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Introduction

Abstract

Drones are being increasingly used to monitor wildlife populations; their large
spatial coverage and minimal disturbance make them ideal for use in remote
environments where access and time are limited. The methods used to count
resulting imagery need consideration as they can be time-consuming and costly.
In this study, we used a fixed-wing drone and Beyond Visual Line of Sight fly-
ing to create high-resolution imagery and digital surface models (DSMs) of six
large king penguin colonies (colony population sizes ranging from 10,671 to
132,577 pairs) in South Georgia. We used a novel DSM-based method to facili-
tate automated and semi-automated counts of each colony to estimate popula-
tion size. We assessed these DSM-derived counts against other popular
counting and post-processing methodologies, including those from satellite
imagery, and compared these to the results from four colonies counted manu-
ally to evaluate accuracy and effort. We randomly subsampled four colonies to
test the most efficient and accurate methods for density-based counts, including
at the colony edge, where population density is lower. Sub-sampling quadrats
(each 25 m®) together with DSM-based counts offered the best compromise
between accuracy and effort. Where high-resolution drone imagery was avail-
able, accuracy was within 3.5% of manual reference counts. DSM methods were
more accurate than other established methods including estimation from satel-
lite imagery and are applicable for population studies across other taxa world-
wide. Results and methods will be used to inform and develop a long-term
king penguin monitoring programme.

convolutional neural networks (e.g. Qian et al, 2023;
Torney et al., 2019). Resulting image processing can be a

Drones have been used increasingly to monitor wildlife in
recent years (Millner et al., 2023), and therefore the need
to process resulting imagery in an efficient manner
increases proportionally. Drone survey imagery can be
analysed in a variety of ways, from simple manual counts
(e.g. Chabot et al, 2015; Mattern et al, 2021) to

advanced computer vision approaches such as

time-consuming and costly process depending on the vol-
ume of imagery acquired, the species being monitored,
and methods used to count. Modern, fixed-wing drones
are a cost-effective tool for large-scale mapping (Budi-
harto et al., 2019). Their enhanced flight duration allows
greater spatial coverage in comparison to traditional

multi-rotor drones (Budiharto et al., 2019; Pfeifer
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et al.,, 2019) and their high-resolution sensors allow sur-
veys to be carried out from greater heights, reducing risk
of wildlife disturbance. Consequently, fixed-wing drones
have great potential for remote applications of wildlife
monitoring (Edney et al., 2023; Pfeifer et al., 2019).

The Southern Ocean is experiencing rapid change
(Chown & Brooks, 2019; Meredith et al., 2019). Conse-
quently, long-term monitoring data from key sentinel
species can provide invaluable tools for assessing ecosys-
tem status and, where appropriate, informing manage-
ment changes (Bestley et al., 2020). King penguins
(Aptenodytes patagonicus) are important Southern Ocean
predators, that forage in the mesopelagic zone, contribut-
ing to biogeochemical cycles both in the ocean (Belyaev
et al., 2023) and on land (Burger et al., 1978). Their pri-
mary prey are myctophid fish (Olsson & North, 1997),
which are likely to see changes in both their distribution
and abundance as a result of climate change; such
changes are likely to reflect an interplay between physiol-
ogy (realised thermal niche) and biogeography (latitudinal
breeding preference) (Freer et al., 2019). These marine
sentinels (Boersma, 2008) are central-place foragers dur-
ing the breeding season (Watanabe et al., 2023). The pro-
ductivity and success of the population give information
about the status of their surrounding ecosystem (Bar-
braud et al., 2020). In the Indian Ocean sector, king pen-
guins have been the focus of long-term monitoring for a
number of decades (Barbraud et al., 2020; Pascoe
et al, 2022), which has revealed significant change,
including the rapid decline of the world’s largest colony
at Ile aux Cochons, Iles Crozet (Weimerskirch
et al., 2018) and catastrophic consecutive breeding failures
at a large colony on Iles Kerguelen (Brisson-Curadeau
et al., 2023). Elsewhere, the recent colonisation of the
South Shetland Islands (Petry et al., 2013) indicates a shift
in the biogeographic range of king penguins (Cristofari
et al., 2018; Le Bohec et al., 2008).

South Georgia is situated south of the Antarctic Polar
Front (APF; Fig. 1; Trathan & Murphy, 2003; Trathan
et al, 1997). It is a biodiversity hotspot (Atkinson
et al., 2001; Murphy et al., 2007) and home to the largest
population of king penguins worldwide (Barbraud
et al., 2020; Foley et al., 2018). South Georgia waters are
protected by a Marine Protected Area (MPA) covering
1.24 million km? (Belchier et al, 2022; Trathan
et al., 2014). To date, monitoring of king penguin popu-
lations at South Georgia has been opportunistic but it is
assumed that they have a latitudinal preference, foraging
close to fronts within the Antarctic Circumpolar Current
(ACC), primarily the Antarctic Polar Front (APF; Cristo-
fari et al., 2018; Scheffer et al., 2010; Trathan et al., 2008),
but also the Southern ACC Front (SACCF; Scheffer
et al, 2012). Populations have increased over the last
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100 years (Foley et al., 2018; Lewis Smith et al.,, 1979;
Trathan et al., 1996), and with the APF projected to shift,
it is likely that population changes will continue to occur
(Brisson-Curadeau et al., 2023; Cristofari et al., 2018).
Consequently, monitoring population changes is critical
(Cristofari et al., 2018; Le Bohec et al., 2008) for a better
understanding of changes in the ecosystem status.

Observations of king penguins date back to the early
19t century (Weddell, 1825). Since then, various tech-
niques have been used to quantify colony size, from visual
counts (Matthews, 1929) to the use of high-resolution
satellite imagery (Foley et al., 2020; Weimerskirch
et al,, 2018). All methods have both advantages and dis-
advantages, depending upon the accessibility of the site,
the size of the colony and the local terrain. Where colony
size is small, visual observations are straightforward, but
as colony size increases, levels of uncertainty increase. For
larger colonies, oblique photos from vantage points
around a colony have been used (Pascoe et al., 2022; Wei-
merskirch et al., 1992), but these are time-consuming.
Satellite imagery is increasingly accessible and affordable,
making it possible to track changes in colony footprint
over time (Weimerskirch et al., 2018). However, individ-
ual penguins are not identifiable in satellite imagery,
meaning such methods rely upon estimates of density,
and identifying breeding versus non-breeding areas can be
challenging (Weimerskirch et al., 2018).

