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Density is a major determinant of population dynamics,
with high densities exacerbating intraspecific competition and
disease transmission while low densities increase predation
risk. To investigate spatiotemporal density patterns and
predator—prey interactions in a breeding colony of Antarctic
fur seals (Arctocephalus gazella), we deployed an autonomous
camera capturing minute-by-minute, high-resolution images
throughout a breeding season. Using a YOLO-based neural
network, we identified adult males, females and pups,
as well as three avian predator—scavengers: giant petrels
(Macronectes spp.), brown skuas (Stercorarius antarcticus) and
snowy sheathbills (Chionis alba). Analysis of 4.1 million
automated detections from over 10 000 high-quality images
revealed spatiotemporal abundance patterns corresponding
with the known breeding and foraging behaviours of these
species. Strong temporal associations emerged between the
abundance of pups and two avian species, while fine-scale
spatial analyses showed that pups grouped together with
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other pups and adult females but avoided avian predators and territorial males. Notably, proximity
to adult fur seals of both sexes reduced pup predation risk, defined as the distance between the
pup and the nearest bird, whereas proximity to other pups did not. Overall, this study provides a
framework for quantifying density-dependent interactions in wild populations and emphasizes the
value of remote observation in ecological research.

1. Background

Density strongly influences individual fitness and population persistence, either positively or
negatively [1]. Negative density dependence constrains population growth through intensified
competition for resources, increased disease transmission and heightened predation [2-4]. Conversely,
positive density dependence, or an Allee effect, enhances population growth through the benefits
that individuals gain from group living [5]. These include increased mating success, cooperative
feeding, improved predator detection due to shared vigilance [6] and enhanced predator deterrence
due to the intimidating effect of large groups [7]. Additionally, the dilution effect [8] lowers individual
predation risk in large groups, as predators can only attack a limited number of prey. However, these
mechanisms only operate above a critical density threshold, below which Allee effects no longer occur
and fitness declines [9].

Empirical evidence for an Allee effect was recently found in Antarctic fur seals (Arctocephalus gazella)
at Bird Island, South Georgia [10]. Here, two neighbouring breeding colonies—the special study beach
(SSB) and freshwater beach (FWB)—differ in social density by a factor of four, yet breeding females from
both localities most likely forage in the same areas and have access to comparable food resources [11,12].
Historically, population regulation in both colonies was mainly driven by negative density dependence,
with higher pup mortality at high densities caused by traumatic injuries from territorial males and
starvation following mother—pup separation or abandonment [11,13]. However, a recent demographic
decline attributed to climate-driven reductions in the availability of the seals” staple diet, Antarctic krill
(Euphausia superba), has led to a steady reduction in the number of animals coming ashore [14]. As a result,
pups born at the low-density colony (FWB) now experience higher mortality, largely due to predation,
compared with pups born at the high-density colony (SSB) [10].

On land, Antarctic fur seals have few predators, with pups being the main targets of predation
[15]. Documented instances of active predation involve giant petrels (Macronectes: M. halli and M.
giganteus) and brown skuas (Stercorarius antarcticus), both of which are opportunistic predator-scav-
engers [16,17]. Recent observations uncovered two distinct predation techniques used by giant petrels:
pecking and drowning [15]. During attacks, they strike from the ground and often begin feeding on
the pup while it is still alive [15]. In addition to preying on live pups, both species consume fur seal
carrion and placentae during their breeding seasons [16,17]. Snowy sheathbills (Chionis alba) are also
frequently present in fur seal colonies [18]. Although they typically associate with penguin colonies,
where they kleptoparasitize by stealing regurgitated krill [19], sheathbills are flexible foragers that
readily scavenge fur seal placentae and carcasses [20], but only rarely prey on pups [18]. Thus, these
avian species represent a gradient from active predation to scavenging, with giant petrels and brown
skuas opportunistically switching between scavenging and active predation on pups, while snowy
sheathbills act almost exclusively as scavengers [21,22].

The Antarctic fur seal breeding season begins in early November, when adult males arrive to
establish territories [23]. During this period, predators have limited foraging opportunities. About a
month later, adult females arrive to give birth to their pups, which are conceived the previous season
[24]. On average, females give birth two days after coming ashore and mate around a week later,
after which they alternate foraging trips at sea with nursing their pups ashore [24,25]. With the arrival
of adult females and pups, the breeding colonies become rich feeding grounds for scavengers and
predators, with weak and unattended pups being especially vulnerable to predation [10,18].

