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Abstract

Advances in biologging techniques and the availability of high-resolution fisheries
data have improved our ability to understand the interactions between seabirds and
fisheries and to evaluate mortality risk due to bycatch. However, it remains unclear
whether movement patterns and behaviour differ between birds foraging naturally
or scavenging behind vessels and whether this could be diagnostic of fisheries
interactions. We deployed novel loggers that record the GPS position of birds at
sea and scan the surroundings to detect radar transmissions from vessels and
immersion (activity) loggers on wandering albatrosses Diomedea exulans from
South Georgia. We matched these data to remotely sensed fishing vessel positions
and used a combination of hidden Markov and random forest models to investigate
whether it was possible to detect a characteristic signature from the seabird track-
ing and activity data that would indicate fine-scale vessel overlap and interactions.
Including immersion data in our hidden Markov models allowed two distinct forag-
ing behaviours to be identified, both indicative of Area Restricted Search (ARS)
but with or without landing behaviour (likely prey capture attempts) that would not
be detectable with location data alone. Birds approached vessels during all beha-
vioural states, and there was no clear pattern associated with this type of scaveng-
ing behaviour. The random forest models had very low sensitivity, partly because
foraging events at vessels occurred very rarely, and did not contain any diagnostic
movement or activity pattern that was distinct from natural behaviours away from
vessels. Thus, we were unable to predict accurately whether foraging bouts
occurred in the vicinity of a fishing vessel, or naturally, based on behaviour alone.
Our method provides a coherent and generalizable framework to segment trips
using auxiliary biologging (immersion) data and to refine the classification of for-
aging strategies of seabirds. These results nevertheless underline the value of using
radar detectors that detect vessel proximity or remotely sensed vessel locations for
a better understanding of seabird–fishery interactions.

Introduction

Incidental mortality (bycatch) in fisheries is one of the major
threats to seabird populations worldwide and particularly to
albatrosses and petrels (Phillips et al., 2016; Dias et al.,
2019). Advances in biologging techniques and the

availability of high-resolution fisheries data through vessel
monitoring systems (VMS) and the automatic identification
system (AIS) have advanced our understanding of interac-
tions between seabirds and vessels and associated mortality
risks (Votier et al., 2010; Granadeiro et al., 2011; Torres
et al., 2013). However, there is still an urgent need for better
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quantitative predictions of the risk to seabirds from fishery
interactions at fine scales, and no studies to date have devel-
oped models based on biologging data alone that predict
feeding on discards, baited hooks or other anthropogenic
resources from vessels. Such models could represent a major
step-change in this research field, considering the rapid
increase in the availability of biologging data for seabirds
(Bernard et al., 2021).

Marine top predators, including seabirds that usually feed
on naturally aggregated prey, will often display Area
Restricted Search (ARS) behaviour when they encounter
profitable patches. This behavioural model is characterised
by increased sinuosity and slower speed (Fauchald & Tveraa,
2003; Weimerskirch et al., 2007; Pirotta et al., 2018) and
increased residence time in productive areas (Weimerskirch,
Gault, & Cherel, 2005; Garthe et al., 2016). Seabirds are
also known to change their fine-scale movements when they
interact with fishing vessels, which also results in ARS beha-
viour (Torres et al., 2011; Bodey et al., 2014; Corbeau et al.,
2019; Gr�emillet et al., 2019). To discriminate between natu-
ral foraging and targeting of vessels requires independent,
fine-scale data on seabird movements and the locations of
individual vessels. The latter, however, are generally avail-
able only within Exclusive Economic Zones (EEZs). Hence,
most analyses of seabird–fisheries overlap to date have used
aggregated data on fishing effort, such as total longline
hooks deployed per 5° grid cell, by month, which is often
the highest resolution available from the Regional Fisheries
Management Organizations (RFMOs) which manage fishing
in the High Seas (Tuck et al., 2011; Small, Waugh, & Phil-
lips, 2013; Clay et al., 2019; Carneiro et al., 2020).

