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Abstract

This study reports on the use of electronic tag technology to better understand swordfish (Xiphias gladius) movements and stock
structure in the North Pacific (NP). Long-term movement data are presented in relation to historical and recently modified stock-structure
boundaries for swordfish tagged off California. Data show extensive movements across the eastern portion of the NP basin ranging
from the equatorial waters up to Vancouver Island, Canada and out to the Hawaiian Island Archipelago. In addition to traditional tag and
recapture information, high-resolution data on the seasonal movement patterns and migration routes were analyzed from 56 individuals
outfitted with dorsal-fin mounted Argos transmitters. Track data suggests that swordfish tagged off California generally departed on
offshore migrations toward the warmer subtropical spawning grounds during the winter and springtime before returning to west coast
foraging grounds during the summer and fall months. Seasonal offshore movements were typically directed either to the southeast
along the Baja California peninsula or toward the Hawaiian Islands on a west or southwest heading. Annual and multi-annual tracks
(<904 d) from swordfish tagged off California show that: (i) trans-equatorial movements are limited; (ii) movements are confined to
the area inside of the Northwest Hawaiian Islands (166°W); and (iii) some individuals exhibit seasonal site fidelity toward Southern
California foraging grounds. Tag data also show that swordfish regularly move across former management unit boundaries that were
previously used to designate NP stocks (Eastern Pacific Ocean and Western and Central North Pacific). Collectively, these data were
used to help refine the jurisdictional boundaries of NP swordfish by the International Scientific Committee Billfish Working Group in
2023. Given the importance of the swordfish resource to global economies, additional tagging data is needed to better determine stock

structure across the NP basin.
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Introduction

This work supports and expands upon previous electronic
tagging research on swordfish (Xiphias gladius) in the North
Pacific (NP). In this region, swordfish are managed by both
the International Scientific Committee for Tuna and Tuna-like
Species (ISC) and the Inter-American Tropical Tuna Commis-
sion, two regional fisheries management organizations that
work to manage shared pelagic resources in the Pacific. For
many highly migratory species (HMS), management struc-
ture and coordination continues to be shaped by several fac-
tors, including geo-political boundaries, fleet operational ar-
eas as well as international agreements (Evans et al. 2012,
Moore et al. 2020, Heidrich et al. 2022). Because the migra-
tion patterns of most HMS are often not fully understood,
it is not uncommon for stock designations to be derived en-
tirely from fishery dependent data sources (i.e. catch data,
biological reference points; Moore et al. 2020). Even when
sufficient tagging data are available, challenges associated
with incorporating electronic tagging data into modern day
stock assessments often results in its exclusion (Sippel et al.
2015).

Stock structure is a critical component of any manage-
ment or stock rebuilding plan (Begg et al. 1999). However,
defining stock structure can be complex given that species
often occur across different regions and habitats over the
course of their life cycle (Minte-Vera et al. 2024). For sword-
fish, a species that migrates extensively and spends signifi-

cant time on the high seas, it is challenging to generate stock-
structure hypotheses that are in complete alignment with nat-
ural population structure. Despite these challenges, multiple
stock-structure hypotheses have been proposed for swordfish
based on commercial fleet dynamics, catch data, and genetics
(Sakagawa and Bell 1980, Sosa-Nishizaki 1990, reviewed by
Alvarado-Bremer et al. 2004, Hinton and Alvarado-Bremer
2007). Based on existing hypotheses, NP swordfish have pri-
marily been managed using either a one or two-stock model
(ISC 2014). Until recently, the swordfish resource of the NP
has been managed under a two-stock hypothesis (Ichinokawa
and Brodziak 2010, ISC 2014). Under this hypothesis, the
two stocks were delineated based on a diagonal, stair-stepped
line that extends southwest from Baja California, Mexico
(30°N) to the Equator. The boundary for separating the West-
ern and Central North Pacific (WCNP) and Eastern Pacific
Ocean (EPO) stocks was largely based on catch data, fleet
operations, and biological reference points (Ichinokawa and
Brodziak 2010, ISC 2014, 2018).

Until 2023, movement and tagging data were not formally
considered in the designation or refinement of stock bound-
aries for swordfish in the NP (ISC 2008, 2011, 2018, Griffiths
et al. 2020). This was likely due to several factors, including:
(i) difficulties associated with estimating swordfish horizontal
position using light-based geolocation methodologies, (ii) the
lack of long-term horizontal movement studies for swordfish
in the region, and (iii) hurdles related to incorporating move-
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Table 1. Swordfish tagging study specifics modified from Sepulveda and Aalbers (2022) for NP tag deployments off California, Mexico, and Hawaii between

1977 and 2019, along with ongoing PIER research.