Breeding in high-density areas can in principle reduce predation risk, as predicted by Hamilton’s
selfish herd theory, which posits that individuals in less dense areas face the greatest danger [26]. In
addition, Antarctic fur seal mothers have been observed defending their pups against predators [10],
whereas adult males tend to ignore the pups, which sometimes leads to accidental trampling [18].
Consequently, a pup’s predation risk depends not only on its own physical condition but also on its
position relative to other conspecifics, including adults of both sexes and other pups [15,27].
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As part of the long-term monitoring programme of the British Antarctic Survey (BAS), a designa- n
ted study colony of Antarctic fur seals at Bird Island has been continuously monitored since 1981.
Individual- and population-level data, including visual counts of permanently identified individu-
als, have enabled reconstruction of this population’s demographic trajectory over the past 90 years,
providing insights into the effects of changing food availability on vital rates and demographic trends
[14,28]. However, these data provide limited resolution of fine-scale population density patterns
and their influence on predator—prey interactions. This gap could be addressed through time-lapse
imaging, a non-invasive and labour-efficient alternative to field-based observations. The still imaging
of pinnipeds has previously been used to monitor abundance [29,30], estimate body mass [31] and
analyse social distancing [32]. However, to our knowledge, time-lapse imaging has not yet been
applied to study predator—prey interactions in pinnipeds at fine spatial or temporal scales.

Here, we deployed an autonomous time-lapse camera at the low-density colony, FWB. Over 56
days, the camera recorded 66 645 images at 1 min intervals. A custom-trained neural network was
used to identify and locate animals within a quality-filtered subset of the images, allowing us to
quantify the temporal and spatial abundance of Antarctic fur seals and their associated avian preda-
tor-scavengers. We hypothesized that if these birds rely on Antarctic fur seal pups for sustenance, (i)
bird and pup abundance would be positively associated over time; and (ii) their spatial distributions
would strongly overlap. Using pup proximity to avian predators as a proxy for predation risk, we
further tested for fine-scale spatial associations between Antarctic fur seal pups, adult fur seals and
the avian predator-scavengers. We predicted that (iii) pups would associate with adult females but
avoid adult males and avian predators. Finally, to assess whether group-living reduces predation risk,
we evaluated whether the proximity of conspecifics influences pup predation risk. Specifically, we
hypothesized that if adult fur seals deter avian predators, (iv) proximity to adults—particularly adult
females-would decrease predation risk by increasing the distance between pups and their nearest
avian predators.

sosy/BuoBunysygndiaaposiedos
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2. Methods
2.1. Study site

The study was conducted at FWB, an Antarctic fur seal breeding colony at Bird Island, South Georgia
(54°00024.800 S, 38°03004.100 W) (figure 1la,b) during the austral summer of 2020. The colony lies
directly in front of the BAS field base, allowing the convenient installation and maintenance of the
remote observatory (see §2.2. Remote observatory). FWB is intersected by a shallow stream, which
creates natural corridors and influences the spatial distribution of the seals within the colony.

2.2. Remote observatory

We recorded images of the colony using an automated camera system [33] composed of a 16 megapixel
digital mirrorless consumer-grade camera (Panasonic Lumix DMC G5) with a 14 mm lens (horizontal
field of view 23°), a controller unit based on an Arduino microcontroller, a tripod, a water-resistant
housing and a 12V car battery for the power supply. We mounted the camera on the field station’s
tower at a height of 8 m and continuously recorded for 56 days between 30 October and 24 December
2020, spanning the peak of the Antarctic fur seal breeding season, at a rate of one image per minute,
creating a dataset of 66 645 images.

2.3. Training dataset

We excluded recording days with poor visibility due to fog or precipitation (three days) from the
dataset and selected at least one image for each of the remaining days (total = 53 images) for annota-
tion. We selected these images to represent natural variation in the recording conditions, including
differences in ambient light levels (from high to low), visibility, shadows and seal abundance. Using
the image annotation tool Clickpoints [34], we manually annotated all observations of animals. Each
observation was assigned a ‘class’, i.e. taxon, species or further differentiating ‘category’ (for further
information, see below)—and a rectangular bounding box enclosing the whole animal. To accurately

reflect biological reality in dense aggregations where individuals frequently rest against one another,
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Figure 1. (a) Map of Bird Island, South Georgia; (b) the study colony (FWB) showing the fixed position of the camera (black point),
which was mounted on the field station tower. The monitoring field-of-view (FOV) of the camera varied slightly over the course of the
study period due to strong winds and shifts caused by the manual exchange of SD cards. The grey area shows the FOV of the camera,
where darker shading indicates more frequent observations compared with lighter shaded areas. (c) The classification hierarchy used
for training the neural network, depicting the 13 classes (boxes) and highlighting the six focal classes (coloured boxes) of the study,
with original artwork by A.L.B.

our annotation explicitly allowed for overlapping bounding boxes. In cases of image occlusion, boxes
were placed to encompass the individual’s full estimated outline as if it were fully visible (see
electronic supplementary material, figure S1). These bounding box annotations recorded the class,
position in the image and size information, which were then used to train a neural network for the
automated detection of different classes by size and appearance.

In these 53 training images, we observed individuals of the following species: Antarctic fur seal,
elephant seal (Mirounga leonina), leopard seal (Hydrurga leptonyx), king penguin (Aptenodytes patagoni-
cus), kelp gull (Larus dominicanus), giant petrel, brown skua and snowy sheathbill. Where species
classification was not possible, we labelled bird and pinniped species as ‘bird” and ‘seal’, respectively.
We further subdivided the Antarctic fur seals into adult males, adult females and pups, unless
differentiation was not possible (0.4% of observations). This yielded a total of 13 classes (bird, seal,
eight species and three categories of Antarctic fur seal, figure 1c). A total of 23 195 manually annotated
observations were made.