When data are available on bird and vessel movements, a
common approach to try to distinguish natural foraging from
vessel interactions is to identify periods of active foraging
within tracks (based on first-passage time or speed-tortuosity
thresholds), overlap those in space and time with vessels,
and differentiate natural foraging from vessel interaction
based on the presence or absence of nearby fishing vessels
(Votier et al., 2010; Torres et al., 2011; Corbeau et al., 2019;
Corbeau, Collet, Pajot, et al., 2021b). A second approach
focuses on identifying behavioural changes in the vicinity of
a fishing vessel by examining the probability of switching
from one behavioural state to another (e.g. redirect flight tra-
jectories when in the vicinity of a fishing vessel; Bodey
et al., 2014; Collet, Patrick, & Weimerskirch, 2015;
Cianchetti-Benedetti et al., 2018; Le Bot, Lescro€el, &
Gr�emillet, 2018; Clark et al., 2020b). Although these studies
demonstrated that vessels could affect the movements and
behaviour of seabirds, it remains unclear whether there is a
distinguishable movement pattern, sufficient for predictive
discrimination, which is diagnostic of whether the bird is
either foraging naturally or scavenging behind a vessel. An
approach that offers considerable promise is the use of hid-
den Markov models (HMMs), which are used increasingly
for characterising animal behaviour (McClintock & Michelot,
2018). In seabird ecology, HMMs have been used almost
exclusively on location data to distinguish between ARS and
transit movements, however, they can also incorporate

auxiliary biologging and environmental data (Leos-Barajas
et al., 2017; Patterson et al., 2019; Clay et al., 2020; Con-
ners et al., 2021). In particular, additional sensors could help
distinguish searching behaviour from landings to capture
prey, the latter potentially signalling a bycatch risk if they
take place near vessels and involve targeting of longline
baits during setting or hauling. One potential application of
these models is to identify characteristic vessel-following
behaviour from the complex patterns of activity of seabirds
at sea that could improve predictions of seabird–fishery inter-
actions in the absence of independent information on vessel
locations.

Wandering albatrosses Diomedea exulans at South Georgia
have declined catastrophically since the 1970s (Poncet et al.,
2017), leading to the development of a conservation Action
Plan by the Government of South Georgia and the South Sand-
wich Islands (GSGSSI), and their listing as a Priority Popula-
tion by the Agreement on the Conservation of Albatrosses and
Petrels (ACAP). Bycatch in fisheries is considered to be their
main threat (Pardo et al., 2017; Poncet et al., 2017). Analyses
of the spatial overlap at large scales between their at-sea distri-
bution and pelagic and demersal longline fisheries indicated
that the population was at highest risk in the Brazil-Falklands
confluence zone, particularly from the Japanese and Taiwanese
distant-water tuna fleets (Jim�enez et al., 2016; Clay et al.,
2019). However, overlap metrics are scale dependent and the
assumption that co-occurrence of seabirds and fisheries in a
region leads to interaction and mortality risk has been regularly
highlighted as a potential pitfall (Torres et al., 2013; Weimer-
skirch et al., 2020; Corbeau, Collet, Orgeret, et al., 2021a)
because there is a lack of fine-scale data simultaneously avail-
able for both birds and vessels. As such, a thorough under-
standing of seabird–fishery interactions at much finer scales is
highly relevant for conservation and to better target manage-
ment actions.

Here we used recently developed loggers that record the
GPS position of birds at sea and regularly scan the surround-
ings to detect the presence of radar transmissions from vessels
(Weimerskirch et al., 2020). These data may allow recognis-
able behaviours to be delineated from the movements of the
bird that can be matched to the proximity of fishing vessels at
that time. Combining these data with immersion (activity) data
from geolocator-immersion devices (Phalan et al., 2007;
Mackley et al., 2010; Granadeiro et al., 2011; Dean et al.,
2013), we used hidden Markov models to characterise forag-
ing behaviour (including landings) in more detail than a
location-only model (Clark, Handby, et al., 2020a). We
matched these data with the position of individual vessels
obtained from the automatic identification system (AIS) and
used random forest models to investigate whether wandering
albatrosses breeding at South Georgia exhibit clearly identifi-
able patterns of movement and behaviour that can be associ-
ated with either natural foraging or interactions with vessels.
If diagnostic, such patterns could then be applied to existing,
extensive bird-tracking datasets to quantify the frequency,
duration and propensity of individual birds, sexes and life-
history stages to interact with fishing vessels, and therefore
more accurately assess their risk of bycatch.
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Materials and methods

