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Abstract

Spatial segregation in at-sea distribution is frequently observed in seabirds and can have
important implications for conservation and management. Globally, many albatross and
petrel populations are declining due to bycatch in fisheries. In South Georgia, the decrease
in wandering albatrosses (Diomedea exulans) differs among breeding sites, which could
reflect segregation in foraging areas, leading to differing degrees of overlap with particular
fishing fleets and hence unequal bycatch risk. We investigated whether spatial segregation
could explain the different rates of population decline of wandering albatrosses at South
Georgia. We tracked wandering albatrosses from 2 breeding sites at South Georgia, Prion
Island, and Bird Island, located 50 km apart. We investigated potential causes of spatial
segregation with species distribution models and by comparing wind conditions among
sites. Overlap with fisheries was quantified for each population. Although overall distribu-
tions were from the Antarctic to the subtropics, virtually all wandering albatrosses from
Bird Island foraged only to the west of the island group, whereas those from Prion Island
foraged to the east and west. Preferred habitat characteristics were similar at both colonies,
and waters to the east and west provided foraging habitat. Wind conditions when birds
departed were also similar at the 2 sites. Because neither habitat specialization nor wind
conditions appeared to be factors in the observed spatial segregation among colonies, this
segregation likely reflected a combination of past experience, information exchange, and
cultural evolution. Breeding birds from both sites overlapped most with Chinese squid
jiggers, Argentinian trawlers, and South Korean set (demersal) longliners, but the spatial
segregation led to a higher overlap with demersal longline, demersal trawl, and pelagic
longline fisheries by wandering albatrosses at Bird Island, which could have resulted in
the faster population decline. Ours is one of the first studies to demonstrate how spa-
tial segregation may affect population dynamics, which has important implications for the
conservation of this globally threatened species.
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memory effects (Grémillet et al., 2004), inequality in travel costs
from different colonies (Cairns, 1989), or density-dependent

Spatial segregation in at-sea distribution among species,
colonies, sexes, age classes, and breeding status is observed fre-
quently in seabirds (Bentley et al., 2023; Bolton et al., 2019;
Pettex et al., 2019; Wakefield et al., 2013). This may be a result
of specialization in habitat or preferred prey (Granroth-Wilding
& Phillips, 2019; Vilchis et al., 2000), foraging-site fidelity and

competition (Ashmole, 1963; Patterson et al., 2022; Wakefield
et al., 2013; Wakefield et al.,, 2017). Spatial segregation may
result in variability in the overlap of seabirds with high-risk
areas at sea, such as areas of higher fishing effort, pollution, or
environmental extremes (e.g, storms). This variability has impli-
cations for the ecology and population dynamics of species and
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populations. Thus, understanding spatial segregation in seabirds
is important so that conservation and management plans focus
on relevant spatial and temporal scales.

During the breeding season, seabirds are central-place for-
agers (le., they return regularly to their colony) (Orians &
Pearson, 1979), which limits their spatial distribution and leads
to prey depletion in surrounding waters (Ashmole, 1963). Opti-
mal foraging theory is based on the assumption that individuals
maximize prey consumption and minimize energetic expendi-
ture (Stephens & Krebs, 1986). Thus, although traveling incurs
energetic costs, the expectation is that it increases foraging suc-
cess as a result of reduced competition with other individuals
from the same breeding colony. However, this may also result in
increased competition for resources with other species or with
conspecifics from other breeding colonies, particularly those
nearby (Cairns, 1989). Density-dependent competition among
breeding aggregations may lead to spatial segregation of for-
aging areas when the potential for competition is high, for
example, in large or closely situated colonies (Wakefield et al.,
2017). In addition, the overlap among individuals from colonies
situated far apart is likely to depend not only on colony size, but
also on the relative availability of foraging habitat in surrounding
watets (Wakefield et al., 2011).

Spatial segregation between breeding populations has impor-
tant implications for conservation and management. Seabirds
encounter many threats at sea, including bycatch (incidental
mortality) in fisheries, which is also a serious threat to many
other marine animals (Lewison et al., 2014; Phillips et al., 2016).
Interactions between seabirds and fishing vessels and bycatch
risk during those interactions are species-specific (Clay et al.,
2019; Louzao et al., 2011). Many seabirds are attracted to ves-
sels by offal and discards, but the benefit of this supplementary
food is offset by entanglement, hooking, or collisions with
fishing gear. Pelagic seabirds are frequently drowned during
gear setting or seriously injured during hauling of longlines, or
may strike warp or net monitoring cables on trawlers (Bugoni
et al., 2008; Jiménez et al., 2011; Phillips & Wood, 2020; Sul-
livan et al., 2006). Bycatch can be mitigated effectively by, for
example, setting gear at night, using heavier line weighting and
bird-scaring lines in longline fisheries, managing discards, using
bird-scaring lines, and prohibiting third (monitoring) wires in
trawl fisheries (Collins et al., 2021; Lokkeborg, 2011; Phillips
et al., 2016; Phillips et al., 2024). However, mitigation mea-
sures for many fishing fleets are not best practice, and there
is insufficient monitoring of compliance. Hence, bycatch rates
remain unsustainable for many seabird species (Phillips et al.,
2016). Identifying the spatiotemporal overlap of seabirds and
fisheries enables the identification of areas of potentially high
bycatch risk and should allow mitigation, monitoring, and man-
agement to focus on relevant fishing fleets (Clay et al., 2019;
Frankish et al., 2021; Reid et al., 2013). Although tracking data
from one site are often used to infer at-sea distributions, and,
therefore, bycatch risk, of birds from the island group, if birds
from neighboring colonies are segregated spatially or have dif-
fering propensity to follow vessels, then estimates of risk from
different fleets at particular times of year or for particular ages
or sexes may be incorrect.