2.4. Automated detection

For the analysis of the full dataset, we trained a neural network based on an EfficientNet B7 backbone
[35] and a YOLO object detection head [36], implemented in Python using the modules TensorFlow
[37] and Keras [38], which supplied the initial weights (internal neural network parameters) for the
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network. The YOLO object detection head splits the image into a grid of boxes, called anchor boxes, n
where one box can contain one animal. As the grid spacing defines the granularity of detection,
multiple such grids can be overlaid to handle different orders of object sizes. Based on the distribution
of object sizes in the dataset of manual observations, we choose grid spacings of 64, 32 and 16 pixels.
In each anchor box, the network predicts objects as vectors containing entries for its probability
of being an animal, its position, width, height and class, a structure resembling our bounding box
annotation. We then split the manually annotated dataset consisting of 53 images (each comprising
4608 x 3456 pixels) into a test dataset (12 images, 22.6%) and training dataset (41 images, 77.4%). To
process the high-resolution source images, we utilized a data generator during training. This generator
dynamically extracted 128 x 128 pixel crops from the training images and applied small random
augmentations (e.g. random horizontal flipping, rotation and scaling) to increase data diversity. We
optimized the weights of the neural network with the optimization algorithm Adam [39] in two steps:
a transfer learning step, where we optimized only the YOLO head weights and kept the EfficientNet
backbone; and a fine-tuning step, where we optimized all weights.

The loss function used for optimization was identical to the published YOLO loss [36] except for
the term handling the classes. The class error term in the original loss is the L2-distance (Euclidean
distance) between a true and a predicted vector with one entry per class, which is one if the object
belongs to the class and otherwise zero (one-hot encoding). The true vector will always contain only
one non-zero entry, while the predicted vector contains a probability between one and zero for each
class. This method cannot handle hierarchies in classes correctly. For example, an object manually
labelled as a seal but predicted by a neural network as a pup would result in a high loss. However,
since the label is more general than the predicted subclass, we avoided penalizing such cases as
follows: we adjusted the loss function by encoding the vector with a one for every subclass an object
belongs to (e.g. seal, Antarctic fur seal, pup) and masking the L2 distance so that predictions that are
more specific than the label (e.g. label: seal versus prediction: Antarctic fur seal) were not considered.

We trained the neural network on 128 x 128 pixel crops from the training set images for 10 000
training cycles during both the transfer learning and fine-tuning phases, with each cycle representing a
full pass through the entire dataset, termed an epoch. Performance was evaluated on a set of 128 such
crops after every epoch, and only the weight set with the minimal validation loss was kept for further
analysis. We optimized the threshold for the accepted object probability of an anchor box to maximize
the F1 score, a metric that balances prediction accuracy with how comprehensively relevant objects
are detected. In addition, we applied non-maxima suppression to suppress predicted bounding boxes
overlapping by more than 75% and retain the ones with the highest probabilities. Across the entire
training dataset, we obtained an F1 score of 0.75. To assess performance variability, we also calculated
F1 scores for each individual category. The results (see electronic supplementary material, figures S2
and S3) confirmed the model’s capacity to make reliable predictions. We then applied the network to
the whole dataset of image recordings.

sosy/BuoBunysygndiaaposiedos
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2.5. Data filtering

Daily fluctuations in light conditions significantly influenced visibility. Therefore, we truncated the
dataset to include only images captured between 09:00 and 17:00 local time. Additional factors such
as fog or water droplets accumulating on the camera lens also reduced image clarity, limited the
observable distance and compromised the field of view. To distinguish usable images for automatic
evaluation, the subset of images used for training was manually determined based on visibility and
field of view obstruction. To quantify image quality, we calculated the Laplacian variance [40] (see
electronic supplementary material, figure S4) for each image using OpenCV [41]. The classification
threshold was optimized to maximize the F1 score, allowing us to systematically filter out images
with insufficient visibility across the entire dataset. Out of a total of 66 645 images, we selected 10 046
(15%) high-quality images that met the criteria of good visibility, sufficient daylight and a clear and
unobstructed lens.

Images only provide a two-dimensional projected view of a three-dimensional scene, so that the
distance between the camera and a given individual and the distances between pairs of individuals
are not inherently known. We therefore calculated the three-dimensional positions of all observations
in space from the image coordinate system using geo-references of the camera position and several
landmarks within the camera’s field of view. We referenced our images to the global latitude and

longitude coordinate system by manually annotating the positions of landmarks with known positions
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and optimizing the camera viewpoint until the projection of space landmark coordinates into the n
image matched our annotations. For this, we used the Python module CameraTransform [42]. Every
time the camera alignment changed during the recording period due to maintenance or heavy winds,
this procedure was repeated.

