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1. Introduction

Migratory species encounter multiple threats as they move through
and occupy distinct habitats (Bairlein, 2016). Assessing the severity of
interacting threats complicates quantifying the cumulative impact, yet is
critical for management and conservation (Mahon et al., 2019). Man-
aging threats to migratory animals can become even more complex in
species with metapopulation structure (Schnell et al., 2013) when
discrete populations share similar environments during some parts of
their lifecycle but not others (e.g., specific links between breeding and
foraging areas). In these cases, holistic management requires under-
standing how individuals from discrete populations experience threats
across habitats (Rushing et al., 2016).

Quantifying the impact of distinct and cumulative threats is a major
challenge in marine systems, especially for species that return to specific
breeding grounds, but range widely while foraging. Seabirds are a
classic example: many seabirds encounter invasive species, sea-level
rise, and disease on breeding islands, yet they also face fisheries
bycatch, marine heat waves, and plastic pollution at sea where they
forage (Dias et al.,, 2019). In addition, seabirds often have meta-
population structures, with populations made up of individuals return-
ing to specific colonies to breed (Kersten et al., 2021). Long-lived
seabirds, who are slow to reproduce and have low reproductive
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output, are particularly sensitive to anthropogenic impacts (Tuck et al.,
2015).

Evaluating at-sea threats for seabirds, particularly at the subpopu-
lation level, is a challenge for resource managers due to the widespread
and diffuse foraging strategies. Mark-recapture banding studies have
linked a small number of at-sea mortalities back to subpopulations
(Nevins et al., 2009), and satellite or GPS tagging studies can illustrate
how different foraging grounds result in differential exposure to at-sea
threats (Corbeau et al., 2021). However, neither method measures
direct impacts of at-sea threats to different populations.

Genetic stock identification (GSI) is one approach to study the
movement of populations (e.g., Ruegg et al., 2021). Frequently used in
management of Pacific salmon, GSI has also been applied to other
commercially targeted and bycatch fish species (Hasselman et al., 2016),
but is rarely used in studies of seabird conservation (but see Abbott et al.,
2006; Baetscher et al., 2022; Walsh and Edwards, 2005). GSI was pre-
viously considered a tool primarily for populations with substantial
genetic structure, but multiple studies over the last decade have
demonstrated that high-resolution markers identified with genomic
techniques can substantially improve assignment accuracy (McKinney
et al., 2020). With these advances, GSI should be considered a valuable
conservation tool for linking threats across habitats to specific sub-
populations in taxa such as seabirds.
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We demonstrate the utility of GSI for connecting at-sea threats to
specific colonies in a seabird species of conservation concern, the black-
footed albatross (BFAL, Phoebastria nigripes). BFAL are slow-
reproducing, long-lived seabirds that forage throughout the North Pa-
cific and breed on nine low-lying islands in the Northwestern Hawaiian
Islands and on three islands in Japan (Arata et al., 2009). Breeding
colonies are separated by large distances, corresponding to meta-
population structure, with individuals typically returning to breed on
the same colony with their long-term mates (Rice and Kenyon, 1962).
Several studies identified genetic differentiation between Hawaiian and
Japanese colonies (Walsh and Edwards, 2005; Dierickx et al., 2015), but
little genetic differentiation among Hawaiian colonies, which make up
97% of the breeding population, has been documented (but see recent
whole-genome data from Huynh et al., 2023).

BFAL bycatch has been documented in U.S. fisheries since the 1970s,
with the highest rates in the 1990s (Arata et al., 2009) followed by
reduced catch in the 2000s after seabird mitigation was required,
including tori-lines in longline fleets north of 23°N, which reduced BFAL
bycatch by an order of magnitude (Fich et al., 2016; Gilman et al.,
2008). However, monitoring and enforcement of seabird mitigation in
regional fishery management organizations and international fleets is
minimal. Bycatch is the largest source of mortality for the species (Arata
et al., 2009), and has likely limited population growth of the species for
decades (Bakker et al., 2018).

