selected Port Lockroy as a
case study because it is home to approximately 1000 gentoo
penguins, which have been monitored almost every Antarc-
tic summer since 1996/97 using the CEMP methodology
(Trathan et al. 2008; CCAMLR 2014; Dunn et al. 2019),
and has also had UAV surveys in several recent seasons
(Flynn et al. 2023, 2026). The publicly available, long-term
dataset (Dunn et al. 2020) allowed us to examine how the
date of peak nesting has changed across almost 30 years,
and investigate any possible relationship between phenol-
ogy and nesting population size. Port Lockroy has exhibited
a long-term decline in gentoo penguin numbers, and pre-
vious research has investigated possible links between the
decline and tourism (Trathan et al. 2008; Dunn et al. 2019).
Anecdotal evidence suggested that surveys triggered later
in the season more often yielded reduced counts compared
to surveys triggered earlier in the season, so we aimed to
investigate this link.

To investigate whether there have been any phenologi-
cal changes at Port Lockroy, we calculated the number of
days difference between the date of each annual survey and
the date of the first survey in the 1996/97 season, which
was considered to be a nominal baseline for estimating
differences in phenology. We examined differences in
the timing of the surveys of the number of nests (Sur-
vey One), number of hatched chicks (Survey Two), and
the number of créched chicks (Survey Three). The dates
of these surveys in the 1996/97 season were 06/12/1996,
15/01/1997, and 14/02/1997, respectively. We developed
linear regression models to examine the influence of the

number of years since the first survey on the number of
days’ deviation compared to the date of the first survey
(DaysDeviation ~ YearsSinceFirstSurvey), developing sep-
arate models for each of the three surveys. For Survey One
(number of nests), we removed surveys from the 1997/98
and 2021/22 seasons. Notes for the 1997/98 survey stated
that the survey was conducted late but did not provide a
reason. The survey in the 2021/22 season was delayed due
to late arrival of the team at the base due to the COVID-19
pandemic.

We then developed linear models to examine whether
there was any influence of the date of each survey on the
survey outcome, using the number of days’ deviation com-
pared to the date of the first survey as the predictor (Sur-
veyResult ~ DaysDeviation), again developing separate
models for each survey.

All statistical analyses were conducted in R (R Core
Team 2024).

Population changes

To examine changes in population size at each of our 12
study sites (Table 1), we compared the number of nests
recorded in our counts with a) the number of nests in the
first recorded survey, and b) the number of nests in the
most recent ground survey. Data for these comparisons
was downloaded from the publicly available dataset Map-
ping Application for Penguin Populations and Projected
Dynamics (MAPPPD; Oceanites 2023).

Results
Methodological comparison

When comparing the number of nests recorded by the on-
ground count and two UAV counts, R2 values indicated
close comparability (Fig. 2). However, only eight out of
the 16 on-ground counts (50%) were within the standard
5% variation for count repeatability (Croxall and Kirk-
wood 1979) with at least one UAV survey, whereas UAV
counts were generally in close agreement (Fig. 2), with 12
counts (75%) within 5% (Fig. 3; Appendix 1). The average
variation between the on-ground count and UAV count 1
was 9.9%, whilst the average variation between the on-
ground count and UAV count 2 was 11.7%. In compari-
son, the average variation between UAV counts 1 and 2
was just 1.2%. Counts from UAV surveys tended to give
higher numbers of nests than on-ground surveys (12/16
surveys; 75%), especially when the difference was sub-
stantial (Fig. 3; Appendix 1).

@ Springer
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Fig.2 Comparison of on-ground and UAV surveys of the number of
nests in 16 surveys from 12 unique penguin colonies on the Antarc-
tic Peninsula in the 2023/24 season. A compares the on-ground count
to UAV count 1, B compares the on-ground count to UAV count 2,
and C compares the two UAV counts. Solid line indicates the linear
relationship between counts, grey bar around the line indicates 95%
confidence interval

Phenological results

There was substantial variation in the date that population
size and breeding success surveys were triggered at Port
Lockroy, based on CEMP methods (Fig. 4). The 2022/23
season recorded the greatest delay for all three surveys, with
30-, 37- and 22-day delay compared to the 1996/97 survey
dates for the number of nests, number of hatched chicks,
and number of créched chicks, respectively. The timing of
all three surveys trended later over time (Fig. 4), but we
only detected a statistically significant positive effect for
Survey One (number of nests), with a moderate proportion
of variance explained (f=0.61 (CI: 0.16-1.06), p=0.01,
R2=0.26, Table 2).