To define the geographical boundaries of the Antarctic fur seal colony, we applied kernel density
estimation. Specifically, we identified the region containing 99% of all manually annotated Antarctic
fur seal detections. By using these manual annotations as a filtering criterion and treating them as
ground truth, we excluded automated detections beyond distances where a human observer could no
longer reliably classify the animals. This approach ensured that only areas where Antarctic fur seals
are most frequently present were analysed, effectively excluding avian predator-scavengers that are
too far away from Antarctic fur seal pups to pose an imminent threat. Additionally, the BAS field
base features a path leading to a jetty, with wooden crates placed alongside it. We did not consider
the path, jetty or the crates to be part of the colony. Consequently, all detections within this area were
excluded. The excluded detections primarily consisted of snowy sheathbills, which use the crates as
a resting spot. Finally, we manually identified the first-born Antarctic fur seal pup in our images (18
November) and filtered out pup annotations prior to this date (0.04% of all automatic detections). In
addition, we excluded observations of leopard seals, elephant seals, kelp gulls and king penguins due
to their rarity. The resulting automated dataset consists of 4.1 million annotated individuals across the
breeding season.

sosy/BuoBunysygndiaaposiedos
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2.6. Data analyses

We validated the reliability of the automated counts generated by the neural network by comparing
them to the manual counts, revealing a high degree of concordance (see electronic supplementary
material, figures S1 and S2). To estimate the abundance of Antarctic fur seal categories (adult males,
adult females and pups) and the avian species (giant petrels, brown skuas and snowy sheathbills)
throughout the season, we used the daily maximum count for each observed class. We tested for
associations between the numbers of pups and avian predator-scavengers by fitting a linear regression
model separately for each bird species, and used the corresponding R? values to quantify the strength
of the associations.

To characterize the spatial distribution of the animals and to identify their habitat preferences,
we applied kernel density estimation to each class. To explore temporal changes, we divided the
recording period into three equal time intervals (early season: 30 October to 17 November, mid-season:
18 October to 16 December, late season: 7 December to 24 December), with the birth of the first pup
marking the start of the mid-season.

Fine-scale spatial associations between Antarctic fur seal pups and the focal classes were investiga-
ted by comparing the distributions of observed and random geographical distances among individ-
uals. For each pup, we calculated the distance to its nearest neighbour; the resulting values were
then grouped according to the neighbour’s class. To generate the null expectation, we implemented a
randomized pup placement method that preserved the overall spatial arrangement of pups across the
season but disrupted local spatial relationships. Specifically, for each pup in every image, we randomly
selected the position of a pup from another image and calculated nearest neighbour distances in the
same way as for the observed pup. Deviations between the observed and random distance distribu-
tions indicate local attraction or repulsion between pups and other classes.

To investigate fine-scale predator—prey interactions, we analysed spatial relationships among the
Antarctic fur seal categories and the avian predator—scavengers. For each individual bird, we calcula-
ted the Euclidean distance to all pups within a radius of 10 m. Pup proximity to a predator was used
as a proxy for predation risk, assuming that pups can mitigate this risk by staying close to an adult
Antarctic fur seal. Accordingly, for each pup, we also recorded the distance to its nearest Antarctic fur
seal neighbour.

2.7. Data availability

All data supporting the findings of this study, including the trained model, annotated training
images and the resulting manual and automated counts, are available in the Zenodo repository (DOI:
https://zenodo.org/records/18148442). The code required to reproduce this study, including Jupyter

notebooks for neural network training and inference, as well as for the entire analysis, are available
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on GitHub (https://github.com/fabrylab/AntarcticFurSealPredatorPrey). All analyses were conducted
using Python.

3. Results

The neural network identified a total of 4.1 million detections across six focal classes (Antarctic fur seal
categories: adult males, adult females and pups; avian species: giant petrels, brown skuas and snowy
sheathbills, figure 1c, electronic supplementary material, figures S5 and S6) from images collected at
FWB (figure 1a,b) at 1 min intervals.

sosy/BuoBunysygndiaaposiedos

3.1. Temporal patterns of abundance

Daily maximum counts (figure 2a,b) corresponded with the known breeding behaviour of Antarctic
fur seals and the foraging behaviours of the avian predator-scavengers. Focusing initially on Antarctic
fur seals, only adult males were present in the first two weeks and their numbers gradually increased
until day 30, thereafter remaining relatively stable. Adult females began to arrive around day 15, their
numbers peaked on day 40 and thereafter declined. The first pup was born on day 19, after which the
number of pups steadily increased. These temporal patterns align with the known breeding phenology
of Antarctic fur seals [24].

The number of giant petrels fluctuated throughout the season (daily count across all images = 16
+ 7 birds) and did not show a clear temporal pattern. Brown skuas were even more variable, peaking
during the first four weeks of the season and declining after day 27. By contrast, snowy sheathbills
showed smaller daily fluctuations and gradually increased in abundance over the season, from 12
individuals in a single image on day zero to 38 on the last day, with a maximum of 41 on 23 December.

