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Bycatch risk assessments typically rely on spatial o v erlaps betw een seabirds and fishing vessels but should also consider seabirds’ position in the 
attraction spectrum. In v estigating seabird-fishery interactions in relation to habitat use is vital for species-specific risk assessments. To address 
this, we studied interactions bet ween soot y albatrosses (SA) and white-chinned petrels (WCP) with fisheries. GPS data from 20 SA and 18 WCP 

individuals from Marion Island were analysed alongside Automatic Identification Sy stem-deriv ed boat locations o v er tw o breeding seasons. We 
calculated encounter and attraction rates and correlated them with marine habitat characteristics. SA interactions occurred in deeper, warmer 
waters compared to their foraging habitat when vessels were absent, with 20% of individuals encountering and only 5% being attracted to 
boats. In contrast, WCP interactions occurred in shallo w, w arm South African shelf waters, consistent with their typical foraging habitats, with 
72% encountering and 56% attracted to boats. These results highlight the need for continued reinforcement of mitigation measures for WCP. 
Despite the low attraction rates for SA, ongoing vigilance is required due to their smaller population size, which heightens the potential impact of 
illegal fisheries. The comparison of species along an attraction spectrum contributes to refining risk assessments and informs species-specific 
conservation strategies. 
Keywords: attraction spectrum, Marion Island, seabird-fishery interactions, sooty albatross, white-chinned petrel. 
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Introduction 

Occupying the upper-trophic level of marine ecosystems,
seabirds perform many important ecosystem functions and 

services, such as the maintenance of food web structure (e.g.
Ferretti et al ., 2010 ) and nutrient cycling (Ratnarajah et al .,
2018 ). Because of their trophic position and ability to identi- 
fiably respond to changes in climatic conditions and ecosystem 

dynamics, they have been recognized as climate and ecosystem 

sentinels (Hazen et al., 2019 ). Thus, they are not only an im- 
portant ecosystem component, but also important providers 
of ecological information useful for conservation. However,
a large proportion of seabirds are threatened with extinction 

(IUCN, 2020 ), with fisheries mortality being one of the lead- 
ing causes (Dias et al ., 2019 ). 

The relationship between seabirds and fisheries entails com- 
petition for the same prey resources (Anderson et al ., 2011 ; 
Grémillet et al ., 2018 ), and potential seabird fatalities, when 

the appeal of bait, discards, and offal exposes seabirds to by- 
catch risk in drift nets, set-nets, trawls, and longlines (Baker et 
al ., 2007 ; Žydelis et al ., 2009 ; Anderson et al ., 2011 ; Croxall 
et al ., 2012 ; Žydelis et al ., 2013 ; Lewison et al ., 2014 ; Pott 
and Wiedenfeld 2017 ). The outcome of this attraction has 
several consequences, including reduced foraging efficiency 
Received: 23 May 2023; Revised: 13 October 2023; Accepted: 16 October 202
© The Author(s) 2023. Published by Oxford University Press on behalf of Interna
article distributed under the terms of the Creative Commons Attribution License 
reuse, distribution, and reproduction in any medium, provided the original work 
Cianchetti-Benedetti et al ., 2018 ), decreased breeding suc- 
ess due to the low nutritional value of discards (Grémillet
t al ., 2008 ), fishing gear-related injuries (Berón and Seco Pon
021 ), and fishing gear-related mortality (Croxall et al ., 2012 ;
hillips et al ., 2016 ). The previously reported annual bycatch
stimates of over 400000 seabirds by gillnet fisheries (Žydelis 
t al ., 2013 ), between 160000 and 320000 by longline fish-
ries (Anderson et al ., 2011 ), and an annual average of over
00000 shearwaters for 49 years by drift-nets (Uhlmann et al .,
005 ), clearly show how fisheries mortality is contributing to
he present decline of many seabird species. As such, fisheries
nteractions pose important present and potential future im- 
lications for seabird behaviour, demography, and conserva- 
ion (Grémillet et al ., 2019 ). 

Bycatch risk is governed by the level of attraction to fish-
ng vessels and the time birds spend interacting with fishing
ctivities in their boatscape, which depends on the level of
shing activity within a bird’s foraging range. Fishing fleets 
ften operate on a large spatio-temporal scale, which leads 
o their overlap with seabirds’ foraging ranges. This overlap 

s frequently used to estimate bycatch risk (e.g. Schoombie 
t al ., 2017 ; Clay et al ., 2019 ; Heerah et al ., 2019 ). How-
ver, at a finer scale, during their foraging trips, seabirds often
3 
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( https:// creativecommons.org/ licenses/ by/ 4.0/ ), which permits unrestricted 
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erform “Area Restricted Search” (ARS) behaviour in partic-
lar areas or habitats, where they reduce speed and increase
inuosity (Kareiva and Odell, 1987 ; Hill et al ., 2000 ; Corbeau
t al ., 2019 ), enhancing the likelihood of encountering prey
ithin these areas (Benhamou, 1992 ). If boats operate where

eabirds perform ARS, encounters and interactions between
hem will be more likely than if birds and boats target dif-
erent areas or habitats. Estimating bycatch risk through the
evel of overlap between ARS behaviour and fishing areas is
urther complicated because seabirds can also exhibit ARS-
ike behaviour during fishing boat interactions (Torres et al .,
011 ; Bodey et al ., 2014 ; Corbeau et al ., 2019 ). For instance,
lack-browed albatrosses Thalassarche melanophris , a ship-
ollowing species, has shown strong attraction to fishing boats
ncountered outside its foraging habitat (Collet et al ., 2017a ).

