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1.  INTRODUCTION 

Many seabirds of conservation concern nest on 
remote islands where monitoring is hindered by lim-
ited accessibility, lack of infrastructure, or unfavou-
rable weather conditions. However, long-term mon-
itoring data are critical for informing and evaluating 
conservation actions (McClelland et al. 2016, Brooke 
et al. 2018, Bird et al. 2021, Edney & Wood 2021). 
Very high-resolution (<1 m per pixel ground sample 
distance) satellite imagery can offer a cost-effective 
so lution to monitor populations when ground counts 

are unavailable or infrequent (Edney & Wood 2021). 
This technology has been used to estimate the abun-
dance of large seabirds such as penguins, albatrosses 
and boobies, either indirectly (occupied area × as -
sumed densities) or directly (counts of individuals) 
(Barber-Meyer et al. 2007, Hughes et al. 2011, Fret-
well et al. 2017, Weimerskirch et al. 2018, Dolliver 
2019, Foley et al. 2020). As even higher resolution 
satellite imagery becomes available, it should be 
possible to detect remote colonies and assess pop-
ulation sizes of smaller bird species (Lynch et al. 
2012). 
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The Tristan albatross Diomedea dabbenena is the 
third rarest albatross species, categorised as Critically 
Endangered by the IUCN (BirdLife International 
2018) and listed on Annex 1 by the multi-lateral 
Agreement on the Conservation of Albatrosses and 
Petrels (ACAP), which coordinates international ac -
tivity to mitigate known threats to their populations 
(Phillips et al. 2016). It breeds only on Gough Island 
(approximately 1500 pairs) and Inaccessible Island 
(2–3 pairs) in the Tristan da Cunha group (Cuthbert 
et al. 2004). Modelling shows that the population has 
decreased over the past 2 decades, although the 
number of breeding pairs obtained from ground sur-
veys each year is broadly stable (Oppel et al. 2022). 
This long-term decline was initially due to low adult 
survival caused by high incidental mortality (by -
catch) in longline fisheries (Cuthbert et al. 2004, 
Jiménez et al. 2014). However, recent models suggest 
that low fledging success due to predation of chicks 
by invasive house mice Mus musculus L. on Gough 
Island is currently the key limiting factor (Wanless et 
al. 2009, Davies et al. 2015, Oppel et al. 2022). A bait-
ing campaign to eradicate the mice in 2021 was 
unsuccessful (Samaniego et al. 2022). 

Given the slow recovery potential of long-lived alba-
trosses, even if a second attempt at mouse eradication 
is successful, multiple censuses would be required in 
the following few decades to determine if the popula-
tion is recovering, particularly in light of other threats 
such as bycatch in fisheries (Oppel et al. 2022). The 
Tristan albatross breeds biennially if successful in rais-
ing a chick, but some pairs that fail early are likely to 
breed again the following season (Tickell 1968, Croxall 
et al. 1990). Monitoring over successive years is there-
fore necessary to adequately determine population 
status. Ground surveys of Tristan albatrosses at Gough 
Island have been carried out an nually since 2000/2001, 
involving a team of 2 re searchers on station for an en-
tire year, contributing to a total cost of ~100 000 GBP  
for a program that also includes monitoring of other 
species on the island (Caravaggi et al. 2019). If the 
ground surveys were discontinued due to financial or 
logistical challenges, alternative methods would be 
necessary to maintain monitoring. Satellite remote 
sensing offers a potential solution, providing the 
ability to cover large areas instantaneously without 
disturbance, potentially at a lower cost than ground 
surveys. However, applying satellite technology would 
still require financial investment in image acquisition 
and analysis, as well as periodic ground-truthing to 
 ensure that satellite assessments remain accurate. 

Among the commercial providers of high-resolution 
imagery, Maxar Technologies was the first to launch 

31 cm resolution sensors, with WorldView-3 (active 
2014–present) and WorldView-4 (active 2016–2019). 
These offer the longest archival record of 31 cm op -
tical imagery. For an animal to be observed directly in 
31 cm resolution imagery, it must meet 3 primary crit-
eria: (1) be large enough to cover several pixels, (2) 
contrast with the background colour or other charac-
teristics of the local habitat, and (3) occupy open areas 
(LaRue et al. 2017). The wandering albatross Dio me -
dea exulans, northern royal albatross D. sanfordi, and 
short-tailed albatross Phoebastria albatrus meet these 
criteria and have been counted in WorldView-3 imag-
ery (Fretwell et al. 2017, Weimerskirch et al. 2018, 
Brothers et al. 2022). Although these species were dis-
cernible in the imagery, the accuracy of the estimates 
vary, e.g. for wandering albatrosses, the mean count in 
satellite imagery of 894.5 birds was 18.6% higher than 
the original number of nests with eggs at Bird Island 
(Fretwell et al. 2017), and counts in satellite imagery 
were lower by 17 and 49% than those from aerial pho-
tographs at Kerguelen (Weimerskirch et al. 2018). 
This variability in counts may be attributed, in part, to 
fluctuations in attendance throughout the day as non-
breeding or failed birds arrive and depart. Detectabil-
ity can also be affected by factors such as small body 
size or dark plumage (Dolliver 2019), or differences in 
terrain between colonies, which influences the con-
trast between the bird and their immediate surround-
ings (Bowler et al. 2020). Thus, satellite imagery is 
promising as a monitoring tool but requires validation 
for new species and sites. 