To investigate temporal associations between pups and the avian predator-scavengers, we
regressed daily maximum bird counts against daily maximum pup counts. There was no association
between the abundance of pups and giant petrels (R? = 0.03, p = 0.40; figure 2c). Brown skuas exhibited
a significant but weak negative association (R? = 0.34, p = 0.0014; figure 2d), while snowy sheathbills
exhibited a strong positive association (R2 = 0.80, p < 0.001; figure 2e), suggesting a direct link between
the abundance of pups and sheathbills.

L€60ST €L DS uadQ 205y

3.2. Spatial patterns of abundance

Next, we analysed the spatial distribution of the Antarctic fur seal categories and avian predator—scav-
engers across three consecutive time periods (figure 3): the early season (days 0-18) when no pups
were present; the mid-season (days 19-37) when pup and adult female counts steadily increased; and
the late season (after day 38) when the number of adult females began to decline. The patchy distribu-
tions observed during the first 19 days for all classes can be partially attributed to the small number of
days with good visibility (seven in total). Across the season, adult males occupied the largest area, with
a tendency to cluster near the shoreline, and their distribution remained relatively stable over time.
Adult females were more concentrated in central areas of the colony, except during the early season,
when their distribution overlapped more with the adult males. Pups were predominantly found in
areas with a high density of adult females, reflecting their close association. Adult females and pups,
but not adult males, avoided the freshwater stream, suggesting that it represents lower-quality habitat
mainly occupied by less competitive adult males.

Although the spatial distributions of the three avian predator-scavengers overlapped to some
extent with the Antarctic fur seal colony, their spatial associations differed markedly. Only giant
petrels were found in the tidal zone and shallow water. Their distribution was similar throughout the
season and was not clearly associated with any of the Antarctic fur seal categories. By contrast, the
spatial distribution of brown skuas closely matched that of adult female Antarctic fur seals and their
pups, especially during the mid and late season, suggesting a potential ecological interaction. Snowy
sheathbills, on the other hand, showed an expanding geographical distribution over time, reflecting
their steady increase in numbers.
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Figure 2. (a) Daily maximum neural network counts of Antarctic fur seals classified as adult males (orange), adult females (blue),
and pups (green). (b) Daily maximum counts of avian predator—scavengers: giant petrels (purple), brown skuas (brown), and snowy
sheathbills (pink). The x-axes in panels (a) and (b) represent days since 30 October, when the first adult male arrived in the colony
(defined as ‘day zero’). The vertical black dashed lines in panels (a) and (b) indicate the date of the first-born pup. Panels (c), (d) and
(e) show the linear regressions (black lines with corresponding R values) between the maximum daily number of fur seal pups and the
maximum daily numbers of (c) giant petrels, (d) brown skuas and (e) snowy sheathbills.

3.3. Fine-scale associations between pups and their nearest neighbours

Pups were more likely to be positioned near other pups or adult females in the observed dataset
compared with the random dataset (figure 4), indicating spatial attraction. Conversely, fewer pups
were observed in close proximity to adult males, giant petrels or brown skuas, implying spatial
avoidance. Similarly, while pups were less frequently observed near snowy sheathbills, for those that
were, their observed distances were smaller than expected by chance.

3.4. Fine-scale predator—prey interactions

The nearest-neighbour analysis revealed distinct spatial relationships between pups and the three
avian predator—scavengers, which depended on the nearest neighbour of the pup (figure 5). Nine
two-dimensional (bivariate) histograms illustrate relationships between pup-to-bird distances and
pup-to-nearest Antarctic fur seal distances. The histograms are arranged in a 3 x 3 grid, with the
rows representing the gradient of avian predators to scavengers (giant petrels, brown skuas and snowy
sheathbills) and the columns representing the three classes of Antarctic fur seal neighbour (adult male,
adult female and pup). Darker shades indicate more observations, and 50% isopleth lines enclose the
densest 50% of all observations. To complement these visualizations, each two-dimensional histogram
is accompanied by one-dimensional marginal histograms of pup-neighbour distances on the x-axis and
pup-bird distances on the y-axis. Narrow distributions in these plots could indicate either attraction or
avoidance between the avian predator-scavenger and a specific pup-Antarctic fur seal neighbour pair.
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Figure 3. Kernel density estimates for animal detections at freshwater beach, grouped by class and separated into three time periods:
Early season (30 October to 17 November, 19 days), mid-season (18 November to 6 December, 19 days) and late season (7 December to
24 December, 18 days). Rows represent detections for each class with original artwork by A.L.B. on the right.

Giant petrels and brown skuas maintained the largest distances from pups accompanied by adult
males (left column of figure 5, the nearest neighbour is an adult male Antarctic fur seal, median
distance = 1.3 m apart), with distances of around 3.2 m for giant petrels, 4.5 m for brown skuas and
1.8 m for snowy sheathbills. Similarly large distances to predator—-scavengers were observed when the
nearest neighbour of the pups was an adult female Antarctic fur seal (middle column of figure 5, the
nearest neighbour is an adult female, median distance = 0.6 m), with distances of around 3.7 m for
giant petrels and 3 m for brown skuas, whereas snowy sheathbills kept a distance of only 1.5 m. These
results suggest that pups in close proximity to adult Antarctic fur seals of both sexes were avoided by
brown skuas and giant petrels, but not by snowy sheathbills. This pattern likely reflects the tendency
of adult Antarctic fur seals to deter or chase away potential predators, particularly giant petrels and
brown skuas, which pose a greater predation threat.