oreover, seabirds do not necessarily interact with all boats
hat enter their detection range (e.g. Collet et al ., 2017b ). To
learly estimate the risks of bycatch, it is therefore important
o assess fine-scale seabird movement data in relation to co-
ccurring fisheries’ activity data (Votier et al ., 2010 ; Torres
t al ., 2013 ; Corbeau et al ., 2021a ). It is only recently that
uch data has been made widely available, especially in inter-
ational waters (Kroodsma et al ., 2018 ; Weimerskirch et al .,
020 ). As a result, fine-scale bycatch risk estimation is only
vailable for a handful of species and/or areas, and there is
till a limited quantitative understanding of the extent of vari-
tion in seabird-fisheries interactions among species (Collet et
l ., 2017a ; Corbeau et al ., 2021a ; Orben et al ., 2021 ). 

In the Southern Ocean, the white-chinned petrel ( Procel-
aria aequinoctialis , WCP) is generally regarded as strongly
ttracted to fishing vessels and is often the most abundant
pecies attending fishing vessels and the most numerous in
ycatch estimates (Cherel et al ., 1996 ; Nel et al ., 2002 ;
obertson et al ., 2006 ). This is consistent among populations

Weimerskirch et al ., 2000 ; Delord et al ., 2005 ; CCAMLR,
021 ). This species—whose extinction risk is categorized as
ulnerable (BirdLife International, 2018a ) on the IUCN Red
ist of Threatened Species —is the most abundant among the

arge petrels and albatrosses attracted by vessels and to date,
o study has quantitatively estimated how frequently indi-
idual WCP encounter boats or how strongly they are at-
racted to the boats they encounter. High numbers of WCP
ehind boats may indeed partly reflect high densities and/or
o-occurrence of WCP and boats at sea rather than strong
ttraction per se , but these hypotheses cannot easily be disen-
angled with onboard or bycatch data only. 

Conversely, the sooty albatross ( Phoebetria fusca , SA) is
uch more rarely observed flying towards fishing vessels

Griffiths, 1982 ), and anecdotal onboard observations suggest
t may not be strongly attracted to boats. Nonetheless, sev-
ral breeding population declines have been at least partly at-
ributed to fisheries bycatch mortality (Gales, 1998 ; Cuthbert
nd Sommer, 2004 ; Delord et al ., 2005 ; Rolland et al ., 2010 ;
choombie et al ., 2016 ) and the species is in danger of extinc-
ion ( Endangered ; BirdLife International, 2018b ). This means
heir total world population is low compared to WCP. Like

CP, there is a knowledge gap on individual SA-fishery inter-
ctions in terms of large-scale exposure through distributional
verlap and strength of behavioural attraction to encountered
oats. Presenting bycatch and onboard observation data as to-
al numbers, rather than as proportions of the affected popu-
ations, fails to account for the bycatch risk at the individual
evel. Overlapping large-scale distribution is also insufficient
o quantify fine-scale seabird-fishery interactions that are re-
uired to assess bycatch risk (Delord et al ., 2010a ; Torres et
l ., 2013 ; Corbeau et al ., 2021a ). A fine-scale evaluation is
herefore needed to comprehensively determine the extent of
nteraction between fisheries and these two seabird species.

oreover, examining the distinct behavioural responses and
ttraction to boats between these two species—one known to
ollow boats and the other not—may aid in estimating a quan-
itative “behavioural attraction spectrum” that can be applied
o other seabird species worldwide. 

Fine-scale analysis of seabird-fishery interactions has pre-
iously been performed using data from Vessel Monitoring
ystems (VMS) (Votier et al ., 2010 ; Granadeiro et al ., 2011 ;
orres et al ., 2011 , 2013 ). However, VMS have a limited geo-
raphic range and data are publicly unavailable or otherwise
hallenging to acquire (Kroodsma et al ., 2018 ; Weimerskirch
t al ., 2020 ). Automatic Identification Systems (AIS) are an
lternative monitoring system that make information such as
oat identity, position, and speed available to those nearby,
nd is effectively used for navigation to prevent collisions
Kroodsma et al ., 2018 ). This generates a wealth of continu-
us fine-scale distributional data, which is an improvement on
MS that are mainly used in national EEZ waters. As such,
IS data is optimal for assessing fine-scale interactions with

eabirds, as recently demonstrated for wandering albatrosses
 Diomedea exulans ; Weimerskirch et al ., 2020 ). 