Albatrosses and petrels are long-lived seabirds with slow
reproductive rates and delayed maturity (Tickell, 1968). There-
fore, low adult or juvenile survival rates are often associated
with major population declines (Croxall et al., 1990; Pardo et al.,
2017). Seabird-bycatch observer coverage is never complete for
wide-ranging seabirds, but where bycatch rates are known for
at least part of the foraging range, these have been implicated
in population declines (Dasnon et al.,, 2022; Genovart et al.,
2016; Pardo et al., 2017; Tuck et al., 2003). South Georgia
(southwestern Atlantic Ocean) hosts internationally important
populations of albatrosses that are decreasing because of intet-
actions with fisheries and climatic change (Carneiro et al. 2022b;
Clay et al., 2019; Pardo et al., 2017). Although mitigation mea-
sures in the longline fisheries operating in South Georgia waters
have reduced seabird bycatch rates to negligible levels (Collins
et al,, 2021), the albatrosses have huge foraging ranges and are
killed in fisheries elsewhere (Clay et al., 2019; Frankish et al.,
2021; Jiménez et al., 2014).

The wandering albatross (Diomedea exulans) is a wide-ranging
pelagic seabird that forages opportunistically around fishing
vessels, and bycatch has resulted in a catastrophic long-term
population decline in South Georgia (Patdo et al., 2017; Pon-
cet et al,, 2017). As a result, the wandering albatrosses of South
Georgia are listed as 1 of just 9 global high priority populations
for conservation under the Agreement on the Conservation of
Albatrosses and Petrels (ACAP, 2011). Between 1999 and 2018,
the number of breeding pairs of wandering albatrosses at Prion
Island and nearby Albatross Island declined by 1.4% per annum
(24.1% overall) from 220 to 167 pairs, whereas over the same
period, the number at Bird Island declined at twice that rate
(3.0% per annum, 44.1% overall) from 1182 to 661 pairs (~ 60%
of the South Georgia population) (Rackete et al., 2021). These
varying rates of decline could reflect spatial segregation in fot-
aging areas leading to differing degrees of overlap with fisheries
and hence unequal bycatch risk, but, to date, the only tracking
has been at Bird Island, which held 60% of the South Geot-
gia population in the 2014—2015 breeding season (Poncet et al.,
2017).

We aimed to track breeding wandering albatrosses at Bird
Island and Prion Island in the Bay of Isles to determine the
degree of spatial segregation and whether relative overlap with
particular fisheries might explain the contrasting population
trends. In the 2014—2015 breeding season, the colonies in the
Bay of Isles contained 16% of the South Georgia population.
These colonies are decreasing more slowly than Bird Island
colonies (Poncet et al., 2017; Rackete et al., 2021). We also exam-
ined possible differences in habitat preferences and compared
the strength and direction of wind at the time of departure
from Bird Island and Prion Island to establish whether this
factor affects the direction of foraging trips. Finally, we calcu-
lated the proportion of time wandering albatrosses from each
colony spent in fishing areas to quantify colony-specific bycatch
risk. We considered our results in the context of conservation
and management initiatives for albatrosses and other pelagic
seabirds in general, which are usually based on the assumption
that foraging distributions of birds tracked from single colonies
represent those of the entire island group.
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METHODS
Study sites and fieldwork

All fieldwork was approved by the British Antarctic Survey Ani-
mal Welfare and Ethical Review Body and carried out under
permit from the Government of South Georgia and the South
Sandwich Islands.

We tracked wandeting albatrosses from Bird Island (54°00" S,
38°03" W) and Prion Island (54°02" S, 37°25" W), South Geot-
gia, January—August 2022 (Figure 1). Incubation in wandering
albatrosses is from December to March and is followed by the
brood-guard period, when the young chick is brooded alter-
nately by each parent for around 30 days. Following this period
is the postguard chick-rearing period, when the chick can be left
unguarded and each parent returns every few days to deliver a
meal until the chick fledges in November or December. Here-
after, we refer to our study period as the 2022 breeding season.
These islands are <50 km apart, which is a fraction of the maxi-
mum foraging range of >2500 km during incubation (Froy et al.,
2015; Xavier et al., 2004).