All three avian predator—scavengers closely approached pups unaccompanied by adult Antarctic
fur seals (left column, the nearest neighbour is another pup, median distance = 1 m apart), with median
distances of around 1.5 m for giant petrels, 1.3 m for brown skuas and 1.1 m for snowy sheathbills.
Furthermore, the two-dimensional distributions were right skewed, as indicated by asymmetry in the
isopleth lines, with more observations at closer bird-pup distances and larger pup-pup distances.

This suggests that isolated pups are more vulnerable to predation than those occupying areas with a
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Figure 4. Spatial associations between Antarctic fur seal pups and the six focal classes. Each panel compares the observed and
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brown skua and snowy sheathbill). The empirical distributions (coloured and filled distributions) were derived from actual pup
positions, whereas the randomized distributions (dark grey lines) were generated by introducing a new pup position sampled from a
random image, which preserved global colony structure while disrupting local spatial relationships.
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Figure 5. Spatial relationships between Antarctic fur seal pups and their avian predator—scavengers, and the influence of
neighbouring Antarctic fur seals on predation risk. Each panel shows a two-dimensional-histogram depicting the distance between
a bird and a pup within a 10 m radius (y-axis) versus the distance from that same pup to its nearest neighbour (x-axis). Also shown
are the 50% density contour lines. The top row (a—c) shows the histograms for giant petrels, the middle row (d—f) for brown skuas,
and the bottom row (g—i) for snowy sheathbills. The left column (a, d, g) shows the histograms where the nearest neighbour of the
prey pup was an adult male, the middle column (b, e, h) where the nearest neighbour of the prey pup was an adult female, and the
right column (¢, f, i) where the nearest neighbour of the prey pup was another pup. Shown alongside each panel are 1D-histograms
depicting distributions of bird-to-prey distances (right), and prey-to-nearest neighbour distances (top). The histogram bin width is 0.1
m and histogram height (indicating the number of observations per bin) is scaled as indicated.

high density of adult Antarctic fur seals. The one-dimensional histograms of pup-neighbour distances

(above each two-dimensional histogram, figure 5) further indicate that adult female Antarctic fur
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seals were the most frequent nearest neighbours of pups, reflecting nutritional dependence and the m
protective role of mothers. By contrast, pups tended to avoid adult male Antarctic fur seals despite the
protection they may provide from predators (figure 5, left column). As traumatic injuries caused by
territorial males are a major cause of early-life mortality [13], this pattern suggests a trade-off: pups
may benefit from staying close to adults for protection but must maintain a safe distance from adult
males to avoid accidental trampling.

4. Discussion

This study investigated spatiotemporal abundance patterns and predator-prey interactions in an
Antarctic fur seal breeding colony at Bird Island, South Georgia. Overall, our findings lend mixed
support to our original hypotheses. Pup and bird abundance was positively associated over time
for snowy sheathbills but not for giant petrels or skuas. The spatial distributions of all avian pred-
ator-scavengers overlapped with that of the pups, but only snowy sheathbills ranged across the
full extent of the colony. Pups were strongly attracted to adult females but avoided adult males
and avian predators, consistent with maternal protection and predator avoidance. Finally, fine-scale
predator—prey interactions revealed that unattended pups faced the highest predation risk. Together,
these findings illustrate how spatial relationships within an Antarctic fur seal breeding colony
influence pup predation risk.

sosy/BuoBunysygndfaaposiedos
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4.1. Automated camera system and neural network analysis

The automated daily maximum counts for all three avian predator-scavengers consistently exceeded
the manual counts (electronic supplementary material, figures S5 and S6). This discrepancy arises
because the manual annotations were based on a single snapshot per day, whereas the automated
detection system evaluated all of the available images (up to 512 per day under optimal weather
conditions), making it unlikely that a single image would capture the peak number of birds on a given
day. Daily fluctuations in avian predator-scavenger numbers are also expected as these species move
back and forth between nesting and foraging sites throughout the day [16,19,43]. By contrast, male
Antarctic fur seals hold territories for an average of 30 days [44] and exhibit strong site fidelity [45],
resulting in relatively stable counts, while adult females give birth and usually mate before their first
postpartum foraging trip [24], resulting in predictable periods of presence and absence. Ultimately, the
strong relationship between the manual and neural network counts (F1 = 0.75) demonstrates that the
automated detections are reliable.

4.2. Temporal patterns of abundance

To investigate temporal abundance patterns, we plotted daily maximum neural network counts
separately for each focal class. The observed patterns in Antarctic fur seal abundance closely matched
the species” known breeding phenology, with males arriving about a month before the females [23],
which give birth shortly after coming ashore, suckle their pups for around a week, and then alternate
foraging trips at sea with provisioning bouts ashore [24]. This concordance between our results and
established patterns further validates the automated detection approach.