In this study, we conduct GSI with high resolution markers identified
from low-coverage whole genome sequencing (IcWGS) to link BFAL
caught and collected as bycatch in U.S. federally-managed fisheries to
six breeding colonies in Japan and the Northwestern Hawaiian Islands.
These six breeding colonies comprise 82% of the total breeding popu-
lation. We also use the IcWGS data to examine population structure and
genetic differentiation across the colonies. GSI allows us to directly
connect at-sea mortalities to colonies. Through this approach, we
investigate whether specific colonies are disproportionately impacted by
bycatch relative to population size, and how spatially-explicit bycatch
interactions may differ by colony. Based on these results, we recommend
specific conservation actions that incorporate connectivity of BFAL
populations across their habitats.
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2. Methods
2.1. Genetic baseline collection and sequencing data

Samples from 6 BFAL breeding colonies in the Northwestern Ha-
waiian Islands and Japan were prepared for IcWGS to identify fine-scale
population genetic structure and targeted genetic markers for popula-
tion assignment (Fig. 1). For baseline representation from each colony,
we obtained a total of 137 samples with the following numbers of
samples per colony: Kure (Holaniku, 23), Midway (Kuaihelani, 23),
Laysan (Kamole, 8), Tern (30) and Whale-Skate (3) in the French Frigate
Shoals (FFS, Lalo), Lehua (2), and Torishima (48). Samples consisted of
either blood preserved in Queen’s lysis buffer, blood on filter paper, or
tissue samples from birds of known provenance from existing collections
and from birds banded at their breeding colony and later sampled as
fisheries bycatch (SI Table S1).

Information on DNA extraction, whole genome library preparation,
and analysis of whole genome data to generate genotype likelihoods can
be found in SI. These data were used to identify genetic differentiation
among breeding colonies using the fixation index (Fgr), which ranges
from 0-1, from no genetic differentiation (Fsy = 0) to highly differen-
tiated populations that share no genetic diversity (Fsy = 1).

2.2. Fisheries sample collection

BFAL bycatch in this study were collected by observers in the Na-
tional Oceanic and Atmospheric Administration (NOAA) North Pacific,
Pacific Islands Region, and At-Sea Hake Observer Programs between
2005 and 2022 (SI Fig. S1). The North Pacific Observer Program mon-
itors groundfish and halibut fisheries operating in the Alaska Exclusive
Economic Zone (EEZ). These fisheries use multiple gear types (longline,
pot, trawl, and jig). Observer coverage varies by vessel and participa-
tion, and limited access programs (SI Table S2). The Pacific Islands
Region Observer Program monitors deep- and shallow-set longline
fisheries operating in U.S. and international waters around the Hawaiian
Islands. The At-Sea Hake Observer Program (A-SHOP) monitors the at-
sea Pacific hake (Merluccius productus) trawl fishery operating off of
the U.S. west coast (with most effort occurring from 42-48°N). These
fisheries represent three of the four NOAA observer programs that
regularly interact with BFAL (the West Coast Groundfish Observer
Program is not included in this study). From 2005-2022, observers on
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Fig. 1. Location of seven breeding colonies from which samples were obtained for IcWGS: Torishima (Japan), and Kure, Midway, Laysan, Tern, Whale-Skate, and
Lehua in the Northwestern Hawaiian Islands. Tern and Whale-Skate Islands are part of the FFS.
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vessels collected between 1-127 BFAL each year for necropsy (SI Table
S4). North Pacific Groundfish and A-SHOP observers were asked to
collect all dead BFAL. Hawai'i longline observers were requested to
collect all banded BFAL and the first dead unbanded BFAL of each cruise.

During necropsies, we sampled 1 mL of pectoral muscle and stored
samples at -20 °C. Collection data for BFAL was provided by researchers
from the NOAA Observer Programs and Science Centers.

