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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.

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
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vessels [3-5]. Sea-bird-fishery overlap frequently occurs in productive waters with predictable prey
availability, targeted by both sea-birds and fisheries [6]. Within these productive foraging areas, many
species are attracted to fishing vessels by baited hooks, discards or offal, leading to mortality if birds
collide with trawl warps or monitoring cables become entangled in lines or caught on hooks [3,7-9].

By-catch in fisheries can be reduced greatly by the implementation of various cost-effective mitiga-
tion measures [10,11]. The Agreement for the Conservation of Albatrosses and Petrels (ACAP) advises
that the best practice is to use three mitigation measures in combination to reduce by-catch of albatrosses
and petrels in long line fisheries, and to use discard management, streamer lines and prohibition of net
monitoring cables to reduce by-catch in trawl fisheries [12-14]. However, many fisheries fail to imple-
ment the best practice, and most regional fisheries management organizations (RFMOs) which manage
fisheries in the high seas mandate only two mitigation measures. Furthermore, many RFMOs require
<5% observer coverage, resulting in under-reporting of by-catch and reducing the capacity to check or
enforce compliance [15-17]. By-catch rates vary greatly by flag state or fishery as a result of different
mitigation or operational measures (e.g. time of setting, line-weighting regime), and observer coverage
is often low [17,18]. Standard mitigation practices include setting lines at night when visual foragers are
less active, weighting hooks so they sink faster and reduce the time they are available to diving sea-birds
and using streamer lines behind vessels to deter sea-birds. However, for nocturnal foragers (e.g. white-
chinned petrels) night-setting may increase by-catch risk, and consequently other mitigation measures
are essential.

Athigh latitudes in the Southern Ocean, long line and trawl fisheries are managed by the Commission
for the Conservation of Antarctic Marine Living Resources (CCAMLR), with further protection around
South Georgia imposed by the Government of South Georgia and the South Sandwich Islands, which
includes strict regulations and enforcement, including 100% observer coverage [19]. Consequently, sea-
bird by-catch in this region is extremely low [19,20]. However, many pelagic sea-birds breeding on sub-
antarctic islands frequently visit continental shelf waters or the subtropical high seas where mitigation
measures are not the best practice, compliance is often poor and observer coverage is low [8,18,21,22].

The white-chinned petrel (Procellaria aequinoctialis), which breeds on subantarctic islands, is the most
by-caught species in the Southern Ocean and is classified as vulnerable on the IUCN Red List [21,23].
White-chinned petrels are burrow-nesting, and although reliable estimates of population size and trends
are challenging to acquire, there is evidence for a sustained long-term decline at Bird Island, South Geor-
gia [24,25]. This is of major concern as >50% of the global population breeds at South Georgia [25]; how-
ever, whether the trend on Bird Island is representative of other sites in the archipelago is unknown.
White-chinned petrels have huge foraging ranges in neritic and pelagic waters, and target many prey
types including euphausiids, fish and squid, supplemented by bait and discards from fishing vessels
[26-29]. Unlike albatrosses, white-chinned petrels show high nocturnal activity, foraging in both dark-
ness and daylight [30,31]. It is unknown to what extent nocturnal foraging is associated with fishing
vessels; it may also be an adaptation to exploit prey undergoing vertical migration [16,30-32]. Regard-
less, it increases the duration of interactions with long line vessels, some of which are required to set at
night to reduce by-catch of albatrosses [16]. Furthermore, white-chinned petrels are able to dive deeper
than albatrosses and other petrels in mixed foraging aggregations, making them particularly susceptible
to by-catch on long lines as they dive down to retrieve baited hooks [30,33].

Previous tracking studies indicate that white-chinned petrels breeding at Bird Island, South Geor-
gia overlapped with fisheries on the Patagonian Shelf throughout the annual cycle, although to a lesser
extent during the chick-rearing period when foraging trips tended to be closer to their breeding sites
[23,30,34]. However, the distribution and resulting overlap of white-chinned petrels breeding elsewhere
on South Georgia with fisheries is unknown. It is often assumed that populations of pelagic sea-birds
breeding in relative proximity compared with the scale of their at-sea ranges will forage in similar ar-
eas and consequently encounter comparable threats at sea. However, this assumption is often unver-
ified, and there is uncertainty in extrapolating at-sea distribution and hence by-catch risk from one
colony to another. Indeed, spatial segregation between neighbouring colonies of wandering albatrosses
Diomedea exulans at South Georgia affects relative overlap with fisheries during the breeding and non-
breeding seasons [22,35]. Consequently, estimates of by-catch risk for colonies where at-sea distributions
are inferred may be biased, with important consequences for conservation and management [22]. This
could be driven by spatial segregation between colonies, potentially as a result of density-dependent
competition, habitat or prey specialization, information sharing and cultural evolution or foraging site
fidelity [22,36-39].
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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, n
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.