Breeding adults were restrained for <10 min on the nest, and
a tracking device was taped to the mantle feathers with Tesa tape
(Tesa SE). On Bitd Island, GPS loggers (Catlog, 24 g, <0.3% of
body mass) set to record locations every 5 min were deployed
during incubation and brood-guard and postguard chick rear-
ing (hereafter postguard) for single trips (with a few exceptions)
and recovered when the adult returned to the colony. Access to
Prion Island is very limited, and platform terminal transmitters
(PTTs) (TAV2664, Telonics) (70 g, < 1% of body mass) were
deployed during incubation and left attached for the rest of the
season. The PTTs were transmitted every 60 s. Approximately
35 (SD 9) locations per day were provided by the ARGOS satel-
lite system until the PTT batteries failed after 5—8 months. At
Prion Island, all 10 PTTs deployed transmitted data. At Bird
Island, 30 devices were deployed during each breeding stage,
not all of which returned data (Table 1 & Figure 1). Lack of data
was attributed to device failures because no birds deserted or
nests failed duting the deployment periods.

Data processing

All data processing and analyses were undertaken with R 4.3.1
(R Cote Team, 2021). Raw location data were filteted to remove
unrealistic fixes requiring travel speeds of >80 km/h (Froy etal.,
2015). The R package crawl was used to estimate location error
from the PTTs, and to predict the most likely track with corre-
lated random walks (Johnson, 2013). We subsampled GPS data
to regular houtly intervals to broadly match the interval between
PTT locations and enable comparisons between colonies. The
R package Track2kba (Beal et al. 2021) was used to split the data
from Prion Island into individual trips and to calculate sum-
mary statistics (trip duration, total distance traveled, foraging
range, bearing to farthest point from the colony) for complete
trips (i.e., trips that ended in return to the colony) for birds

Summary statistics of completed foraging trips of wandering albatrosses tracked from Prion Island and Bird Island, South Georgia, during the 2021—-2022 breeding season.

TABLE 1

Total distance in

Bearing to farthest point

©)

Mean foraging range
in kilometers (SD)

kilometers traveled

(SD)

Trip duration in
hours (SD)

Number of
trips

Number of
birds

Colony

Stage

260 (31)
288 (73)
285 (34)

1947 (964)
1550 (460)
747 (399)

6752 (2388)
6911 (4855)
2061 (1023)

310 (77)
309 (153)
78 (26)

17
25

17
10
26

Bird Island

Incubation

Prion Island
Bird Island

26

Brood guard

538 (433) 297 (100)

1729 (1321)

73 (34)

44

10

Prion Island
Bird Island

1282 (821) 205 (44)

191 (134) 4507 (3487)

34

29

Postguard

1010 (895) 340 (77)

3851 (3691)

149 (137)

118

10

Prion Island
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FIGURE 1 Location of the 2 study colonies of wandering albatrosses in a region of high primary productivity in the southwestern Atlantic Ocean (black
dashed line, jurisdiction of Commission for the Conservation of Antarctic Marine Living Resources; red dotted line, jurisdiction of International Commission for the
Conservation of Atlantic Tunas) and foraging trips of individuals tracked from Bird Island and Prion Island, South Georgia, during the 2021—2022 breeding season
(red polygons, core foraging area [i.c., 50% use distributions]; gray polygons, home range area [95% use distributions|; pink diamond, South Georgia). Tracks include
complete and incomplete trips.
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from both colonies. Inclusion of incomplete trips would bias
trip summary statistics, so 3 trips from Prion Island and 14 trips
from Bird Island were excluded from the between-site com-
parison of trip summary statistics. We assessed whether trip
duration, foraging range, and total distance traveled differed
by colony with linear mixed effects models in the R package
Ime4 (Bates et al., 2014). Trip statistics were modeled indepen-
dently as response variables with a Gaussian error distribution,
breeding site was included as a covariate, and bird identity was
a random effect. Models were compared with null models with
only the random effect. We used analysis of variance to test for
significance.

Breeding stage at deployment was known at Bird Island and
was inferred at Prion Island—where birds were tracked contin-
uously from incubation onward—from trip metrics and colony
attendance because foraging trips during incubation and brood-
guard periods are usually followed by >12 h spent at the nest. A
bootstrapping approach to assess the representativeness of the
samples for each population was undertaken with Track2KBA.

Spatial segregation

We estimated utilization distributions (UDs) in the core foraging
area (50%), home range area (95%) for each population, and the
core foraging area for each individual. The smoothing parame-
ter, estimated using track2kba, was consistent within breeding
stages and between sites (incubation = 105, brood guard = 60,
postguard = 105). The grid cell size was 10 km.

We calculated population-level overlap in UDs with Bhat-
tacharya’s affinity (BA) and used a randomization procedure
to test for significant differences in UDs following Clay et al.
(2018). The overlap among populations was calculated with BA,
and then each trip was randomly assigned to a colony, 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.