Tristan albatrosses are slightly smaller in size than 
wandering albatrosses (Cuthbert et al. 2003) and have 
a darker back, necessitating a rigorous assessment to 
evaluate whether satellite-based counts could re place 
ground surveys. Here, we present the first assessment 
of whether Tristan albatrosses can be observed and 
accurately counted in 31 cm resolution satellite imag-
ery. Our aims were to test (1) whether the locations of 
manually labelled Tristan albatrosses in an orthorecti-
fied 31 cm resolution satellite image from the incuba-
tion period corresponded with GPS coordinates of ac-
tive nests from a concurrent ground survey, and (2) 
whether nest attributes (slope and aspect) or bird 
plumage (reflecting sex and age) of the incubating 
bird influenced detectability in satellite imagery. We 
hypothesised that males and older birds would be 
more readily seen in satellite imagery than females 
and younger adults because their lighter plumage 
would show higher contrast against the vegetation. 
The results are discussed in terms of the potential of 
using very-high-resolution (VHR) satellite imagery as 
a tool for long-term monitoring of this population. 
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2.  MATERIALS AND METHODS 

2.1.  Satellite imagery acquisition and processing 

Satellite imagery of Gough Island (40° 21’ S, 
9° 53’ W) was tasked for the 31 cm resolution World-
View-3 satellite system for the period of 17 January to 
31 March 2022. However, as all imagery of the island 
captured within this period was obscured by cloud or 
thick haze, we searched the archives (Maxar Archive 
Search and Discovery; https://discover.maxar.com/) 
for cloud-free images from 2014 to 2022 be tween 
25 December and 31 March (corresponding to the in-
cubation or brood-guard stages, when a parent is al-
ways present on the nest). No images of the island in 
the archive were completely cloud free, but one image 
had a portion (2.62 km2) that was cloud free and which 
corresponded with an area where there was a good 
sample of nests that were being monitored regularly at 
the time of the image acquisition. This WorldView-4 
image (33 cm ground sampling distance resampled to 
30 cm resolution) was taken at 10:46 h on 1 February 
2018 (see Table S1 in Supplement 1 for details; www.
int-res.com/articles/suppl/n056p187_supp1.pdf, for all 
supplementary tables and figures).  

The satellite image consisted of multi-spectral and 
panchromatic files that were processed in ArcGIS Pro 
(version 3.3.0; ESRI 2024). Surface topography and 
the tilt of the satellite can distort features in complex 
landscapes, such as mountain slopes. As such, the 
image was orthorectified using a Digital Terrain 
Model (DTM) from Airbus (product WorldDEMTM) to 
remove distortion and assign more accurate coordi-
nates. The DTM represented bare earth terrain with-
out obstruction features above ground and had an 
absolute vertical accuracy of <10 m and absolute hori-
zontal accuracy of <6 m. The Gram-Schmidt pan-
sharpening method was then applied to produce a 
better visualisation of the multiband image using the 
high-resolution (30 cm) panchromatic image (ESRI 
2024). 

2.2.  On-the-ground monitoring 

The number of breeding pairs (nests with eggs) on 
Gough Island has been counted annually since 2001 
from vantage points in late January or early February 
in 8 areas delineated by ridgelines and valleys (Ryan 
et al. 2001). In addition, GPS locations of all nests in 
3 intensively monitored colonies (Gonydale, Hum-
mocks and Tafelkop) are recorded each year using a 
handheld GPS (Garmin GPSmap 60CS, accurate to 

<10 m), and the nests are monitored on a weekly basis 
to determine breeding success. 

Tristan albatrosses are loosely colonial, with nests 
spaced more than 3 m apart (Ryan et al. 2001). Parents 
take turns incubating their egg, with each incubation 
shift normally lasting 1–3 wk. Adult males typically 
have mostly dark upper wings with a white patch on 
the elbow, and others have more extensive white on 
the upper wings, whereas most adult females retain 
brown feathers on the crown, back, breast and flanks 
(Fig. S1 in Supplement 1) (Ryan 2023). The oldest 
males have pale-white backs (Ryan 2000, del Hoyo et 
al. 2023). The plumage of females is browner than 
males of the same age. Annual ringing of breeding 
adults, and of chicks in Gonydale has taken place 
since 1976 and 1980, respectively (Ryan et al. 2001), 
and hence, a large proportion of birds in the study 
areas are individually marked and of known age. The 
identity of the partner attending the marked nests 
detectable in the satellite image was recorded shortly 
before (26 January) and after (5 February) the satellite 
image was taken in 2018. As this interval is shorter 
than the minimum duration of an incubation shift, the 
same individuals present on both occasions were 
assumed to have also been present on the day the sat-
ellite image was taken. Nests that failed between the 
2 visits were excluded from further analyses. 