When examining the influence of survey date on the
survey outcome, all three surveys displayed a negative
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relationship between the number of days deviation and
survey outcome (Fig. 4; Table 2). However, the influence
was only statistically significant for the number of hatched
chicks (f=—13.43 (CI: — 21.31 -5.5), p=0.002, R2=0.33,
Table 2) and number of creched chicks (f=— 10.59 (CI:
— 19.55 - - 1.64), p=0.02, R2=0.19, Table 2). We did
not detect a significant effect of survey timing on number
of nests (f=—4.01 (CL: - 8.69-0.67), p=0.09, R2=0.12,
Table 2).

Population changes

All twelve of our study colonies had increased in popula-
tion size since their previous most recent survey, irrespec-
tive of the survey methodology considered (Appendix 1).
The majority of sites had also increased or stayed stable
since their first survey, except for Neko Harbour, which had
declined when compared to the on-ground counts but not
UAV counts, and Half Moon Island and Palaver Point, both
of which had declined significantly according to all three
counts (Appendix 1). As with other areas of the Antarctic
Peninsula, we documented a substantial increase in some
gentoo colonies, with several colonies found to have more
than doubled their populations since their previous survey
(Appendix 1; Lynch et al. 2012b). The largest increase was
of gentoo penguins at Spigot Peak Point, where gentoos were
first recorded in 2007, and increased from 3 nests in 2019
to 82 (79 according to the on-ground count; Appendix 1).

The gentoo population at Port Lockroy also increased
since the previous survey, with 600 nests recorded. However,
the population has declined since the first survey in 1996,
when 726 nests were recorded (17.3% decline).

Discussion

Our study highlights variability between on-ground counts
and UAV surveys at 12 sites across the Western Antarc-
tic Peninsula. When comparing survey methodology, eight
out of sixteen surveys were within the standard threshold
of 5% for count repeatability (Croxall and Kirkwood 1979;
Dunn et al. 2021), with differences of up to 42.7% observed
(Fig. 3, Appendix 1).

Whilst we did not attempt to explore differences in
observer variation, the UAV counts by different observers
were largely consistent, although a quarter of counts still had
a greater than 5% difference (Fig. 3, Appendix 1). This sug-
gests that the two observers mainly classified nests similarly
based on evidence from the imagery.

Although our sample size was too small to conduct statis-
tical analyses to compare methodologies, generally, smaller
colonies tended to have the most similar counts between
on-ground and UAV surveys (Fig. 2, Appendix 1). This is
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Fig.3 Percentage differences
between counts obtained by
on-ground counts and two inde-
pendent counts of UAV imagery
of nests in 16 surveys from 12
unique penguin colonies. Sites
are ordered by the result of the
on-ground survey, which is indi-
cated in parentheses. Damoy
Point and Dorian Beacon were
both surveyed multiple times
throughout the season; the
numbers beside the site names
represent the temporal order of
surveys with increasing num-
bers indicating the survey was
later in the season. At Spigot
Point Peak, CH indicates the
result of the chinstrap survey,
whilst GE is the result of the
gentoo survey. Red vertical
dashed lines indicate + 5%,
which is the generally accepted
threshold for count repeatability

Site name

Damoy Point2 (1584)
Damoy Point3 (1625)
Danco Island (2136)

Spigot Point PeakGE (82)
Dorian Beacon1 (131)
Dorian Beacon2 (188)

Tetrad Islands (238) |
Spigot Point PeakCH (252)
Skottsberg Point (469) |
Hydrurga Rocks (790)
Neko Harbour (830)
Palaver Point (1044) |

Half Moon Island (1067)
Mikkelsen Harbour (1244)
Fort Point (1501)

Damoy Point1 (1523)