In this study we consider a novel approach to drone
image analysis which is neither manual nor computer
vision-based, estimating animal counts from
post-processed imagery using digital surface models
(DSMs). The efficiency and accuracy of this new method
are compared to pre-existing manual drone image count-
ing methods, using king penguins as a study species.
From this, we then provide recommendations to inform
future monitoring protocols. This study also included the
first use of fixed-wing drones and the first use of flights
Beyond Visual Line of Sight (BVLOS) in South Georgia.
We suggest that this method may have wide applicability
across many species and habitats.

Materials and Methods

Data collection

King penguins were surveyed in South Georgia using a
senseFly eBee X fixed-wing drone. This is a commercially
available Remotely Piloted Aircraft System (RPAS) with a
maximum flying time of 90 minutes, mounted with an
Aeria X, 24 Mega Pixel (MPx), 18.5 mm, RGB sensor. Six
king penguin colonies were flown over (Fig. 1): Fortuna
Bay (FB), Gold Harbour (GH), Right Whale Bay (RWB),
Salisbury Plain (SP), Sea Leopard Fjord (SLF) and St
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Figure 1. The location of South Georgia and major current systems (inset, APF; Antarctic Polar Front, SACCF; Southern Antarctic Circumpolar
Current Front), along with the locations of the sampling sites. (1) Right Whale Bay (RWB), (2) Salisbury Plain (SP), (3) Sea Leopard Fjord (SLF), (4)

Fortuna Bay (FB), (5) St Andrews Bay (SAB) and (6) Gold Harbour (GH).

Andrews Bay (SAB). The breeding cycle of king penguins,
from laying to fledging, extends over a year (Bost
et al., 2013; Stonehouse, 1960) with it commencing for
most birds in early spring and finishing late spring the
subsequent year. Breeding adults can successfully raise a
chick in two out of every three years, though they may
attempt breeding in all years (Stonehouse, 1960; Wei-
merskirch et al, 1992). The duration and timing of the
onset of breeding mean that there are two cohorts of
breeders within a given colony, leading to challenges in
estimating population size (Foley et al, 2020; Pascoe
et al., 2022), given variability in the timings of breeding
between seasons (Olsson & Brodin, 1997) and between
populations (Stonehouse, 1960; Weimerskirch
et al., 1992). Counts for estimating peak numbers are best
undertaken in January (Bost et al., 2013) but may need to
be adjusted (Foley et al., 2020). We undertook surveys in
late January (Table 1), to ensure that most breeders were
already established, apart from a small number of late
breeders (Bost et al., 2013). At this time, only one parent

is usually present. We determined the best time for our
surveys using daily ground counts at a small colony
(<155 pairs) at Hound Bay in 2005/06 and 2006/07
(Trathan, 2008). After breeding is established, the core
colony densities remain approximately  constant
(Coté, 2000; Gerum et al., 2018) until creches develop.
Microsoft hybrid satellite imagery and a digital surface
model (DSM) derived from NASA Shuttle Radar Topog-
raphy Mission (SRTM) were used to inform risk assess-
ments and develop flight plans using senseFly eMotion
flight planning software. Ground sampling distance
(GSD), image overlap (80% forward x 60% side), flight
lines, take-off and landing sites and potential hazards
were identified for each colony. To reduce disturbance to
wildlife and maximise the survey area, the maximum alti-
tude above ground level (AGL) that provided high
(<2 cm) resolution GSD (Table 1) was used. When GSD
increased above 2 c¢m, although the number of pixels per
penguin was still high (>140), visual interpretation of
imagery became harder (e.g. distinguishing breeding
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Table 1. Metadata for drone flights at the six target colonies.

J. Coleman et al.

Fortuna Bay St Andrews Bay

Gold Harbour

Sea Leopard

Right Whale Bay

Salisbury Plain

Breeding area (m?) 6,855 85,472
Date 14-Jan-22 18-Jan-22
Survey Length (km) 14.5 25.7
Survey Time (mins) 19 35

Flight Altitude (m) 94.6 89.9
Targeted GSD Resolution (cm) 2.0 1.9
Orthomosaic Resolution (cm) 2.1 1.9

DSM Resolution (cm) 4.0 3.7

18,905 8,531 12,880 46,592
21-Jan-22 22-Jan-22 22-Jan-22 23-Jan-22
12.7 53 7.0 16.5

17 8 10 23

85.2 85.2 85.2 85.2

1.8 1.8 1.8 1.8

1.9 1.9 1.8 1.8

3.7 3.9 3.7 3.6

versus loafing penguins). Greater altitude allowed for
rapid mission times within weather gaps and in fading
light, which was often when wind speed was lower. Pri-
mary take-off and landing sites were chosen as areas that
were flat, away from colonies (300 m to 3000 m distant),
provided a good vantage point of the site and were
remote from any hazards such as boulders and other
wildlife. On site, further risk assessments were undertaken
based on the topography, wind speed and wind direction,
which then dictated the orientation of flight lines. All
flights were undertaken with a drone operator and two
observers.

Prior to all flights, a Trimble R9s global navigation
satellite system (GNSS) base station was established.
The Canadian Spatial Reference System Precise Point
Positioning (CSRS- PPP) service gave International Ter-
restrial Reference Frame (ITRF) solutions for the base
station. This position and the base station GNSS data
were then used as the origin for post-processed kine-
matic (PPK) processing of the onboard GNSS data for
the drone track, giving better accuracy (<5 cm) posi-
tions for the camera. This then allowed a DSM to be
generated by Agisoft LLC’s Metashape (version 1.8.4
build 14671) photogrammetry software. The DSM was
generated from a dense point cloud (medium-quality
setting) following initial image alignment (high-quality
setting). Finally, the images were mosaicked and orthor-
ectified using the DSM and each dataset was referenced
to a Universal Transverse Mercator (UTM) 24S
projection.