Data collection

We used Tesa� tape to attach 85 GPS-radar loggers (XSput-
nik; Sextant Technology) to the mantle feathers of breeding
adult wandering albatrosses at Bird Island, South Georgia
(54°00’S, 38°03’W) and left them attached for one or more
foraging trips during incubation (January–February), brood-
guard (March–April) and post-guard chick-rearing (July–
August) periods in 2020. Loggers recorded a GPS position
every 10 min and tested for radar transmissions (within
5 km; Weimerskirch et al., 2018) for 5 min. The same birds
were also equipped with a geolocator-immersion logger (Inti-
geo C-330; Migrate Technology), which recorded salt-water
immersion events that lasted ≥3 s, providing information on
activity patterns (timing and duration of flights and water
landings) throughout the foraging trip. Immersion loggers
were attached to a plastic ring on the tarsus. Birds were cap-
tured on the nest during changeover with the partner (incu-
bation or brood-guard) or after feeding the chick (post-
guard). Attachment of the devices always took less than
10 min, and birds typically left the colony shortly after being
released to forage at sea. To facilitate logger retrieval during
post-guard chick-rearing, a fence was built around the nest
on the 3rd day after the adult departed, and nests were vis-
ited twice a day thereafter until the adult returned and
devices were retrieved (Xavier et al., 2003). If the partner
arrived before the instrumented bird returned, the fence was
opened temporarily to allow it to deliver the meal to the
chick. Total instrument load was c. 55 g (0.6 and 0.7 of
male and female mean adult body mass, respectively), which
was well below the threshold of 3% at which device effects
tend to become apparent (Phillips, Xavier, & Croxall, 2003).
Tracked birds comprised an even spread of sexes and ages
(9–44 years). Breeding success of birds fitted with devices
was extremely high (97%) because we targeted experienced
breeders (which have higher success than new recruits; Froy
et al. 2013) and did not deploy until at least the end of the
second incubation stint, avoiding the initial period of higher
failure post-laying. As such, there was no evidence that the
deployments had deleterious effects.

Data processing

GPS data were first filtered to remove locations at the nest
and foraging trips were defined as the location between the
last GPS fix in the colony prior to departure and the first
GPS fix after a return. Unrealistic locations involving travel
speeds above 120 km h�1 were removed using the SDLfilter
R package (Shimada et al., 2012). Positions were linearly
interpolated to a 10-min sampling frequency to regularise the
data and fill in occasional gaps. The immersion data were
summarised as the number of landings (the total number of
dry–wet transitions) and the proportion of time spent on the
water surface (wet) in the 10-min interval preceding each
GPS location. The number of landings and the proportion of
time spent on the water surface were then matched

temporally with GPS data. Albatrosses have low costs of
flight and landings, but take-offs from the water surface
(wet–dry transitions) involve high energetic cost; birds will
only land to feed or to rest, and therefore, the landing rate
provides a good indication of foraging effort (Weimerskirch
et al., 2000; Phalan et al., 2007; Granadeiro et al., 2011).

Locations of individual fishing vessels within the study area
were obtained from Global Fishing Watch (GFW), which com-
bine public vessel registries and machine-learning models to (i)
identify fishing vessels in the AIS data and (ii) detect when
they are actively fishing, with a fishing detection accuracy of
>90% (Kroodsma et al., 2018). For each vessel (AIS) location,
the following information was available: unique vessel identi-
fier, date, time, latitude, longitude and fishing score (i.e. the
likelihood of fishing from the GFW fishing detection model).
All vessel locations within 5 km and 5 min of each interpo-
lated location for the tracked albatrosses were extracted, but
only vessels classified as ‘actively fishing’ were included in the
analysis. The temporal resolution of AIS data associated with
bird locations within the study area was 7.8 � 101.9 min
(mean � SD). Preliminary analyses indicated that including
the type of fishing activity (trawling, long-lining etc.) had no
effect on the models, and hence the results presented here are
from all types of fishing activity pooled.

Behavioural state classification

HMMs are typically used to identify behavioural states from
animal movement based on step length and turning angle
between subsequent locations, with short-medium step
lengths and high turning angles considered to represent for-
aging (McClintock & Michelot, 2018; Conners et al., 2021).
The addition of other data provided by the concurrent
deployment of additional sensors may provide increased
power to resolve behavioural states (Dean et al., 2013;
McClintock & Michelot, 2018; Clark, Handby, et al., 2020).
We therefore combined step lengths and turning angles with
the number of landings and proportion of time spent on the
water surface (extracted from the immersion data) to charac-
terise the principal types of at-sea behaviour of wandering
albatrosses using the momentuHMM package in R (McClin-
tock & Michelot, 2018). We modelled the behaviour of all
individuals combined, as the inclusion of individual effects
in the hidden state process makes little difference in terms of
inference (McClintock, 2021).