Surveys compared
UAV1 vs. On-ground
UAV2 vs. On-ground
UAV1 vs. UAV2

-20-10 0 10 20 30 40

Percentage difference between counts

consistent with previous work comparing on-ground and
UAV surveys of penguin colonies, where larger colonies
recorded the greatest deviations between counts (Dunn et al.
2021). There were, however, exceptions to this trend, with
a survey of the second smallest colony recording the sec-
ond largest discrepancy in counts (Dorian Beacon; Fig. 3,
Appendix 1). We believe this is likely due to part of the
colony being missed during the ground count, as the time
available to survey was cut short due to changing weather
conditions. The large discrepancy between other ground
counts and UAV counts at several colonies (Fig. 3, Appendix
1) suggests that UAV surveys captured parts of colonies that
were missed during ground counts, as opposed to errors in
counting the same parts of the colonies. By using pre-pro-
grammed transects based on Google Earth maps and prior
knowledge of colonies, UAVs help ensure that the entire
colony is surveyed. As in our study, the flight path can be
assessed once researchers are on ground before the survey
begins, and buffers expanded around colonies to account
for any movement of sub-colonies between years, or sur-
vey heights increased where numerous flying seabirds exist
(see Methods). If there is doubt about the completeness of

the survey, a permanent record of the colony has been cap-
tured in the imagery, enabling researchers to go back to the
image and assess it (Hodgson et al. 2018). Further, several
observers can count from the imagery and counts can be
repeated if unexpected numbers are returned, thus reduc-
ing the opportunity for observer error, highlighting further
benefits of surveying by UAV.

Despite the ability of ground observers to detect more
fine-scale evidence that would affect nest classification, pre-
vious work has demonstrated that UAV surveys are likely
to lead to more accurate counts than on-ground counts. For
example, during an experimental survey using a known
number of replica greater crested terns (Thalasseus bergii),
it was found that UAV surveys yielded significantly more
accurate counts than ground counts (Hodgson et al. 2018).
There are a multitude of factors that may influence ground
counts on the day, such as the season, the time of day, the
time available for surveying, distribution of the colony, and
terrain type (Chabot and Bird 2012). Although there are fac-
tors that influence the quality of UAV imagery and subse-
quent interpretation, such as weather and light conditions,
terrain and observer training, the close agreement between
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Fig.4 Variation in the gentoo penguin population counts at Port
Lockroy using the Conservation of Antarctic Marine Living
Resources (CCAMLR) Ecosystem Monitoring Programme (CEMP)
standardised methodology. A—C: Deviation in date of the CEMP sur-
vey since the first survey in the 1996/97 season; A: nests; B: hatched
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chicks; C: creched chicks. D-F: Survey count against the number of
days that the survey date deviated since the first survey in the 1996/97
season; D: nests; E: hatched chicks; F: créched chicks. Solid line
indicates the linear regression between variables, grey bar around the
line indicates 95% confidence interval

Table 2 Results of analysis into phenology at the gentoo penguin colony at Port Lockroy

Analysis Survey $ (95% CI) SE P R2
Timing of survey Modell: Number of nests 0.61 (0.16 — 1.06) 0.22 0.01%* 0.26
(DaysDeviation ~ Model2: Number of hatched chicks 0.48 (= 0.12-1.07) 0.29 0.11 0.1
YearsSinceFirstSurvey) Model3: Number of creched chicks 0.33 (= 0.21 - 0.87) 0.26 0.22 0.06
Influence of survey timing on Model4: Number of nests —4.01 (8.69-0.67) 2.26 0.09 0.12
survey outcome Model5: Number of hatched chicks —13.43 (- 21.31 -5.56) 3.82 0.002:%* 0.33

(SurveyResult ~ DaysDevia-

. Model6: Number of creched chicks
tion)

—10.59 (- 19.55-—1.64) 435 0.02* 0.19

Models 1-3 assessed whether the timing of the surveys into the number of nests (Model 1), number of hatched chicks (Model 2) and the number
of créched chicks (Model 3) had changed over time since the first survey in the 1996/97 season. Models 4—6 assessed whether the date of the
survey had an influence on the outcome of the surveys into the number of nests (Model 4), number of hatched chicks (Model 6) and the number

of créched chicks (Model 6)
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UAV counts suggests that the imagery was of sufficient qual-
ity to enable accurate counting.

Although the aerial perspective afforded during UAV sur-
veys is largely advantageous, it can make it more difficult
to assess subtle variations in posture to determine whether
a bird is nesting, which may result in counts that are overes-
timated (Pfeifer et al. 2025). For example, a recent study of
the gentoo colony at Port Lockroy had to revise their pub-
lished population estimate derived from a UAV survey after
re-analysing the imagery, reducing the count by almost half
(Flynn et al. 2023, 2026). The authors discuss how UAV
imagery quality can impair an observer’s ability to distin-
guish the breeding status of gentoo penguins and can lead to
inflated nest counts (Flynn et al. 2026). This uncertainty can
be reduced by multiple observers counting imagery, which is
especially important in the case of anomalous count results
as were originally reported (Flynn et al. 2023).