Influence of wind conditions

To evaluate whether wind speed and direction contributed to
spatial segregation, we downloaded from Climate Copernicus
the ERA5 wind conditions at the time of departure from a
colony (Thépaut et al., 2018). Linear mixed models were used to
assess whether wind speed at departure varied between breed-
ing sites. Wind direction at departure at the different breeding
sites was compared using Watson’s 2-sample tests of homo-
geneity. We used the circular package (Lund et al, 2017) to
assess whether the direction of the bird at departure (based
on mean direction during the first 3 h at sea) and the bear-
ing to the farthest point from the colony were dependent on
the direction of the wind at departure (circular-circular regres-
sion) or dependent on wind speed at departure (circular-linear
regression).

Habitat models

To identify whether spatial segregation may be driven by
between-population variation in preferred foraging habitats,
habitat models were developed for each breeding stage and
site. All locations were used in the models because wandering
albatrosses can forage opportunistically while in directed flight
and not just in regions associated with area-restricted searches
(Carneiro et al. 2022a). The latter would in any case be chal-
lenging to identify given the interpolated intervals of ~1 h
between PTT fixes. Three pseudoabsences for every location
point were generated randomly within the maximum foraging
distance of birds from each colony in the R package dismo
(Hijmans et al., 2024). Biologically meaningful environmental
covariates, including proxies for oceanographic features that
enhance prey availability, at appropriate temporal and spatial
scales (Appendix S1), were extracted for each location.

To improve the spread of the data, eddy kinetic energy
and chlorophyll 2 were transformed to logjy, and the stan-
dard deviation of sea-surface temperature was transformed to
the square-root (Wood, 2006). General additive mixed mod-
els with a binomial error structure and cubic spline smoothing
were used to model presence-absence as a function of envi-
ronmental covatiates; bird identity was included as a random
effect. The number of knots was limited to a maximum of 7
to avoid overfitting to the data. Collinearity between covari-
ates was assessed, and where r > 0.6, the covariate with the
highest predictive power was included in model selection. Final
models were checked for concurvity, which was always <0.3.
Forward model selection and cross-validation between individ-
uals were used to develop final models, and the area under
the curve (AUC) was used to evaluate predictive power. Val-
ues of 0.5-0.7, 0.7-0.9, and >0.9 were considered to represent
poor, reasonable, and very good model performance, respec-
tively (Clay et al., 2016). Final models were tested for spatial
autocorrelation, which was present in the model residuals. As
such, a correlation structure of model residuals was included
(following Crase et al., 2012), after which residual spatial auto-
correlation was no longer present. Final models were used to
predict the distribution of each population across the study
area under average environmental conditions for each breeding
stage.

Overlap with fisheries

For each breeding stage (incubation: 9 January—29 March;
brood guard: 2 March—18 April, and postguard: 5 April—18
August), fishing activity (total number of hours fished in each
breeding stage) across the study area was based on vessel move-
ment tracked with the automatic identification system (AIS). We
downloaded these data from Global Fishing Watch at a scale of
1°. The propottion of time that all birds from each colony spent
in each 1° grid cell was multiplied by the number of hours fished
in that cell to provide an overlap index for each breeding stage
(Carneiro et al. 2022b; Frankish et al., 2021). This was calculated
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for each flag state and each type of fishing that occurred in the
study area (drifting [pelagic] longliners, set [demersal] longliners,
trawlers, squid jiggers, pole and line, and unknown fishing) and
for all fishing combined.

RESULTS
Tracking data

Overall, 91 trips and 190 trips were obtained from 85 wan-
dering albatrosses at Bird Island and 10 wandering albatrosses
at Prion Island, respectively, in the incubation, brood guard,
or postguard periods in January—August 2022 (Figure 1). In
total, 28 trips from 28 birds during incubation, 28 trips from
27 birds during the brood-guard period, and 35 trips from 30
birds in the postguard period were recorded from wandering
albatrosses breeding at Bird Island and 25 trips from 10 birds
during incubation, 45 trips from 10 birds during the brood-
guard period, and 120 trips from 10 birds during the postguard
petiod were recorded from wandering albatrosses breeding at
Prion Island. These included both complete and incomplete
trips. Tracks provided a good representation of the distribution
of each population: Bird Island, incubation 91%, brood-guard
period 93%, postguard period 95%, and Prion Island, incu-
bation 94%, brood-guard period 96%, postguard period 99%
(Appendix S2) These values are the percentage of the core
area used by these populations that was captured in our sam-
ple. These were considered sufficient to make population-level
inferences; however, we may not have included the entire extent
of the population range for each population. The mean and fre-
quency distributions of trip duration, total travel distance, and
maximum range were not statistically different between the 2
breeding sites during any of the 3 breeding stages (Table 1 &
Appendices S3 and S4).

Spatial segregation

During incubation, birds from Bird Island traveled west to
the North Scotia Arc, southern Argentine Basin, and Patag-
onian Shelf break and southwest to the Antarctic Peninsula
and through the Drake Passage into the southeastern Pacific
Ocean. In contrast, although the birds on Prion Island used
some of those westerly destinations, they rarely went south-
west (i.e., to the Antarctic Peninsula and southeastern Pacific).
Instead, they traveled east to as far as the Mid-Atlantic Ridge
and South America-Antarctic Ridge (Figure 1). During incu-
bation, the home range but not the core foraging areas of the
2 populations were more segregated than expected by chance
(Appendix S5). During the brood-guard period, although both
populations remained close to South Georgia, spatial segrega-
tion was observed in the core foraging and home range areas.
During the postguard period, both populations predominantly
traveled west to waters from the Burdwood Bank north to
the Subtropics and throughout the Argentine Basin. There was

significant spatial segregation in home range but not in core
foraging areas. Based on the core foraging areas of individu-
als, almost all areas specific to each population were used by
multiple birds (Appendix S0).