: 3
S
life-history number numberof foraging  total distance trip duration distance travelled é
stage colony of birds trips range (km) travelled (km) (days) per day (km) 2
=]
incubation  BirdlIsland 2023 12 15 1821 +574 7623 +2669 144+4.2 557 + 163 %
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA M-
Bird Island 2022 15 17 1698 +427 6320+1678  10.5+3.2 623 + 121 ‘§
....................................................................................................................... =
Cooper 2022 4 4 1756 +402 7002 +1268  10.75+2.2 657 +68 %
Island :
P>
....................................................................................................................... 3
KEP 2023 N 12 1929 +409 7872 +2264 155+6.38 554 + 149 : g
........................................................................................................................................ S
chick-rearing Bird Island 2023 9 53 922+758 3600+3173 9.2+6.7 515+ 308 : g’
Bird Island 2022 23 116 928+746 3113+2842 50450 642 + 224 w
....................................................................................................................... g
Cooper 2022 5 32 863 +662 3437+3263 83450 479 + 295 %
Island ’
KEP 2023 8 56 776 £ 647 2796 +2568 6.9+57 536 +272
failed Bird Island 2023 3 3 NA NA NA 345486
Bird Island 2022 8 9 NA NA NA 292 +59
Cooper 2022 4 4 NA NA NA 514+ 21
Island
KEP 2023 10 10 NA NA NA 395+ 174

The aims of this study were to track white-chinned petrels from three breeding sites located across
South Georgia to determine whether relative fisheries overlap, and hence by-catch risk from particular
vessel types and flag states was driven by spatial segregation in their at-sea distributions. We also tested
if differences in habitat preferences or activity budgets might drive any observed spatial segregation, and
discussed the results in the context of conservation and management, particularly to allow advocacy and
resources to be focused on what are likely to be the most problematic fleets.

2. Methods
2.1. Study sites and fieldwork

Within the Atlantic Ocean, white-chinned petrels only breed in two island groups in the southwest, and
the population at South Georgia is far larger than at the Falkland Islands (approx. 800 000 versus approx.
200 breeding pairs [40]. White-chinned petrels are widespread across South Georgia, and densities are
generally higher on the offshore islands than the mainland [25]. In this study, we tracked birds from the
largest of the most eastern and western populations (Cooper Island, 54°48" S, 35°47" W and Bird Island,
54°00’ S, 38°03" W), and from a small but growing population on the mainland (King Edward Point (KEP),
Thatcher Peninsula, 54°17’ S, 36°29" W, figure 1) from December 2021 to April 2022 or from December
2022 to October 2023 (table 1).

Study groups are referred to by site and year during the chick-rearing period (e.g. birds tracked from
Bird Island in December 2021 are referred to as Bird Island 2022). Breeding adults were extracted from
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Figure 1. Tracks and UDs of white-chinned petrels tracked from Bird Island (BI), Cooper Island (Cl) 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.

burrows in the mid-incubation period, and a remote-download Global Positioning System (GPS) log-
ger or platform terminal transmitter (PTT) was taped to the mantle feathers with Tesa® tape, and a
geolocator-immersion logger attached by a cable-tie to a plastic ring deployed on the leg. PTTs (Telonics
TAV-2630, 35 g) were deployed at Cooper Island and KEP, and both PTTs and GPS (Pathtrack, <25 g)
were deployed at Bird Island. GPS loggers were set to record a fix every 5 minutes, and PTTs were set
to transmit every 60 seconds. The geolocator-immersion loggers (global location sensors or GLS loggers;
Migrate Technology Intigeo C330) were set to mode 9: sampling of light every minute, and the maxi-
mum recorded after 5 minutes; temperature every 8 hours after continuous immersion for 20 minutes;
immersion every 3 seconds, and every change of state recorded that lasted >6 seconds.

In order to track for as long as possible during breeding, and given the challenges of recapturing birds
in chick-rearing, no attempt was made to retrieve PTTs and GPS loggers. As such, locations were obtained
until the batteries depleted or the device was lost from the feathers. Geolocators deployed at Bird Island
in 2022 and 2023, and King Edward Point in 2023, were recovered in subsequent years. As only one
geolocator was recovered at Cooper Island, comparisons of movements during the non-breeding season
were restricted to the GLS data from Bird Island and King Edward Point collected in 2023. All birds were
of unknown sex.