We sampled 855 BFAL for this study (151 banded birds and 704
without bands; SI Table S4). The majority of birds came from the Hawai'i
deep-set fishery. Together with birds from the shallow-set longline
fishery and unknown set-type, Hawai'i was the source for 79% of our
samples. North Pacific Groundfish fisheries in Alaska made up almost
18% of BFAL samples and 3% of the birds came from the At-Sea Hake
Trawl Fishery on the west coast. Bycatch estimates for this fishery are
typically lumped with other West Coast Groundfish fisheries. Due to
logistical difficulty of retrieving and storing BFAL specimens at sea,
observers from all regions were unable to collect 100% of observed
bycatch. For fisheries with <100% observer coverage, fishery managers
use observed bycatch rates to calculate estimated bycatch across
observed and unobserved vessels (see SI Table S2 and S4).

2.3. GSI marker design and genotyping

To assign bycatch samples to breeding colonies, we designed a set of
genetic markers to identify samples from the baseline colonies using an
amplicon-sequencing protocol (GT-seq; Campbell et al., 2015; full de-
tails in SI). From the 1cWGS data, we selected and designed primers to
target 344 genomic regions containing single nucleotide polymorphisms
(SNPs) with elevated allele frequency differences between pairs of col-
onies. We tested the primer sets in a single multiplex PCR reaction and
retained 168 for genotyping (details in SI). For GSI, we combined sam-
ples for Whale-Skate and Tern Islands into a single genetic group for the
FFS based on the lack of genetic differentiation and geographic prox-
imity of these two colonies. We removed Lehua due to a small sample
size (only two individuals).

Using these 168 targeted genetic markers, we generated genotypes
for baseline (breeding colony) and bycatch samples. We sequenced all
samples across three lanes of a MiSeq instrument (Illumina) with 384
samples per lane. We analyzed sequencing data using the workflow
described in Baetscher et al. (2018, 2022), including calling micro-
haplotype alleles using the R package ‘microhaplot’ (Ng and Anderson,
2019) and then filtering for minimum read depth (10), minimum allele
balance (0.4), and missing data (<25%; details in SI).

Following initial genotype quality filters, we analyzed baseline ge-
notypes using the R package ‘rubias’ to evaluate the statistical power of
the 168 genetic markers for accurately identifying samples from each
population (Moran and Anderson, 2019; methods in SI). This evaluation
provides information about the confidence level for assignment accu-
racy of bycatch in this study and whether mis-assignments are more
likely to occur between a particular set of colonies.

2.4. GSI of individuals caught in fisheries and spatially-explicit
interactions

For GSI of bycatch, we analyzed genotypes from samples collected by
observers from 2010-2022, and assigned them to five genetic baseline
groups: FFS, Midway, Laysan, Kure, and Torishima. We constrained the
years to 2010-2022 to focus on years where observer coverage and
collection protocols were standardized within each fishery region. We
used the R package ‘rubias’ to perform assignment of unknown samples
to one or more baseline groups with the infer. mixture function using the
MCMC method, 2000 cycles, and 100 burn-in. We retained high prob-
ability genetic assignments with posterior values >0.9 and z-statistics
within 3.5 standard deviations in order to exclude bycatch that would
have originated at colonies not sampled as part of the baseline.

In addition to assigning samples through GSI, we also received 151
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bycatch samples from banded birds. Banding data allowed us to link the
birds back to the colonies where they were banded as chicks.

Following genetic assignment of bycatch, we assessed whether a
disproportionate amount of bycatch originated from any one of the
colonies in this study. We compared the proportion of bycatch per col-
ony to the proportion that each colony comprises of the total meta-
population for the colonies comprising the five genetic groups included
in genetic marker development, plus the populations of the unrepre-
sented colonies (Table 1, Fig. 2). We excluded all 124 banded bycatch
from Hawai'i fisheries from this analysis due to non-random retention of
banded bycatch (whereas Alaska and west coast fisheries retain all BFAL
bycatch). Generating population estimates for seabird colonies on
islands in the Pacific is notoriously difficult due to the remote and
inaccessible nature of many of the colonies. Because of this limitation,
we used population estimates spanning 1994-2005 (Arata et al., 2009).