In this study, we used a combination of seabird GPS track-
ng and vessel AIS data to investigate the extent of Marion-
sland-breeding SA and WCP-fishery interactions in the South-
rn Indian Ocean—to facilitate a better understanding of fish-
ry impacts on their populations. Bird locations and boat lo-
ations were spatio-temporally matched to quantify their co-
ccurrence at 100 (seascape scale), 30 (encounter), and 5 km
attendance). The number of fisheries interactions and attrac-
ion to fishing boats were then assessed. Additionally, the habi-
at associated with fisheries interactions was evaluated in re-
ation to ARS behaviour inferred from seabird tracks when
shing boats were present or absent. 
It was hypothesized that both species will interact with fish-

ries, but SA to a lesser extent as WCP are more often seen in
he vicinity of fishing boats (e.g. Cherel et al ., 1996 ; Weimer-
kirch et al ., 2000 ). A greater level of interaction is expected
orth of the Subtropical Front (STF; Figure 1 ) and in shelf wa-
ers where fishing activity is high (Phillips et al ., 2006 ; Huang
nd Liu, 2010 ). 

ethods 

tudy location 

ample collection was carried out at sub-Antarctic Marion
sland (46 

◦52 

′ S; 37 

◦51 

′ E; Figure 1 ) in the Southern Indian
cean. The island is situated between the Sub-Antarctic Front

o the north and the Antarctic Polar Front to the south (Lut-
eharms and Ansorge, 2008 ). Ethics approval was granted by
he Nelson Mandela University Research Ethics Committee
A14-SCI-ZOO-012). Fieldwork was permitted by the Prince
dward Islands Management Committee. 

tudy design 

A and WCP breeding at Marion Island were tracked dur-
ng their incubation period over two breeding seasons. Sub-
equently, AIS-derived boatscape data and satellite-derived
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Figure 1. Location of the study site, Marion Island, within the Southern Indian Ocean. STF denotes the Subtropical Front, SAF the Sub-Antarctic Front, 
and APF the Antarctic Polar Front. Frontal estimations in the map were obtained from Orsi et al. (2019) . 

 

 

Figure 2. The distance categories used (100, 30, and 5 km) to represent 
seabird-fishery interaction scenarios. In order of decreasing distance 
between a seabird location and a boat, a boat within 100 km is a v ailable 
in the seascape (1), a boat within 30 km is encountered (2), and a boat 
within 5 km is attended (3). 
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environmental data (including bathymetry, sea surface tem- 
perature, and windspeed) were collected for the period when 

tracking took place to investigate seabird-fishery interactions.

Bird tracks 

GPS loggers were deployed on adult SA (October 2018–
January 2019 and October 2019–January 2020) and WCP 

(November 2018–December 2018 and November 2019–
February 2020) to record their at-sea distribution and move- 
ment patterns ( Supplementary Figure S1 ). 

Birds were caught on their nest and waterproof Tesa tape 
(Beiersdorf, AG, GmbH, Hamburg, Germany) was used to 

attach the GPS loggers to their back feathers. Deployments 
took < 15 min to complete. SA were equipped with either I- 
gotU (Mobile Action, Taiwan) (60 g) or CatLog (22 g) log- 
gers (Perthold Engineering LLC, USA), representing c. 0.8–2% 

of their mass, and CatLog Gen2 loggers (16 g) were used on 

WCP, representing less than c. 1.5% of their mass. During the 
2018/19 and 2019/20 breeding seasons, GPS locations were 
recorded every 10 min and 30 min, respectively, for SA, and 

every 2 h and 1 h, respectively, for WCP. 

Boatscape data 

AIS data for all declared boats (fishing and non-fishing) 
operating in the Southern Ocean for the periods between 

29/11/2018–31/01/2019 and 24/11/2019–29/02/2020 (160 

days) were obtained through the Ocean Sentinel Programme 
(Weimerskirch et al ., 2020 ). This data includes informa- 
tion on the name, type, nationality, location, and activity of 
boats. 

Fisheries interactions 

On-land locations were removed from GPS tracks, which were 
then divided into trips at sea and interpolated using the R 

package “crawl” (Johnson et al ., 2008 ; Johnson and Lon- 
don, 2018 ) with a time step of 20 min for comparability.
The GPS data was filtered to match the period for which AIS 
data was available; GPS data that extended beyond the AIS 
period was removed. Bird locations from the tracking data 
nd boat locations from the AIS data were spatio-temporally 
verlapped following Weimerskirch et al . (2020) and Corbeau 

t al . ( 2021a ), generating a dataset from which the number
nd type of boats within 100, 30, and 5 km of each bird loca-
ion was computed. These distances are used for different eco-
ogical and behavioural interpretations ( Figure 2 ). A distance
f 30 km was chosen to characterize encounters because it is
he estimated maximum distance at which birds can visually
etect boats (Thiebault et al ., 2014 ; Collet et al ., 2015 ; Col-
et et al ., 2017b ). The 5 km distance was used to characterize
oat attendance because seabirds perform specific foraging be- 
aviours within this proximity of vessels (Collet et al ., 2015 ;
eimerskirch et al ., 2020 ). 
Encounter and attendance events were classified as peri- 

ds when bird locations were within the associated distances 
30 km and 5 km) of at least one boat and departed without
eturn for at least 2 h. Birds attracted to fishing boats usually
tay within their range for at least a couple of hours (Collet
t al ., 2017b ), allowing the reasonable assumption that a bird
eaving an interaction range for > 2 h has exited the interac-
ion event. 