Influence of wind conditions

Wandering albatrosses from Bird Island and Prion Island
all experienced predominantly southwesterly winds during all
phases of the breeding season (wind direction for each popula-
tion, respectively and Watson’s 2-sample test for homogeneity:
incubation mean [SD] = 226° [60], 234° [42], U, = 0.05, p >
0.10; brood-guard petiod mean = 226° [85], 245° [55], U, =
0.17, p > 0.10; postguard petiod mean = 270° [66], 255° [56],
U, = 0.11, p > 0.10). During incubation and brood-guard peri-
ods, birds from both breeding sites experienced winds of similar
strength, whereas during the postguard period, birds at Prion
Island experienced lighter winds than those at Bird Island (y* =
8.82, p = 0.04) (Appendix S7). We found no association between
the wind direction and either the bearing of the bird in the
first 3 h or the bearing of the point farthest from the colony
across breeding stages, with the exception that the latter was
significantly related to wind direction for birds from Bird Island
during the postguard petiod (cos(x) p = 0.03, sin(x) p = 0.73).
During this period, the direction of travel in the first 3 h and
bearing to the point farthest from the colony were associated
with wind speed at departute for birds from both breeding sites
(Appendix S7). For trips from Prion Island, where the bearing
to the farthest point was southeast, wind speed at departure was
always light (Appendices S8—S10). However, the sample size
was too low to draw conclusions as to whether birds only travel
southeast when leaving the colony in light winds.

Habitat models

Habitat models for both colonies had high predictive power
and deviance explained with an AUC range of 0.8—0.93 and
a deviance explained range of 0.42—0.61 (Appendix S11). For
each site and stage of the breeding season, distance to colony,
sea surface temperature, and depth were included in the final
models. Including eddy kinetic energy increased the predictive
performance of models for both colonies during incubation.
Birds from both colonies tended to prefer areas close to the
colony, water temperatures of 0—20°C, and depths of <1 km.
A second peak in depth at approximately 6—8 km may have
reflected the cluster of locations in the southern Argentine
Basin (Appendices S12—514). Predicted distributions from final
models were similar to observed distributions (Figure 2). Based
on model predictions, habitat conditions to the east and west
of South Georgia, and at the Antarctic Peninsula, were suitable
for birds from both Prion Island and Bird Island in incubation,
yet our tracking data showed no birds from Bird Island traveled
east and no birds from Prion Island traveled to the Antarctic
Peninsula.
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FIGURE 2
2021-2022 breeding season.

Overlap with fisheries

Overlap with all types of fisheries occurred predominantly at
the Patagonian Shelf break and farther offshore in the Argen-
tine Basin, at the Subtropical Convergence, or around South
Georgia and the South Orkney Islands duting the postguard
period (Figure 3). The fisheries overlap index was considerably
higher for wandering albatrosses from Bird Island than Prion
Island during all stages of the breeding season for all fishing
and in almost all cases when overlap was calculated for each
gear type, which included drifting (pelagic) longline, pole and
line, set (demersal) longline and trawl (Table 2 & Appendix
S15). The exception was during postguard period, when there
was greater overlap with squid jiggers and trawlers for birds
from Prion Island than Bird Island. During incubation, overlap
between wandering albatrosses and drifting (pelagic) longlines
and unknown fishing was 5 times higher for birds from Bird
Island than those from Prion Island, although these values were
relatively low relative to overlap with other gear types. Over-
lap with trawlers was neatly 4 times higher for birds from Bird
Island than Prion Island, and the overlap index was relatively
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Predicted probability of occurrence of wandering albatrosses breeding at Bird Island and Prion Island, South Georgia, for each stage of the

high for birds from both colonies. Birds from both colonies
ovetlapped most frequently with Chinese squid jiggers, Argen-
tinian trawlers, and South Korean set (demersal) longliners
(Figure 4).

DISCUSSION

Many studies have reported spatial segregation between
colonies of wide-ranging species situated hundreds of kilome-
ters apart (Ramos et al., 2013; Wakefield et al., 2013) and in
species with smaller foraging ranges breeding in colonies sit-
uated close together (Bertrand et al.,, 2021; Wakefield et al.,
2017; Wanless & Harris, 1993). The few relevant studies of
wide-ranging species in closely situated colonies have provided
mixed evidence for spatial segregation (Ceia et al., 2015; Pereira
et al., 2022; Waggitt et al., 2014). By contrast, we found an
unexpectedly high degree of spatial segregation in the at-sea
distributions of wandering albatrosses breeding at Bird Island
and Prion Island. Although birds from both colonies foraged
predominantly on the North Scotia Arc, southern Argentine
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FIGURE 3  Fishing effort (log of total hours of fishing in each cell) and overlap of fishing with wandering albatrosses breeding at Bird Island and Prion Island,
South Georgia, during incubation (9 January—29 March), brood guard (2 March—18 April), and postguard (5 April—18 August) periods of the 2022 breeding season.
Appendix S15 contains effort and ovetlap by gear type. Overlap indices have different scales.