Downloaded from royalsocietypublishing.org/rsos/article-pdf/doi/10.1098/rs0s.260099/6 168134/rs0s.260099.pdf

by

guest

on 05 October 2026

‘sos1/Bio‘Buysigndizaposiefor

i

66009¢



2.2. Data processing

All data processing and analyses were undertaken using R 4.3.2 [41]. Raw location data were filtered to
remove unrealistic fixes requiring travel speeds of >80 km h~! [30,39]. The R package crawl was used to
estimate location error from the PTT data, and to predict the most likely track using correlated random
walks [42]. GPS data were subsampled to regular hourly intervals to broadly match the interval between
PTT locations. The R package track2KBA [43] was used to split the data into individual trips, and to cal-
culate trip summary statistics. Life-history stage was inferred from locations, trip duration and colony
attendance, as birds alternate trips of >7 days at sea with long stints in the burrow during incubation,
whereas—following the brood-guard period of a few days—they arrive and depart on the same night
when delivering meals during chick-rearing. Birds which last returned to the colony in January—-March
were classed as failed breeders, whereas those that left in April were assumed to have fledged a chick,
and were classed as non-breeders thereafter. We assessed effects of breeding site or year on the charac-
teristics of the single trip per bird recorded in incubation using linear models, and of the multiple trips
per bird recorded during chick-rearing using linear mixed-effects models to account for repeated mea-
sures. A bootstrapping approach to assess the representativeness of the samples from each population
was undertaken using track2KBA.

Geolocator data were processed using probGLS [44]. This uses light data to estimate latitude and lon-
gitude according to day length and twilight times. A cloud of points generated for each time stamp is
then refined using sea surface temperature (SST) and travel speed to weight each point and identify the
most likely track. Locations without an associated SST or if the SST differed by >3°C from contempora-
neous remotely sensed SST data, or where speeds were unrealistic (70 m s™ or 5m s7! for periods in flight
or on the water, respectively) were weighted as zero. Non-zero weighted data were linearly interpolated
to provide two positions per day for each individual.

2.3. At-sea activity patterns

Immersion data were used to provide the timing and duration of flights and landings. Events were as-
signed to daylight or darkness according to twilight times based on the light data. The following mean
activity metrics were calculated separately for the daylight and darkness periods of each foraging trip:
(i) landing rate (landings per hour), (ii) proportion of time spent wet, (iii) wet bout length (minutes), and
(iv) flight time (dry bout length, minutes). Separate linear models were used to assess whether activ-
ity patterns varied by breeding site or year for each life-history stage to account for repeated measures
during chick-rearing, but not during the other life-history stages. During incubation, failed and non-
breeding stages, linear models with activity metric as the response and colony as the predictor variable
were used. During chick-rearing, linear mixed models with individual ID as random effects were used.
Linear mixed models were used to test for differences in activity metrics between different life-history
stages (with all breeding sites considered together). The emmeans package [45] was used to identify
between-group differences using Tukey’s post hoc tests.

2.4. Spatial segregation

Usage distributions (UDs) of the core foraging area (50%) were estimated for each population using
track2ZKBA. We also attempted to estimate the home range area (95%); however, this did not converge for
some breeding site/life-history stage combinations, likely because of small sample size or very divergent
foraging routes. Consequently, groups where we were unable to calculate the 95% UD were considered
unrepresentative of the population and excluded from further analyses. Population-level overlaps in
UDs were calculated using Bhattacharyya’s Affinity (BA), and a randomization procedure was used to
test for significant differences in UDs following [46]. The overlap among populations was calculated
with BA; each trip was then randomly assigned to a breeding site and new population-level UDs and BA
were calculated. This was repeated 1000 times, and the proportion of occurrences where the randomly
assigned overlap was smaller than the overlap from the tracked sample provided the p-value. This pro-
cedure was used to test for spatial segregation between years (2022 and 2023) for birds tracked from Bird
Island; as this was not significant, both years were combined in the comparisons among breeding sites.
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2.5. Habitat models

