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By-catch in fisheries is the leading cause of population decline 
in pelagic sea-birds. The white-chinned petrel ( Procellaria 
aequinoctialis ) is the most by-caught sea-bird species in the 
Southern Ocean, and many populations are in decline. To better 
understand by-catch risk, we tracked white-chinned petrels 
from three sites across South Georgia throughout the annual 
cycle. There was no spatial segregation among colonies in at-sea 
distributions of failed or non-breeding birds, but birds tracked 

during chick-rearing from the easternmost site (Cooper Island) 
and the centre (King Edward Point), travelled both east and 

west of South Georgia, whereas those tracked from the west 
(Bird Island) only travelled west. Consequently, white-chinned 

petrels from Cooper Island overlapped less with fisheries than 
those from the other sites. Habitat models suggest that white- 
chinned petrels from all sites foraged in areas with similar 
environmental characteristics and that suitable conditions were 
present both east and west of South Georgia. Thus, broad-scale 
areas of high by-catch risk could be identified from predicted 

distributions, but overlap at finer scales could be distinguished 

more clearly from tracking data. Although the driver of spatial 
segregation in foraging areas was unclear, it affects by-catch 
risk and has implications for conservation and management. 
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1. Introduction 

Globally, 57% of sea-bird species are in decline and 43% are listed
as globally threatened [1 ]. Incidental mortality (by-catch) in fish-
eries is the leading cause of population declines in pelagic sea-birds
[1 ,2 ], and is dependent on both the spatio-temporal overlap of sea-
birds with fishing fleets and the behaviour of individuals around
©2026 The Authors. Published by the Royal Society under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/4.0/ , which permits unrestricted 
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v uctive waters with predictable prey 
a ese productive foraging areas, many 
s r offal, leading to mortality if birds 
c  lines or caught on hooks [3 ,7 –9 ]. 

tion of various cost-effective mitiga- 
t atrosses and Petrels (ACAP) advises 
t tion to reduce by-catch of albatrosses 
a streamer lines and prohibition of net 
m wever, many fisheries fail to imple- 
m ganizations (RFMOs) which manage 
fi  Furthermore, many RFMOs require 
< nd reducing the capacity to check or 
e ate or fishery as a result of different 
m ting regime), and observer coverage 
i nes at night when visual foragers are 
l  they are available to diving sea-birds 
a er, for nocturnal foragers (e.g. white- 
c sequently other mitigation measures 
a

ries are managed by the Commission 
f LR), with further protection around 

S  the South Sandwich Islands, which 
i er coverage [19 ]. Consequently, sea- 
b y pelagic sea-birds breeding on sub- 
a btropical high seas where mitigation 
m server coverage is low [8 ,18 ,21 ,22 ]. 

s on subantarctic islands, is the most 
b erable on the IUCN Red List [21 ,23 ]. 
W timates of population size and trends 
a m decline at Bird Island, South Geor- 
g n breeds at South Georgia [25 ]; how- 
e sites in the archipelago is unknown. 
W elagic waters, and target many prey 
t it and discards from fishing vessels 
[ urnal activity, foraging in both dark- 
n l foraging is associated with fishing 
v ertical migration [16 ,30 –32 ]. Regard- 
l  some of which are required to set at 
n inned petrels are able to dive deeper 
t aking them particularly susceptible 
t s [30 ,33 ]. 

reeding at Bird Island, South Geor- 
g the annual cycle, although to a lesser 
e d to be closer to their breeding sites 
[ -chinned petrels breeding elsewhere 
o that populations of pelagic sea-birds 
b -sea ranges will forage in similar ar- 
e ver, this assumption is often unver- 
i  and hence by-catch risk from one 
c ng colonies of wandering albatrosses 
D heries during the breeding and non- 
b r colonies where at-sea distributions 
a ervation and management [22 ]. This 
c lly as a result of density-dependent 
c d cultural evolution or foraging site 
fi
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essels [3 –5 ]. Sea-bird–fishery overlap frequently occurs in prod
vailability, targeted by both sea-birds and fisheries [6 ]. Within th
pecies are attracted to fishing vessels by baited hooks, discards o
ollide with trawl warps or monitoring cables become entangled in
By-catch in fisheries can be reduced greatly by the implementa

ion measures [10 ,11 ]. The Agreement for the Conservation of Alb
hat the best practice is to use three mitigation measures in combina
nd petrels in long line fisheries, and to use discard management, 
onitoring cables to reduce by-catch in trawl fisheries [12 –14 ]. Ho
ent the best practice, and most regional fisheries management or
sheries in the high seas mandate only two mitigation measures.
 5% observer coverage, resulting in under-reporting of by-catch a
nforce compliance [15 –17 ]. By-catch rates vary greatly by flag st
itigation or operational measures (e.g. time of setting, line-weigh

s often low [17 ,18 ]. Standard mitigation practices include setting li
ess active, weighting hooks so they sink faster and reduce the time
nd using streamer lines behind vessels to deter sea-birds. Howev
hinned petrels) night-setting may increase by-catch risk, and con
re essential. 
At high latitudes in the Southern Ocean, long line and trawl fishe

or the Conservation of Antarctic Marine Living Resources (CCAM
outh Georgia imposed by the Government of South Georgia and
ncludes strict regulations and enforcement, including 100% observ
ird by-catch in this region is extremely low [19 ,20 ]. However, man
ntarctic islands frequently visit continental shelf waters or the su
easures are not the best practice, compliance is often poor and ob
The white-chinned petrel ( Procellaria aequinoctialis ), which breed

y-caught species in the Southern Ocean and is classified as vuln
hite-chinned petrels are burrow-nesting, and although reliable es

re challenging to acquire, there is evidence for a sustained long-ter
ia [24 ,25 ]. This is of major concern as > 50% of the global populatio
ver, whether the trend on Bird Island is representative of other 
hite-chinned petrels have huge foraging ranges in neritic and p

ypes including euphausiids, fish and squid, supplemented by ba
26 –29 ]. Unlike albatrosses, white-chinned petrels show high noct
ess and daylight [30 ,31 ]. It is unknown to what extent nocturna
essels; it may also be an adaptation to exploit prey undergoing v
ess, it increases the duration of interactions with long line vessels,
ight to reduce by-catch of albatrosses [16 ]. Furthermore, white-ch
han albatrosses and other petrels in mixed foraging aggregations, m
o by-catch on long lines as they dive down to retrieve baited hook