TABLE 2 Index values for the overlap between wandering albatrosses breeding at Bird Island and Prion Island, South Georgia, during the 20212022 breeding

season and fisheries operating within their foraging range.*

Prion Island Bird Island

incubation brood guard postguard total incubation brood guard postguard total
All fishing 97 9 380 486 335 25 551 911
Drifting (pelagic) 0.3 0 34 34.3 1.5 0 43 44.5
longlines
Unknown fishing 4 0 27 31 20 0 84 104
Pole and line 0 0 2 2 0.1 0 6 6.1
Set (demersal) longlines 29 9 98 136 39 12 162 213
Squid jiggers 37 0 208 245 45 0 188 233
Trawlers 44 0 177 221 152 8 144 304

*Duration differs among incubation (9 January—29 March), brood guard (2 March—18 April), and postguard (5 April—18 August) periods, so the overlap index values can be compared
among sites but not among breeding stages.
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Portugal; SHN, Saint Helena; Ascension and Tristan da Cunha; URY, Uruguay; VUT, Vanuatu).

Basin, and shelf break of the Patagonian Shelf, only those
from Prion Island frequently traveled east of South Georgia
to as far as the Mid-Atlantic Ridge and South America-
Antarctic Ridge, and only those from Bird Island to the
Antarctic Peninsula and southeast Pacific Ocean. The spatial
segregation had major implications for overlap with fisheries
and, hence, potentially bycatch risk, population dynamics, and
conservation.

It is important in general to understand spatial segrega-
tion between colonies because tracking studies are subject to
financial and logistical constraints. Thus, information about
distribution from one site is frequently used to make infer-
ences about that species in the entire island group. However,
the assumption that foraging distributions are homogenous
could bias conclusions about relative risk from at-sea threats
and lead to suboptimal allocation of resources for monitor-
ing or management. To our knowledge, ours is the first study
to show that spatial segregation and differing fisheries over-
lap between closely situated colonies of a wide-ranging seabird
are the most probable drivers of contrasting population trends.

Additional discussion about the potential mechanisms driving
spatial segregation is in Appendix S16.

Competition

Spatial segregation in the foraging distribution of birds from
different colonies may be a tesponse to density-dependent com-
petition in central-place foragers (Bolton et al., 2019; Wakefield
et al.,, 2013; Wakefield et al., 2017). We found high overlap on
the Patagonian Shelf break, near the limit of the foraging range
of birds from both colonies, which is consistent with the idea
that areas of high productivity farther from the colony enable
higher overlap. However, overlap along the North Scotia Arc
and the Burdwood bank was also high, suggesting that mecha-
nisms other than density-dependent competition are involved.
Indeed, density-dependent competition does not explain why
only birds breeding on Prion Island traveled east and only birds
breeding at Bird Island traveled to the Antarctic Peninsula and
farther west to feed.
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Influence of wind

Trip metrics were similar at the 2 colonies, suggesting that the
differences in foraging distributions were not a consequence of
habitat accessibility or energetics. However, the observed spa-
tial segregation could be a consequence of wind conditions
because wind strength and direction affect the flight and for-
aging behavior of many pelagic seabirds (Spear & Ainley, 1997;
Ventura et al., 2020; Weimerskirch et al., 2000) and can influence
the bearing of departure of birds from the colony (Clay et al.,
2023; Grémillet et al., 2004). However, wandering albatrosses
from both sites experienced predominantly southwesterly winds
of similar strength at the time of departure; thus, it is unlikely
that the observed spatial segregation is a result of variation in
localized wind conditions at the colony.

Habitat specialization

Habitat specialization has the potential to drive spatial segrega-
tion if the preference for different habitat characteristics leads
to foraging in different locations. Our habitat models identi-
fied very similar habitat preferences, indicative of areas of high
productivity, for birds breeding at Prion Island and Bird Island
(Scales et al., 2016; Wakefield et al., 2011; Warwick-Evans et al.,
2021). Our models indicated that in areas where segregation
was observed, both east and west of South Georgia habitat
characteristics were suitable for birds from both colonies. It
was not clear why these were visited by individuals from just
1 colony. Regardless, given that habitat preferences for birds
from both colonies are very similar, there is little indication that
habitat specialization drives spatial segregation within this island

group.