Counting methods (see Fig. S1 for
workflow)

Full manual count (SL only)

The orthomosaic for Sea Leopard Fjord was opened in
ESRI ArcGIS Pro (version 3.0.0) where every bird consid-
ered to be breeding was identified by a single observer
and recorded in a point shapefile as an observation.

Breeding birds were standing at regular distances from
each other (beyond peccable distance e.g. ~0.6 m). Where
two adults were present, side by side within breeding
areas, they were assumed to be a breeding pair and only
one was counted. Birds standing next to juveniles (pre-
fledging chicks) were ignored and considered to be
breeders from the previous year. To reduce processing
time, the DSM method was used to assist subsequent
manual counts (see DSM-assisted manual counts below).

DSM-Based Counts

Semi-automated digital surface model counts (See
Fig. S2 for workflow)

For each of the six sites, DSMs were produced in a raster
file format (Table 1). A high-pass ‘filter’ (ArcGIS Pro
function) was applied to each DSM, and a binary raster
was generated from the filtered DSM using the ‘raster cal-
culator’ function to conditionally classify each point
above or below a certain value (e.g.
Con(‘filteredDSM’ > 0.1,1)). The resulting raster high-
lights clusters of points of higher elevation (penguins) on
the DSM. The classification threshold to highlight these
points varied between sites. Different thresholds were
trialled with a number selected (between 0.045 and 0.15)
which balanced minimising noise against selecting as
many penguins as possible. Rasters were then converted
to point shapefiles using the ‘raster to point’ function,
with multiple points representing penguins from which
point clusters could be grouped using the self-adjusting
clustering method in the ‘density based clustering’ func-
tion. These were then extracted as single points using the
‘feature class to point’ function from the centre of the
‘minimum bounding geometry’. All penguins outside the
known breeding areas and within gaps were then
removed. Where paired penguins were standing next to
each other, two points were present. These paired points
were reduced, to one, using a distance filter of 40-45 cm
in the CloudCompare software (Version 2.12.3 — Kyiv).
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These distances were calculated based on the density of
each colony.

Although not necessary at sites where DSM resolution
produced accurate counts, automated counts (using the
DSM approach described above) based on 15 x 15 m
quadrats were compared to manual counts to give a cor-
rection factor for missing birds. Five quadrats were used
at FB, SLF and RWB; ten at GH and SP and 15 at SAB.
At SAB, there were three small gaps in the DSM, as a
result of gusting wind during part of the flight causing a
loss of stereo cover in the images, but birds in these areas
were counted manually from the drone imagery and
added to the DSM automated count.

Manually adjusted DSM count

At the four sites (SLF, RWB, GH and FB), with the best
quality imagery, subsequent to the semi-automated DSM
counts (see above), a small number of missed birds were
manually counted, until a full colony count was
achieved.

Density-Based Counts

Quadrat-based counts

ArcGIS Pro was used to annotate orthomosaics. For each
site, polygon shapefiles were manually drawn around
areas of breeding birds to calculate breeding area (m?).
For non-breeding spaces, within colony areas, further
‘gap’ polygons were generated with this space subtracted
from the initial breeding area. For each colony, a number
(between 5 and 15, colony size dependent) of 15 x 15 m
squares (225 m”) were randomly placed within the site
using the ‘Create Random Points’ tool in ArcGIS. Each
breeding pair within the quadrats was tagged by two
observers using a point shapefile to give a quadrat count.
These allowed individual and average quadrat densities to
be computed for each site. Average quadrat densities were
then applied to the total breeding area to give a colony
estimate.

Quadrat modelling with core

For colonies where we generated manually adjusted
DSM counts, each penguin was associated with a geore-
ferenced point within a manually drawn colony area
polygon. These were used to test the accuracy and effi-
cacy of quadrat counting methods. Multiple 25, 100 and
225 m? square quadrats were overlaid on colony outlines
and every penguin counted within the quadrats. Only
quadrats whose entire area fell within the colony were
used. Using R studio (Version 1.3.1056), n number of

Comparing Counting Methods for Penguin Colonies

quadrats were randomly subsampled to estimate the col-
ony population. Population estimates and 95% confi-
dence intervals were calculated from mean density in n
quadrats and multiplied by the colony area. This proce-
dure was repeated from 1 to 200 quadrats to test how
many of each size were needed to reduce errors associ-
ated with density-based estimates. The median and 95%
confidence intervals were then plotted for the first 200
replicates.

Quadrat modelling with buffer and core

To account for differences in density between the colony
edge and core, a 3 m buffer area was created on the col-
ony perimeter. Grids of 25, 100 and 225 m® quadrats
were overlaid on the colony perimeter as above. This grid
was then divided at the 3 m buffer, giving a buffer grid
and a core grid. For the core grid, only whole quadrats
were used. However, this was not possible for the buffer
grid due to its 3 m width. Here, for the 25 m” grid, all
quadrats less than 10 m* were removed, for the 100 m?
grid all quadrats less than 25 m” were removed and for
the 225 m* grid, those smaller than 50 m®. All penguins
within quadrats were counted. The same function used in
quadrat modelling was then used to generate plots for
both buffer and core subsamples.

Density variability and colony slope

Using manually adjusted DSM colony counts from SLF,
FB and RWB, two methods were applied to assess change
in density across the colonies to better understand the
limitations of density-based estimates. First, a kernel den-
sity plot was produced, using the Kernel Density tool in
ArcGIS, to show the changing densities of penguins across
3 m? areas. Then polygons were produced around each
penguin in ArcGIS Pro (using the Create Thiessen Poly-
gons tool to draw Voronoi cells), which gave the area of
space closest to each penguin. Each penguin not border-
ing the colony edge was assigned an area of personal
space (the area closest to the penguin) and a distance
from the colony edge to see how density changed across
the site.