2.3.  Expert annotation of Tristan albatrosses in 
satellite imagery 

In the cloud-free area within the nest boundary of 
the processed satellite image, 2 independent expert 
reviewers, (M. Attard and an independent expert; here-
after referred to as Expert 1 and Expert 2)—both ex -
perienced in satellite-image analyses of wildlife —
conducted an initial identification of presumed 
albatrosses using ArcGIS Pro. Their methodology was 
broadly based on methods in Stapleton et al. (2014). 
GPS coordinates of active nests from the ground sur-
vey were overlaid on the satellite image as a guide, 
with a 10 m buffer around each GPS coordinate serv-
ing as a general search area. The reviewers also exa -
mined areas outside of this buffer to identify potential 
non-breeding albatrosses, which included pre-
breeders (birds that had never bred), deferring 
breeders and failed breeders (Fretwell et al. 2017). 

Each buffered area was reviewed initially at a fixed 
scale of 1:200 to 1:400 to identify features that could 
be albatrosses. If the feature was not immediately 
clear, the reviewers examined the area at multiple 
scales (up to approximately 1:800) to confirm the 
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identification. This mixed-scale approach ensured 
that the feature was distinct and comparable in size to 
other features clearly identifiable as birds. After com-
pleting independent reviews, the experts convened 
to jointly review their annotations and resolve any 
uncertainties by examining each annotation together 
at multiple scales. Only features that both experts 
confidently classified as a presumed albatross were 
re tained, resulting in a single shapefile representing a 
‘gold standard’ distribution of detectable birds. This 
final annotation set was then used to calculate the 
proportion of active nests observed in the satellite 
image. If multiple satellite annotations fell within a 
10 m radius of a nest recorded in the ground survey, 
only the closest annotation was considered a match, 
and the other annotations were not considered to be a 
bird on the nest. Any known nest not identified by the 
gold standard is assumed to be not visible in the satel-
lite image, or insufficiently distinct to be confidently 
identified as an albatross. 

Known nests were determined from GPS data dur-
ing the ground survey, but these may not have corre-
sponded to a detectable bird in the satellite image 
as reviewers may have been uncertain in identifica-
tion or unable to discern the presence of a nesting al-
batross in more pixelated or blurred areas. As such, 
the 2 experts also annotated a pansharpened, non-
 orthorectified image of Gough Island to assess whether 
pixel smearing resulting from the orthorectification 
process influenced bird detection. 

2.4.  Factors that may influence detectability of 
nesting albatrosses 

All statistical analyses were performed using python 
(v3.9.11) within a Jupyter notebook environment 
(Kluyver et al. 2016). We tested whether the detect-
ability of nesting albatrosses was influenced by char-
acteristics of the incubating parent (sex and minimum 
age from ringing), and nest position (slope and 
aspect, both extracted from the DTM). Aspect was 
measured from 0° to 360°, where 0° (or equivalently 
360°) is north. These factors were included in genera-
lised linear models (GLMs) with a logit link function 
for the binomial dependent variable indicating whether 
an albatross was observed in the satellite image. The 
GLM estimates reflect how the likelihood (or odds) of 
detection change with each predictor variable. Given 
the binary nature of the response variable (observed 
vs. unobserved), we used odds ratios — defined as the 
ratio of the odds of detection for one group compared 
to another — to quantify the strength and direction of 

the relationships between predictors (bird and nest 
characteristics) and detectability. 

To address the positive skew in values for slope, we 
applied a cube root transformation to better meet the 
assumptions of the GLM. This transformation com-
presses the scale of the slope values, resulting in lower 
estimates compared to using the original values. Con-
sequently, the coefficients from the GLM reflect the 
change in the log-odds of detecting a nesting albatross 
for a unit increase in the transformed slope. Therefore, 
a unit increase in the cube root of the slope corresponds 
to a larger change in the original slope value. This only 
affects estimates in models that include slope. 

Slope and aspect were available for 152 nests that 
were active when the satellite image was taken, 
including 52 nests for which the sex and age of the 
incubating bird was known. We first fitted a full GLM 
for these 52 nests, incorporating all potential predic-
tors: slope, aspect, sex, and minimum age. To identify 
the most parsimonious model, we used the 'pdredge' 
function from the pyDredge package in python (ver-
sion 3.9.11), which evaluates all possible subsets of 
the predictor variable. We used Akaike’s information 
criterion adjusted for low sample size (AICc) to iden-
tify the top models, considering models within 2 AICc 
units of the top model as influential. For each top 
model, we report the coefficient estimates, p-values 
and 95% confidence intervals to assess the relative 
importance of predictor variables (Muff et al. 2022). 