Information sharing, memory, and cultural
evolution

In the absence of a convincing alternative, another explanation
for spatial segregation is social learning and past experiences of
each individual because information exchanged at the colony
may result in the cultural evolution of foraging patterns (Mori-
nay et al., 2023; Wakefield et al., 2013). Indeed, one of the
benefits of colonial breeding is the transfer of information
among individuals, which may facilitate group foraging (Grémil-
let et al., 2004; Sutton et al., 2017; Wakefield et al., 2013;
Weimerskirch et al., 2010). Alternatively, memorized personal
information alone may lead to spatial segregation between
colonies, independent of the transfer of social information
(Aarts et al., 2021). However, that seems less likely in our study
because many wandering albatrosses remain in the southwest
Atlantic from fledging until they first return to the colony, when
they feed over very large areas that potentially encompass most
or all of those used by breeding adults from both Bird Island and
Prion Island. As such, it is not clear why birds from Bird Island
would not continue to use the habitat east of South Georgia

even after recruitment. Instead, we suggest that cultural for-
aging patterns may have emerged that differed between the 2
populations. Young, naive birds follow more experienced adults
in other species (Bolton et al., 2019; Votier et al. 2011; Ward and
Zahavi 1973). The recruitment process takes several years, with
individual wandering albatrosses artiving eatlier and spending
increasing time at the colony until they breed for the first time
(Pickering 1989). It is, therefore, possible that in those formative
years, when immatures are constrained to forage from a central
place, they develop a more restricted range, potentially following
established breeders to areas specific to that colony. Although
this remains speculative in the absence of further study, it is
perhaps the most plausible explanation for the segregation of
foraging areas that we observed.

Overlap with fisheries

The spatial segregation we observed affected potential fish-
eries bycatch risk, given the higher overlap of birds from Bird
Island than those from Prion Island, with almost all fishing
types during all breeding stages. As such, relative bycatch rate
is likely to be a key driver of the contrasting population trends,
although other factors may also be involved. Variability in rates
of decline between seabird populations can be due to differ-
ences in resource availability or quality, competition, disease,
chick or egg predation at the colony, prey availability, or threats
encountered during the nonbreeding period or other life-history
stages (Bogdanova et al., 2017; Frederiksen et al., 2005; Kitaysky
et al., 2010; Lewis et al., 2006). However, most of these seem
unlikely to apply. One might expect that differences in resources
or competition at sea would affect foraging success during the
breeding season, yet there were no differences in trip summary
statistics, such as trip duration, which may increase when forag-
ing efficiency is low (Chivers et al., 2012; Lorentsen et al., 2019).
Nor are there any land-based predators at Bird Island or Prion
Island. Variability in prey availability and threats encountered
duting the nonbreeding season may be contributing to popula-
tion declines and watrant further investigation (Clay et al., 2019;
Whitehouse et al., 2012). Regardless, the clear contrast between
the 2 sites in relative overlap with fisheries during the breeding
season seems highly likely to be one of the main drivers of varia-
tion in rates of population decline, given that bycatch in fisheries
is one of the most serious threats to this species and to pelagic
seabirds in general (Pardo et al., 2017; Phillips et al., 2016; Tuck
et al., 2003).

Opverlap with fisheries was higher during incubation and post-
guard periods for both Bird Island and Prion Island. During
these periods, foraging trips were longer and birds traveled from
the South Georgia Shelf west to the Burdwood Bank, Patago-
nian shelf break, and pelagic waters farther offshore, including
around the Subtropical Convergence. These areas of greatest
overlap were consistent with many previous studies showing
high albatross-fisheries overlap on the Patagonian Shelf and the
Brazil-Falklands confluence (Carneiro et al. 2022b; Clay et al.,
2019; Jiménez et al., 2014).
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The highest overlap for wandering albatrosses from Prion
Island and Bird Island was with Chinese squid jiggers, Argen-
tinian trawlers, and South Korean set (demersal) longliners.
Wandering albatrosses encounter and visit all of these vessel
types (Carneiro et al. 2022b), but apparently they are not fre-
quent bycatch of trawlers and squid jiggers based on available
observer data (Adasme et al., 2019; FIG, 2021; Reid et al., 2021).
Bycatch rates on demersal longliners on the Patagonian Shelf
also seem to be low (Favero et al., 2013), but their high suscep-
tibility in demersal fisheries elsewhere prior to the adoption of
effective bycatch mitigation indicates that the risk is not triv-
ial (Collins et al., 2021). Bycatch rates of wandering albatrosses
are highest in drifting (pelagic) longline fisheries because birds
attempting to feed on the baited hooks are caught and drowned
(Jiménez et al., 2014, 2016). We found that overlap with drifting
(pelagic) longlines was low in comparison with other gear types,
although during the postguard period, birds from both breed-
ing sites overlapped with the fleets of Brazil, China, and Taiwan.
Results of previous studies show low overlap and encounter
rates of wandering albatrosses with drifting (pelagic) longliners,
particularly during austral summer (Clay et al., 2019; Carneiro
et al. 2022b), but authors conclude that although these inter-
actions may be infrequent, the risk during encounters must
be considerably higher than those posed by other vessel types
to result in high observed bycatch rates (Jiménez et al., 2014,
2010).