HMMs require the user to define state-dependent distribu-
tion classes and to provide starting values to facilitate param-
eter estimation. The latter were selected using k-means
clustering (with k = number of states [2–5]; Dean et al.,
2013; Clark, Handby, et al., 2020a), with the exception of
the proportion of time on the water surface, which was con-
verted into a categorical variable representing low, intermedi-
ate and high probability using starting parameters based on
obvious breaks in the frequency histogram (Michelot & Lan-
grock, 2019). A gamma distribution was chosen for step
lengths, wrapped Cauchy for turning angles, Poisson for
number of landings and categorical for the proportion of
time on the water surface. We compared the fit between
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simple (few states) and complex (many states) models based
on the Akaike Information Criterion (AIC) and used the
elbow criterion (i.e. the point at which adding additional
states no longer results in substantial reductions in AIC) to
select the best trade-off between model accuracy and com-
plexity (Dean et al., 2013; Clark, Handby, et al., 2020a).
The Viterbi algorithm was then used to estimate the most
likely sequence of underlying states from the selected model
for each track (McClintock & Michelot, 2018). An expert-
driven approach and animations of the trips were used to
determine if the models were assigning appropriate
sequences of behaviours, that is for a random selection of
trips, we compared behaviour states assigned by the models
and those from visualisation (Clay et al., 2020).

Behavioural bout identification

We used the results of the HMM to identify behavioural bouts
as sequences of positions in the same behavioural state (see
Results). In order to smooth the data, bouts that consisted of a
single location were reassigned to the same HMM state as the
previous and subsequent location if the HMM states of the pre-
vious and subsequent locations were identical. Wandering alba-
trosses attend fishing vessels for several hours (Weimerskirch
et al., 2020); therefore, we excluded behavioural bouts of short
duration (< 5 locations) from the analyses (this only accounted
for 8% of the data), as these were likely to indicate transit
through the same area as vessels, and not an interaction. We
then characterised each behavioural bout using several metrics,
including the type of bout (based on HMM classification), the
mean, maximum and minimum overall speeds, duration, cumu-
lative and maximum distances travelled and straightness of
movement (a measure of maximum distance divided by cumu-
lative distance). Based on the majority of time spent, the bout
was assigned to daylight (including twilight) or darkness,
according to the timing of civil twilight (when the sun is 6°
below the horizon) that were previously assigned to each GPS
position. We calculated the total number of landings and the
proportion of locations with landing attempts, and the propor-
tion of time spent on the water, for the duration of the bout.
We also extracted from GFW whether any of the vessels within
5 km were actively fishing at any time during the bout.

Discriminating between natural foraging
vs. foraging behind vessels using machine
learning

We used a machine-learning algorithm to test whether we
could accurately predict if a bird was foraging in the vicinity
of a vessel using the results of the HMM analysis and the
behavioural bout classification. Our response variable was
binary and indicated whether each bout coincided with detec-
tion of radar from a vessel and if that vessel was actively fish-
ing within the bout (detected by AIS). For this, we calculated
the proportion of GPS locations in each bout that coincided
with radar detection and the proportion of locations in each
bout that were classified as actively fishing. We then used var-
ious thresholds to determine whether a behavioural bout was

associated with an actively fishing vessel to overcome the
uncertainty inherent in both the radar detection and AIS clas-
sifications. Ninety-one per cent of bouts with radar detections
were also associated with AIS data, whereas only 49% of
bouts with actively fishing vessels inferred from AIS were
associated with radar detection. This is similar to results in a
previous study using the same technology, which indicated
that 46.6% of AIS locations within 5 km of birds resulted in
radar detection (Weimerskirch et al., 2020). We considered a
bout to be indicative of attending a fishing vessel at different
thresholds; these were when 0%, 5%, 10%, 20% or 50% of
locations in that bout were associated with radar detection,
and when 0%, 5%, 10%, 20% or 50% of locations in that
bout were associated with a nearby vessel classified as
actively fishing. We report the prevalence (proportion of bouts
classified as ‘attending a fishing vessel’) for each combination
of thresholds in TABLE 2. We then fitted each random forest
model based on a conditional inference framework accounting
for correlated predictors (Hothorn, Hornik, & Zeileis, 2006a)
to test whether the behavioural states derived from the HMM
had predictive power to distinguish between bouts with and
without nearby vessels that were actively fishing. We fitted
this model in a binary classification framework with the R
package party (Hothorn, Hornik, & Zeileis, 2006b). We speci-
fied an internal cross-validation structure to ensure that data
from the same individuals were used either for fitting or eval-
uating trees in the forest, which emulates a random effect in
linear models and accounts for the serial autocorrelation of
bouts performed by the same individual (Buston & Elith,
2011). We used a random subset of 65% of data without
replacement to build single trees and validated our model by
applying the output to the remaining data to estimate the
accuracy of predictions. We present the predictive accuracy of
each random forest model as the proportion of cross-validated
bouts that were correctly predicted and the sensitivity of the
random forest models as the proportion of bouts with actively
fishing nearby vessels that were correctly predicted.