To assess potential multicollinearity between the 4 
predictors, we calculated the variance inflation factor 
(VIF) for all variables included in the GLMs (Table S2 
in Supplement 1). This step helped ensure that no 
predictors were highly correlated, which could lead 
to unreliable estimates of the model coefficients. A 
separate GLM was conducted to test the influence of 
slope and aspect on albatross detectability, using the 
larger sample of 152 nests. Differences in detectabil-
ity based on minimum age were analysed separately 
for males (n = 26) and females (n = 26) using a GLM; 
note that this 1:1 ratio was coincidental and not a 
result of a deliberate sampling design. A chi-squared 
test was used to determine whether the proportion of 
nesting males and females detectable in the satellite 
image were equal. 

2.5.  Assessing inter-observer reliability of 
 satellite-based Tristan albatross counts 

To further evaluate the reliability of satellite imag-
ery for detection and counting of Tristan albatrosses, 
9 independent volunteers were recruited to complete 
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blind annotations by marking presumed albatrosses 
in the imagery. These observers were categorised into 
3 groups based on experience: (1) those with ex -
tensive experience in using satellite imagery or unoc-
cupied aircraft systems (UASs) for wildlife de tection 
and counting (Observers 1–4), (2) those with albatross 
fieldwork experience (Observers 4–6), and (3) those 
with no prior experience in annotating satellite imag-
ery or albatross fieldwork (Observers 7–9). To avoid 
bias, the expert reviewers who created the reference 
annotations were not included in the volunteer pool. 

The orthorectified satellite image was divided into 
100 × 100 m tiles, resulting in 303 tiles covering a total 
area of 3.03 km2. A random number generator was 
used to select 24 tiles where at least 1 nest was pre-
sent, and 6 tiles where no nests were present based on 
GPS coordinates. These tiles were uploaded to an 
online open-source annotation software, VGG image 
annotator (VIA) (Dutta & Zisserman 2019), and each 
volunteer was provided with instructions on how to 
locate and label albatrosses (see Supplement 2; www.
int-res.com/articles/suppl/n056p187_supp2.pdf). 

The misclassification rate of each observer was as -
sessed in relation to one another, the gold standard 
and coordinates of known nests. The gold standard 
encompassed all birds that were detected with confi-
dence by the 2 experts, whereas the ground survey 
only identified birds on nests. Consequently, the def-
inition of true positive, false positive, and false neg-
ative varied. In general, we defined albatrosses which 
were correctly predicted to be present as true positive 
(TP), albatrosses incorrectly predicted to be present 
as false positive (FP), and albatrosses incorrectly pre-
dicted to be absent as false negative (FN). Annota-
tions classified as true positives were those located 
within 3 m of the gold standard or another observer, 
as Tristan albatross nests are usually >3 m apart (Ryan 
et al. 2001), or within 10 m of the nest GPS coordi-
nates, based on the accuracy of the handheld GPS 
device. A cross-tabulation table was created for each 
metric. To assess consistency, metrics were averaged 
for each observer relative to all other observers. The 
response of each observer was compared separately 
to the gold standard and known nests to assess their 
overall performance. F1-scores were used to measure 
the accuracy of each observer’s performance based 
on a trade-off between recall and precision, as applied 
in other studies (Bowler et al. 2020). These metrics 
were calculated as follows: 

                   
(1) 

Recall identifies how well the observer identifies 
true positives (i.e. out of all albatrosses in the ‘actual’ 
data, what proportion is predicted to be present by the 
‘predictor’) while precision measures the quality of 
positive predictions by the observer (i.e. out of all the 
albatrosses predicted by the observer, what percentage 
is truly positive according to the ‘actual’ data) (Daska-
laki et al. 2006). A high recall value re flects a better 
counting performance, and a high precision value in-
dicates higher quality. F1-scores range from 0–1, with 
a higher value indicating a better overall performance. 

2.6.  Spatial clustering for multiple observers 

Observer annotations were aggregated using a hier-
archical spatial clustering approach to group labels 
based on geographic proximity, implemented in a py-
thon script to generate consensus-labelled data. This 
approach is broadly based on the methodology out-
lined by Jones et al. (2018). Pairwise Euclidean dis-
tances between observer labels were computed, and 
hierarchical clustering was performed using the 
Ward linkage method with a 3 m threshold. To ensure 
unique observer representation within each cluster, 
only the closest label from each observer was retained. 
Remaining unmatched labels were then assessed to 
determine whether they were within 3 m of any other 
unmatched labels. If such labels were found, a new 
cluster was formed. The median geographical position 
for each cluster was calculated, and the bird count was 
determined for each agreement threshold. For exam-
ple, an agreement threshold of 3 meant that only 
clusters with at least 3 observers in agreement were 
counted. A linear regression was performed to assess 
whether the proportion of nests correctly identified by 
the observer-clustered data (using an agreement 
threshold of 2) varied with nest density. 