Implementing mitigation measures, including bird-scaring
lines, night setting, and heavier line-weighting, can greatly
reduce seabird bycatch rates in demersal and pelagic longline
fisheries (Collins et al., 2021; Da Rocha et al., 2021; Phillips et al.,
2016). The Agreement for the Conservation of Albatrosses and
Petrels (ACAP) advises that the simultaneous use of 3 miti-
gation measures is best practice in mitigating seabird bycatch
(ACAP, 2024). However, mitigation requirements within Exclu-
sive Economic Zones (EEZs) are set and enforced by the
relevant territory and in the high seas by Regional Fisheries
Management Organisations (RFMOs). Differences in mitiga-
tion requirements and the monitoring of compliance between
RFMOs and other bodies will affect bycatch rates, particu-
larly because compliance with conservation measutres is low in
the absence of observers (Gilman, 2011). For example, in the
southwestern Atlantic Ocean, the pelagic longline fisheries are
regulated by the International Commission for the Conserva-
tion of Atlantic Tunas (ICCAT), which requires 2 mitigation
measures in waters south of 25 S and 1 measure between 20"
S and 25" S. Observer coverage in the ICAAT fleets is <5% of
the fishing effort (Jiménez et al., 2020), and bycatch rates remain
relatively high. In contrast, the Committee for the Conserva-
tion of Antarctic Marine living resources (CCAMLR), which
regulates demersal longline fishing around subantarctic islands
(including South Georgia) and in the Ross Sea, requires multi-
ple mitigation measures, including night setting, line weighting,
streamer lines, thawed bait, bird exclusion devices, ban on offal
discharge during fishing activity, seasonal closures, and 100%
observer coverage (Collins et al., 2021). This has led to a virtual
elimination of seabird bycatch in the South Georgia fishery for
Patagonian toothfish (Dissostichus eleginoides) (Collins et al., 2021).

However, the continued population declines of albatrosses at
South Georgia indicate that bycatch mitigation measures in
areas of overlap with fisheries away from South Georgia are
inadequate (Clay et al., 2019; Jiménez et al., 2014; Pardo et al.,
2017).

Although ICAAT and CCAMLR regulate the pelagic long-
line fishery in areas beyond national jurisdiction (ABN]) and
the demersal longline and pelagic trawl fisheries south of the
Antarctic Polar Front, respectively, within the foraging range
of wandering albatrosses breeding at South Georgia, currently,
no RFMO regulates the other demersal fisheries in this region
(Bell et al., 2019). However, the ovetlap of wandering alba-
trosses from both our study sites with trawlers and demersal
(set) longliners on the Patagonian Shelf outside the EEZs of
Argentina and the Falkland Islands was high. Even though these
vessels are, in theory, under the jurisdiction of their flag states,
the lack of an RFMO makes it unlikely that bycatch mitigation
measures are in use or that observers are on board to moni-
tor seabird bycatch, at least for the distant-water fleets. As such,
bycatch rates in these demersal (set) longline and trawl fisheries
in ABNJs remain unknown but could include large numbers of
wandering albatrosses from South Georgia. Similatly, although
national fisheries bodies regulate fishing within their EEZs, mit-
igation requirements are highly variable (Baker et al., 2024).
For example, trawlers operating in Argentina are only required
to implement 1 mitigation measure, whereas pelagic longliners
operating in the Brazilian EEZ, in theory, must implement 3
measures (Baker et al., 2024).

Many artisanal and small inshore fishing vessels operating
within the Brazilian EEZ do not have AIS (Bugoni et al.,
2008). We are mindful that the Global Fishing Watch (GFW)
dataset does not encompass all fishing activity in some regions
where satellite coverage is poor, small vessels (and some large
vessels) lack AIS, and some operators disable AIS. In these situ-
ations, illegal, unreported, and unregulated fishing is, therefore,
excluded (Carneiro et al. 2022b; Frankish et al., 2020; Orben
et al., 2021). However, GFW provides the most comprehensive
data on fishing effort available in our study area for recent years,
and it is likely that any biases would be similar for birds from
both colonies.

The overlap index provides a measure of time spent in areas
where fisheries operate, but is not a direct measure of bycatch
rates. Individual birds may respond differently to vessels (attrac-
tion or avoidance behavior [Collet et al., 2017]), and not all
wandering albatrosses switch to scavenging when encountering
avessel (Carneiro et al. 2022b). Nevertheless, although bird cap-
ture rates vary extensively between vessels and fleets (Jiménez
et al,, 2014), regions of high seabird-vessel ovetlap tend to cor-
respond well with documented bycatch rates (Clay et al., 2019;
Jiménez et al., 2016).

Implications for management
By improving understanding of the distributions of wandering

albatrosses from different colonies, and consequently the risks
from different fishing fleets, management efforts can be better
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focused for this ACAP high-priotity population. This includes
an urgent need to regulate fisheries in currently unregulated
areas, in addition to improving mitigation and observer cover-
age within EEZs and RFMOs. Tougher mitigation requirements
require engagement with REMOs, fisheries operators, and crew
from relevant nations to ensure mandatory implementation
of best-practice seabird bycatch mitigation and monitoring of
compliance (Clay et al., 2019; Phillips, 2013).
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