Based on the assumption that the proportion of bycatch per colony
per fishery should be equivalent to the proportion of the total popula-
tion, we used goodness-of-fit tests (Gz) to evaluate whether the observed
proportions of bycatch by colony differed from the expected proportion
based on colony size. For Alaska and A-SHOP comparisons, we com-
bined birds with colony assignments from both GSI and banding data
since observers were instructed to collect all albatross. In the Hawai'i
fisheries, observers were instructed to collect all banded birds, plus the
first unbanded individual of each species caught. Since this collection
protocol could skew proportions towards colonies with high numbers of
banded individuals (FFS in particular), we excluded banded birds from
the Hawai'i fisheries comparison and only included birds assigned with
GSIL.

To evaluate which areas of the Pacific and Bering Sea had the highest
probability of bycatch on a per-colony basis, we linked colony assign-
ment and fisheries collection data for BFAL bycatch interactions.
Because the number of bycatch samples from the west coast of the U.S.
was small (n = 24), spatial analyses included just data from the Hawai'i
and Alaska regions. For individuals with GSI or band assignments and
available spatial data, we calculated 50% and 90% utilization distribu-
tions (UDs) using the adehabitatHR package in R (Calenge, 2006), and
mapped the UDs by colony. UDs are probability density distributions
that define the spatial occupancy of an animal (Worton, 1989). Although
typically used with tracking data, our application uses the point loca-
tions of bycatch birds to generate UDs for each breeding colony based on
GSI and band assignments. This spatial analysis allowed us to link at-sea
threats back to colonies and inform resource managers about how the
distribution of fishing effort differentially impacts discrete colonies.

3. Results
3.1. Genetic baseline collection and sequencing data

From the 1cWGS, 4.7 billion sequences were generated for the 137
albatross samples. Sequencing coverage ranged from 0.58-5.2x (mean:
2.6, sd: 1.07). Samples with <1x coverage were removed from analyses,
which eliminated seven samples across three colonies: Kure (5), Tor-
ishima (1), and Midway (1). From the remaining 130 samples, we were
able to identify a total of nearly 2.3 million SNPs with a minor allele
frequency > 0.05 and present in a minimum of 85 samples across the
3397 scaffolds in the reference genome assembly.

Both Fgr values and a principal components analysis (PCA) showed
clear population differentiation between Torishima and the Hawaiian
colonies (SI Table S3, SI Fig. S2). Across the Northwestern Hawaiian
colonies, genetic differentiation was very low, with Fgr values ranging
from 0.006-0.013 (SI Table S3).

3.2. GSI marker design and genotyping

We genotyped 855 fisheries samples (bycatch, including banded
birds) and an additional 92 reference samples with the targeted genetic
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Table 1

The estimated breeding population sizes by colony (Arata et al., 2009) compared to the bycatch for birds caught between 2010-2022, and assigned using GSI and band data to each colony (Alaska and A-SHOP), or via GSI

alone (Hawai'i). Goodness-of-fit (G?) tests compare bycatch percentages against expected population percentages (except for A-SHOP data due to small sample sizes). Significant p-values are in bold.

A-SHOP

Hawai'i (GSI only)

Alaska

% Total Pop. All fisheries

Pop. Est.