To identify whether spatial segregation may be driven by variation among breeding sites in preferred
foraging habitats, habitat models were developed for each life-history stage and site. Three pseudo-
absences for each presence point were generated randomly within the maximum distance travelled from
each colony. Environmental covariates used previously in habitat models for white-chinned petrels and
considered to be proxies for prey availability [47] were extracted from the Copernicus Marine Service
(table A1). Eddy kinetic energy and chlorophyll-a were log,,-transformed, and the standard deviation
of SST was square-root-transformed to improve the spread of the data. General additive mixed models
(GAMMs) with a binomial error structure and cubic spline smoothing were used to model presence—
absence as a function of environmental covariates, with bird identity included as a random effect. The
number of knots was limited to a maximum of six to avoid over-fitting to the data. Where collinearity
between covariates was >0.6, the covariate with the highest predictive power was included in model
selection. Final models were checked for concurvity, which always remained <0.3. Forward model se-
lection and cross-validation among individuals were used to develop final models using area under the
curve (AUC) to evaluate predictive power. AUC values of 0.5-0.7, 0.7-0.9 and >0.9 were considered to
represent poor, reasonable and very good model performance, respectively [46]. Final models were used
to predict the distribution of each population across the study area, using average environmental condi-
tions for each life-history stage.

2.6. Overlap with fisheries

Fishing activity (hours fished) across the study area, based on the vessel automatic identification system
(AIS) was downloaded from Global Fishing Watch for each life-history stage (incubation: 24 December—
4 February, chick-rearing: 15 January—28 March, failed: 12 January—28 February and non-breeding;:
1 February-30 October). Data were downloaded at a scale of 0.1° during the breeding season and 1°
during the non-breeding season to account for the differing error in positions between PTT and GPS ver-
sus geolocator data. The proportion of time that all birds from each breeding site spent in each grid cell
was multiplied by the number of hours fished in that cell to provide an overlap index for each life-history
stage [18]. These indices were calculated for each flag state and vessel type, including drifting (pelagic)
long liners, set (demersal) long liners and trawlers. Apparent fishing effort (the sum of hours fished) was
also calculated for each life-history stage and year.

We also assessed the overlap of distributions predicted from habitat models with fishing activity to
evaluate whether the former was an adequate substitute if the sample of tracked individuals was too
small to be representative. This followed a similar approach to that used for tracking data. The predicted
probability of occurrence in each cell was divided by the total value of all cells to ascertain relative im-
portance, and this was multiplied by the number of hours fished in that cell to provide an overlap index
for each life-history stage. Fishing data for this analysis were downloaded at a scale of 1° to account for
error in predicted distributions. As such, relative overlap—but not absolute values—can be compared
between the two approaches.

3. Results
3.1. Tracking data

Overall, 142 trips, 71 trips, 78 trips and 40 trips were obtained from 23, 12, 13 and 9 white-chinned petrels
during the breeding season at Bird Island in 2022 and 2023, King Edward Point in 2023 and Cooper Island
in 2022, respectively (figure 1, table 1). In addition, seven birds from King Edward Point and 27 birds from
Bird Island were tracked during the non-breeding season in 2023. The mean and frequency distributions
of trip duration, total travel distance and maximum range did not differ significantly between breeding
sites during either incubation or chick rearing (table A2).

Based on the bootstrapping analyses, the sampled tracks from the chick-rearing period were repre-
sentative of the foraging locations of the entire population (87-98% for both the 50% UD and 95% UD,
table A3). However, for some of the breeding site and stage combinations, representativeness at the 95%
UD could not be calculated or was very low, probably because the sample size was insufficient, particu-
larly when birds travelled to very different locations. As such, only tracks where the representativeness
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Figure 2. Activity metrics from white-chinned petrels tracked during different life-history stages at Bird Island in 2022 and 2023 and
King Edward Point in 2023.

was >80% were included in the main analyses; these were from incubation at Bird Island in 2023, chick-
rearing at all colonies, and for failed birds at Bird Island and King Edward Point in 2023.

3.2. Activity patterns

There were no significant differences in activity patterns for white-chinned petrels at Bird Island and KEP
within each life-history stage (figure 2, table A4). However, pooling all breeding sites and years, mean
values for all activity metrics with the exception of flight time at night differed significantly between
life-history stages (table A5).