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsad176#supplementary-data
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nvironmental data 

athymetry data from the “ETOPO1 Global Relief Model”
as obtained from the National Oceanic and Atmospheric
dministration (NOAA) and added to bird tracks using the
 package “marmap” (Pante and Simon-Bouhet, 2013 ) to de-

ermine whether bird locations were on the shelf ( > 2000 m) or
ceanic. Bird locations were also categorized as inside or out-
ide an EEZ (shape files from http://www.marineregions.org ).
ird locations were further categorized into Antarctic, sub-
ntarctic, and subtropical waters based on updated estima-

ions of the Antarctic Circumpolar Current fronts (Park et
l ., 2019 ). These fronts separate waters with different char-
cteristics (Chapman et al ., 2020 ) and are themselves often
mportant seabird foraging areas (Baduini and Hyrenbach,
003 ; Bost et al ., 2009 ). Lastly, hourly sea surface temper-
ture (SST, ◦C) was added to each bird location (data from
ttps://www.copernicus.eu ). Foraging habitat was character-

zed using SST ( ◦C), bathymetry (m), and windspeed (km/h). 

rea restricted search 

RS behaviour, which is characterized by low speeds and
igh turning angles (Kareiva and Odell, 1987 ), was esti-
ated using a speed filter of < 10 km/h and a turning an-

le filter of > 10 

◦ based on visually determined thresholds
 Supplementary Figure S2 ). These thresholds were used be-
ause procellariforms cannot sustain straight flights at such
ow speeds, and water current drift could not explain such
igh turning angles between successive bird locations when
esting on water. Accordingly, these low flight speeds and high
urning angles strongly suggest an active intensification of
earching over a restricted area. Turning angles were calcu-
ated from bird tracks using the R package “adehabitatLT”
Calenge, 2006 ). 

nteraction scenarios 

o compare boat and non-boat-related habitat use, four “in-
eraction scenarios” were defined for each bird location based
n the presence/absence of ARS behaviour during either an
ncounter or an attendance event. A fifth, non-interaction sce-
ario, was defined as “natural ARS”, where ARS was con-
ucted in the absence of boats within 30 km of the bird. The
 package “dplyr” (Wickham et al ., 2023 ) was used to iden-

ify these scenarios by characterizing each location according
o its ARS and boat conditions. 

ata analysis 

he R statistical software version 4.0.0 (R Core Team 2020 )
as used for all data preparation and analyses. 
Both species spent a similar amount of time at sea dur-

ng the AIS period (256 and 219 days), enabling a reason-
ble comparison. Given that some trips were rendered incom-
lete after filtering the GPS data to match the AIS period,
vents rather than trips were compared between species. Com-
arisons of the number of boats available per distance cate-
ory, interaction scenarios, proportions, ocean/shelf use, and
ater masses (Antarctic, sub-Antarctic, or subtropical) used
ere performed using Kruskall-Wallis tests due to the non-
ormality of the residual distributions of ANOVA (verified us-

ng Shapiro-Wilk normality tests) and low sample size (Jenk-
ns and Quintana-Ascencio, 2020 ). No pairwise tests were run
hen one side had less than n = 4. 
Linear mixed-effects models (R package “lme4”; Bates et
l ., 2015 ) and “lmerTest” (Kuznetsova et al ., 2017 ) were used
o assess the relationship between environmental variables
nd the various interaction scenarios. Individual identities
ere used as random intercepts to take into account repeated
easurements per individual (Zuur et al ., 2009 ). Following

his, post-hoc tests (R package “emmeans”; Lenth, 2021 ) were
onducted to identify where significant differences occurred
etween the groups compared. 

esults 

 total of 6149 at-sea hours, equivalent to about 256 days,
ere recorded from 20 SA, and 5257 h, equivalent to about
19 days, from 18 WCP. SA travelled a mean maximum dis-
ance of 1007 ± 389 km from their nests, with trips last-
ng 307 ± 163 h during which time they conducted looping
rips to and from the north of the Subtropical Front ( Figure
 ). WCP travelled further than SA (1925 km ± 509), spent
92 ± 164 h at sea and mostly commuted to and from the
outh African shelf ( Figure 3 ). 

oatscape description 

or SA, 90 different boats were identified within 100 km of
ird locations, of which 17 were classified as fishing boats.
or WCP, 510 different boats were identified within 100 km
f their locations. Of these boats, 157 were fishing boats and
oat activity was mostly found north of 40 

◦S ( Figure 3 ). 

omparison of interactions with boats at the 

opulation level 

he average duration with at least one fishing boat within
00 km was not significantly different between species
Kruskall-Wallis test, X 

2 = 2.63, p = 0.10), unlike the aver-
ge duration with a fishing boat within 30 km, which was
ignificantly shorter for SA (Kruskall-Wallis test, X 

2 = 10.05,
 < 0.05; Table 1 ). Only one SA attended a fishing boat, and
t spent a total of 30 min in attendance, compared to the 10

CP that attended fishing boats and spent 15.75 ± 11.46 h on
verage. Thus, SA virtually spent no time attending fishing ves-
els (0.008% of their time at sea), whereas WCP spent 3.3%
f their time at sea in attendance. For non-fishing boats, the
verage duration with a boat within 100 km was significantly
igher for SA (Kruskall-Wallis test, X 

2 = 5.20, p = 0.02), in
ontrast to the duration with a boat within 30 km (Kruskall-
allis test, X 