Colony

% bycatch n assigned % bycatch G*(1) p-value n assigned % bycatch G*(1) p-value n assigned % bycatch

n assigned

0
2
0

0.2094

1.5755

21

<0.0001
<0.0001
<0.0001
<0.0001
0.0033

25.8183

13

18

39
56

3

4040

Kure Atoll

<0.0001
<0.0001
<0.0001
<0.0001

199.4658
438.7843
783.3777
24.5808

46
0

70.6842
116.5615
281.1138
8.6504

35

43,658
42,012

8518

Midway Atoll

34
7
3

Laysan Island

75

18
0

60

315
1

61 87 61

420

French Frigate Shoals
Torishima (Izu Shoto)

3120

18

22,014

Other Colonies (Japan and U.S.)
Unassigned by GSI

Total

17

4

27 750.3683 <0.0001

145
528

26 29 20 0.5461 0.4599

178
694

24

142

123,362
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markers for GSI. This dataset included 437 alleles across 168 loci. Of 947
genotyped samples, 40 bycatch and eight reference samples had >25%
missing data and were removed from further analyses. The reference
evaluation included the remaining 126 samples. Excluded from the GSI
baseline were two Lehua samples, which by themselves constituted too
small of a sample size for a GSI baseline, and one Laysan Island indi-
vidual, which was removed because of an ambiguous genotype that
suggested it might have hybrid ancestry with Laysan Albatross. The
remaining 126 baseline samples were used for generating allele fre-
quency estimates per-population. Baseline populations included 7-46
samples per group (SI Table S1).

Results from the leave-one-out baseline assessment showed that the
genetic markers were effective for assigning simulated genotypes to the
correct population. Using a 90% likelihood threshold, for all reporting
units, correct assignments were >88% for all populations, with specific
accuracy as follows: Torishima (100%), FFS (99.9%), Midway (99%),
Laysan (98.9%), and Kure (88.7%). Misassignments included simulated
Kure genotypes assigned to FFS (6.5%) or Midway (4.8%) instead, and
1% of simulated genotypes misassigned between Midway and Kure, and
Laysan and Midway (SI Fig. S3).

3.3. GSI of individuals caught in fisheries and spatially-explicit
interactions

The GSI analysis included 771 bycatch samples (banded birds that
were part of the reference baseline were excluded from GSI). Of these,
590 could be assigned to a single colony with >90% likelihood. Samples
that did not attain this threshold were assigned at lower probabilities to
FFS (93 samples), Kure (40 samples), and Midway (31 samples; SI Table
S5). Nine samples in the GSI analysis were > 3.5 standard deviations
away from the mean allele frequencies for their assignment group (z-
score outliers), indicating that they are most likely from colonies not
included as part of the baseline. One of these outliers was a banded bird
from Laysan Island, while the others were not banded and removed from
further analyses.

In addition to samples assigned through GSI, 151 bycatch samples
were from banded birds (see methods). After filtering for incomplete
banding data and redundancy between GSI and band assignments, we
had a total of 666 samples assigned through either GSI or bands across
all years included in the study. For estimating population- and colony-
level impacts of fisheries bycatch, we limited samples to collections
from 2010-2022 and removed banded birds from Hawai'i (see methods),
which resulted in 516 samples (Table 1, Fig. 2). We were unable to
assign 178 birds collected from 2010-2022 (Table 1). For spatial ana-
lyses and UDs, we used this same dataset, further reduced to the 495
bycatch samples for which we had geographic collection information
available (Fig. 3).

Three breeding colonies had sufficient bycatch sample sizes for
spatial analyses. Utilization distributions for FFS, Kure, and Midway
depicted primary areas of bycatch north/northwest of the Hawaiian
Islands and along the shelf break in the Gulf of Alaska (Fig. 3). Kure
includes the largest proportion of its 90% UD in the central and eastern
Gulf of Alaska, whereas the FFS 90% UD in the Gulf is farther west. For
FFS and Midway colonies, the 90% UD extends below 20° N. Bycatch
from Kure extends farthest to the west, and both FFS and Midway
encounter small hotspots of bycatch that include both 50% and 90% UD
along the west coast north of 40° N.