At RWB, where part of the colony lies on a terrain gra-
dient, the average slope of the surrounding 1 and 5 m’
was calculated, for each penguin, from the DSM. To do
this, a filter (ArcGIS spatial analyst ‘Filter’ tool) was used
to remove penguins from the DSM before utilising the
slope function in ArcGIS. The low pass option was used
which applies a 3 x 3 pixel filter to the raster. Both area
and gradient were log-transformed and a linear regression
model was used to test the significance of the relationship
between them.
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Satellite counts

Satellite images were only available for SL and SP. At
these  sites,  panchromatic and  multichromatic
high-resolution Maxar WorldView III satellite images
were captured on the 22" January (SL) and 31° January
2022 (SP) and imported into ArcGIS. They were orthor-
ectified using both the reference elevation model of Ant-
arctica (REMA, Howat et al, 2022) and the
drone-generated DSM. Both resulting images were then
pansharpened. The breeding colony was identified using
existing waypoints (Trathan et al., 1996) and confirmed
by the presence of birds in imagery. Breeding area poly-
gons were manually drawn from the resulting output
image. The population was estimated using breeding den-
sities calculated from the 15 x 15 m quadrats (see
density-based counts for details). Estimates were com-
pared to the most accurate value available for both sites,
quadrat-based counts.

Results

Drone surveys

Flight durations lasted between 8 minutes (SLF) and
35 minutes (SAB); Table 1. All flights were flown at alti-
tudes between 85 m and 95 m achieving a GSD of
1.8-2.0 cm per pixel. Beyond Visual Line of Sight flying
was used at all sites with the FB colony flown from the
furthest, ~3 km distance. This was because of access limi-
tations, restricting pilots from the colony.

Due to time and weather constraints, it was not always
possible to fly in optimal conditions. Low cloud at SP
reduced the resolution of the DSM and produced lower
image quality whilst gusting wind at SAB led to small
gaps in the DSM. However, sufficient imagery meant
orthomosaics could still be completed. These were pro-
duced for each of the sites allowing polygons to be gener-
ated for colony outlines and quadrats to be drawn for
subsampling and estimating densities (Fig. 2a). Sites var-
ied in composition with SAB comprising 48 separate
sub-colonies compared with FB which only had two. At
SLF, there were no ‘gap’ areas of non-breeding birds. At
SP gaps made up 5,861 m*> (12.6%) of the breeding
space.

Full manual count

The only full manual count was for the SLF colony.
Breeding penguins within the SLF colony were annotated
giving 13,489 breeding pairs. This process took a single
observer 24 hours of effort. At GH, SLF, RWB and FB
the DSM method was used to assist manual counts (see

J. Coleman et al.

manually adjusted DSM count below) and was considered
the most accurate estimate for colony size to compare
other estimates against.

Digital Surface Model Counts

Semi-automated DSM-assisted count

At all sites, penguins were easily distinguishable in the
DSMs (Fig. 2b). Small gaps in the DSM were present at
SAB and resolution was lower at SP. However, automated
counting detected penguins at each of the sites. Initial
passes resulted in estimates within 5% of the colony
count except for SP where reduced visibility impacted
image quality in places, resulting in undercounting
(—14.4%).

DSM quality was sufficient at GH and SLF so that 99%
of birds were automatically counted. At other sites, after
DSM counts were adjusted using the quadrat counts, col-
ony estimates for RWB and FB fell within 1% of a manu-
ally adjusted DSM count (Table 3). The adjusted SP and
SAB estimates were both lower than quadrat-based esti-
mates (SAB 0.2% and SP 3.5%). At all sites, DSM esti-
mates were lower than density-based estimates.

Manually adjusted DSM count

Full DSM-assisted manual counts were made at four of
the colonies (GH, SLF, RWB and FB). These were treated
as reference counts from which densities were calculated
and other estimates were compared (Tables 2 and 3). At
GH, 28,751 pairs were estimated, compared with 10,466
pairs at FB, 13,600 pairs at SLF (111 more than full man-
ual count) and 20,012 pairs at RWB. At each of these
four sites, DSM-assisted counts were lower (2.5%—4.8%)
than numbers estimated by 225 m? quadrats.

The greatest density was observed at SLF where there
were 1.594 birds per m* compared to 1.521 at GH which
had the lowest density of these four colonies. All actual
densities were below those calculated from quadrats.
However, when ranked they followed the same order.
Given the relationship between quadrat densities and
actual density, SAB likely had the lowest density.

Density-Based Counts

Quadrat-based counts

Quadrat density varied between sites, with the mean
number of penguins per 225 m> quadrat ranging from
346 at SAB (1.54 penguins per m?) to 367 at SLF (1.63
penguins per m”). Density between quadrats also varied
across individual colonies, the greatest variation was at

6 © 2024 The Author(s). Remote Sensing in Ecology and Conservation published by John Wiley & Sons Ltd on behalf of Zoological Society of London.
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J. Coleman et al. Comparing Counting Methods for Penguin Colonies

Figure 2. (a) Orthomosaic of Sea Leopard Fjord with colony outlines (red) and 225 m? quadrats (blue) marked. (b) DSM imagery with automated
counted penguins in light blue and missed penguins highlighted in yellow. (c) Quadrat with each penguin pair marked manually in light blue. (d)
3 m colony buffer with penguins counted highlighted in light blue; the penguins in the central part represent the higher density ‘core’.

RWB (st = 0.042) and the least at FB (se = 0.011). There Quadrat-based colony estimates ranged in size from
was a weak negative correlation between colony size and 11,919 breeding pairs (FB) to 132,577 breeding pairs
penguin density; however, this was not significant (Pear- (SAB). At colonies with reference population counts (i.e.
son’s correlation, r* = —0.65, df = 4, P = 0.165). manually adjusted DSM colony counts); estimations using
© 2024 The Author(s). Remote Sensing in Ecology and Conservation published by John Wiley & Sons Ltd on behalf of Zoological Society of London. 7
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Table 2. Colony estimates with 95% confidence intervals calculated from subsampling of 5 x 5 (25 m?), 10 x 10 (100 m?) and 15 x 15

(225 m?) quadrats across Fortuna Bay, Sea Leopard Fjord, Right Whale Bay and Gold Harbour.

Mean Upper Lower

Number of breeding Confidence Confidence Actual Percentage

subsamples pairs Interval Interval Count from actual
Fortuna Core 25 m? 30 10575 12263 8886 10466
Fortuna Buffer 25 m? 30
Fortuna Core 100 m? 8 10601 11700 9503
Fortuna Buffer 8

100 m?
Fortuna Core 225 m? 4 11327 12764 9890 8.23
Fortuna Buffer 4
225 m?