3.  RESULTS 

3.1.  Nest detection in orthorectified vs.  
un-orthorectified satellite images 

In the orthorectified satellite image, 103 out of 152 
nesting birds (67.8%) recorded on the ground were 
detected successfully by the gold standard (Table 1, 
Fig. 1). In comparison, only 91 of the 152 nesting birds 
(59.9%) were detected in the un-orthorectified image 
using the same consensus-based approach (Table 1). 

Each Tristan albatross typically appears as 2–4 
pixels in shades ranging from white to greenish-grey in 
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Fig. 1. (A) Map of Gough Island and relevant features, with an inset map of the 2 study areas (Gonydale and Hummocks) that 
were cloud-free in the satellite image. (B) Satellite image (33 cm resolution downsampled to 30 cm resolution) showing GPS 
coordinates of Tristan albatross nests from ground surveys in 2018, and nests and presumed non-breeders observed in imag-
ery. Three random examples from the satellite image shows an individual nesting Tristan albatross as light pixels in the centre 
of the panel. Base map and breeding boundaries from the Royal Society for the Protection of Birds (RSPB). Credit for satellite  

image © 2024 Maxar Technologies
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the 31 cm resolution satellite imagery. Notably, a dark 
ring was observed around some nesting birds which 
may be the result of trampling or vegetation removal. 
Differences were observed between the annotations 
of the 2 experts. Expert 1 was more conservative, 
recording 89 birds (including 82 on nests), whereas 
 Expert 2 identified 120 birds (including 107 on nests). 
After discussion, several annotations from Expert 2 
were excluded from the final count as they could not 
be identified confidently without reference to the GPS 
coordinates of known nests. Testing different raster 
brightness settings revealed that the dark rings around 
nests were more pronounced in the darker images, ai-
ding nest identification. Differences in detection rates 
across different parts of the image may be partly due to 
variable pixel stretching during orthorectification. 
These distortions, which depend on the local slope, as-
pect, and sensor tilt, can alter the contrast between 
birds or nests and their surroundings. 

3.2.  Detection of presumed non-breeding 
 albatrosses 

Presumed non-breeding birds, as well as nesting 
birds, were detected in both image types. Totals of 
13 and 22 presumed non-breeding birds were ob -
served more than 10 m from any active nest location 
in the orthorectified and un-orthorectified images, 
respectively. 

3.3.  Factors influencing nest detectability in 
satellite imagery 

The minimum age of incubating males or females 
did not significantly influence nest detectability in 

satellite imagery using the gold standard. Based on 
the logistic regression model, there was no statisti-
cally significant association between age and nest 
detectability in males (odds ratio: 1.05 ± 0.07; 95% CI: 
0.93, 1.19; p = 0.44; Table S3) and females (odds ratio: 
1.00 ± 0.09; 95% CI: 0.84, 1.20; p = 0.99; Table S4). 

We found no significant difference in detectability 
between nesting males and females; among individ-
uals identified as the gold standard, 84.2% (n = 22) of 
nesting females and 69.2% (n = 18) of nesting males 
were detected in the satellite imagery (Fig. S2; χ2 = 
0.98, df = 1, p = 0.32). 

None of the GLM models (ΔAICc < 2) explained 
>5% of the variance in detectability (Table S5). All 4 
predictors (aspect, slope, minimum age, and sex) 
were included in at least 2 of the 7 most parsimonious 
GLM models for the 52 nests where bird age and sex 
were also known. However, the effect of each predic-
tor was insignificant, as the 95% confidence intervals 
included zero. 

3.4.  Inter-observer variability 

Observer reliability was variable; 6 of the 9 ob -
servers showed a high number of false positives, and 
therefore lower precision scores (<0.75) relative to 
the gold standard (Fig. 2A, Table S6). Observers 1 
and 6 had the highest precision (0.94 and 0.85, 
respectfully) but the lowest recall (0.46 and 0.49), 
indicating fewer de tections but greater reliability 
(Tables S6 & S7). Conversely, Observer 9 had the 
lowest precision (0.42) and highest recall (0.69) com-
pared to the gold standard, suggesting that this 
observer labelled many albatrosses, many of which 
were likely incorrect. Consequently, Observer 9 had 
the lowest F1-score compared to the gold standard 
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Image correction          Annotator       Accuracy    Sensitivity      F1       Total known        Identified               Presumed               Total  
                                                                    (precision)       (recall)       score           nests               albatrosses            albatrosses          reference  
                                                                                                                                                             (nests matched)    (no nest match)    annotations 
 