4. Discussion

Genetic stock identification of black-footed albatross bycatch in U.S.
fisheries revealed a disproportionate amount of bycatch from the FFS
relative to its population size, while Midway Atoll and Laysan Island
experienced relatively low levels of bycatch relative to their population
sizes. Although utilization distributions from bycatch locations indicate
that BFAL are caught across similar geographic areas within fishing
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Fig. 2. Proportion of BFAL by colony in the total metapopulation compared to bycatch assigned to each colony by fishery area (A). Percent difference between the
proportion of bycatch per breeding colony and the proportion of the total estimated metapopulation of BFAL at that colony (B). Colonies with negative percentages
are underrepresented in bycatch. These data represent 694 bycatch samples across all fisheries: 528 from Hawai'i and 142 from Alaska. Unassigned birds are
potentially from breeding colonies not included in the reference baseline and so the “Other” colonies are not represented in panel B. See Table 1 for percentages and

G2 tests.

areas, the disparity between bycatch and population size suggest that
BFAL from the large, western colonies (Kure and Midway Atolls, and
Laysan Island) may forage more heavily outside U.S. fishing areas. These
results indicate that albatross from one of the smaller BFAL breeding
colonies is more heavily impacted by U.S. fisheries and that coordinated
management of bycatch across fishery regions might be necessary to
protect the FFS population. More broadly, this study demonstrates the
ability to use marker-based GSI for populations with very low levels of
genetic differentiation, making this a viable and cost-effective conser-
vation tool for marine species regularly caught in fisheries.

4.1. Disproportionate bycatch in U.S. fisheries

Overall, we found disproportionate bycatch from specific colonies
across all fishery regions (Table 1, Fig. 2). The FFS made up 61-75% of
BFAL bycatch in both Alaska and Hawai'i fisheries, despite being only
7% of the total metapopulation (Fig. 2). BFAL from Kure Atoll were also
overrepresented in Alaska fisheries. Bycatch from Midway and Laysan
Islands was underrepresented across all fishery regions, making up
<10% of bycatch while comprising almost 70% of the global population
(Table 1, Fig. 2). Meanwhile, bycatch originating from Torishima was

underrepresented compared to colony size, although this pattern is
potentially unsurprising given the location of Torishima in the Western
Pacific, far from U.S.-based fisheries.

The prevalence of FFS BFAL is particularly concerning given that the
island complex is predicted to lose 12% of terrestrial habitat to sea level
rise by 2100 (Reynolds et al., 2016). BFAL colonies on two islands in the
FFS complex, East and Whale-Skate Islands, were lost in the last 20 years
due to erosion and over-topping by storm swells. The largest island in
the complex and the primary source of bycatch in this study, Tern Island,
was enlarged by the U.S. Navy but is eroding due to lack of infrastructure
maintenance after a damaging microburst storm in 2018 (Baker et al.,
2020).

4.2. Spatial bycatch trends and colonies

Albatross rely on wind currents to access foraging areas thousands of
kilometers from their breeding colonies (Thorne et al., 2016) in pro-
ductive regions, such as the California Current and the Transition Zone
Chlorophyll Front in the North Pacific (Hyrenbach et al., 2021). Bycatch
UDs from this study show how BFAL foraging ecology intersects with U.
S. fishing fleets, and suggests that the proximity of individual breeding
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Fig. 3. Utilization distributions (UD) for fisheries bycatch from three of the BFAL colonies based on genetic stock identification and location information from
banded birds. Samples sizes are as follows: FFS (400), Kure (39), Midway (56). Data are from 495 BFAL bycatch collected between 2010-2022 from fisheries in
Alaska, Hawai'i, and the west coast. The 90% and 50% UD represent the probability density distribution for bycatch from the colony indicated.

colonies to different wind currents (and thus to foraging grounds) may
influence the amount of bycatch from specific colonies.