The importance of variables was calculated using a per-
mutation procedure that assesses the loss in model predictive
accuracy (Strobl et al., 2008; Janitza, Strobl, & Boulesteix,
2013; Hapfelmeier et al., 2014). For easier interpretation, the
variable importance was standardised, with the most impor-
tant variable assigned a relative importance of 100% (Oppel,
Powell, & Dickson, 2009; Oppel et al., 2017). If behavioural
metrics derived from tracking data have sufficient predictive
information to distinguish foraging behind vessels in sea-
birds, we would expect the sensitivity of the model to be
high (>75% correct classifications). All analyses were per-
formed in R 3.6.3 (R Core Team, 2019). Unless indicated
otherwise, all data are presented as means � SD.

Results

Foraging trip characteristics

We tracked 30, 28 and 27 individual wandering albatrosses
during incubation, brood-guard and post-guard chick-rearing,
respectively (Fig. 1). GPS and radar data were incomplete
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for a few trips because of battery depletion (one in incuba-
tion, three in brood-guard and six in post-guard chick-
rearing). Some individuals were tracked for multiple trips in

brood-guard and post-guard chick-rearing. Overall, we
obtained a total of 29, 29 and 23 complete trips that lasted
for 12.6 � 6.4 days during incubation (range 3–39 days),
3.2 � 1.8 during brood-guard (range 2–9 days) and
8.0 � 6.2 days during post-guard chick-rearing (range 1–
24 days), respectively. Of the 85 individuals tracked, devices
on 45 birds (53%) detected vessel radar during at least one
trip, and 26 (58%) of these birds encountered actively fishing
vessels (Fig. 1). Vessel radar was not detected by devices on
twelve birds that encountered actively fishing vessels accord-
ing to the AIS data.

Behavioural models

The inspection of AIC for candidate HMMs with 2–5 states
suggested that a four-state HMM adequately described the
dominant behavioural patterns of wandering albatrosses at
sea (Additional File 1). The four behavioural states consisted
of a travelling state characterised by directed flight with high
speeds and low variance in turning angles, few landings and
no immersion; a resting state with very slow travel speeds,
intermediate variance in turning angles, no landings and
always wet; and two ARS states characterised by slow
speeds and high variance in turning angles, either without
immersion (ARS without landings) or at least one landing
(ARS with landings) (Fig. 2; TABLE 1). We classified a
total of 4349 bouts of consistent behaviour from the 85
tracked individuals. The duration of bouts of ARS with land-
ings was c. three times shorter than those of ARS without
landings. On average, the proportion of foraging trips that
was spent travelling, resting, in ARS without landings and
ARS with landings was 40%, 23%, 23% and 14%, respec-
tively (TABLE 1).

Natural foraging vs. foraging behind
vessels

Vessel encounters (radar detections and AIS locations from
actively fishing vessels) occurred during all behavioural
states (Fig. 3), with a higher number of ARS with landings
bouts associated with vessel encounters than expected
(TABLE 1; v2 = 98.404; p < 0.001). However, despite the
unequal frequency of vessel encounters among different
behavioural bouts, we found no predictable pattern associated
with foraging behind vessels because the distributions of tra-
vel speeds, turning angles, landings and immersion values
overlapped when comparing bouts of behavioural states with
and without vessel encounters (Fig. 3). The use of metrics
extracted from combined GPS and immersion data in the
HMMs did not reveal a state indicative of foraging behind
vessels (as indicated by radar and AIS locations from
actively fishing vessels). Our results showed a higher per-
centage of bouts associated with vessel encounters for the
ARS with landings state (30.8%) when compared to the
ARS without landings state (9.6%); nonetheless, the majority
of bouts in the ARS with landings state were not associated
with vessels, suggesting that this state mostly reflected natu-
ral foraging behaviour.