3.3. Distribution and spatial segregation

There was no evidence of spatial segregation between birds tracked from Bird Island in 2022 and 2023
(table A6), and so these data were pooled in analyses of spatial segregation among breeding sites. During
incubation, white-chinned petrels from all colonies travelled west to the Patagonian Shelf and southwest
to the Antarctic Peninsula (figure 1). Only one individual (from King Edward Point) travelled east as far
as the mid-Atlantic ridge and South American-Antarctic Ridge. During chick-rearing, white-chinned
petrels from all colonies used the Patagonian Shelf and travelled south to the Weddell Sea. Individuals
breeding at Bird Island also visited the Antarctic Peninsula, whereas those breeding at Cooper Island
and KEP travelled east to the South Sandwich Islands. During chick-rearing, the core foraging area (50%
UD) and home range area (95% UD) of white-chinned petrels from different breeding sites were more
segregated than expected by chance (table 2). There were insufficient tracks to evaluate this during incu-
bation. Failed birds from all colonies travelled to the Patagonian Shelf, and some from Bird Island were
tracked past Cape Horn into the Humboldt Current System. The distribution of white-chinned petrels
tracked during the non-breeding season showed a similar pattern (figure 1). There was no evidence of
spatial segregation between failed or non-breeding birds from different breeding sites (table 2). The pro-
portions of locations that were on the Patagonian Shelf were 42%, 19%, 26% and 30% during incubation,
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Table 2. Observed and randomized overlap (Bhattacharyya’s Affinity) of usage distributions (UDs) of white-chinned petrels tracked from n
Bird Island, Cooper Island and King Edward Point, South Georgia, during different life-history stages. Randomized overlaps are shown as

amean = 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.

1S
sample randomized ‘2
o o s N . ]
usage distribution colonies overlap overlap =4
50% (core foraging area) chick-rearing BI-CI 0.04 0.33+0.03 <0.01 ;5'
L
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA B
BI-KEP 0.22 0.36 +0.02 <001 <
________________________________________________________________________ 8
(I-KEP 021 031+0.03 N
................................................................................................. o
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25%, 12%, 27% and 30% during chick-rearing and 76%, 16%, 76% and 76% for failed birds tracked from
King Edward Point, Cooper Island and Bird Island in 2022 and Bird Island in 2023, respectively.

3.4. Habitat models

Habitat models for all life-history stages and breeding sites had good predictive power with AUC ranging
from 0.82 to 0.97 and deviance explained ranging from 27 to 65% (table A7). For each breeding site and
life-history stage, distance from the colony, depth and sea surface temperature were included in final
models. Including slope or chlorophyll-a concentration increased the predictive power for some groups.
Birds from all breeding sites preferred shelf habitats closer to breeding sites with SST < 20°C during all
stages of the breeding season (figures A1-A4). Birds from some sites also had a preference for areas with
medium to high chlorophyll or greater slope. During the non-breeding season, white-chinned petrels
similarly favoured shelf waters with medium to high chlorophyll concentrations; however, they also
favoured areas further from the colony and with SST peaking at 10°C.

Predicted distributions from the final models were similar to observed distributions (figure 3; figures
A5-A7). Model predictions suggest that for birds from all sites, habitat conditions from the Patagonian
Shelf to the South Sandwich Islands, Antarctic Peninsula and Weddell Sea are suitable during incubation
and chick-rearing, those to the north of South Georgia and on the Patagonian Shelf are suitable for failed
birds and those at the Patagonian Shelf, Humboldt Current System and the tip of the Antarctic Peninsula
are suitable for birds during the non-breeding period.

3.5. Overlap with fisheries

Based on vessel AIS data, overlap of tracked white-chinned petrels from all breeding sites with fisheries
occurred almost exclusively at the Patagonian Shelf break during incubation and chick-rearing, and at
the Patagonian Shelf break and further onshore after birds had failed and during the non-breeding pe-
riod (figure 3; figures A5-A7). The areas of highest potential overlap with fisheries based on predicted
distributions were similar to those highlighted from the tracking data. However, areas of lower overlap
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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.

were also predicted at a much wider latitudinal scale along the Patagonian Shelf break for all life-history
stages (figure 3; figures A5-A7). During chick rearing, overlap with fishing was higher for white-chinned
petrels tracked from Bird Island, King Edward Point than Cooper Island (table 3). Fisheries overlap dif-
fered less between breeding sites based on predicted distributions rather than tracking data.

Birds from all breeding sites overlapped most frequently with trawlers flagged to Spain, China and
Korea during all life-history stages. Additionally, failed birds and non-breeding birds had high overlap
with Argentinean trawlers (figure 4). During the chick-rearing stage, white-chinned petrels from Bird
Island (both years) and King Edward Point, but not Cooper Island, also overlapped with drifting (pelagic)
and set (demersal) long liners flagged to China. Overlap estimated using the modelled distributions was
highest with trawlers from Argentina, China and Spain during all life-history stages (figure 5). Apparent
fishing effort was higher in 2023 than in 2022 for all life-history stages (table A8).