The distribution of FFS bycatch matches tracking studies that show
consistent use of areas north of the main Hawaiian Islands by BFAL from
Tern Island. The core FFS bycatch area (50% UD) at 20-31°N overlaps
with this tracking data (Gutowsky et al., 2015; Fig. 3) and includes an
area south of 23°N where no seabird bycatch mitigation is required
(NOAA, 2023; IATTC, 2023). Additionally, tracking data show FFS BFAL
using winds in the California Current to access the Pacific Northwest
during July and August (overlapping with A-SHOP) and Gulf of Alaska
mid-October to mid-December (Gutowsky et al., 2015). These spatial
patterns are evident in the FFS bycatch UDs in our dataset (Fig. 3).
Whereas the Alaska and U.S. west coast core bycatch areas are within
the U.S. EEZ, the 50% UD north of Hawai'i is partly located in interna-
tional waters, and overlaps with Vanuatu and Taiwanese longline fleets
(GFW, 2023). International fleets represent a source of uncertainty for
BFAL bycatch since no samples from non-U.S. fisheries were obtained for
this study and observer coverage and/or reporting is often low.

North Pacific Groundfish fisheries in Alaska had a disproportionately
high number of BFAL originating from Kure Atoll, one of the western-
most colonies (Table 1; Fig. 2). Our spatial data are the first evidence
that Kure BFAL use waters around the Aleutians, Gulf of Alaska, and
areas north of the main Hawaiian Islands (Fig. 3). Tracking studies from
Midway Atoll, ~50 miles east of Kure, show BFAL use the Western Pa-
cific with hotspots around the Aleutian Islands and Bering Sea (Fischer
et al., 2009). BFAL from Midway use the Kuroshio Current to access the
North Pacific Current below the Aleutian Islands and presumably Kure
Atoll BFAL would use similar migration routes, although the low
numbers of Midway BFAL in our Alaska fisheries samples might indicate
differences in foraging distributions among birds from these two
colonies.

4.3. Non-U.S. sources of bycatch

Tracking data for BFAL from Midway Atoll, Tern Island, and Kure
Atoll show that these birds also frequently use waters not fished by U.S.
fleets (Gutowsky et al., 2015; Thorne et al., 2016; Hyrenbach et al.,
2021). International fleets (both regulated and IUU [illegal, unreported
and/or unregulated]) present additional at-sea threats for BFAL from the
colonies in this study. BFAL from colonies under-represented as bycatch
in U.S. fisheries could be foraging more heavily in areas targeted by

international vessels. For example, birds from all colonies likely interact
with non-U.S. longline tuna fleets in the Western and Central Pacific
Fisheries Commission convention area, which reports annual BFAL
bycatch of 35-175 birds with an observer coverage rate of 1.7-3.8%
(2013-2019, WCPFC, 2020). Western BFAL colonies, including Kure and
Midway Atolls, and Torishima also likely encounter Japanese and
Russian trawl fleets, which do not actively report and/or monitor
seabird bycatch (Arata et al., 2009; Phillips et al., 2024).

Birds from BFAL colonies farther east in the Northwestern Hawaiian
Islands, such as FFS, also likely experience mortality in non-U.S. fleets in
the Eastern Pacific. BFAL bycatch has been reported by the Inter-
American Tropical Tuna Commission (IATTC, 2023) and in Canadian
longline fisheries in British Columbia (Fox et al., 2021). Thus, although
international fleets might be impacting some of the colonies under-
represented in U.S. fisheries bycatch, unreported bycatch is likely
impacting all colonies to some extent. Moreover, the cumulative impact
of bycatch on small eastern colonies, such as FFS, could lead to sup-
pressed breeding populations and loss of adaptive and genetic diversity.