Fortuna 25 m? 30 10672 12974 8369 L1970
Fortuna 100 m? 8 10942 11649 10236 4.55
Fortuna 225 m? 4 10895 11219 10571 4.10
SL Core 25 m? 30 13578 15438 11719 13600
SL Buffer 25 m? 30
SL Core 100 m? 8 13353 14778 11928 1.82
SL Buffer 100 m? 8
SL Core 225 m? 4 13519 14713 12325
SL Buffer 225 m? 4
SL 25 m? 30 13735 15718 11753 0.99
SL 100 m? 8 13943 15033 12854 2.53
SL 225 m? 4 13849 14456 13241 1.83
RWB Core 25 m? 30 20106 24451 15761 20012
RWB Buffer 25 m? 30
RWB Core 100 m? 8 20293 23629 16957
RWB Buffer 100 m? 8
RWB Core 225 m? 4 20993 22259 19727 4.90
RWB Buffer 225 m? 4
RWB 25 m? 30 19801 23488 16114 -1.06
RWB 100 m? 8 21333 25800 16865 6.60
RWB 225 m? 4 21606 23932 19280 7.97
Gold Core 25 m? 30 28724 33741 23707 28751
Gold Buffer 25 m? 30
Gold Core 100 m? 8 28906 32807 25005
Gold Buffer 100 m? 8
Gold Core 225 m? 4 30021 32342 27700
Gold Buffer 225 m? 4
Gold 25 m? 30 29013 32974 25051 0.91
Gold 100 m? 8 29408 32960 25855 2.28
Gold 225 m? 4 29744 34628 24860 3.45

Note: Estimates from entire colony sampling as well as separate core and buffer sampling are presented.

average densities from the 225 m® quadrats all overesti-
mated colony size but lay within 5% of the reference
count (2.5% at SLF to 4.8% at RWB). At SP and SAB,
where manually adjusted DSM counts were not available,
this method was treated as the reference count.

Quadrat modelling of entire colony

At all sites, when using 25 m* quadrats, the variation in
mean density, and therefore colony population estimate,
reduced after 30 quadrats to the point where additional

samples did not significantly alter population estimates
(Fig. 5). This equated to subsampling 750 m® of the col-
ony and didn’t change with colony size. Similarly, using
15 replicates of the 100 m® quadrats, equating to
1,500 m?, led to similarly stable estimates. Using 15 repli-
cates of the 225 m” quadrats, equating to 3,375 m?, led
to more stable population estimates. These sampling ana-
lyses equated to a high proportion of smaller sites
(FB = 7,058 m?). As such, comparing colony estimates
using the equivalent cumulative area of 30 x 25 m’
(750 m?) (Fig. 5 and Table 2) is most efficient.

8 © 2024 The Author(s). Remote Sensing in Ecology and Conservation published by John Wiley & Sons Ltd on behalf of Zoological Society of London.
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Comparing Counting Methods for Penguin Colonies

Table 3. Summary of count estimates for six king penguin colonies with percentage difference from the most accurate estimate (highlighted in

red) marked in brackets.

Sea Leopard Right Whale
Fortuna Fjord Bay Gold Harbour Salisbury Plain St Andrews Bay
Manually Adjusted DSM 10,466 13,600 20,012 28,751
Full manual 13,489 (—0.8%)
Core + Buffer (25 m? 10,575 13,578 (-0.2%) 20,106 28,678
guadrat) (+1.0%) (+0.5%) (—0.3%)
25 m? quadrat entire 10,671 13,735 (+1.0%) 19,800 29,012
(+2.0%) (-1.1%) (+0.9%)
DSM Count 10,181 13,511 (-0.6%) 19,357 28,458 64,837 (-13.7%) 131,419
(-2.7%) (-3.3%) (-1.0%) (-0.9%)
DSM-Corrected Count 10,492 13,674 (+0.5%) 20,554 29,031 72,674 (-3.5%) 132,251
(+0.2%) (+2.7%) (+1.0%) (-0.2%)
225 m? Density 11,919 13,945 (+2.5%) 20,962 29786 (+3.6%) 75,272 132,577
(+4.3%) (+4.8%)
Untrained Satellite Count 17,046 102,583
(+22.2%) (+36.3%)
DEMA Satellite Count 16,213 103,395
(+19.2%) (+38.1%)
Satellite Count 15,736 93,098 (+23.9%)
(+12.8%)

Note: Where a full colony, manually adjusted DSM count was not available, density-based counts are considered to be the most accurate.

At all four sites, colony size was estimated to be within
2% (FB +1.97% above actual colony size, SLF +0.99%,
RWB —1.06% and GH, +0.91%) of the reference count
using 5 x 5 (25 m?) quadrats. At all four sites, as quad-
rat size increased, colony estimates became increasingly
inaccurate, with a trend of overestimating, although con-
fidence intervals decreased. Confidence intervals were
greatest using the 5 x 5 (25 m?) quadrats.

Quadrat modelling of buffer and core

Variance across all four sites using buffer and core grids
was reduced when subsampling the smallest area of 5 x 5
(25 m?) quadrats (30 subsamples, Fig. S3). At all sites for
each of the quadrat sizes, using a combination of core
and buffer areas, estimates were more accurate than quad-
rat sampling the entire colony area and the 25 m?* core
and buffer estimates were the most accurate (Table 2).

Density variability

Voronoi densities were produced (Fig. 3b) for SLF
(n =12,043), RWB (n = 17,322) and FB (n = 9,484). The
amount of ‘personal’ space assigned to each penguin var-
ied between sites and throughout colonies. On average,
birds closer to the colony edge were assigned greater areas
than those closer to the core. This relationship was not
uniform across the colony (Fig. 3a). However, penguins
on the periphery (3 m buffer) of the colony had markedly

lower density than those in the colony centre, ‘buffer
effect’ (Fig. 3¢).

The percentage of total colonies that the buffer repre-
sented varied from 24.5% at SP to 42.8% at SLF. Quad-
rats at SLF occupied the greatest percentage of the buffer
area (11.8%) followed by GH (6.5%), FB (2.4%) and
RWB (2.4%). Densities within SLF quadrats were closest
to the actual density calculated from the manually
adjusted DSM counts (Table SI; quadrat = 1.63,
actual = 1.59).