4. Discussion

Previous studies have shown variability in the distribution and activity patterns of white-chinned pe-
trels among life-history stages and discussed the implications for overlap with fisheries [23,30-32,39].
However, ours is the first to provide comprehensive coverage of the distribution and overlap with
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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)  set (demersal) long
long lines trawlers

datatype life-history stage KEP (I

tracking incubation NA NA NA 3 NA NA NA 18 NA NA NA 42 NA NA NA 4638
data AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

predicted  incubation 04 02 03 02 04 01 02 02 78 49 45 44 86 52 5 48
distributions ........................................................................................................................
chick-rearing 02 04 03 03 03 03 03 05 79 12582 102 84 132 88 11

fisheries throughout the annual cycle of white-chinned petrels from multiple breeding populations in
the same island group. We show that these populations are spatially segregated in terms of core foraging
and home-range areas during chick-rearing, which affects the relative overlap with fishing vessels from
different flag states. This may have implications for population trends across the archipelago and is an
important consideration for conservation and management.

4.1. Distribution and spatial segregation

Many procellariform sea-birds from South Georgia forage in the highly productive waters of the Patag-
onian Shelf and shelf break, the Antarctic Peninsula and the South Orkney Islands shelf and shelf break,
where prey are abundant and highly predictable [18,48,49]. Thus, it was not surprising that white-
chinned petrels from all breeding sites travelled west or southwest from South Georgia to forage in these
regions during the annual cycle. During the breeding season, core foraging areas were around South
Georgia, the Antarctic Peninsula, the South Scotia Ridge and the Patagonian Shelf and shelf-break. Spa-
tial segregation in core foraging areas and home range areas among the study populations was clear
during chick-rearing, and possible during incubation, though our sample size was insufficient to reach
a firm conclusion. In particular, only birds breeding in the central and eastern sites at South Georgia
travelled east to the South Sandwich Islands, and only those from the western site (Bird Island) travelled
southwest to the Antarctic Peninsula. The core foraging areas of birds which had failed and non-breeding
birds were exclusively on the Patagonian Shelf and Humboldt Current System, and were not spatially
segregated, reflecting the unconstrained nature of distributions in those life-history stages.

Spatial segregation between birds from neighbouring colonies has been shown in many pelagic sea-
birds and is often thought to be a mechanism to avoid density-dependent competition [37,50,51]. How-
ever, most examples are of birds with relatively small foraging ranges breeding in colonies situated close
together [37,52,53], or wide-ranging species in colonies situated hundreds of kilometres apart [46,54]. By
contrast, white-chinned petrels can forage >1900 km from their breeding sites, which in our study were
<160 km apart, and so density-dependent competition does not appear to explain why only the breeding
population at Bird Island foraged at the Antarctic Peninsula during chick-rearing, and only birds from
King Edward Point and Cooper Island foraged to the east of South Georgia.
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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.

Spatial segregation may occur if conspecifics prefer different habitat types or types of prey [38,55].
However, our habitat models showed similar responses to environmental covariates and predicted
similar distributions of birds from all three populations. Similarly, trip characteristics and at-sea activity
budgets, which can be used to infer foraging behaviour and energetic expenditure, were also similar for
individuals breeding at different sites. Thus, it is unlikely that energetic constraints led to the observed
spatial segregation. Wandering albatrosses (Diomedea exulans) from different populations at South
Georgia also show spatial segregation during the breeding and non-breeding season [22,35]; individuals
from Bird Island only foraged to the west, whereas those from Prion Island travelled both east and west
during the breeding season. In lieu of an alternative explanation, the conclusion was that the segregation
was a consequence of social learning, cultural evolution and past experience. It is equally plausible that
these factors could be driving the spatial segregation observed in this study [51].

The distribution of white-chinned petrels during the chick-rearing period in our study was markedly
different from previous tracking at South Georgia, which showed that birds were almost always exclu-
sively at or south of the Antarctic Polar Front, and concentrated at the South Orkney shelf-slope and
the seasonal sea-ice in the northern Weddell Sea [23,24,37]. By contrast, we found that although birds
from all populations visited these areas, they also spent considerable time on the Patagonian Shelf and
shelf-break. This could plausibly be explained by lower prey availability in the South Georgia or South
Orkney shelf regions in January—-April in our study years, and so some individuals instead targeted the
Patagonian Shelf, possibly to feed on more abundant natural prey, or on discards or bait from fishing
vessels (which may be more predictable).
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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.