If Antarctic fur seal pups serve as an important food resource for avian predator-scavengers, we
would expect to find strong temporal associations between pup and bird abundance. Giant petrel
counts remained relatively stable throughout the season and accordingly, no association was found
with pup abundance. This may reflect intraspecific competition, as giant petrels are known to exhibit
strong antagonistic behaviour that may limit the number of giant petrels that can forage within a given
area [46,47]. Surprisingly, we observed a weak negative temporal association between the abundance
of pups and brown skuas, despite previous reports indicating that brown skuas consume fur seal
resources throughout their breeding season [16]. Furthermore, brown skua numbers declined around
two-thirds of the way through the study period, coinciding with the hatching period of their chicks
[16]. While seal carrion dominates the diet of brown skuas during incubation, they shift to seabird prey
during chick-rearing, leaving only non-breeding adults feeding on seal resources, which may explain
our findings [16,48]. By contrast, the strong positive temporal association between snowy sheathbill
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abundance and pup numbers likely reflects the birds” opportunistic foraging on placentae, carrion and n
faeces, which are particularly abundant at the height of the fur seal breeding season [19].

4.3. Spatial patterns of abundance

Differences in the spatial distributions of the three avian predator—scavengers likely indicate foraging
niche partitioning. Giant petrels prey on Antarctic fur seal pups using two distinct techniques: pecking
and drowning. The latter involves dragging pups into shallow water and blocking their return to land
[15], which may explain why giant petrels, unlike the other avian predator-scavengers, extend their
spatial distribution into the shallow water. Brown skuas exhibited strong spatial overlap with adult
female Antarctic fur seals and their pups, likely reflecting their dependence on placentae [16]. By
contrast, snowy sheathbills occupied a broader area, likely reflecting their more generalist scavenging
behaviour [19] and/or physical displacement by other avian predator-scavengers.

sosy/BuoBunysygndfaaposiedos

4.4. Fine-scale pup association patterns

We investigated fine-scale associations between Antarctic fur seal pups and the focal classes
by comparing the empirical distributions of pup-to-nearest-neighbour distances with randomized
distributions. A greater than expected number of pups in close proximity to a given class indicates
local attraction, whereas fewer than expected observations indicate avoidance. As anticipated, given
that our study coincided with a period when Antarctic fur seal pups are nutritionally dependent on
their mothers, we found strong evidence of local attraction between pups and adult females [49]. This
observation aligns with previous research suggesting that pups near their mothers can more easily
fend off predators than unattended pups [15]. Additionally, we observed local attraction among pups,
which could facilitate social interactions while their mothers are away from the colony foraging at sea
[50]. Furthermore, the grouping together of pups could serve as an anti-predator response, as this can
increase vigilance and improve predator detection [51].

Conversely, Antarctic fur seal pups appear to actively avoid both avian predator-scavengers and
adult male Antarctic fur seals. This avoidance was most pronounced for adult male Antarctic fur
seals, historically the leading cause of pup mortality [18] and for giant petrels, which are generally
considered their main predator [15]. Pups also avoided brown skuas and, to a lesser extent, snowy
sheathbills. This gradient of avoidance appears to be linked to bird size, potentially reflecting the
relative level of threat posed by each species, decreasing from giant petrels through brown skuas
to snowy sheathbills. This pattern aligns with the threat-sensitivity hypothesis, which predicts that
prey animals should adjust their anti-predator behaviour according to perceived risk [52]. Evidence
supporting this hypothesis has been found in other taxa [53-55] and juveniles of both Cape fur seals
(Arctocephalus pusillus pusillus) and Antarctic fur seals have been observed adjusting their movement
patterns under high predation risk [50,56]. Taken together, these results suggest that pups may be
capable of assessing and responding to varying levels of predation risk, a hypothesis that could be
tested experimentally by presenting them with models of predator-scavengers differing in size and
morphology.

L€60ST €L DS uadQ 205y

4.5. Fine-scale predator—prey interactions

We implemented a nearest-neighbour analysis to investigate fine-scale predator-prey interactions,
complementing the fine-scale pup association patterns by taking the perspective of individual
avian predator-scavengers. Although our remote observation approach allowed accurate, continuous
monitoring of animal positions, its low frame rate (one image per minute) limited our ability to
differentiate between scavenging and active predation events. Consequently, we used proximity to
birds as a proxy for pup predation risk. We found that pups whose nearest neighbour was another
pup had avian predator-scavengers closer to them than pups whose nearest neighbour was an
adult Antarctic fur seal, consistent with previous observations that unattended pups are particularly
vulnerable to predation [15].

Fine-scale association patterns revealed that the presence of both adult male and adult female
Antarctic fur seals was associated with reduced predation risk from giant petrels and brown skuas.
However, pups were spatially attracted to adult female Antarctic fur seals but avoided adult male
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Antarectic fur seals. This suggests that adult females are critical in mitigating predation risk, while any n
protective effect of adult males is likely incidental rather than intentional. Notably, snowy sheathbills
were often observed relatively close to pups regardless of the presence of adult seals, reflecting higher
tolerance of this species by adult fur seals or vice versa. Although rare instances of sheathbill preda-
tion on pups have been documented [18], these remarkably resourceful birds exploit a broad range
of available resources, including blood and even milk from southern elephant seals [20], and are
principally opportunistic scavengers [19,20]. Their preference for scavenging, along with the incidental
hygienic benefits it may provide, likely explains the higher tolerance of their presence near Antarctic
fur seal pups.