Slope

Although slope analysis showed high variability, a linear
regression showed that there was a significant relationship
between penguin density and slope (P < 0.001). As the
slope increased, the personal space around nesting pen-
guins (Voronoi size) also increased. Despite having a gra-
dient across much of the site, overall density at RWB fell
within the range seen at the other six sites.

Satellite counts

Satellite imagery from SLF and SP were available respec-
tively for the same day as drone flights or the day before.
GSD of the satellite imagery was 0.6 m at SLF and
0.37 m at SP (Fig. 4), with reduced GSD at SLF due to
low, thin, cloud cover. Even with greater resolution at SP,
it remained difficult to identify spaces occupied by

© 2024 The Author(s). Remote Sensing in Ecology and Conservation published by John Wiley & Sons Ltd on behalf of Zoological Society of London. 9
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Figure 3. Density variations across Sea Leopard Fjord: (a) Kernel density plot of penguin density where yellow marks high density, red moderate
density and purple, low; (b) Voronoi polygons (blue with black outline) showing personal areas assigned to penguins; (c) Plot describing density
changes against proximity to the colony edge with standard error marked.

non-breeding birds within the main breeding colony
(Fig. 5). At both sites, an estimated breeding area deter-
mined from satellite imagery was larger than the breeding
area calculated from drone imagery (Fig. 4).
Satellite-image derived estimates when compared with all
other methods, resulted in overestimation. Satellite imag-
ery orthorectified over the DEM overestimated the least.
This difference equated to an overestimate of 1,791 pairs
(12.8%) at SLF and 17,826 pairs (23.9%) at SP, despite
missing small sub-colonies at both sites on the satellite
imagery which were easily visible using drone imagery.
Using untrained observers versus an observer with ground
familiarity equated to a further overestimate of 1,310
(9.4%) breeding pairs at SLF and 9,485 breeding pairs
(12.4%) at SP. Using the drone-derived DSM to orthorec-
tify the imagery was much more accurate than the DEMA

DSM, especially at Salisbury (14.2%), where part of the
colony lies on a slope.

When count layers from manual and DSM methods
were overlaid on the ortho imagery and visually com-
pared, manually adjusted DSM counts missed the fewest
birds and had no duplicates, this method was therefore
considered to be the reference count to which other
methods were compared. At SAB and SP where this count
did not exist quadrat-based density counts were used but
are likely overestimates.

Discussion

King penguins are a sentinel species in the Southern
Ocean, tied to a narrow band of sub-Antarctic latitudes,
currently vulnerable to ongoing climate change. They are

10 © 2024 The Author(s). Remote Sensing in Ecology and Conservation published by John Wiley & Sons Ltd on behalf of Zoological Society of London.
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Figure 4. Number of king penguin breeding pairs estimated at Sea Leopard Fjord, Fortuna Bay, Right Whale Bay and Gold Harbour using
multiple (between 1 and 200) 25, 100 and 225 m? quadrats. The mean population estimate (blue), upper (green) and lower (light orange) 95%
confidence intervals are displayed. An actual number of breeding pairs (manually assisted DSM count) is represented by the solid horizontal line
(dark orange). The black dashed line indicates the number of 5 x 5 (25 m?), 10 x 10 (100 m? and 15 x 15 (225 m?) quadrats used
(respectively 30, 8 and 4) for population estimate in Table 2 (closest value greater than 750 m?).

important predators in the Scotia Sea and integral to bio-
geochemical cycles within the region. This makes them a
suitable candidate for long-term studies as ecological indi-
cator species for monitoring broader ecosystem health.
However, more efficient and accurate monitoring
methods are first required.

Here, we report different approaches for estimating the
number of breeding pairs of king penguins at six colonies
in South Georgia. We tested a suite of established manual
and novel post-processing methods for estimating colony
size using both fixed-wing drones and satellite imagery.
Our results are from the first use of fixed-wing drones in
the sub-Antarctic and the first use of BVLOS flying at
South Georgia.

Although field access is not necessary for satellite-based
counts, drone-based methods provided the best combina-
tion of accuracy and efficacy, particularly with
semi-automated DSM-based counts; these reliably esti-
mated population size to within 1 percent of a manual
count. As far as we know, this is the first use of the
DSM-based approach for counting ground nesting birds,
worldwide.

Full manual counts were the most time-consuming
method, and although the clarity of the imagery gave

confidence in the count accuracy they underestimated
breeding pairs when compared to the manually adjusted
DSM count, observers suffered from counting fatigue and
missed small numbers of birds. Some additional errors
may be present at the colony edge due to the interpreta-
tion of breeding/non-breeding birds in this region. We
estimated that a manual count of SAB would have taken
over 350 hours. Manually adjusted DSM counts offered
the most accurate count methodology. However, depend-
ing on the quality of the DSM, the supplementary count-
ing of uncounted birds can be considerable. At SP, there
were 11,000 additional birds compared to under 500 at
FB, SLF and GH. At SLF, and GH, where the source
imagery for the DSM was of high resolution, the auto-
mated DSM method counted 99% of penguin pairs. This
method has considerable potential for future counting,
not only of penguins but other taxa worldwide.

Corrected DSM-based counts were within 3% of the
reference count, and closer than either satellite-image or
quadrat-based density estimates. In our study, these
counts took a similar level of effort as quadrat-based esti-
mates. However, with greater image quality and DSM
spatial resolution as with GH and SLF, the use of quad-
rats may not be necessary in the future. Using 225 m’

© 2024 The Author(s). Remote Sensing in Ecology and Conservation published by John Wiley & Sons Ltd on behalf of Zoological Society of London. 11
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Figure 5. High-resolution satellite imagery (a, b) Salisbury Plain, and (c, d) Sea Leopard Fjord with drone-derived colony edge (red) and estimated
edge from satellite imagery (blue) and colony gaps (purple). Maxar Products, WorldView-3 Image © 2022 Maxar Technologies.

quadrats to estimate density consistently overestimated
colony size compared with DSM-based counts. Using
225 m?® quadrats was also less accurate than automated
counts and counts based on smaller sized quadrats. Fit-
ting large uniform quadrats into irregular colonies is not
always possible and often results in a low representation
of the low-density, colony edge. Based on the random
quadrat sampling simulations, 30, 5 x 5 m quadrats
would sufficiently capture variation in density whilst pro-
ducing accurate population estimates. The 5 x 5m

quadrats sub-sample a much smaller area than larger
quadrats and are capable of capturing changes in nesting
density variation efficiently. This was not affected by col-
ony size and therefore 30 samples could be used at all
sites. If effort is not a limiting factor, then sampling both
buffers and cores separately will further increase the accu-
racy of counts.