Previous tracking studies indicate that white-chinned petrels b
ia overlapped with fisheries on the Patagonian Shelf throughout 
xtent during the chick-rearing period when foraging trips tende
23 ,30 ,34 ]. However, the distribution and resulting overlap of white
n South Georgia with fisheries is unknown. It is often assumed 

reeding in relative proximity compared with the scale of their at
as and consequently encounter comparable threats at sea. Howe
fied, and there is uncertainty in extrapolating at-sea distribution
olony to another. Indeed, spatial segregation between neighbouri
iomedea exulans at South Georgia affects relative overlap with fis
reeding seasons [22 ,35 ]. Consequently, estimates of by-catch risk fo
re inferred may be biased, with important consequences for cons
ould be driven by spatial segregation between colonies, potentia
ompetition, habitat or prey specialization, information sharing an
delity [22 ,36 –39 ]. 
yalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​260099/​6168134/​rsos.​260099.​pdf
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Table 1. Summary statistics (mean ± s.d.) of foraging trips of white-chinned petrels tracked from Bird Island, Cooper Island and KEP, 
South Georgia, during different life-history stages. No values are provided for most metrics for failed birds as not under a central-place 
breeding constraint. 

life-history 
stage colony year 

number 
of birds 

number of 
trips 

foraging 
range (km) 

total distance 
travelled (km) 

trip duration 
(days) 

distance travelled 
per day (km) 

incubation Bird Island 2023 12 15 1821 ± 574 7623 ± 2669 14.4 ± 4.2 557 ± 163 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Bird Island 2022 15 17 1698 ± 427 6320 ± 1678 10.5 ± 3.2 623 ± 121 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Cooper 
Island 

2022 4 4 1756 ± 402 7002 ± 1268 10.75 ± 2.2 657 ± 68 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

KEP 2023 11 12 1929 ± 409 7872 ± 2264 15.5 ± 6.8 554 ± 149 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

chick-rearing Bird Island 2023 9 53 922 ± 758 3600 ± 3173 9.2 ± 6.7 515 ± 308 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Bird Island 2022 23 116 928 ± 746 3113 ± 2842 5.0 ± 5.0 642 ± 224 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Cooper 
Island 

2022 5 32 863 ± 662 3437 ± 3263 8.3 ± 5.0 479 ± 295 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

KEP 2023 8 56 776 ± 647 2796 ± 2568 6.9 ± 5.7 536 ± 272 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

failed Bird Island 2023 3 3 NA NA NA 345 ± 86 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Bird Island 2022 8 9 NA NA NA 292 ± 59 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Cooper 
Island 

2022 4 4 NA NA NA 514 ± 21 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

KEP 2023 10 10 NA NA NA 395 ± 174 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

 three breeding sites located across 
S  hence by-catch risk from particular 
v ir at-sea distributions. We also tested 

i ny observed spatial segregation, and 

d t, particularly to allow advocacy and 

r tic fleets. 

2
2
W  island groups in the southwest, and 

t ands (approx. 800 000 versus approx. 
2 oss South Georgia, and densities are 
g this study, we tracked birds from the 
l , 54◦48 ′ S, 35◦47 ′ W and Bird Island, 
5  mainland (King Edward Point (KEP), 
T 021 to April 2022 or from December 
2

aring period (e.g. birds tracked from 

B Breeding adults were extracted from 
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The aims of this study were to track white-chinned petrels from
outh Georgia to determine whether relative fisheries overlap, and
essel types and flag states was driven by spatial segregation in the
f differences in habitat preferences or activity budgets might drive a
iscussed the results in the context of conservation and managemen
esources to be focused on what are likely to be the most problema

. Methods 
.1. Study sites and fieldwork 
ithin the Atlantic Ocean, white-chinned petrels only breed in two

he population at South Georgia is far larger than at the Falkland Isl
00 breeding pairs [40 ]. White-chinned petrels are widespread acr
enerally higher on the offshore islands than the mainland [25 ]. In 
argest of the most eastern and western populations (Cooper Island
4◦00 ′ S, 38◦03 ′ W), and from a small but growing population on the
hatcher Peninsula, 54◦17 ′ S, 36◦29 ′ W, figure 1 ) from December 2
022 to October 2023 ( table 1 ). 
Study groups are referred to by site and year during the chick-re

ird Island in December 2021 are referred to as Bird Island 2022). 
yalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​260099/​6168134/​rsos.​260099.​pdf
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b lobal Positioning System (GPS) log- 
g  tle feathers with Tesa©R tape, and a 
g g deployed on the leg. PTTs (Telonics 
T th PTTs and GPS (Pathtrack, < 25 g) 
w  every 5 minutes, and PTTs were set 
t obal location sensors or GLS loggers; 
M f light every minute, and the maxi- 
m ntinuous immersion for 20 minutes; 
i t lasted ≥ 6 seconds. 