Figure 1 Foraging trips of wandering albatrosses tracked from Bird

Island, South Georgia, during incubation, brood-guard and post-

guard chick-rearing in 2020, overlaid on bathymetry. Red dots rep-

resent locations where albatrosses encountered vessels, either

detected by bird-borne radar or from satellite AIS data indicating

actively fishing vessels.
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The random forest models had collectively very low sensi-
tivity and were unable to identify bouts associated with nearby,
actively fishing vessels regardless of the thresholds used for the
proportion of radar detections and the proportion of locations
for which a nearby vessel was classified as actively fishing
(TABLE 2). However, even under the lowest thresholds, an
actively fishing vessel was nearby only for about 7.4% of the
4349 bouts included in the analysis (TABLE 2); this low preva-
lence resulted in an overall high predictive accuracy because a
model predicting there was no fishing vessel nearby would cor-
rectly classify >95% of bouts. Thus, we were unable to accu-
rately predict whether foraging bouts occur in the vicinity of a
fishing vessel, or naturally, based on movement metrics.

Discussion

This study investigated whether it is possible to detect a
characteristic signature from movement and activity data that

would indicate the interaction of wandering albatrosses with
fishing vessels, rather than natural foraging. Although inte-
grating immersion and GPS data allowed us to identify two
different ARS-type behaviours, neither could unambiguously
indicate vessel following and associated scavenging in this
species. Our results suggest that wandering albatrosses
approach actively fishing vessels infrequently, and their
movement and activity metrics during those encounters are
not fundamentally different from their broad range of natural
foraging behaviours during different stages of the breeding
season (Phalan et al., 2007; Froy et al., 2015; Jim�enez et al.,
2016). We therefore conclude that it is currently not possible
to infer vessel attendance and thus bycatch risk from seabird
movement and activity data alone using the methods pre-
sented here. Regardless, bird-borne radar loggers clearly
improve our ability to infer interactions (Weimerskirch et al.,
2018, 2020; Corbeau et al., 2019; Gr�emillet et al., 2019; this
study).

Figure 2 Example of one foraging trip of a wandering albatross tracked from Bird Island, South Georgia, during incubation in 2020, with reg-

ularised GPS locations coloured by behaviours derived from the 4-state hidden Markov model (HMM).

Table 1 Parameter estimates of the state-dependent probability distributions from the four-state hidden Markov model (HMM) of tracked

wandering albatrosses from South Georgia based on GPS and immersion (activity) data. The table also includes the proportion of time spent

in each state (% locations) and mean � SD of bout durations and the proportion of bouts with vessel encounters (radar detections and AIS

locations from actively fishing vessels).

Behavioural state

Bout duration

(hrs)

% Bouts with

vessel encounter Speed (km/h)

Angle

conc.

N

landings

Probability of wet %

Locations[0–0.2] [0.2–0.8] [0.8–1]

Travel 3.31 � 3.05 3.87 44.68 � 15.5 0.92 0.02 1 0 0 40

Rest 3.41 � 3.01 12.93 1.59 � 1.08 0.8 0 0 0 1 23

ARS w/o landings 4.48 � 5.91 9.60 5.63 � 6.10 0.77 0 1 0 0 23

ARS with landings 1.55 � 1.22 30.80 13.80 � 16.19 0.72 2.62 0.12 0.36 0.52 14

Travel speeds are derived from step lengths and do not represent flight (ground) speeds of birds in the respective behavioural states. Turn-

ing angle is the angle concentration parameter (higher values indicate less variance and less convoluted tracks). The number of landings rep-

resents the total number of dry–wet transitions. The probability of wet indicates the probabilities from low (0) to high (1) that time was

spent on the sea surface.
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Although seabird–fisheries interactions have been the
focus of many studies worldwide (Votier et al., 2010; Grana-
deiro et al., 2011; Patrick et al., 2015; Weimerskirch et al.,
2020), as far as we are aware, previous studies have not
identified a diagnostic pattern of movement associated with
scavenging behind vessels that would allow for predictions.
Indeed, the few studies exploring this topic have found con-
trasting results. Granadeiro et al. (2011) found no difference
in movement or at-sea activity patterns of black-browed alba-
trosses Thalassarche melanophris when foraging naturally or
in close proximity to trawl vessels around the Falkland
Islands. In contrast, Torres et al. (2011) found that white-
capped albatrosses T. steadi from the Auckland Islands
moved in straighter paths and at slower speeds when follow-
ing a squid trawler than when foraging naturally. Similarly,
wandering albatrosses from the Crozet Islands moved with
greater sinuosity in the presence of longline fishing vessels