Orthorectified                 Expert 1              0.92                0.54           0.68              152                        82                               7                           89 
                                            Expert 2              0.89                0.70           0.79              152                       107                             13                        120 
                                       Gold standard        0.89                0.68           0.77              152                       103                             13                        116 
Un-orthorectified           Expert 1              0.82                0.55           0.66              152                        84                              19                        103 
                                            Expert 2              0.82                0.67           0.74              152                       102                             22                        124 
                                       Gold standard        0.81                0.60           0.69              152                        91                              22                        113

Table 1. Summary of detection metrics for guided annotations by 2 experts (Expert 1 and Expert 2) and resulting ‘gold standard’ (the 
consensus of both experts) relative to known nests. The metrics provide insights into the performance of expert observers in detecting 
nesting albatrosses based on satellite imagery. The metrics are accuracy (precision), sensitivity (recall), F1-score, total known nests, 
identified albatrosses matched with nests, presumed albatrosses without nest matches, and total reference annotations for 2 reference 
observers and the consensus gold standard. Presumed albatrosses that do not match a nest are either non-breeders or misidentifications
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(0.52) (Tables S8 & S9). No albatross was identified 
by any observer in 13 of the 30 tiles. 

As expected, observers with experience of annotat-
ing satellite or UAV imagery (Group 1; F1-score range: 
0.56–0.69) and those with experience of albatross 
fieldwork (Group 2; F1-score range 0.54–0.62) gen-
erally outperformed those with no prior experience 
(Group 3: range 0.52–0.59) (Fig. 2A and Table S9). No-
tably, 2 volunteers from Group 3 achieved the highest 
recall relative to the gold standard, whereas 3 ob-
servers from Group 1 and 2 had the highest precision. 

The mean F1-scores in Table S8 illustrate how con-
sistently the observers classify Tristan albatross nests 
relative to each other. The mean F1-score per ob -
server ranged from 0.56 to 0.68, indicating a moderate 
level of agreement among observers. The 9 observers 
each correctly identified between 15 to 22 of the 46 
known nests (Table S10) presented to them. 

3.5.  Bird counts from spatially clustered data 

In the clustered dataset, the number of presumed al-
batrosses increased exponentially as the minimum 
number of observers labelling the same bird de -
creased (Fig. 3A). Setting too low an agreement 
thresh old led to overestimation, as labels were in-

cluded that had a low probability of being an albatross, 
reducing precision. On the other hand, a high thres-
hold risked the exclusion of valid detections, lowering 
accuracy. The optimal threshold, therefore, balances 
accuracy (including more observers) and precision of 
counts. The number of nests where 2 or more ob -
servers agreed increased with the number of known 
nests, but there was large variation around this rela-
tionship (R2 = 0.43, p < 0.001; Fig. 3B), suggesting that 
other factors may affect detection probability. All la-
bels agreed on by all 9 observers appeared as distinct 
white dots and matched the gold standard (Fig. 3C), 
whereas labels with no agreement (including with the 
expert reviewers) were false positives. Labels agreed 
upon by 4 observers showed a mix of true positives 
and false positives relative to the gold standard. 

4.  DISCUSSION 

In this study, we demonstrate that satellite remote 
sensing is unlikely to be a reliable method for long-
term monitoring of population size or trends in the 
Tristan albatross for 2 reasons: (1) obtaining cloud-
free images during breeding stages (incubation and 
brood-guard), when an adult is present at each nest, is 
challenging, and (2) even in cloud-free images, only 
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Fig. 2. Scatterplot of average precision–recall values for presumed albatrosses annotated by 9 observers (predicted) across 
30 tiles, relative to (A) the gold standard from the satellite imagery (actual) and (B) the active nests (actual) based on GPS co-
ordinates. The volunteers, numbered 1–9, included those with experience in satellite imagery and/or unoccupied aircraft 
systems (UAS) to detect/count wildlife (Observers 1–4; white symbols), those with albatross fieldwork experience (Ob-
servers 4–6; grey symbols) and those with no prior satellite imagery or albatross fieldwork experience (Observers 7–9; 
black symbols). Black dashed lines show the position of possible recall–precision values corresponding to F1-scores of 0.2, 
0.4, 0.6 and 0.8. Annotations classified as true positives were those located within 3 m of the gold standard, as Tristan alba-
tross nests are usually >3 m apart (Ryan et al. 2001), or within 10 m of the nest GPS coordinates, given the accuracy of the  

handheld GPS device used during annual monitoring (Garmin GPSmap 60CS, accurate to <10 m)
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67.8% of known nests identified from ground surveys 
were detected with confidence. This was consider-
ably lower than the detection rates of other species of 
albatrosses in previous studies (Fretwell et al. 2017, 
Weimerskirch et al. 2018, Dolliver, 2019). 