4.2. Daily and seasonal variation in at-sea activity patterns

The differences in activity patterns observed between life-history stages and day and night were consis-
tent with previous studies [30,31]. For example, failed and non-breeding birds spent a higher proportion
of time wet, the duration of wet bouts was considerably longer, and they landed less often per day than
during incubation or chick-rearing. During the non-breeding season, sea-birds are unconstrained and
have low energetic demand; hence, they typically spend more time resting on the water and less time
foraging than breeding birds [56]. Long periods spent on the water may indicate resting or foraging, po-
tentially using the sit-and-wait method [30,31]. Landing rate and the proportion of time wet was higher
in darkness than daylight for birds from all populations during incubation and chick-rearing, suggesting
more foraging at night, as in previous studies. Although nocturnal foraging may provide benefits such
as reducing competition with larger albatrosses, or access to prey undergoing vertical migration at night,
it also increases the risk of by-catch in fisheries [16,30-32].

4.3. Habitat models

Our habitat models had good predictive power, and the environmental characteristics that were iden-
tified as important for each breeding population and life-history stage were broadly consistent with a
previous study [47]. The areas used by the tracked white-chinned petrels were highly productive and
are also targeted by other sea-birds from South Georgia [57]. Nuances of models for different breed-
ing populations may be artefacts of the modelling process. For example, although white-chinned pe-
trels from all breeding sites used shelf slopes, the covariate for slope was only included in models for
Bird Island during incubation and Cooper Island during chick-rearing. It is likely that while this is an
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important habitat characteristic, the effect is masked by other environmental covariates which have a
stronger signal. The main differences in the relationship between white-chinned petrel occurrence and
environmental covariates among stages are indicative of the constraint to return to the egg or chick dur-
ing the breeding season, compared with the freedom during the non-breeding season that allows indi-
viduals to remain in productive areas with high prey abundance, further from the colony.

4.4, Fisheries overlap from tracks versus model predictions

The areas of high fisheries overlap identified using predicted bird distributions were very similar to those

using the sample of tracked individuals. However, nuances such as variability in the level of overlap of :

white-chinned petrels from different populations were not apparent using the predictions, and overlaps
with some fleets (e.g. Argentinian trawlers) were overestimated. The latter is likely because the predicted
distributions extended further north than the tracking data. Our results suggest that although predicted
distributions have value for identifying broad-scale areas of high risk where empirical data are limited in
some way, the results should be interpreted with caution. The proportion of time spent on the Patagonian
Shelf during different life-history stages may therefore be the simplest metric of the relative risk posed
by fisheries to white-chinned petrels from South Georgia.

4.5. Overlap with fisheries

High overlap between white-chinned petrels and fisheries at the Patagonian shelf-break was not surpris-
ing as this area is well known for high levels of sea-bird-fishery interactions and by-catch [4,18,21,30,58].
Indeed, overlap of birds from all breeding sites with fisheries was in similar areas of the Patagonian Shelf
and shelf-break throughout the annual cycle, although the extent differed among breeding populations
and life-history stages. In particular, birds tracked from Cooper Island overlapped considerably less with
all types of fisheries than those from central or west South Georgia, reflecting the lower proportion of
time spent on the Patagonian Shelf. White-chinned petrels tracked from Bird Island had a lower overlap
with fisheries in 2022 than 2023, despite the similarity in distributions (no significant differences in core
foraging or home range areas). The lower overlap in 2022 was therefore owing to reduced fishing effort
in that year.

White-chinned petrels at Bird Island were in decline at least until the late 1990s [34], but there are no
data on trends elsewhere in the island group. The rate of decline of other sea-bird species varies across
South Georgia [59], most likely owing to spatial segregation in at-sea distributions leading to variable
rates of overlap with fisheries, and hence overall by-catch rates [22]. Based on our study, there should be
more concern about fisheries interactions for white-chinned petrels breeding in the west of South Geor-
gia; however, birds from all populations overlapped considerably with fisheries during incubation and
the non-breeding season, and the species is particularly susceptible to by-catch, so there is no reason for
complacency. Although burrow-nesting species are challenging to monitor, particularly in such a remote
environment, another clear inference from our study is the need for a much-improved understanding of
population trends and demography of white-chinned petrels, ideally at several sites at South Georgia,
given it is the largest global population [25,40].