(Weimerskirch et al., 2018; Corbeau et al., 2019). However,
even though mean values for movement metrics may differ
significantly between birds foraging naturally or behind ves-
sels, predicting vessel interactions is problematic when these
occur very infrequently and birds display movement patterns
that also occur during natural foraging.

Wandering albatrosses are known to adopt diverse strate-
gies, including in-flight searching for prey, and sit-and-wait
on the sea surface (Weimerskirch, Wilson, & Lys, 1997; Pha-
lan et al., 2007; Weimerskirch et al., 2007). When foraging
in flight, albatrosses often adopt ARS (Torres et al., 2011).
However, previous studies showed that ARS behaviour in
wandering albatrosses after prey capture did not last long
and only occurred after ingestion of a large item (Weimer-
skirch et al., 2007). Indeed, over a larger scale, the most
effective search strategy for wandering albatrosses is appar-
ently to follow a nearly straight path, using ARS only when

Figure 3 State-dependent density histograms of a) observed speed, b) angle concentration, c) the number of landings, and d) proportion of

time spent on the water surface of wandering albatrosses tracked from South Georgia for each behaviour bout. Different colours indicate

the proportion of locations within each state that were associated (green) or not (pink) with vessels (either detected by bird-borne radar or

from satellite AIS data indicating actively fishing vessels).
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they encounter a particularly favourable environment
(Weimerskirch et al., 2007; Corbeau et al., 2019). The inclu-
sion of immersion data in our HMM allowed two ARS
states to be identified, both involving slow speeds and high
turning angles, but with one state including landings indica-
tive of prey capture attempts; this would not otherwise be
detectable with location data only. Therefore, our models
represent an improvement on previous approaches using aux-
iliary biologging data for validation purposes only. Landings
(determined from immersion data) provide a reliable indica-
tor of attempts at prey capture, as albatrosses should other-
wise avoid incurring the high energetic cost of the
subsequent take-off (Weimerskirch et al., 2000). Resting on
the water – the only other reason to land on the water sur-
face – appears to be confined to darkness when low light
levels limit the opportunities for in-flight searching for prey
(Phalan et al., 2007; Mackley et al., 2010). This will be the
case whether scavenging behind a fishing vessel or targeting
natural prey. That the speed of the state ARS with landings
was considerably higher on average, and more variable, than
the speed during ARS without landings, may be explained
by a few rapid movements of actively foraging birds, and
also by the resolution of the GPS locations (10 min, possibly
failing to capture the total distance travelled [and thus speed]
during circular movements in the state ARS without land-
ings).

Our inability to determine from movements or activity
whether particular foraging bouts occurred only in the vicin-
ity of an actively fishing vessel suggests that wandering
albatrosses may perceive and react to fishing vessels and
favourable foraging patches essentially in the same way,
using visual or olfactory cues (Nevitt, 2000; Weimerskirch

et al., 2007; Collet, Patrick, & Weimerskirch, 2015). Forag-
ing behind a vessel may be simply an extension of natural
foraging for a generalist species such as the wandering alba-
tross. Indeed, parallels have been drawn between scavenging
behaviour and interactions with other types of predictable
anthropogenic food sources (Collet, Patrick, & Weimerskirch,
2017). Species that have more specialised foraging strategies
may respond differently to vessels. For instance, Collet,
Patrick, & Weimerskirch, (2017) showed that black-browed
albatrosses were more strongly attracted to fishing vessels
and showed a higher level of active interaction than wander-
ing albatrosses which overlapped with the same fleet. More-
over, many studies investigating seabird–fisheries interactions
show differences in the degree of interaction with vessels
according to species (Collet, Patrick, & Weimerskirch, 2017),
population (Granadeiro et al., 2011), sex (Jim�enez et al.,
2016) and individual (Votier et al., 2010; Granadeiro,
Brickle, & Catry, 2014; Patrick et al., 2015). The large vari-
ability among individuals may obscure patterns that may
indicate foraging in association with a vessel based on
movement and activity data alone.