Although counts of birds in satellite imagery may 
not provide an accurate estimate of the number of 
albatross nests, they could in theory be useful as an 

index of population size if the probability of detection 
remains relatively constant. However, the correlation 
between the number of nests that were identified cor-
rectly and the total number of nests in our observer-
clustered dataset was weak, and the probability of 
detection varied considerably across space. As such, 
it seems that detectability is too variable for the satel-
lite counts to provide a robust index of population 
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Fig. 3. Tristan albatross detection and counts in 31 cm satellite imagery by 9 observers. (A) Line graph showing number of pre-
sumed Tristan albatrosses labelled by 9 observers based on different agreement thresholds for a subset of 30 tiles. Raw labels from 
different observers were clustered if they were within 3 m of each other, with each cluster containing no more than 1 label per ob-
server. Median geographical position for each cluster was calculated, and bird count was determined for each agreement thre sh -
old. For example, an agreement threshold of 3 includes all clusters where 3 or more observers agree, while an agreement thre shold 
of 9 only includes clusters where all 9 observers agree. (B) Linear regression between the number of known nests and the number 
of correctly identified nests. Each point represents a tile, with the colour indicating the number of tiles with the same combination 
of correctly identified nests and total nests. Number of correctly identified nests is based on the clustered dataset, where the agree-
ment threshold is set to 2 observers. (C) Satellite image examples of albatrosses labelled by all 9, exactly 4, and only 1 observer. 
Centre of each image is the location of the label based on 3 m clustered data for the corresponding agreement score. Labels by all 9 
observers were true positives (TPs), labels agreed by 4 observers included TPs and false positives (FPs) and all labels labelled by 
only one of the 9 observers were FPs relative to the gold standard. Credit for satellite images © 2024 Maxar Technologies



Endang Species Res 56: 187–199, 2025

size for our study species. Both the irregular availabil-
ity of cloud-free images, and the variable detection 
probability render currently available satellite imag-
ery an unlikely method to derive a reliable index of 
population changes in Tristan albatrosses. 

Several factors can contribute to variability in detec-
tion, including body size, background complexity, 
contrast between species and surrounding habitat, 
and shadowing from upslope terrain (Duporge et al. 
2021, Attard et al. 2024). In Tristan albatrosses, sexual 
size dimorphism is minimal, with males only larger in 
wing, bill, and tarsus lengths (Cuthbert et al. 2003). 
These minor size differences are unlikely to affect de-
tection probability. Tristan albatrosses have darker 
plumage than wandering albatrosses — particularly 
the females —and were detected at much lower rates 
in our study compared to wandering albatrosses in 
previous studies (Fretwell et al. 2017, Weimerskirch et 
al. 2018). However, a high proportion of both male and 
female Tristan albatrosses were missed in the satellite 
images from Gough Island, suggesting that plumage 
colour per se was not the main problem. 

The open, tree-less heath and grassland surround-
ing nests on Gough Island generally provide a rel-
atively uniform, high-contrast dark green back-
ground, but variations in grass length and coloration 
may obscure incubating birds, especially on flat 
ground where the grass is longer, or sunny, north-
facing slopes with thicker vegetation. Many Tristan 
albatrosses on Gough Island prefer to nest on north or 
west-facing slopes and will avoid wet peat bogs (Ryan 
et al. 2001). While no nests would be obscured from 
above by vegetation, some may have been hidden be -
hind small terrain features, especially if the satellite 
image was captured at an oblique angle. Notably, we 
found no effect of sex or minimum age of the incubat-
ing bird on detectability. Instead, we suspect that the 
surrounding vegetation or other aspects of the terrain 
that obscure incubating birds are more influential in 
determining detection probability. The effect may 
depend on the angle from which a satellite image is 
taken, but whatever the reason, it is likely to make 
long-term remote monitoring extremely challenging. 

The detection of individual nesting birds in satellite 
imagery can be improved through orthorectification 
and by combining counts from multiple observers 
(Stapleton et al. 2014). In this study, orthorectification 
improved detection rates for active nests from 59.9 to 
67.8% in the consensus annotations, because ortho-
rectification enhanced detectability by making some 
birds appear larger or by increasing contrast due to 
pixel smearing. In contrast, the increase in presumed 
non-breeders in the un-orthorectified image may re-

flect the impact of geometric distortions caused by 
factors such as camera angle, terrain relief, and sensor 
geometry. These findings suggest that intentionally 
distorting or stretching images during processing 
may increase detectability for certain  species. Simi-
larly, the orthorectification process stretches or com-
presses pixels based on the satellite capture angle and 
topography, which could prove valuable for detecting 
small-bodied species in certain environments. 