4.6. Overlap with gear types, flag states and regional fisheries management organizations

Overlap was highest with trawlers flagged to China, Spain and Korea during incubation and chick-
rearing, and with Argentine trawlers for failed birds and birds during the non-breeding season. The
overlap indices were considerably higher for trawlers than drifting (pelagic) or set (demersal) long liners,
which were all flagged to China or Korea. Overlap with trawlers poses a significant risk to white-chinned
petrels as by-catch rates from both cable strikes and net captures are high [8]. Our results contrast with
previous studies which showed high overlap during 1990-2015 with pelagic long liners flagged to Tai-
wan, Brazil and other unspecified flag states, demersal long liners flagged to the Falklands and Chile,
trawlers flagged to Argentina [18] and, using effort data from 2012-2020, with pelagic long liners flagged
to Taiwan, Japan, Spain and Uruguay, demersal long liners flagged to South Korea, Chile and Argentina
and trawlers flagged to Argentina, Spain and various other states [40]. Part of this reflects changes over
time in distribution and magnitude of fishing effort from different flag states, and may also reflect the
finer scale of our overlap analysis. Both previous studies were conducted at 5° resolution, whereas ours
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was at 0.1° resolution during the breeding season and 1° resolution during the non-breeding season. m
Working at a finer scale allows the detection of smaller-scale differences in fisheries overlap among pop-
ulations or life-history stages, but may be more susceptible to bias if the sample size is small [60]. Nev-
ertheless, overlap of sea-birds with vessels flagged to different states affects by-catch rates owing to
variability in operational practices, including implementation of mitigation measures [8,16].

When operating within an Exclusive Economic Zone (EEZ), fishing vessels are required to adhere to
mitigation measures imposed by that country, whereas in Areas Beyond National Jurisdiction (ABNJ)
mitigation requirements are set by the relevant RFMO, or in lieu of this by the flag state. Requirements
for mitigation and observers to monitor sea-bird by-catch and ensure compliance vary greatly between
EEZs, flag states and RFMOs. South of the Antarctic Polar Front, fishing is regulated by CCAMLR, which
requires best-practice mitigation measures and 100% observer coverage [19]. By contrast, the Interna-
tional Commission for the Conservation of Atlantic Tunas regulates the pelagic long line fisheries in the
South Atlantic, and only one mitigation measure is required in waters north of 25° S, two are required
south of 25° S, and observer coverage is <5% [16]. Perhaps even more concerning is that no RFMO cur-
rently regulates the demersal fisheries in the southwest Atlantic [61]. However, white-chinned petrels
from all breeding sites overlapped with demersal long line and trawl fisheries on the high seas. These
vessels are technically under the jurisdiction of their flag states, but these rarely impose any mitigation
requirement independent of those of the relevant EEZ or RFMO,; it is therefore probable that these vessels
do not implement any sea-bird by-catch mitigation measures and are without observers, so by-catch is
unmonitored.

The data from Global Fishing Watch (GFW) are the most complete for fishing activity in this region
in recent years but are not comprehensive. GFW data rely on the vessel AIS and consequently may not
include fishing activity in some regions where satellite coverage is poor, small artisanal vessels are not
fitted with AIS transmitters or when AIS is switched off [58,62]. Indeed, some artisanal fleets which
operate on the Patagonian Shelf, and which have reported by-catch of white-chinned petrels, are not
fitted with AIS transponders, and consequently will not have been included in these analyses [7,63].
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4.7. Implications for management

Tracking of individuals from multiple breeding populations within an island group is rarely feasible,
particularly in remote locations. However, we have shown that spatial segregation, and consequently
vulnerability to fisheries by-catch of white-chinned petrels from different sites at South Georgia can have
important consequences for management. We identified fishing fleets and regions where by-catch is a se-
rious risk to white-chinned petrels and other sea-birds [18,22]. Although considerable progress has been
made to reduce sea-bird by-catch by some fleets, mitigation measures in the high seas fall short of best
practice (e.g. [18,19,64]). It is recommended that three mitigation measures are used, in addition to the
use of hook-shielding devices and that these should extend throughout the distribution of vulnerable
species [65]. Furthermore, observer coverage is poor and there is no independent monitoring of compli-
ance [16]. Without independent observers, it is likely that mitigation measures will not be implemented
and that by-catch will go unreported. As it stands, enforcement of best-practice mitigation and moni-
toring of sea-bird by-catch remains a major challenge [16,40]. Further engagement with RFMOs, fishing
vessel operators and managers is fundamental to ensure progress in the protection of white-chinned
petrels and other globally threatened sea-birds.
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