4.4. Genetic considerations

Whole-genome data for each of the breeding colonies indicated low
genetic differentiation, with the largest Fgr values between the North-
west Hawaiian island colonies and Torishima, consistent with prior
studies (SI Table S3; Ando et al., 2014; Dierickx et al., 2015; Walsh and
Edwards, 2005). Among the Hawai'i colonies, very low population
structure (pairwise Fst = 0.006-0.013) suggests ongoing gene flow and/
or relatively recent population divergence, consistent with the highly
admixed mitochondrial genomes for the small number of individuals
from Tern and Midway in Huynh et al. (2023). North Pacific albatrosses
have experienced large fluctuations in population size, including
expansion during the Last Glacial Period followed by population
contraction as the climate changed, sea-level rose, and breeding habitat
was reduced (Huynh et al., 2023). Additionally, feather hunting in the
late-19th and early-20th century removed well-over one million birds
from the Northwestern Hawaiian Islands, including >150,000 from
Laysan Island in a single year and >1 million birds from Midway in 1910
(Spennemann, 1998). These population fluctuations coincide with a loss
of genetic diversity in the species (Dierickx et al., 2015; Huynh et al.,
2023), potentially reducing the evolutionary potential to adapt under
changing conditions.
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Despite low levels of differentiation, the targeted genetic markers in
this study provided the first opportunity to assign BFAL bycatch from U.
S. fisheries to individual breeding populations. We excluded lower
confidence genetic assignments (~20% of samples; Table 1) to ensure
that inferences about fisheries bycatch and spatial distributions used
only those samples with high probability-of-assignment (>0.9). Notably,
bycatch samples assigned to Laysan Island using GSI were outside the
threshold for confident assignment. This was also true for one banded
Laysan bird used for the baseline and evaluated by self-assignment. On
Laysan Island, BFAL can hybridize with Laysan Albatross, generating
offspring with intermediate plumage coloration (McKee and Pyle,
2002). Although hybrids are uncommon, hybridization could result in
introgression of Laysan Albatross into the BFAL population, which might
result in underestimating bycatch from Laysan Island. Yet even if Laysan
bycatch were underestimated, only nine bycatch samples assigned to
Laysan were later excluded, indicating that the total proportion of
bycatch from Laysan is unlikely to be substantially higher than identi-
fied in this study and certainly not proportional to 34% of the total BFAL
population.

4.5. Conservation implications

Consistently over-represented BFAL colonies (FFS) in bycatch across
U.S. fisheries regions highlights the need for bycatch reduction and
coordinated management. Although BFAL is listed as near threatened
(IUCN, 2023), the species is not federally listed in the U.S. Bycatch is
managed regionally through multiple NOAA offices, but cumulative
bycatch across U.S. fisheries regions is not formally reported. Formal
coordination among NOAA offices to manage BFAL across its marine
distribution would allow for adaptive management of bycatch threats
such as changes in gear types and vessel-specific bycatch analysis
(Fitzgerald and Dolliver, 2023). While our genome-wide analysis sug-
gests the potential for gene flow among colonies - at least over longer
time scales - the regularity with which cross-colony emigration occurs is
uncertain. Characterizing both demographic connectivity and the
impact of international bycatch would allow for managers to evaluate
sustainable levels of bycatch from U.S. fisheries. Further, bycatch
management could be complemented by targeted conservation planning
with terrestrial managers that addresses disproportionate bycatch im-
pacts across habitats.

Our work highlights the use of GSI within well-monitored fisheries,
but internationally, addressing the threat of bycatch is challenged by a
lack of enforcement, difficulty implementing independent observer
programs, and limited transparency in many fleets (Dias et al., 2019;
Lewison et al., 2004; Phillips et al., 2016).

Our study shows the benefits of increasingly cost-effective and
efficient genetic technology and analysis methods that allow for greater
population-specific management of migratory species and more
effective use of large genomic datasets to improve population assign-
ment (e.g., DeSaix et al., 2023). Experts from a growing community of
academics, practitioners, and government agencies are applying these
approaches to a range of conservation scenarios. For migratory species,
such as seabirds, genetic tools give us the ability to link threats to
specific populations and create targeted and more effective conservation
measures.
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