2 = 1.68, p = 0.19) and 5 km (Kruskall-Wallis
est, X 

2 = 1.23, p = 0.27) that were not significantly different
etween species ( Table 1 ). 
The ratio of the number of locations with a boat in the

eascape relative to the number with a boat attended was
uch higher for WCP (Kruskall-Wallis test, X 

2 = 87.13,
 < 2.2 × 10 

−16 ) ( Table 2 ). Likewise, the ratios between lo-
ations with fishing boats at 5 and 30 km, as well as be-
ween 30 and 100 km, differed significantly between the two
pecies, with SA being much lower in all comparisons ( Table
 , Supplementary Table S1 for test values). 

omparison of parameters between individuals 

hat encountered fisheries 

ut of 20 SA individuals, 20% encountered fishing boats,
ompared to 72% of 18 WCP ( Table 3 ). The total time spent
t sea by these individuals was not significantly different

http://www.marineregions.org
https://www.copernicus.eu
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsad176#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsad176#supplementary-data
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Figure 3. Tracks of SA and WCP from Marion Island, with the positions of all boats a v ailable within the seascape (100 km radius from each bird location; 
abo v e, all tracks shown), and boats encountered ( < 30 km; below, only the tracks of individuals with encounters) categorized by boat type. STF denotes 
the Subtropical Front, SAF the Sub-Antarctic Front, and APF the Antarctic Polar Front. The circular shapes are Economic Exclusion Zones (EEZs), and the 
polygons within them are Marine Protected Areas (MPAs). The position of Marion Island is represented by the triangle. Frontal estimations in the map 
are from Orsi et al. (2019) . 

Table 1. The mean and standard deviation of hours with boats in seascape (100 km), detection range (30 km), and attraction range (5 km), per species. 

Fishing boats Non-fishing boats 

Species SA WCP SA WCP 

Available in seascape 
(100 km) 

6.79 ± 4.53 ( N = 6) 27.30 ± 23.55 ( N = 16) 17.90 ± 10.95 ( N = 13) 8.07 ± 5.69 ( N = 15) 

Encountered (30 km) 1.00 ± 0.35 ( N = 4) 24.50 ± 21.91 ( N = 13) 3.50 ± 2.07 ( N = 8) 2.20 ± 2.00 ( N = 15) 
Attended (5 km) 0.50 ( N = 1) 15.75 ± 11.46 ( N = 10) 0.45 ± 0.28 ( N = 5) 2.06 ± 3.43 ( N = 13) 

Based on Kruskall-Wallis test results, light grey is significant ( p < 0.05), dark grey is not significant ( p > 0.05), and white is when the sample size was too low 

for a statistical test. N is the number of individuals represented. 

Table 2. Ratios of fishing boats encountered and attracted to w ards relativ e to a v ailability, per location, and individual. 

SA ( n = 15318 locations) WCP ( n = 8306 locations) 
Mean ± SD Mean ± SD 

Ratio 5 km/100 km 0.005 ± 0.04 0.06 ± 0.11 
Ratio 5 km/30 km 0.09 ± 0.27 0.24 ± 0.30 
Ratio 30 km/100 km 0.08 ± 0.25 0.22 ± 0.21 

Ratios range from 0 to 1. Based on Kruskall-Wallis test results, all cases of significance ( p < 0.05) are indicated in light grey. 
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between species ( Table 3 ), but the maximum distance trav- 
elled by SA (1264.1 km ± 131.7) was significantly lower than 

WCP (1828.1 km ± 174.7; Table 3 ). 
The number of fishing boat encounter and attendance 

events by these individuals was significantly lower for SA than 
CP ( Table 3 ). WCP individuals also spent more time in en-
ounter and attendance of fishing boats than SA ( Table 3 ). 

WCP with fishing boat encounters, encountered more fish- 
ng boats relative to non-fishing boats than SA ( Table 3 ). The
roportion of fishing boats attended after being encountered,
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Table 3. Mean and standard deviation of parameters for individuals that encountered fisheries ( Figure 3 ), and Kruskall-Wallis test values. 

Species (Number of individuals) SA ( N = 4) WCP ( N = 13) Chi-squared value p value 

Percentage of individuals with fisheries 
encounters 

20% ( N = 4/20) 72% ( N = 13/18) 

Total at-sea duration (days) 25.13 ± 14.31 35.92 ± 27.45 0 .13 0.72 
Maximum distance from the colony (km) 1264.1 ± 131.7 1828.1 ± 174.7 8 .01 < 0.005 
Number of fishing boat attendances 0.25 16.9 ± 14.4 5 .80 < 0.02 
Time in attendance with fishing boats (hours) 0.5 ( N = 1) 3.95 ± 3.37 NA NA 

Number of encounters with fishing boats 1 ± 0 7.9 ± 10 5 .52 < 0.02 
Time in encounter with fishing boats (hours) 1.21 ± 0.33 23.9 ± 39.3 3 .77 0.05 
Ratio of encounters in EEZ 0.17 ± 0.29 0.81 ± 0.22 1 .64 0.2 
Proportions of encounters, attendances, and attraction 
Proportion of encounters with fishing boats 
(locations 30 km fishing/locations 30 km all 
boats) 