Wandering albatrosses from South Georgia range widely
in the southwest Atlantic during the breeding season, mostly
in pelagic waters except during brood-guard when trips tend
to be restricted to the South Georgia shelf and shelf-slope
(Handley et al., 2020). Their extensive foraging range is
such that birds encounter many fishing fleets with a variety
of operational and gear characteristics (Jim�enez et al., 2014,
2020; Phillips et al., 2016). High overlaps between foraging
wandering albatross and pelagic longline fisheries are
reported in the Brazil-Falklands confluence (Bugoni et al.,
2008; Jim�enez et al., 2014, 2016), particularly with the Tai-
wanese and Japanese fleets (Jim�enez et al., 2016; Clay et al.,
2019). They also overlap with demersal longline fisheries,
but this is generally restricted to a continental shelf or shelf-
break habitats (Clay et al., 2019). The diversity of fisheries,
fleets and operational characteristics, including time of set-
ting in relation to day/night time and the use of mitigation
measures, combined with environmental conditions, are
known to influence the likelihood of interactions (Jim�enez
et al., 2014). Therefore, variation in attendance, movement
and landing patterns behind different types of fishing vessel,
and when foraging on diverse natural prey, may generate
behavioural signatures which are specific to each of these
circumstances. The diversity of fishing operations that may
be attended by albatrosses is likely to further reduce the pre-
dictive power of any generic model trying to distinguish
between vessel following and foraging on natural prey.

Conclusions

An inability to predict vessel attendance based on movement
and activity data alone underlines the value of using multiple
sources of information, including bird-borne radar and fine-
scale vessel movements for a better understanding of
seabird–fishery interactions. Furthermore, our method pro-
vides a coherent and generalizable framework to segment
trips using auxiliary biologging (immersion) data, which

Table 2 Prevalence (P) and predictive accuracy (A) of random

forest models aiming to distinguish between behavioural bouts of

tracked wandering albatrosses from South Georgia with and

without actively fishing nearby vessels as identified from radar

transmissions and vessel AIS locations from Global Fishing Watch

(GFW)

Radar

threshold

AIS threshold

0 0.05 0.1 0.2 0.5

0 – P: 0.074 P: 0.068 P: 0.057 P: 0.036

A: 0.926 A: 0.932 A: 0.943 A: 0.964

0.05 P: 0.064 P: 0.033 P: 0.031 P: 0.027 P: 0.019

A: 0.936 A: 0.967 A: 0.969 A: 0.973 A: 0.981

0.1 P: 0.056 P: 0.028 P: 0.027 P: 0.024 P: 0.018

A: 0.944 A: 0.972 A: 0.973 A: 0.976 A: 0.982

0.2 P: 0.043 P: 0.023 P: 0.023 P: 0.021 P: 0.016

A: 0.957 A: 0.977 A: 0.976 A: 0.979 A: 0.984

0.5 P: 0.023 P: 0.014 P: 0.014 P: 0.014 P: 0.011

A: 0.977 A: 0.986 A: 0.986 A: 0.986 A: 0.989

The sensitivity of all models was zero. Different thresholds of %

radar transmissions and % of locations with a nearby vessel classi-

fied as actively fishing were used to classify a bout as attending an

actively fishing vessel; the prevalence (P) indicates the proportion

of these bouts out of the total sample of 4349 bouts from 85 indi-

viduals.
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allow prey capture attempts to be quantified. Other sensors
such as accelerometers and magnetometers may also provide
useful data for improving predictions. Incorporation of data
on wind conditions might also be valuable, as this modulates
flight and foraging decisions of albatrosses and other sea-
birds (Clay et al., 2019). We caution that the bird-borne
radar did not always record vessels that were nearby accord-
ing to the AIS data, indicating that direct detection of inter-
actions is not straightforward. Nonetheless, radar detectors
can provide invaluable tools when fine-scale data on vessels
are unavailable and they can improve our understanding of
the scale of undeclared fishing. They can also be used to
support remote surveillance of the oceans. The ability to pre-
dict seabird–fisheries interactions would be invaluable for
risk assessments and for improving the targeting of resources
for bycatch mitigation and compliance-monitoring, contribut-
ing to the conservation of many highly threatened albatrosses
and petrels (Phillips et al., 2016).
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