Figure 1. Tracks and UDs of white-chinned petrels tracked from Bird Island (BI), Cooper Island (CI) and King Edward Point (KEP) at South 
Georgia in 2022 and 2023. Core foraging areas (50% UDs) and home-range areas (95% UDs) are shown for each population. 

n the challenges of recapturing birds 
i ers. As such, locations were obtained 

u . Geolocators deployed at Bird Island 

i d in subsequent years. As only one 
g ents during the non-breeding season 
w oint collected in 2023. All birds were 
o
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urrows in the mid-incubation period, and a remote-download G
er or platform terminal transmitter (PTT) was taped to the man
eolocator-immersion logger attached by a cable-tie to a plastic rin
AV-2630, 35 g) were deployed at Cooper Island and KEP, and bo
ere deployed at Bird Island. GPS loggers were set to record a fix

o transmit every 60 seconds. The geolocator-immersion loggers (gl
igrate Technology Intigeo C330) were set to mode 9: sampling o
um recorded after 5 minutes; temperature every 8 hours after co

mmersion every 3 seconds, and every change of state recorded tha
In order to track for as long as possible during breeding, and give

n chick-rearing, no attempt was made to retrieve PTTs and GPS logg
ntil the batteries depleted or the device was lost from the feathers
n 2022 and 2023, and King Edward Point in 2023, were recovere
eolocator was recovered at Cooper Island, comparisons of movem
ere restricted to the GLS data from Bird Island and King Edward P
f unknown sex. 
yalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​260099/​6168134/​rsos.​260099.​pdf
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2
A 1 ]. Raw location data were filtered to 
r 9 ]. The R package crawl was used to 
e likely track using correlated random 

w o broadly match the interval between 
P data into individual trips, and to cal- 
c  locations, trip duration and colony 
a ts in the burrow during incubation, 
w arrive and depart on the same night 
w rned to the colony in January–March 
w re assumed to have fledged a chick, 
a f breeding site or year on the charac- 
t ear models, and of the multiple trips 
p models to account for repeated mea- 
s f the samples from each population 
w

ght data to estimate latitude and lon- 
g nts generated for each time stamp is 
t to weight each point and identify the 
m  differed by > 3◦C from contempora- 
n 70 m s–1 or 5 m s–1 for periods in flight 
o hted data were linearly interpolated 

t

2
I ights and landings. Events were as- 
s n the light data. The following mean 
a rkness periods of each foraging trip: 
( t, (iii) wet bout length (minutes), and 

(  were used to assess whether activ- 
i ge to account for repeated measures 
d  During incubation, failed and non- 
b  and colony as the predictor variable 
w ual ID as random effects were used. 
L etrics between different life-history 
s s package [45 ] was used to identify 
b

2
U stimated for each population using 
t ); however, this did not converge for 
s f small sample size or very divergent 
f lculate the 95% UD were considered 

u alyses. Population-level overlaps in 
U ndomization procedure was used to 
t  among populations was calculated 

w d new population-level UDs and BA 

w  of occurrences where the randomly 
a mple provided the p -value. This pro- 
c and 2023) for birds tracked from Bird 

I  comparisons among breeding sites. 
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.2. Data processing 
ll data processing and analyses were undertaken using R 4.3.2 [4
emove unrealistic fixes requiring travel speeds of > 80 km h− 1 [30 ,3
stimate location error from the PTT data, and to predict the most 
alks [42 ]. GPS data were subsampled to regular hourly intervals t
TT locations. The R package track2KBA [43 ] was used to split the 
ulate trip summary statistics. Life-history stage was inferred from
ttendance, as birds alternate trips of > 7 days at sea with long stin
hereas—following the brood-guard period of a few days—they 
hen delivering meals during chick-rearing. Birds which last retu
ere classed as failed breeders, whereas those that left in April we
nd were classed as non-breeders thereafter. We assessed effects o
eristics of the single trip per bird recorded in incubation using lin
er bird recorded during chick-rearing using linear mixed-effects 
ures. A bootstrapping approach to assess the representativeness o
as undertaken using track2KBA. 
Geolocator data were processed using probGLS [44 ]. This uses li

itude according to day length and twilight times. A cloud of poi
hen refined using sea surface temperature (SST) and travel speed 

ost likely track. Locations without an associated SST or if the SST
eous remotely sensed SST data, or where speeds were unrealistic (
r on the water, respectively) were weighted as zero. Non-zero weig
o provide two positions per day for each individual. 

.3. At-sea activity patterns 
mmersion data were used to provide the timing and duration of fl
igned to daylight or darkness according to twilight times based o
ctivity metrics were calculated separately for the daylight and da
i) landing rate (landings per hour), (ii) proportion of time spent we
iv) flight time (dry bout length, minutes). Separate linear models
ty patterns varied by breeding site or year for each life-history sta
uring chick-rearing, but not during the other life-history stages.
reeding stages, linear models with activity metric as the response
ere used. During chick-rearing, linear mixed models with individ
inear mixed models were used to test for differences in activity m
tages (with all breeding sites considered together). The emmean
etween-group differences using Tukey’s post hoc tests. 

.4. Spatial segregation 
sage distributions (UDs) of the core foraging area (50%) were e
rack2KBA. We also attempted to estimate the home range area (95%
ome breeding site/life-history stage combinations, likely because o
oraging routes. Consequently, groups where we were unable to ca
nrepresentative of the population and excluded from further an
Ds were calculated using Bhattacharyya’s Affinity (BA), and a ra
est for significant differences in UDs following [46 ]. The overlap
ith BA; each trip was then randomly assigned to a breeding site an
ere calculated. This was repeated 1000 times, and the proportion
ssigned overlap was smaller than the overlap from the tracked sa
edure was used to test for spatial segregation between years (2022 
sland; as this was not significant, both years were combined in the
yalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​260099/​6168134/​rsos.​260099.​pdf
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2
T n among breeding sites in preferred 

f istory stage and site. Three pseudo- 
a he maximum distance travelled from 

e odels for white-chinned petrels and 

c from the Copernicus Marine Service 
( formed, and the standard deviation 
o ata. General additive mixed models 
( thing were used to model presence–
a ity included as a random effect. The 
n tting to the data. Where collinearity 
b ictive power was included in model 
s s remained < 0.3. Forward model se- 
l op final models using area under the 
c  0.7–0.9 and > 0.9 were considered to 
r ectively [46 ]. Final models were used 

t  using average environmental condi- 
t

2
F essel automatic identification system 

( tory stage (incubation: 24 December–
4 ary–28 February and non-breeding: 
1 during the breeding season and 1◦

d  positions between PTT and GPS ver- 
s  breeding site spent in each grid cell 
w  an overlap index for each life-history 
s sel type, including drifting (pelagic) 
l g effort (the sum of hours fished) was 
a

bitat models with fishing activity to 
e mple of tracked individuals was too 
s used for tracking data. The predicted 

p e of all cells to ascertain relative im- 
p  that cell to provide an overlap index 
f loaded at a scale of 1◦ to account for 
e t absolute values—can be compared 

b

3
3
O 23, 12, 13 and 9 white-chinned petrels 
d ard Point in 2023 and Cooper Island 

i King Edward Point and 27 birds from 

B he mean and frequency distributions 
o differ significantly between breeding 
s

the chick-rearing period were repre- 
s  for both the 50% UD and 95% UD, 
t ations, representativeness at the 95% 