Within this study, we made assumptions based on
adjusting DSM counts to provide population estimates.
The error observed within quadrats should be

12 © 2024 The Author(s). Remote Sensing in Ecology and Conservation published by John Wiley & Sons Ltd on behalf of Zoological Society of London.
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representative of the entire colony. Future studies could
investigate whether the correction factor can be calculated
from smaller, 5 x 5 m quadrats (similar to the quadrat
modelling sampling strategy). If successful, quadrat-based
density estimates and DSM-adjusted estimates could be
used in parallel to give two colony estimates from the
same effort.

As discussed by Foley et al. (2020), when estimating
population size using colony extent, knowing the density
of breeding birds is necessary. All colony densities calcu-
lated within our study were below the 1.6 penguins per
m” value observed by other studies (Foley et al., 2020;
Gerum et al., 2018; Weimerskirch et al,, 2018) and lay
within the range (1.3-2.2) estimated by Williams (1995).
Moreover, we show that density varies between and
within sites, and emphasise that this should be accounted
for with on-the-ground sampling otherwise overestima-
tion is likely. For example, applying the density appropri-
ate to SLF to SAB would have overestimated the
population by 7,200 pairs (>5%). We note that average
densities of 1.6 (Table S1), more appropriately equate to
density in the colony core, which at SAB makes up less
than 60% of the site. Thus, the best way to calculate den-
sity is with high-resolution aerial drone imagery. This
variable density meant that parameter setting within
Cloud Compare needed to be modified based on colony
density; there are several other geomorphometric tools
that should be investigated to develop this method.

Our data shows that density varies both between and
within colonies (see also Gerum et al., 2018). Most signif-
icantly, there is a buffer zone at the colony edge (at least
3 m) where density is lower. Although core density will
likely remain stable throughout the season, the buffer
density will increase and decrease with the arrival of new
breeders and breeding failure. The complexity of a breed-
ing colony shape will impact this ‘buffer effect’ and lead
to overestimates in colony size. These overestimates are
proportional to the size of the buffer which can account
for almost half of the colony area in some instances. To
make density-based counts as accurate as possible this
‘buffer zone edge effect’ must be considered.

Many South Georgia king penguin colonies have
increased from historical counts (Foley et al., 2018; Lewis
Smith et al., 1979). One plausible explanation for the dra-
matic increase at SAB, which numbered fewer than 1000
pairs less than a hundred years ago (Lewis Smith
et al, 1979), is an increase in available breeding space,
following the rapid retreat of glaciers (Cook et al., 2010;
Foley et al., 2018). Despite, these rapid increases, breeding
density was lowest here, possibly due to large glacial
deposits across the site. Our study also suggests that slope
gradient impacts colony density, evidenced at RWB where
lower breeding densities occurred where gradients

Comparing Counting Methods for Penguin Colonies

increased. However, further study is needed to substanti-
ate this trend.

The three last colonies to be flown all had higher pen-
guin densities, even though surveys were carried out
within the window recommended by others (e.g. Bost
et al., 2013; Foley et al., 2020). However, at SAB and SP
large numbers of birds were still courting during our sur-
veys, suggesting that flights at larger sites should be later
in the season. A number of variables, including weather,
colony size, and the breeding success of the previous year
could impact the timing and number of breeding birds in
a given year. We recognise that our counts are not reflec-
tive of the entire breeding population at these colonies.
This also happens even when counting species with more
regular annual breeding cycles. To understand full colony
dynamics, those birds not present must be accounted for.
King penguins have a complicated, multi-year breeding
cycle which is impacted by many variables making moni-
toring difficult. Resulting models are associated with a
wide range of errors and only long-term datasets will have
statistical power to identify large population change
(Foley et al., 2020). This emphasises the requirement for
accurate methods with narrow confidence intervals, as
reported here. The next step is annual replication to bet-
ter inform demography models.

Satellite imagery does not require access to the colony;
however, if long-term monitoring is to undertake counts
at specific calendar dates each year (late January, early
February in the case of this study) in remote
sub-Antarctic locations where cloud cover will reduce
image resolution (perhaps even preventing data acquisi-
tion), then a satellite-image-based approach may not be
the best choice. Higher resolution imagery will be needed,
especially for the colony edge, if the population is not to
be overestimated (Foley et al., 2020). The overestimates in
satellite-image-based counts came despite missing small
sub-colonies at both sites which were clearly apparent
from drone imagery. This error is due to the colony
perimeter being occupied by non-breeding or courting
birds (Stonehouse, 1960). At SP, an additional error
(13%) came from not being able to see non-breeding
birds within the main colony footprint as previously
noted by Weimerskirch et al. (2018). These were present
at all sites with the exception of SLF, highlighting that
such errors are not consistent. If these non-breeding gaps
exist to a similar extent between years, then site-based
adjustments could be used for multiple years of satellite
imagery. If the resolution of available satellite imagery
increases in the future, some errors will be removed.
However, errors associated with colony density may
remain.

At both sites, using a high-resolution, drone-derived
DSM significantly increased the accuracy of estimates
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versus using the REMA DSM. This was especially true at
SP; this greater difference is possibly a result of the west
of the colony lying on a slope causing a difference
between DSMs. DSMs from this project will be made
available for future remote sensing work to reduce this
effect.

Fixed-wing drones are powerful tools capable of effi-
ciently mapping wildlife colonies, although caveats still
exist. The downward-facing camera with no stabilisation
meant that gusting winds could impact the pitch of the
drone and lead to gaps in the imagery (and DSMs), as
seen at SAB. To combat this, large overlaps were used
between images (forward and side) which reduced the
maximum area able to be surveyed within a single flight.
Recently released sensors for the eBee X have gimbal sta-
bilisation which will allow better image and DSM quality,
and a reduction in the redundancy between images for
even greater coverage.