All colonies had increased in size since their previous
survey irrespective of survey methodology. Ten of the colo-
nies had also increased since their first survey according
to UAV counts, but only eight had increased according to
ground counts (Appendix 1). This result highlights that per-
ceived increases in colony size may be a consequence of the
change in survey methodology, rather than true increases.
Whilst our results support the conclusion that UAV surveys
generally provide more accurate results than ground counts,
it is also possible that numbers reported in UAV surveys may
be overestimated for the reasons described above.

Of the four sites where UAV counts in our study differed
by more than 5%, two were mixed species colonies (Fort
Point and Spigot Point Peak; Table 1), one of which (Spigot
Peak Point) also had Antarctic Shags present (Table 1).
These were the only two mixed species colonies included in
our methodological comparison (Table 1). Our imagery was
of sufficient quality to differentiate nesting from non-nesting
penguins, but may not have been adequate for distinguish-
ing between species, although the colouration of guano can
help when distinguish shags from penguins. Recent work
has provided further guidance on approaches to distinguish
nesting Pygoscelid penguins from UAV imagery through
their markings, such as the extensive white around the face
on the chinstrap, and found that a Ground Sample Distance
(GSD) of <5 mm was necessary to identify this feature in
all individuals, and a GSD >20 mm meant it could no longer
be clearly identified (Pfeifer et al. 2025). The GSD of our
imagery was around 15 mm (see Methods), and so it would
be necessary to either reduce the flight height, or use a UAV
with a higher quality camera, to clearly identify all individu-
als. The DJI Mavic Enterprise 3 Thermal aircraft used in
our study has a ¥2-inch CMOS sensor, which is smaller than
other comparable models (e.g. the DJI Mavic Enterprise 3
has a 4/3-inch CMOS sensor). Using another model of UAV
with a larger sensor would facilitate the capture of higher

quality imagery, which would help to improve detection of
different species at mixed colonies.

Despite this, there were clear benefits to using UAVs to
survey. At Fort Point, part of the chinstrap colony was inac-
cessible to on-ground survey due to the terrain and temporal
constraints, but was able to be quickly surveyed using the
UAV. The ability to access previously inaccessible areas
using UAVs is a primary benefit of UAV surveys (Pfeifer
et al. 2019; Jones et al. 2020) and is especially beneficial in
areas such as Antarctica that present several logistical chal-
lenges with accessing sites by foot to survey. Further, whilst
there is still discussion about the appropriate minimum flight
height for surveying gentoo and chinstrap penguins, there is
strong consensus that surveys using UAVs, when conducted
correctly, are significantly less disturbing to the birds com-
pared to traditional ground survey methods (Krause et al.
2021), which can cause birds to temporarily leave their nests
(Dunn et al. 2021).

In our analysis of breeding phenology at Port Lockroy,
there was substantial variation in the dates when all three
surveys were triggered, as has been previously documented
for gentoo penguins (Lynch et al. 2012a; Juares et al. 2013;
Black 2016). All three surveys displayed a trend towards
taking place later in the season, although only the change
in the timing of the nest survey was statistically significant
(Fig. 4, Table 2), possibly suggesting that gentoo penguins
may flexibly advance chick fledging date in some circum-
stances (Hinke et al. 2012). Our findings contrast with other
work that has documented an advancement of gentoo phe-
nology in other colonies on the Western Antarctic Peninsula
(Lynch et al. 2012a; Juarez Martinez et al. 2026), suggesting
changes to phenology are likely to be colony- or region-spe-
cific according to local conditions. Surveying at a time in the
season that was once considered ‘normal’ at Port Lockroy
may therefore now underestimate the peak population size;
however, this may not be true for other colonies.