U sample size was insufficient, particu- 
l  tracks where the representativeness 
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.5. Habitat models 
o identify whether spatial segregation may be driven by variatio
oraging habitats, habitat models were developed for each life-h
bsences for each presence point were generated randomly within t
ach colony. Environmental covariates used previously in habitat m
onsidered to be proxies for prey availability [47 ] were extracted 

table A1). Eddy kinetic energy and chlorophyll-a were log10 -trans
f SST was square-root-transformed to improve the spread of the d
GAMMs) with a binomial error structure and cubic spline smoo
bsence as a function of environmental covariates, with bird ident
umber of knots was limited to a maximum of six to avoid over-fi
etween covariates was > 0.6, the covariate with the highest pred
election. Final models were checked for concurvity, which alway
ection and cross-validation among individuals were used to devel
urve (AUC) to evaluate predictive power. AUC values of 0.5–0.7,
epresent poor, reasonable and very good model performance, resp
o predict the distribution of each population across the study area,
ions for each life-history stage. 

.6. Overlap with fisheries 
ishing activity (hours fished) across the study area, based on the v
AIS) was downloaded from Global Fishing Watch for each life-his
 February, chick-rearing: 15 January–28 March, failed: 12 Janu
 February–30 October). Data were downloaded at a scale of 0.1◦

uring the non-breeding season to account for the differing error in
us geolocator data. The proportion of time that all birds from each
as multiplied by the number of hours fished in that cell to provide
tage [18 ]. These indices were calculated for each flag state and ves
ong liners, set (demersal) long liners and trawlers. Apparent fishin
lso calculated for each life-history stage and year. 
We also assessed the overlap of distributions predicted from ha

valuate whether the former was an adequate substitute if the sa
mall to be representative. This followed a similar approach to that 
robability of occurrence in each cell was divided by the total valu
ortance, and this was multiplied by the number of hours fished in
or each life-history stage. Fishing data for this analysis were down
rror in predicted distributions. As such, relative overlap—but no
etween the two approaches. 

. Results 
.1. Tracking data 
verall, 142 trips, 71 trips, 78 trips and 40 trips were obtained from 

uring the breeding season at Bird Island in 2022 and 2023, King Edw
n 2022, respectively ( figure 1 , table 1 ). In addition, seven birds from 

ird Island were tracked during the non-breeding season in 2023. T
f trip duration, total travel distance and maximum range did not 
ites during either incubation or chick rearing (table A2). 
Based on the bootstrapping analyses, the sampled tracks from 

entative of the foraging locations of the entire population (87–98%
able A3). However, for some of the breeding site and stage combin
D could not be calculated or was very low, probably because the 
arly when birds travelled to very different locations. As such, only
yalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​260099/​6168134/​rsos.​260099.​pdf
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w ubation at Bird Island in 2023, chick- 
r Edward Point in 2023. 

Figure 2. Activity metrics from white-chinned petrels tracked during different lif e-history stages at Bird Island in 2022 and 2023 and 
King Edward Point in 2023. 

3
T hinned petrels at Bird Island and KEP 

w g all breeding sites and years, mean 
v night differed significantly between 
l

3
T d from Bird Island in 2022 and 2023 
( gation among breeding sites. During 
i  the Patagonian Shelf and southwest 
t g Edward Point) travelled east as far 
a uring chick-rearing, white-chinned 

p outh to the Weddell Sea. Individuals 
b eas those breeding at Cooper Island 

a -rearing, the core foraging area (50% 

U  different breeding sites were more 
s t tracks to evaluate this during incu- 
b elf, and some from Bird Island were 
t istribution of white-chinned petrels 
t  ( figure 1 ). There was no evidence of 
s rent breeding sites ( table 2 ). The pro- 
p 9%, 26% and 30% during incubation, 

Downloaded from ro
by guest
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as > 80% were included in the main analyses; these were from inc
earing at all colonies, and for failed birds at Bird Island and King 

.2. Activity patterns 
here were no significant differences in activity patterns for white-c
ithin each life-history stage ( figure 2 , table A4). However, poolin
alues for all activity metrics with the exception of flight time at 
ife-history stages (table A5). 

.3. Distribution and spatial segregation 
here was no evidence of spatial segregation between birds tracke
table A6), and so these data were pooled in analyses of spatial segre
ncubation, white-chinned petrels from all colonies travelled west to
o the Antarctic Peninsula ( figure 1 ). Only one individual (from Kin
s the mid-Atlantic ridge and South American-Antarctic Ridge. D
etrels from all colonies used the Patagonian Shelf and travelled s
reeding at Bird Island also visited the Antarctic Peninsula, wher
nd KEP travelled east to the South Sandwich Islands. During chick
D) and home range area (95% UD) of white-chinned petrels from
egregated than expected by chance ( table 2 ). There were insufficien
ation. Failed birds from all colonies travelled to the Patagonian Sh
racked past Cape Horn into the Humboldt Current System. The d
racked during the non-breeding season showed a similar pattern
patial segregation between failed or non-breeding birds from diffe
ortions of locations that were on the Patagonian Shelf were 42%, 1
yalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​260099/​6168134/​rsos.​260099.​pdf
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2 nd 76% for failed birds tracked from 

K d Island in 2023, respectively. 