BVLOS permits were necessary to overfly large colonies
and allow remote locations for take-off and landing to
minimise disturbance (Edney et al., 2023; Riimmler et al.,
2016). Camera specification meant that the desired image
resolution could be obtained from high altitudes, reduc-
ing flying times due to wider swath width. With hind-
sight, flying height should have been lower to allow for
greater DSM resolution, particularly at SP and SAB,
where conditions were poor.

To manually count breeding birds in large colonies is
impractical, so other methods must be used. The most
accurate of those we used were the semi-automated DSM
counts and the 5 x 5 (25 m?) quadrat density estimates
using both buffer and core subsamples. The next most
accurate option, which also involved less effort was the
thirty x 5 x 5 m sub-samples across the entire colony.
Placement should be random but must include buffer
areas. If using satellite imagery this should be done by
observers with prior knowledge of the site and ideally in
parallel with on-the-ground density estimates. If fully
remote methodologies are to be used then a value less
than 1.6 penguins per m” should be used which better
represents actual density across the colony, whilst topog-
raphy, buffer, and gradient should also be taken into
account. Moreover, as colony boundaries are known to
change across time (Trathan, unpublished), and are not
easy to determine from satellite images (Fig. 4), fully
remote methodologies still have important limitations.

Given recent observed and predicted colony declines
north of the APF (Cristofari et al., 2018; Weimerskirch
et al., 2018) understanding king penguin population
trends in South Georgia remains important for under-
standing ecological change. Population counts of five of
the six colonies listed here are significantly higher than
those presented in previous studies, in line with recent
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trends (Foley et al,, 2018). However, caution is needed
when interpreting isolated counts of king penguins due to
their unique breeding chronologies (Foley et al., 2020).
To better assess and inform king penguin conservation
and allow ecological drivers of change to be identified, we
encourage regular, long-term monitoring using methods
we have tested in this study. The development of demo-
graphic models would also be informative (Foley
et al., 2020).

Here we have demonstrated that DSMs can be used to
successfully monitor wildlife populations. King penguins
are large subjects that appear obvious on DSMs within
this study, and this suggests that other species may also
be targeted so long as they are larger than the resolution
of the DSM. Looking at other seabird species, any bird
that is colonial nesting may be considered a prospect for
using DSMs for population monitoring. Northern gannets
(Morus bassanus) are highly colonial nesting seabirds that
have been previously surveyed by drone (Tyndall
et al., 2024), often nesting on difficult-to-access offshore
islands which this method would be suitable for. Further-
more, many seabirds are colonial nesters and this method
could be easily applied as many are larger than a standard
DSM resolution and have previously been surveyed with
drone technology including cormorants (Polensky
et al., 2022), gulls (Blight et al., 2019), and terns (Chabot
et al., 2015). Beyond seabirds, this method could perceiv-
ably be applied to any species that is larger than the sur-
rounding environment, remains sedentary for any given
period and has been surveyed from UAVs previously.
Notably, this could be extended to include a variety of
mammal species including seals (Mustafa et al., 2019),
ungulates (Zabel et al., 2023) or even more solitary ani-
mals such as predators (Bushaw et al., 2019). However, as
a study species reduces in size, differentiating them from
the substrate becomes more difficult and it will be neces-
sary to increase the resolution of the DSM, especially in
more complex substrates. This could be done by flying
the drone lower and by creating a higher resolution point
cloud; however, this would need to ensure that distur-
bance to study animals is kept to a minimum. To distin-
guish the limits of this method, more investigation is
needed with alternative species across multiple terrains
but the authors believe it will be replicable with much
smaller ground-nesting species.

Computer vision-based approaches for counting ani-
mals in drone imagery have a substantial amount of exist-
ing research but have not been compared in this study.
Whilst general deep learning models for the detection of
birds in imagery now exist (Weinstein et al., 2022), and
computer vision models in general have proven to be
accurate when compared to other count methods (e.g.
Hayes et al, 2021; Torney et al, 2019) there are
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limitations to their use. Whilst these approaches are
undoubtedly cost-effective and quick once working, the
development and training of models is a time-intensive
process (Edney & Wood, 2021) that requires specialised
skillsets. The aim of this project was to produce counts of
king penguins for which we originally planned to use a
combination of manual and density-based counts. The
DSM approach was developed during the routine proces-
sing of imagery, and we, therefore, completed the density-
based and manual counts where possible for the purpose
of comparison. A clear future direction for the DSM
method is a comparison with a computer vision-based
approach using the same imagery.

This study identifies various limitations and advantages,
in terms of effort and accuracy, of different counting
approaches (see Figs S1 and S3). DSM-based counting,
used in this study for the first time as a post-processing
methodology is at least as accurate as traditional density-
based and manual count methods whilst taking less time.
This method will undoubtedly be applicable to other
ground-nesting species worldwide. When used in con-
junction with fixed-wing drones operated by BVLOS,
these have the potential to revolutionise field-based
counting of large ground-nesting colonial species such as
penguins and make necessary long-term monitoring a
reality.
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Additional supporting information may be found online
in the Supporting Information section at the end of the
article.

Figure S1. Decision-making workflow for selecting the
most appropriate counting methodology.

Figure S2. Workflow for carrying out DSM-based auto-
mated count.

Figure S3. Number of king penguin breeding pairs esti-
mated at Gold Harbour using multiple (between 1 and
200) 5 x 5 (25 m?), 10 x 10 (100 m*) and 15 x 15
(225 m?) quadrats; colony (A-C), buffer (D-F), and core
(G-I). The median population estimate (blue), upper
(green) and lower (light orange) 95% confidence intervals
are shown. Actual number of breeding pairs is repre-
sented by the solid horizontal line (dark orange). The
black dashed line indicates the number (respectively 30, 8
and 4) used for population estimate in Table 2 (closest
value greater than 750 m).

Table S1. King penguin breeding densities at colonies
with DSM-assisted manual counts.
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