When assessing the influence of survey timing on survey
outcome, our analysis indicated a significant negative effect
on the number of hatched chicks and number of creched
chicks for surveys occurring later in the season, but not on
the number of nests (Fig. 4; Table 2). This aligns with previ-
ous studies, which have shown declines in hatch and créche
rates for clutches initiated later in the season (Hinke et al.
2012). Counts of both the number of hatched and créched
chicks appeared to be influenced by counts at either end
of the temporal spectrum, with earlier surveys yielding the
highest counts, and the latest surveys yielding the lowest,
whilst surveys around the original date had mixed results
(Fig. 4). This suggests that there is an optimal window for
chicks around the date of the original survey, and that within
that window other factors may influence the survey outcome.
However, lower chick numbers from surveys occurring later
in the season indicates that conditions in those seasons were
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less favourable towards chick survival. The three seasons
with the lowest numbers of hatched and créched chicks
recorded were 2001/02, 2021/22, and 2022/23 (Dunn et al.
2020), and 2001/02 and 2022/23 were also the two latest
surveys (Fig. 4). Whilst the cause of this requires further
investigation, these were all years that were recorded as hav-
ing unusually late snowfall (Trathan et al. 2008), which can
delay brushtail penguins in establishing their nests (Wil-
liams 1990; Hinke et al. 2012; Juares et al. 2013). It would
therefore be beneficial to further investigate the influence of
late snowfall on nesting success, and whether late snowfall is
becoming more common, which may help explain why the
timing of surveys has become later over time. The plasticity
of gentoo phenology is likely to be a factor in the increase in
their numbers and distribution across the Peninsula (Juares
et al. 2013; Juarez Martinez et al. 2026), however our results
suggest that there is a limit to the plasticity, beyond which
delayed breeding negatively impacts chick survival (Fig. 4).

Future work

There were four sites where UAV counts differed by more
than the 5% threshold for count repeatability (Fig. 3, Appen-
dix 1). It would therefore be beneficial to develop guidelines
for UAV survey protocol, image quality and image inter-
pretation to further standardise interpretation and achieve
repeatability across all surveys, as are available for tradi-
tional on-ground survey methods (CCAMLR 2014). Such
guidelines would help prevent further miscounts as occurred
during UAV surveys at Port Lockroy (Flynn et al. 2026). For
example, minimising the effects of observer bias by speci-
fying that all counts from UAV imagery used in research,
or counts being submitted to publicly available databases
such as MAPPPD (Oceanites 2023), should ensure that two
trained observers reach agreement within 5% before counts
are accepted. This is particularly important if counts are
used to inform management recommendations.

Our research also documented a shift in the timing of
breeding at Port Lockroy (Fig. 4), and negative effects of
this trend on the gentoo population (Fig. 4). This result con-
trasts with previous work (Lynch et al. 2012a; Juarez Mar-
tinez et al. 2026), suggesting changes to breeding phenology
are likely to be site specific. Renewed investigations into
changes to breeding phenology across the Antarctic Pen-
insula would be beneficial, particularly on the impacts of
changing environmental conditions such as late snowfall.
Regardless, accounting for breeding phenology is essential
when investigating long-term population trends, as phenol-
ogy is tied to environmental conditions which may help
explain inter-annual delays or declines (Hinke et al. 2012;
Juares et al. 2013). Recording the stage in the breeding cycle,
such as an estimate of the percentage of nests with eggs or
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chicks, would therefore provide useful context alongside the
date of the survey during opportunistic surveys.

Conclusions

Although all colonies included in our study had increased
since their previous survey (Appendix 1), Chinstrap pen-
guin numbers are about 50% of estimates from the 1980s
(Strycker et al. 2020), including two of the three Chin-
strap colonies included in our study (Half Moon Island
and Palaver Point; Appendix 1). Ensuring data collected
by UAV surveys is accurate and comparable to historic
datasets collected through traditional CEMP methods is
therefore vital to track long-term trends.

Our results indicate that an important aspect of ensuring
UAV surveys are comparable with ground surveys would
involve considering the date of the survey and breeding stage
of the colony (Southwell et al. 2015). We documented sig-
nificant variation in the nesting phenology of the gentoo
colony at Port Lockroy, such that surveys conducted on the
same date on different years could capture different points in
the breeding cycle, making results challenging to compare.
As an opportunistic survey method, UAV surveys inevitably
miss phenological information, and so we recommend UAV
surveys are accompanied by an estimate of the stage in the
breeding cycle to ensure the comparisons are robust.

Our findings suggest that, with high quality imagery
and properly trained individuals to interpret images, UAV
surveys provide an accurate means of surveying brushtail
penguin colonies on the Antarctic Peninsula (Fig. 2) and
(Fig. 3). It is critical, however, that results obtained from
UAYV imagery recognize that changes in breeding popu-
lation numbers obtained from imagery classification be
evaluated in the light of the differences and limitations we
have described. There will continue to be many instances
where only ground counts will be possible, such as when
weather or other factors preclude obtaining aerial imagery.
Future work should therefore focus on determining how to
accurately reflect differences in methodology.
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