Table 2. Observed and randomized overlap (Bhattacharyya’s Affinity) of usage distributions (UDs) of white-chinned petrels tracked from 

Bird Island, Cooper Island and King Edward Point, South Georgia, during different life-history stages. Randomized overlaps are shown as 
a mean ± s.d. and p represents the proportion of randomized overlaps that were smaller than the observed overlap. Maximum values 
for core foraging area and home-range areas are 0.50 and 0.95, respectively. 

usage distribution stage colonies 
sample 
overlap 

randomized 
overlap P 

50% (core foraging area) chick-rearing BI-CI 0.04 0.33 ± 0.03 < 0 .01 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

BI-KEP 0.22 0.36 ± 0.02 < 0 .01 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

CI-KEP 0.21 0.31 ± 0.03 < 0 .01 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

fail BI-KEP 0.39 0.36 ± 0.04 0 .70 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

non-breeding BI-KEP 0.40 0.38 ± 0.04 0 .56 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

95% (home-range area) chick-rearing BI-CI 0.40 0.78 ± 0.03 < 0 .01 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

BI-KEP 0.62 0.83 ± 0.03 < 0 .01 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

CI-KEP 0.65 0.75 ± 0.04 0 .02 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

fail BI-KEP 0.74 0.80 ± 0.04 0 .12 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

non-breeding BI-KEP 0.88 0.84 ± 0.04 0 .86 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3
H  predictive power with AUC ranging 
f table A7). For each breeding site and 

l  temperature were included in final 
m e predictive power for some groups. 
B ing sites with SST < 20◦C during all 
s s also had a preference for areas with 
m eding season, white-chinned petrels 
s l concentrations; however, they also 
f ◦C. 

served distributions ( figure 3 ; figures 
A bitat conditions from the Patagonian 
S ell Sea are suitable during incubation 
a atagonian Shelf are suitable for failed 

b and the tip of the Antarctic Peninsula 
a

3
B  from all breeding sites with fisheries 
o incubation and chick-rearing, and at 
t led and during the non-breeding pe- 
r ap with fisheries based on predicted 

d ata. However, areas of lower overlap 

Downloaded from ro
by guest
on 05 October 2026
5%, 12%, 27% and 30% during chick-rearing and 76%, 16%, 76% a
ing Edward Point, Cooper Island and Bird Island in 2022 and Bir

.4. Habitat models 
abitat models for all life-history stages and breeding sites had good
rom 0.82 to 0.97 and deviance explained ranging from 27 to 65% (
ife-history stage, distance from the colony, depth and sea surface
odels. Including slope or chlorophyll-a concentration increased th
irds from all breeding sites preferred shelf habitats closer to breed
tages of the breeding season (figures A1–A4). Birds from some site
edium to high chlorophyll or greater slope. During the non-bre
imilarly favoured shelf waters with medium to high chlorophyl
avoured areas further from the colony and with SST peaking at 10

Predicted distributions from the final models were similar to ob
5–A7). Model predictions suggest that for birds from all sites, ha
helf to the South Sandwich Islands, Antarctic Peninsula and Wedd
nd chick-rearing, those to the north of South Georgia and on the P
irds and those at the Patagonian Shelf, Humboldt Current System 

re suitable for birds during the non-breeding period. 

.5. Overlap with fisheries 
ased on vessel AIS data, overlap of tracked white-chinned petrels
ccurred almost exclusively at the Patagonian Shelf break during 
he Patagonian Shelf break and further onshore after birds had fai
iod ( figure 3 ; figures A5–A7). The areas of highest potential overl
istributions were similar to those highlighted from the tracking d
yalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​260099/​6168134/​rsos.​260099.​pdf
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w gonian Shelf break for all life-history 
s  fishing was higher for white-chinned 

p sland ( table 3 ). Fisheries overlap dif- 
f rather than tracking data. 

Figure 3. Predicted distributions of white-chinned petrels from Bird Island, King Edward Point and Cooper Island during the chick- 
rearing period, and overlap of the predicted distributions and the tracking (sample) data with fishing activity. Model predictions and 
overlap are at a scale of 1◦, whereas sample overlap is at 0.1◦, and thus values cannot be compared. The dotted line in maps based on 
model predictions (middle panel) relates to the area in the map of sample overlap (right panel). Appendix 1 includes similar plots for 
incubation, failed and non-breeding birds. 

rawlers flagged to Spain, China and 

K on-breeding birds had high overlap 

w ge, white-chinned petrels from Bird 

I lso overlapped with drifting (pelagic) 
a using the modelled distributions was 
h fe-history stages ( figure 5 ). Apparent 
fi ges (table A8). 

4
P tivity patterns of white-chinned pe- 
t  overlap with fisheries [23 ,30 –32 ,39 ]. 
H f the distribution and overlap with 

Downloaded from ro
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ere also predicted at a much wider latitudinal scale along the Pata
tages ( figure 3 ; figures A5–A7). During chick rearing, overlap with
etrels tracked from Bird Island, King Edward Point than Cooper I
ered less between breeding sites based on predicted distributions 

Birds from all breeding sites overlapped most frequently with t
orea during all life-history stages. Additionally, failed birds and n
ith Argentinean trawlers ( figure 4 ). During the chick-rearing sta
sland (both years) and King Edward Point, but not Cooper Island, a
nd set (demersal) long liners flagged to China. Overlap estimated 

ighest with trawlers from Argentina, China and Spain during all li
shing effort was higher in 2023 than in 2022 for all life-history sta