0.19 ± 0.37 0.63 ± 0.30 81 .05 < 2.2e-16 

Proportion of non-fishing boats attended (5 km) 
after being encountered (30 km) (locations 5 km 

non-fishing/locations 30 km non-fishing) 

0.06 ± 0.27 0.03 ± 0.11 2 .82 0.09 

Proportion of fishing boats attended (5 km) after 
being encountered (30 km) (locations 5 km 

fishing/locations 30 km fishing) 

0.09 ± 0.27 0.24 ± 0.30 7 .74 < 0.006 

Proportion of fishing boats encountered (30 km) 
relative to their availability (100 km) (locations 
30 km fishing/locations 100 km fishing) 

0.09 ± 0.27 0.22 ± 0.21 121 .71 p < 2.2e-16 

Proportion of non-fishing boats encountered 
relative to their availability (100 km) (locations 
30 km non-fishing/locations 100 non-fishing) 

0.09 ± 0.26 0.03 ± 0.11 0 .02 0.88 

Waters and ocean/shelf use 
Ratio in Antarctic waters 0.02 0.00 NA NA 

Ratio in sub-Antarctic waters 0.21 0.03 6 .67 0.009 
Ratio in subtropical waters 0.77 0.97 6 .49 0.01 
Ratio on shelf 0.04 0.80 7 .16 < 0.008 
Ratio in oceanic waters 0.96 0.20 8 .47 < 0.004 

NA represents when the sample size was too low for a statistical test, and italicized p -values indicate a significant difference. 
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Figure 4. Violin plots showing values of the habitat—bathymetry, SST, 
and windspeed—of ARS during the five interaction scenarios for SA and 
WCP breeding on Marion Island. The numbers in italics (above) are the 
number of locations per scenario, and the numbers in bold (below) are 
the number of individuals. 
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nd the proportion of fishing boats encountered relative to
heir availability in the seascape were also significantly higher
or WCP. The only non-significant differences between the two
pecies were the proportion of non-fishing boats encountered
elative to availability and of non-fishing boats attracted to
fter encounter ( Table 3 ). 

abitat selection 

A that encountered fisheries spent less time foraging over
helf waters and therefore more time in oceanic waters, com-
ared to WCP ( Table 3 and Supplementary Table S2 for test
alues). These SA spent more of their time in subtropical wa-
ers than sub-Antarctic waters, and a negligible amount in
ntarctic waters ( Table 3 ). WCP also spent most of their time

n subtropical waters, and minimal time in Antarctic waters
 Table 3 ). Between species, SA spent significantly more time in
ub-Antarctic waters, and WCP spent significantly more time
n subtropical waters ( Table 3 and Supplementary Table S2 for
est values). The ratio of encounters within EEZs also did not
iffer significantly between species but was 80% lower for SA
 Table 3 and Supplementary Table S2 for test values). 

There were very few individuals and locations for SA with
oat interaction scenarios, and most locations were in sce-
arios without ARS, in contrast to WCP. Overall, the ARS
f both species—when no vessels were present—occurred in
ignificantly warmer waters than their fisheries interactions
SA: z = −4.08, p < 0.05; WCP: z = 13.2, p < 0.0001).
or SA, bathymetry and windspeed were not significantly
ifferent between non-boat-associated ARS and boat inter-
ctions ( Supplementary Table S2 for test values; Figure 4 ).
ompared to their ARS without boats present, WCP boat-
ssociated ARS occurred in significantly shallower waters
 z = 13.67, p < 0.0001) and higher windspeed, which was

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsad176#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsad176#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsad176#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsad176#supplementary-data
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marginally non-significant ( z = 3.41, p = 0.051). Addition- 
ally, the SST and bathymetry of WCP interactions without 
ARS behaviour were higher than their non-boat-associated 

ARS ( Supplementary Table S2 for test values; Figure 4 ).
Both species performed ARS over a wide geographical 
range, but WCP was more concentrated over shelf waters 
( Supplementary Figure S1 ). 

For both species, there were no significant differences be- 
tween the habitat of boat-associated ARS and where boats 
were encountered but no ARS was performed ( Supplementary 
Table S2 for test values; Figure 4 ). 

Discussion 

This study showed a distinct contrast in the presence of boats 
within the foraging range, number of encounters, and sub- 
sequent boat attraction of incubating SA and WCP breeding 
on Marion Island. SA had lower fishing boat encounters and 

attractions. Differences in boat availability and encounters 
between the two species were largely based on them using 
different foraging habitats. When the habitat where birds 
encountered boats differed from the non-encounter foraging 
habitat, the WCP, which is more attracted to boats, still 
exhibited ARS behaviour in the vicinity of fishing vessels.
By comparing these two species with varying degrees of 
attraction to boats, our findings contribute to a better under- 
standing of the behavioural attraction spectrum in seabirds 
and inform future conservation efforts. 