We used 9 independent observers to evaluate the 
potential benefits of crowdsourcing. These observers 
identified only a proportion of the known nests while 
flagging multiple additional labels more than 10 m 
from known nests, representing either false positives 
or non-breeding individuals. Comparisons between 
each observer and the gold standard revealed that ex -
perience in remote sensing or fieldwork enhances 
proficiency in detecting Tristan albatrosses in satellite 
imagery. However, experienced observers were more 
likely to overlook some birds, as they tended to only 
select features that they were most confident in iden-
tifying. Conversely, the lower F1-scores for ob servers 
with no prior experience highlight the need for ad-
ditional training to improve the accuracy of novice 
volunteers. While aggregating detections from multi-
ple observers increased the detection probability, this 
approach could not overcome the fundamental limita-
tion that many nesting Tristan albatrosses were unde-
tectable in the available imagery. 

Our study underlines some of the challenges in ob -
taining accurate counts of nesting albatrosses in satel-
lite imagery, several of which also apply to aerial 
photo graphs. The presence of partners, failed breeders 
and non-breeders introduces uncertainty, particularly 
if they occupy empty nests (Johnstone et al. 1975). Al-
though the number of birds on a nest pedestal can be 
counted more readily in aerial imagery because of 
the higher resolution, the contents cannot be deter-
mined. It is rarely possible to differentiate be tween 
birds on or off a nest using satellite imagery unless 
multiple images are taken within the same season to 
determine which birds remain in the same locations. 
The number of adults at the colony— aside from 
those at active nests — fluctuates daily and through-
out the breeding season (Baker et al. 2023, Poncet et 
al. 2006). While such complications could all be ad -
dressed with advanced statistical models accounting 
for detection probabilities (Clement 2016, Clare et al. 
2021, McKibben et al. 2023), the key requirement to 
have multiple repeat observations during a period of 
population closure is unlikely to be met given the 
sporadic availability of cloud-free satellite imagery 
on Gough Island. 
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Ground-based monitoring provides more granular 
data, including the percentage of birds sitting on 
nests that are incubating eggs, which ranges from 71 
to 84% for Antipodean albatross Diomedea anti -
podensis antipodensis and 82 to 87% for Gibson’s 
albatross D. a. gibsoni (Parker et al. 2023), and the 
proportion of birds at the colony that are on nests, 
which varied with time and date from 0.35 to 0.88 in 
Gibson’s albatross (Elliott et al. 2024) and 0.39 to 0.75 
in Antipodean albatross (Rexer-Huber et al. 2024). 
While future advancements in satellite technology 
may enhance monitoring efforts, particularly in 
tracking large-scale population trends, comprehen-
sive monitoring of critically endangered species like 
the Tristan albatross requires not only counts but also 
a detailed understanding of population dynamics and 
drivers, which can only be achieved through long-
term demographic monitoring. 

5.  CONCLUSION 

Our findings indicate that 31 cm resolution satellite 
imagery is currently not a viable tool for long-term 
monitoring of Tristan albatross population trends, al -
though it could potentially be used to detect a very 
large population decline. The persistent cloud cover 
at Gough Island is a major limitation, particularly at 
the high altitudes where Tristan albatrosses nest. De-
spite satellite tasking over a 2.5 mo period, obtaining a 
suitable image for a full census proved impossible. 

The problems of limited spatial resolution and per-
sistent cloud cover may be addressed in the near 
future by more and better resolution satellites. The 
Albedo Space Corporation (Albedo) aims to com-
plete a constellation of 24 optical satellites with 
10 cm image resolution by 2027 (Attard et al. 2024). 
This in creased spatial resolution could make Tristan 
albatrosses easier to identify in the imagery. Albedo 
is one of several satellite providers aiming to launch 
more VHR earth observation satellites over the next 
5 yr, with MAXAR, Airbus and others all planning a 
significant increase in the number of platforms. This 
increase in the number of satellites could alleviate 
the problem of high cloud cover, as more satellite 
capacity gives a greater chance of collecting imagery 
in the few times when the breeding areas are cloud 
free. However, until detectability improves markedly
— likely requiring cross-referencing of bird locations 
across multiple satellite images and further valida-
tion — we recommend the continuation of current 
on-the-ground monitoring of Tristan albatrosses on 
Gough Island. 

Data availability. The data and python analysis script are avail-
able on Zenodo (doi:10.5281/zenodo.14711473). This repo -
sitory includes nest boundaries, satellite image tiles, satellite 
and ground survey data, and the python script used for data 
analysis. The data is also available through the Polar Data Cen-
tre at the British Antarctic Survey. The Digital Terrain Model 
of Gough Island, used in this study, is a WorldDEMTM product 
from Airbus, acquired by RSPB. Due to licensing agreements, 
the DTM cannot be distributed outside of RSPB; however, it 
can be purchased directly from Airbus. The satellite image 
used to build the dataset is available for purchase directly from 
Maxar Technologies (formally DigitalGlobe). 
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