. Discussion 

revious studies have shown variability in the distribution and ac
rels among life-history stages and discussed the implications for
owever, ours is the first to provide comprehensive coverage o
yalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​260099/​6168134/​rsos.​260099.​pdf
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fi m multiple breeding populations in 
t  segregated in terms of core foraging 
a ive overlap with fishing vessels from 

d nds across the archipelago and is an 
i

Table 3. Overlap of white-chinned petrels from South Georgia with fisheries calculated either as the proportion of time spent in each cell 
(tracking data) or relative importance (predicted distributions) of each cell multiplied by hours fished in each cell. Overlap is calculated 
at the scale of 0.1◦ for tracking data during the breeding season, and 1◦ for the non-breeding season and for predicted distributions. 
Consequently, values at different scales are not comparable. 

drifting (pelagic) 
long lines 

set (demersal) long 
lines trawlers total 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

data type life-history stage KEP CI Bi22 Bi23 KEP CI Bi22 Bi23 KEP CI Bi22 Bi23 KEP CI Bi22 Bi23 

tracking 
data 

incubation NA NA NA 3 NA NA NA 1.8 NA NA NA 42 NA NA NA 46.8 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

chick-rearing 3.0 0.5 2 3.5 2 0.2 0.6 2.1 64 11 52 87 69 11.7 54.6 92.6 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

failed 2 NA 1.1 NA 1.5 NA 0.9 NA 44 NA 25 NA 47.5 NA 27 NA 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

non-breeding 22 NA NA 96 108 NA NA 201 4318 NA NA 5440 4448 NA NA 5737 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

predicted 
distributions 

incubation 0.4 0.2 0.3 0.2 0.4 0.1 0.2 0.2 7.8 4.9 4.5 4.4 8.6 5.2 5 4.8 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

chick-rearing 0.2 0.4 0.3 0.3 0.3 0.3 0.3 0.5 7.9 12.5 8.2 10.2 8.4 13.2 8.8 11 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

failed 0.7 1 0.8 1.8 0.7 0.9 1.7 2.2 33 35 26 62 34.4 36.9 28.5 66 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

non-breeding 1.8 NA NA 1.6 11 NA NA 7.9 79 NA NA 70 91.8 NA NA 79.5 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4
M ghly productive waters of the Patag- 
o Orkney Islands shelf and shelf break, 
w s, it was not surprising that white- 
c from South Georgia to forage in these 
r e foraging areas were around South 
G tagonian Shelf and shelf-break. Spa- 
t ng the study populations was clear 
d sample size was insufficient to reach 
a l and eastern sites at South Georgia 
t e western site (Bird Island) travelled 

s s which had failed and non-breeding 
b rrent System, and were not spatially 
s hose life-history stages. 

as been shown in many pelagic sea- 
b endent competition [37 ,50 ,51 ]. How- 
e es breeding in colonies situated close 
t dreds of kilometres apart [46 ,54 ]. By 
c eding sites, which in our study were 
< ear to explain why only the breeding 
p g chick-rearing, and only birds from 

K  Georgia. 
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sheries throughout the annual cycle of white-chinned petrels fro
he same island group. We show that these populations are spatially
nd home-range areas during chick-rearing, which affects the relat
ifferent flag states. This may have implications for population tre
mportant consideration for conservation and management. 

.1. Distribution and spatial segregation 
any procellariform sea-birds from South Georgia forage in the hi
nian Shelf and shelf break, the Antarctic Peninsula and the South 
here prey are abundant and highly predictable [18 ,48 ,49 ]. Thu
hinned petrels from all breeding sites travelled west or southwest 
egions during the annual cycle. During the breeding season, cor
eorgia, the Antarctic Peninsula, the South Scotia Ridge and the Pa
ial segregation in core foraging areas and home range areas amo
uring chick-rearing, and possible during incubation, though our 
 firm conclusion. In particular, only birds breeding in the centra
ravelled east to the South Sandwich Islands, and only those from th
outhwest to the Antarctic Peninsula. The core foraging areas of bird
irds were exclusively on the Patagonian Shelf and Humboldt Cu
egregated, reflecting the unconstrained nature of distributions in t
Spatial segregation between birds from neighbouring colonies h

irds and is often thought to be a mechanism to avoid density-dep
ver, most examples are of birds with relatively small foraging rang
ogether [37 ,52 ,53 ], or wide-ranging species in colonies situated hun
ontrast, white-chinned petrels can forage > 1900 km from their bre
 160 km apart, and so density-dependent competition does not app
opulation at Bird Island foraged at the Antarctic Peninsula durin
ing Edward Point and Cooper Island foraged to the east of South
yalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​260099/​6168134/​rsos.​260099.​pdf
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Figure 4. Overlap of white-chinned petrels tracked from Bird Island, Cooper Island and King Edward Point, South Georgia in 2022 or 
2023 with vessel flag state and gear type. Colour scale represents primary fishing gear type for vessels actively fishing. Registered flag 
states as follows: ARG, Argentina; BLZ, Belize; BRA, Brazil; CHL, Chile; CHN, China; ESP, Spain; FLK, Falkland Islands; KOR, South Korea; 
PRT, Portugal; RUS, Russia; and URY, Uruguay. 

abitat types or types of prey [38 ,55 ]. 
H ronmental covariates and predicted 

s rip characteristics and at-sea activity 
b tic expenditure, were also similar for 
i getic constraints led to the observed 

s om different populations at South 
G -breeding season [22 ,35 ]; individuals 
f n Island travelled both east and west 
d e conclusion was that the segregation 
w xperience. It is equally plausible that 
t his study [51 ]. 