Foraging range and exposure to boats 

The location of encounters is important because bycatch risk 

is generally higher in open waters where tuna and Patago- 
nian toothfish ( Dissostichus eleginoides ) longliners may not 
employ the mitigation measures that are required in national 
shelf waters within the EEZ (F AO , 2018 ). Although SA mainly 
foraged in oceanic subtropical open waters that tuna long- 
line boats are presumed to frequent (Huang and Liu, 2010 ),
they did not have many boats available within their seascape,
leading to very few encounters. Mention must be made of 
the possible underestimation of this boatscape due to the 
inability to account for illegal, unreported, and unregulated 

(IUU) fishing that is occurring (CCAMLR, 2021 ; Park et al .,
2020 ; Weimerskirch et al ., 2020 ; Supplementary Figure S3 ). In 

contrast, WCP which mainly foraged over subtropical shelf 
waters where trawl, purse seine, and longline fisheries oper- 
ate (F AO , 2018 ), had a higher number of boats within their 
seascape, followed by many encounters. For both species, the 
movement from 100 km to 30 km of fishing boats is likely at- 
tributed to their use of the same foraging habitat because they 
are unaware of boats’ presence at that distance (Thiebault et 
al ., 2014; Collet et al ., 2015 ; Collet et al ., 2017b ). As such, for- 
aging distribution played the primary role in determining both 

the availability of boats within the seascape and the probabil- 
ity of availability leading to encounter. 

Boat attraction and foraging habitat selection 

Given that foraging distribution influences the available 
boatscape, which in turn affects the likelihood of encoun- 
ters, it is crucial to investigate how seabirds respond to these 
encounters and identify the underlying factors driving their 
behaviour. SA showed low boat attraction and spent consid- 
erably more time within encounter distance than attendance 
istance. Similarly, early accounts of SA responses to boats 
eported more individuals being further from (30–100 km) 
han closer to (0–30 km) boats and a tendency to fly past
hem (e.g. Griffiths, 1982 ). This, in addition to SA not per-
orming searching behaviour when the SST of an encounter 
as different from where they normally engage in ARS, sug-

ests higher interest in favourable habitats rather than fishing 
ctivity. 

Based on our results, we estimate that 1 in 20 SA individ-
als interact with a fishing boat and are at risk of bycatch
ver a period of 160 days. Then, for a population of 1838
reeding pairs (Schoombie et al ., 2016 ), this translates to a
redicted daily bycatch risk rate of 1.15 individuals per day.
he contribution of bycatch mortality to the previous Marion 

sland population decline (Schoombie et al ., 2016 ) is there-
ore possible. Despite the bycatch risk, the tendency for birds
ithin the population to be attracted to boats continues to
ersist, indicating an ongoing issue with bycatch mortality.
t is, however, important to note that our sampling was lim-
ted to the incubation period. Attraction may be higher dur-
ng brooding and chick-rearing due to the increased energetic 
equirement of parenting chicks. Reduced natural food avail- 
bility, and periods of higher energetic requirements, are addi- 
ional factors that could influence seabirds to opt for high-risk
hoices, such as approaching boats, in search of food (Bateson,
002 ). 
As expected, WCP was more likely to attend fishing boats

fter an encounter compared to SA. This species is well known
or being attracted to and following boats (Cherel et al ., 1996 ;

eimerskirch et al ., 2000 ; Delord et al ., 2010b ), and this is
upported by them spending more time within attendance dis- 
ance than encounter distance. Arriving at a foraging habi- 
at and proceeding to target the fishing boats present there
trongly implies attraction to fishing activity regardless of the 
pecific characteristics of the habitat itself. Abundance trends 
or the WCP Marion Island population have not been recently
pdated but the last population estimate was 24000 breed- 
ng pairs (Ryan et al ., 2012 ), which is much higher than the
ympatric SA population size (1838 breeding pairs, Schoom- 
ie et al ., 2016 ). This illustrates how the higher bycatch esti-
ates of WCP compared to SA in literature can be due to both
CP being more abundant and having a higher attraction to

oats. 

eterminants of attraction 

eabirds and fisheries might both target the same foraging 
abitat, resulting in encounters. However, a seabird’s be- 
aviour during an encounter determines if the interaction 

s accidental or intentional. Intentional encounters involve 
eabirds attending boats due to their attraction towards them 

fter detection. A significant behavioural indicator of seabird 

ttraction to boats would be a seabird returning to a location
f a previously encountered boat (Collet and Weimerskirch,
020 ). 
Given the bycatch risk associated with this attraction, it is

rucial to comprehend the factors influencing the varying like- 
ihood of seabirds moving towards a fishing boat. Larger, more
ominant, and generalist species are intuitively expected to 

ave a higher attraction to anthropogenic food sources (Bick- 
ell et al ., 2013 ; Corbeau et al ., 2021b ). However, smaller
nd less generalist species have been shown to be more at-
racted to boats than larger counterparts (Collet et al ., 2017a ),