Overall, our study provides detailed insights into spatiotemporal associations and predator—prey
interactions in a breeding colony of Antarctic fur seals. It highlights the trade-offs that fur seal
pups must navigate between nutritional dependence on their mothers, social development and the
need to avoid avian predators and territorial male fur seals. Additionally, our findings reveal clear
spatial niche partitioning within a guild of avian predator-scavengers, where giant petrels control the
shoreline and, together with brown skuas, predominantly occupy central areas of the colony, whereas
snowy sheathbills range throughout the entire area. Further research could explore the possibility
of a hierarchical organization within this guild in which giant petrels, by virtue of their size and
aggressive behaviour, monopolize the highest quality resources [46], followed by brown skuas, with
snowy sheathbills relegated to scavenging the leftovers.
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4.6. Caveats

Investigating predator—prey interactions in natural systems is inherently complex and often requires
the use of proxies such as spatial overlap to infer predation risk [57]. In our study, the fixed camera
captured a single image per minute, limiting our ability to directly observe predation events, which
would be ideal for investigating predator—prey interactions. Instead, we used temporal and spatial
overlap as initial proxies, followed by fine-scale analysis of the distances between Antarctic fur seal
pups and avian predator—scavengers. While computer-based visual detections are less precise than
manual annotations, the large volume of data they generate greatly increases statistical power, which
would have been difficult to achieve otherwise.

Nevertheless, using a fixed camera set-up has certain limitations. First, adverse weather conditions
produced some gaps in our dataset, particularly early in the season. However, we believe these gaps
had a minimal impact on our analysis, as the presence of animals was generally low during this period
and our analysis of predator-prey interactions was restricted to the period following the birth of the
first pup. Second, our observations were limited to daylight hours as we deployed a standard camera.
In future studies, this issue could be resolved by deploying an additional infrared camera. Third, our
observations were constrained by the camera’s field of view. Therefore, objects appeared smaller and
at lower resolution with increasing distance from the camera, limiting our ability to detect objects in
peripheral areas of the colony. Furthermore, pups transition into the tussock grass behind the colony as
they develop better motor skills, which is a potential predator avoidance behaviour [50]. This seasonal
shift limits our ability to observe the pups as they approach weaning, although most pup mortalities
occur long before this transition [49,58].

4.7. Future perspectives

Hardware improvements to the current camera setup could significantly expand research opportuni-
ties and enable the investigation of a wider range of ecological questions. Establishing a permanent
power supply and data connection at the study site would greatly reduce maintenance demands and
facilitate multi-year monitoring. Long-term observations are essential for detecting broader ecologi-
cal trends and monitoring changes in population dynamics and habitat use over time. Increasing
the camera frame rate would further allow more detailed investigation of predation events as well
as interactions among predators. A permanent camera installation would therefore complement
traditional field-based approaches by providing continuous, unobtrusive data collection. Importantly,
the neural network trained in this study could be readily reused for future monitoring efforts,
requiring only minimal retraining to adapt to subsequent years or different locations. This transfer-
ability reduces the amount of data needed for adaptation, making this approach both scalable and
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cost-effective for long-term monitoring of predator—prey interactions and population trends in remote
ecosystems.

More broadly, automated camera systems offer a non-invasive, labour-efficient means of gaining
insights into animal behaviour and ecology. Their popularity has grown substantially over the past
decade, driven by improved availability and advances in machine-learning algorithms capable of
processing large datasets [59]. The approach presented here could be applied to other colonial species,
and similar methods have been used to estimate density in colonies containing multiple species [60]
and to monitor species interactions underwater [61]. Collectively, these advances highlight the growing
role of automated imagery as a complementary approach to traditional methods, especially in remote
or challenging environments.

sosy/BuoBunysygndfaaposiedos

5. Conclusion

In our study, the use of a low-cost, automated camera system coupled with neural network-based
analysis proved highly effective at generating a large, high-quality spatiotemporal dataset simultane-
ously covering multiple species. This approach offers significant advantages over traditional field
methods by minimizing human disturbance and enabling robust statistical inference of spatial and
temporal patterns. Compared with classical field observations, it offers comprehensive and near-con-
tinuous coverage, facilitating the detection of fine-scale dynamics that might otherwise go unnoticed.
Applying this approach to an Antarctic fur seal breeding colony allowed us to characterize fine-
scale spatiotemporal patterns and gain fresh insights into predator—prey interactions. Specifically, we
demonstrated that an automated analysis of time-lapse images could identify the known breeding and
foraging habits of the focal species, that the three avian-predator species differed in when and how
they used the colony, and that Antarctic fur seal pups are likely safest in close proximity to adult
female Antarctic fur seals.
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