g period in our study was markedly 
d that birds were almost always exclu- 
s at the South Orkney shelf-slope and 

t trast, we found that although birds 
f le time on the Patagonian Shelf and 

s ability in the South Georgia or South 
O ome individuals instead targeted the 
P , or on discards or bait from fishing 
v
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Spatial segregation may occur if conspecifics prefer different h
owever, our habitat models showed similar responses to envi
imilar distributions of birds from all three populations. Similarly, t
udgets, which can be used to infer foraging behaviour and energe
ndividuals breeding at different sites. Thus, it is unlikely that ener
patial segregation. Wandering albatrosses ( Diomedea exulans ) fr
eorgia also show spatial segregation during the breeding and non
rom Bird Island only foraged to the west, whereas those from Prio
uring the breeding season. In lieu of an alternative explanation, th
as a consequence of social learning, cultural evolution and past e

hese factors could be driving the spatial segregation observed in t
The distribution of white-chinned petrels during the chick-rearin

ifferent from previous tracking at South Georgia, which showed 

ively at or south of the Antarctic Polar Front, and concentrated 

he seasonal sea-ice in the northern Weddell Sea [23 ,24 ,37 ]. By con
rom all populations visited these areas, they also spent considerab
helf-break. This could plausibly be explained by lower prey avail
rkney shelf regions in January–April in our study years, and so s
atagonian Shelf, possibly to feed on more abundant natural prey
essels (which may be more predictable). 
yalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​260099/​6168134/​rsos.​260099.​pdf
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Figure 5. Overlap of predicted distributions of white-chinned petrels tracked from Bird Island, Cooper Island and King Edward Point, 
South Georgia in 2022 and fishing vessels by flag state and gear type. Colour scale represents primary fishing gear type for vessels 
actively fishing. Registered flag states as follows: ARG, Argentina; BRA, Brazil; CHL, Chile; CHN, China; ESP, Spain; FLK, Falkland Islands; 
KOR, South Korea; PRT, Portugal; RUS, Russia; and URY, Uruguay. 

4
T tages and day and night were consis- 
t ding birds spent a higher proportion 
o  they landed less often per day than 
d on, sea-birds are unconstrained and 

h e resting on the water and less time 
f  may indicate resting or foraging, po- 
t e proportion of time wet was higher 
i bation and chick-rearing, suggesting 
m l foraging may provide benefits such 
a dergoing vertical migration at night, 
i

4
O ental characteristics that were iden- 
t tage were broadly consistent with a 
p  petrels were highly productive and 

a ances of models for different breed- 
i ample, although white-chinned pe- 
t pe was only included in models for 
B ring. It is likely that while this is an 
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.2. Daily and seasonal variation in at-sea activity patterns 
he differences in activity patterns observed between life-history s
ent with previous studies [30 ,31 ]. For example, failed and non-bree
f time wet, the duration of wet bouts was considerably longer, and
uring incubation or chick-rearing. During the non-breeding seas
ave low energetic demand; hence, they typically spend more tim
oraging than breeding birds [56 ]. Long periods spent on the water
entially using the sit-and-wait method [30 ,31 ]. Landing rate and th
n darkness than daylight for birds from all populations during incu
ore foraging at night, as in previous studies. Although nocturna
s reducing competition with larger albatrosses, or access to prey un
t also increases the risk of by-catch in fisheries [16 ,30 –32 ]. 

.3. Habitat models 
ur habitat models had good predictive power, and the environm
ified as important for each breeding population and life-history s
revious study [47 ]. The areas used by the tracked white-chinned
re also targeted by other sea-birds from South Georgia [57 ]. Nu
ng populations may be artefacts of the modelling process. For ex
rels from all breeding sites used shelf slopes, the covariate for slo
ird Island during incubation and Cooper Island during chick-rea
yalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​260099/​6168134/​rsos.​260099.​pdf
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i ironmental covariates which have a 
s white-chinned petrel occurrence and 

e aint to return to the egg or chick dur- 
i on-breeding season that allows indi- 
v urther from the colony. 

4
T stributions were very similar to those 
u s variability in the level of overlap of 
w t using the predictions, and overlaps 
w e latter is likely because the predicted 

d sults suggest that although predicted 

d k where empirical data are limited in 
s rtion of time spent on the Patagonian 
S lest metric of the relative risk posed 

b

4
H tagonian shelf-break was not surpris- 
i ractions and by-catch [4 ,18 ,21 ,30 ,58 ]. 
I  similar areas of the Patagonian Shelf 
a iffered among breeding populations 
a d overlapped considerably less with 
a ia, reflecting the lower proportion of 
t from Bird Island had a lower overlap 

w ns (no significant differences in core 
f efore owing to reduced fishing effort 
i

il the late 1990s [34 ], but there are no 
d f other sea-bird species varies across 
S sea distributions leading to variable 
r . Based on our study, there should be 
m  breeding in the west of South Geor- 
g with fisheries during incubation and 

t  to by-catch, so there is no reason for 
c onitor, particularly in such a remote 
e  a much-improved understanding of 
p lly at several sites at South Georgia, 
g

4 management organizations 
O Korea during incubation and chick- 
r uring the non-breeding season. The 
o pelagic) or set (demersal) long liners, 
w ses a significant risk to white-chinned 

p re high [8 ]. Our results contrast with 
p ith pelagic long liners flagged to Tai- 
w  flagged to the Falklands and Chile, 
t 2020, with pelagic long liners flagged 

t  to South Korea, Chile and Argentina 
a 40 ]. Part of this reflects changes over 
t t flag states, and may also reflect the 
fi ucted at 5◦ resolution, whereas ours 
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mportant habitat characteristic, the effect is masked by other env
tronger signal. The main differences in the relationship between 
nvironmental covariates among stages are indicative of the constr
ng the breeding season, compared with the freedom during the n
iduals to remain in productive areas with high prey abundance, f

.4. Fisheries overlap from tracks versus model predictions 
he areas of high fisheries overlap identified using predicted bird di
sing the sample of tracked individuals. However, nuances such a
hite-chinned petrels from different populations were not apparen
ith some fleets (e.g. Argentinian trawlers) were overestimated. Th
istributions extended further north than the tracking data. Our re
istributions have value for identifying broad-scale areas of high ris
ome way, the results should be interpreted with caution. The propo
helf during different life-history stages may therefore be the simp
y fisheries to white-chinned petrels from South Georgia. 