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsad176#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsad176#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsad176#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsad176#supplementary-data
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lucidating how size and diet may play more secondary rather
han primary roles in attraction. Logically, the more special-
zed a diet is, the lower the chances of being attracted to
 non-preferred food source. Both SA and WCP are known
o feed on cephalopods and fish (Cooper and Klages, 1995 ;
herel and Klages, 1998 ; Connan et al ., 2007 ; Croxall et
l ., 2009 ; Connan et al ., 2014 ), with SA also feeding on car-
ion (Ridoux, 1994 ) and WCP on Antarctic krill (Croxall
t al ., 2009 ). Thus, the two species both have varied diets
nd could be expected to exhibit similar attraction to the
ood available at fishing boats. Indeed, the two species have
een bycaught by the same fishing fleets (Gales et al ., 1998 ;
uang and Liu, 2010 ), showing that from a dietary perspec-

ive, food sources at fishing boats are desirable to them. Still, a
igher proportion of WCP individuals are attracted to fishing
oats. 
The influence of seabird body size on boat attraction is re-

ated to the presence or absence of diving ability and the conse-
uent ability to be competitive within the seabird aggregation
Zhou et al ., 2019 ). Diving species, whether large or small,
an catch sinking bait and therefore forage successfully unless
aught in fishing gear (Nel et al ., 2002 ). However, for non-
iving species, which normally scavenge for prey at the sur-
ace, large size increases competitive ability to acquire space
nd prey. SA is a medium-sized, surface-feeding seabird that
s larger than the proficient diving WCP. Although SA may be
ess efficient within a seabird aggregation at a boat compared
o larger seabirds (e.g. wandering albatross), their presence in
ycatch shows that some individuals are still attracted. Thus,
nce again, both species satisfy a requirement of boat attrac-
ion. 

Considering diet, physical attributes, and foraging modes,
any seabirds should be attracted to fishing boats, and based
n onboard observations and bycatch estimates, many are
Anderson et al ., 2011 ; Žydelis et al ., 2013 ; Dias et al ., 2019 ).
owever, as shown in several studies, the extent of attraction

aries substantially between species and individuals (e.g. Col-
et et al ., 2017a ; Corbeau et al ., 2021a ; Corbeau et al ., 2021b ).
ven after fisheries have reduced natural prey, a preference

or switching prey rather than attending fisheries for discards
as been observed (Grémillet et al ., 2019 ). Thus, while prey
carcity can lead to fishery attraction (Tew Kai et al ., 2013 )
ith detrimental consequences (Grémillet et al ., 2008 ), it may
ot necessarily result in it. 
A similarity between the most ship-attracted species, WCP

nd the black-browed albatross is their foraging over produc-
ive shelf waters (Cherel and Weimerskirch, 1995 ; Berrow et
l ., 2000 ; Huln, 2002 ; Phillips et al ., 2006 ; Wakefield et al .,
011 , 2012 ). This has, and continues to, expose them to a
igher overlap with fishing activity (e.g. Clay et al ., 2019),
ven though they do not depend on it for subsistence. The

CP population in this study has presumably been commut-
ng to and foraging over the south African shelf since before
he advent of fishing activity there (early 1960s; Cooper and
yan, 2005 ). Their subsequent and relatively prolonged expo-

ure to fishing activity could be a possible explanation for their
trong behavioural attraction to fishing boats. This could be
 case of habituation initiated by co-occurrence in a produc-
ive environment and maintained by the competitive ability
o obtain predictable anthropogenic food sources. Thus, the
ehavioural differences observed between species imply a re-
ationship between exposure to boats and the development of
oat attraction. 
m  
onservation implications 

here are several approaches available for studying seabird-
sheries interactions (Le Bot et al ., 2018 ) and two were
ombined in this study, identifying areas of encounter and
nalysing behaviour at a fine scale. This study demonstrates
he value of quantifying the boatscape and individual fine-
cale boat attraction of seabird species to provide an accu-
ate estimation of fisheries interactions and their associated
isks. By comparing different seabird species, the study has
emonstrated the significance of assessing relative risks. The
esults support the need to minimize encounter chances be-
ween fishing boats and seabirds, to limit the potential devel-
pment of strong attraction where it has not yet occured. In
ddition to marine protected areas, many mitigation measures
re in place (Croxall, 2008 ; Delord et al ., 2010b ; Anderson
t al ., 2011 ; Maree et al ., 2014 ; F AO , 2018 ) with room for
mprovement in ensuring the fishing activity occurring at any
ime is responsibly permitted. Effective mitigation in the form
f streamed and weighted lines was able to reduce longline
ycatch mortality significantly, including in the French EEZ
round Crozet and Kerguelen (Delord et al ., 2010b ), where
CP mortality was previously high and impacting on popula-

ion growth (Delord et al ., 2005 ; Barbraud et al ., 2008 , 2009 ).
his shows the stark contrast between the effect of fishing ac-

ivity with and without mitigation measures. Overlapping use
f the same fine-scale habitat with unmitigated fisheries could
ead to a consequent change in behaviour, which inherently
ncreases the chance of mortality. This would be detrimental
or large, long-lived species whose populations are especially
ulnerable to increases in adult mortality (Hall et al ., 2000 ;
ewison et al ., 2004 ). 
The comparison between SA and WCP has shown that SA

ave lower exposure and attraction to the fishing boats they
ncountered. Nonetheless, due to the SA population being
maller, the current level of attraction may still qualify fisheries
s a threat. Additionally, non-breeding SA utilize sub-tropical
aters (Schoombie et al ., 2021 ), where encounters were high-

st. Thus, non-breeding adults have possibly higher exposure
o fishing activity and bycatch risk than breeding SA. There-
ore, management decisions should consider not only the risks
o a particular species but also the differences in risk between
pecies to ensure the protection of vulnerable populations. 
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