.5. Overlap with fisheries 
igh overlap between white-chinned petrels and fisheries at the Pa

ng as this area is well known for high levels of sea-bird-fishery inte
ndeed, overlap of birds from all breeding sites with fisheries was in
nd shelf-break throughout the annual cycle, although the extent d
nd life-history stages. In particular, birds tracked from Cooper Islan
ll types of fisheries than those from central or west South Georg
ime spent on the Patagonian Shelf. White-chinned petrels tracked 

ith fisheries in 2022 than 2023, despite the similarity in distributio
oraging or home range areas). The lower overlap in 2022 was ther
n that year. 

White-chinned petrels at Bird Island were in decline at least unt
ata on trends elsewhere in the island group. The rate of decline o
outh Georgia [59 ], most likely owing to spatial segregation in at-
ates of overlap with fisheries, and hence overall by-catch rates [22 ]
ore concern about fisheries interactions for white-chinned petrels
ia; however, birds from all populations overlapped considerably 
he non-breeding season, and the species is particularly susceptible
omplacency. Although burrow-nesting species are challenging to m
nvironment, another clear inference from our study is the need for
opulation trends and demography of white-chinned petrels, idea
iven it is the largest global population [25 ,40 ]. 

.6. Overlap with gear types, flag states and regional fisheries 
verlap was highest with trawlers flagged to China, Spain and 

earing, and with Argentine trawlers for failed birds and birds d
verlap indices were considerably higher for trawlers than drifting (
hich were all flagged to China or Korea. Overlap with trawlers po
etrels as by-catch rates from both cable strikes and net captures a
revious studies which showed high overlap during 1990–2015 w
an, Brazil and other unspecified flag states, demersal long liners

rawlers flagged to Argentina [18 ] and, using effort data from 2012–
o Taiwan, Japan, Spain and Uruguay, demersal long liners flagged
nd trawlers flagged to Argentina, Spain and various other states [
ime in distribution and magnitude of fishing effort from differen
ner scale of our overlap analysis. Both previous studies were cond
yalsocietypublishing.​org/​rsos/​article-pdf/​doi/​10.​1098/​rsos.​260099/​6168134/​rsos.​260099.​pdf
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w on during the non-breeding season. 
W nces in fisheries overlap among pop- 
u  if the sample size is small [60 ]. Nev- 
e tates affects by-catch rates owing to 
v itigation measures [8 ,16 ]. 

ing vessels are required to adhere to 
m eyond National Jurisdiction (ABNJ) 
m f this by the flag state. Requirements 
f re compliance vary greatly between 
E ing is regulated by CCAMLR, which 
r erage [19 ]. By contrast, the Interna- 
t s the pelagic long line fisheries in the 
S ters north of 25◦ S, two are required 

s ore concerning is that no RFMO cur- 
r 61 ]. However, white-chinned petrels 
f awl fisheries on the high seas. These 
v t these rarely impose any mitigation 
r  therefore probable that these vessels 
d are without observers, so by-catch is 
u

lete for fishing activity in this region 
i essel AIS and consequently may not 
i  poor, small artisanal vessels are not 
fi Indeed, some artisanal fleets which 
o ch of white-chinned petrels, are not 
fi  included in these analyses [7 ,63 ]. 

4
T in an island group is rarely feasible, 
p atial segregation, and consequently 
v ferent sites at South Georgia can have 
i ts and regions where by-catch is a se- 
r ough considerable progress has been 
m res in the high seas fall short of best 
p easures are used, in addition to the 
u ghout the distribution of vulnerable 
s  independent monitoring of compli- 
a n measures will not be implemented 

a f best-practice mitigation and moni- 
t er engagement with RFMOs, fishing 
v s in the protection of white-chinned 

p
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as at 0.1◦ resolution during the breeding season and 1◦ resoluti
orking at a finer scale allows the detection of smaller-scale differe
lations or life-history stages, but may be more susceptible to bias
rtheless, overlap of sea-birds with vessels flagged to different s
ariability in operational practices, including implementation of m
When operating within an Exclusive Economic Zone (EEZ), fish
itigation measures imposed by that country, whereas in Areas B
itigation requirements are set by the relevant RFMO, or in lieu o

or mitigation and observers to monitor sea-bird by-catch and ensu
EZs, flag states and RFMOs. South of the Antarctic Polar Front, fish
equires best-practice mitigation measures and 100% observer cov
ional Commission for the Conservation of Atlantic Tunas regulate
outh Atlantic, and only one mitigation measure is required in wa
outh of 25◦ S, and observer coverage is < 5% [16 ]. Perhaps even m
ently regulates the demersal fisheries in the southwest Atlantic [
rom all breeding sites overlapped with demersal long line and tr
essels are technically under the jurisdiction of their flag states, bu
equirement independent of those of the relevant EEZ or RFMO; it is
o not implement any sea-bird by-catch mitigation measures and 

nmonitored. 
The data from Global Fishing Watch (GFW) are the most comp

n recent years but are not comprehensive. GFW data rely on the v
nclude fishing activity in some regions where satellite coverage is
tted with AIS transmitters or when AIS is switched off [58 ,62 ]. 
perate on the Patagonian Shelf, and which have reported by-cat
tted with AIS transponders, and consequently will not have been

.7. Implications for management 
racking of individuals from multiple breeding populations with
articularly in remote locations. However, we have shown that sp
ulnerability to fisheries by-catch of white-chinned petrels from dif
mportant consequences for management. We identified fishing flee
ious risk to white-chinned petrels and other sea-birds [18 ,22 ]. Alth
ade to reduce sea-bird by-catch by some fleets, mitigation measu
ractice (e.g. [18 ,19 ,64 ]). It is recommended that three mitigation m
se of hook-shielding devices and that these should extend throu
pecies [65 ]. Furthermore, observer coverage is poor and there is no
nce [16 ]. Without independent observers, it is likely that mitigatio
nd that by-catch will go unreported. As it stands, enforcement o
oring of sea-bird by-catch remains a major challenge [16 ,40 ]. Furth
essel operators and managers is fundamental to ensure progres
etrels and other globally threatened sea-birds. 
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