Number Number
Tagging study Study period tagged included Tagging area  Tag type Max. duration (days)
Abecassis et al. (2012) 2002-2008 28 28* SCB, HI PSAT 180
Carey and Robison (1981) 1977 5 0 BCS Acoustic 5
transmitter
Dewar et al. (2011) 2001-2006 24 16* SCB, HI PSAT 150
Holts et al. (1994) 1993 1 0 SCB Acoustic 1
transmitter
Sepulveda et al. (2010) 2005-2006 9 0 SCB PSAT 89
Sepulveda et al. (2018) 2012-2014 11 11 PLCA PSAT 150
Sepulveda et al. (2019a) 2012-2019 71 49+ SCB, PLCA PSAT, mrPAT, 703
DST, Argos
Sepulveda et al. ongoing 2011-2025 230 34 SCB DST 730
Sepulveda and Aalbers ongoing 2017-2025 74 56* SCB Argos 904

xDatasets from 8 PSATs reported in Dewar et al. (2011) were also incorporated into Abecassis et al. (2012) study, whereas data from DST recoveries (7 = 16)
and Argos transmitters (7 = 6) reported in Sepulveda et al. (2019a) were included under Sepulveda et al. ongoing (7 = 34) and Sepulveda and Aalbers ongoing
study (7 = 56), respectively. All tagged swordfish from Carey and Robison (1981), Holts et al. (1984), and Sepulveda et al. (2010) exhibited minimal horizontal
movements over limited time periods and were therefore not included. SCB, Southern California Bight; BCS, Baja California Sur; HI, Hawaii; PLCA, Pacific
Leatherback Conservation Area off Central California. PSAT, Pop-up satellite archival transmitter, mrPAT, Mark-report pop-up archival transmitter, DST, Cefas

Data storage tag, and Argos, Argos transmitters.

ment data into modeling packages (Dewar et al. 2011, Sippel
et al. 2015).

However, improved tag technologies and attachment meth-
ods have been developed and significant progress has been
made to better understand swordfish movements and distri-
bution in this region (Sepulveda et al. 2019a, Griffiths et al.
2020, Sepulveda and Aalbers 2022). More recent efforts have
focused on the use of dorsal fin-mounted Argos transmitters,
a tag technology that has yielded high-resolution horizon-
tal movement and habitat-use data for several pelagic species
(Holdsworth et al. 2009, Hammerschlag et al. 2011, Logan et
al. 2020). Because swordfish are known to occur near the sur-
face at night and occasionally bask with their dorsal fin out
of the water during the daytime, Argos transmitters can be
used to generate position estimates without the challenges as-
sociated with light-based geolocation data (Dewar et al. 2011,
Sepulveda et al. 2019a). Additionally, the dorsal fin provides a
robust attachment point and can result in extended tag reten-
tion periods, relative to other commonly used methods (Sepul-
veda et al. 2019a)

The recent development of the California deep-set fishery
for swordfish has increased access to healthy individuals for
tagging and fishery development research (Sepulveda et al.
20135, Sepulveda et al. 2018). Improved access and methods
have enhanced the quantity, scale and resolution of movement
data available for addressing questions related to stock struc-
ture, seasonal movement patterns and increasing gear selectiv-
ity (Sepulveda et al. 2019a, Griffiths et al. 2020, Sepulveda et
al. 2024). In this study, we discuss the application and utility
of dorsal-fin mounted Argos transmitters for tracking longer-
term swordfish migration patterns and present data that was
recently used to refine stock-structure estimates in the NP (ISC
2023a). In addition, this work brings together the collective
body of NP swordfish tagging data and discusses how move-
ment studies can improve our capacity to manage HMS.

Materials and methods

Tagging data sources

This work reports on location data derived from previously
published tagging studies in the NP (reviewed by Sepulveda

and Aalbers 2022) that were provided to the ISC billfish work-
ing group data preparation meeting in 2023 (ISC 2023a).
More recent movement data from the Pfleger Institute of En-
vironmental Research (PIER) are also presented, with tag de-
ployment specifics for all studies provided in Tables 1 and 2.
Although active Argos transmissions continue to be received
from multiple swordfish, this study reports on data received
through January 2025.

Swordfish capture and tag deployments

Swordfish tagged by PIER were primarily caught during ex-
perimental deep-set fishing trials, using gear configurations
and set protocols described previously (Sepulveda et al. 2014,
Sepulveda and Aalbers 2018, Sepulveda et al. 2024). Pop-up
satellite archival tags (PSAT) and mark-recapture tags (mr-
PATs; Wildlife Computers; Redmond, WA, USA) were im-
planted into the dorsal musculature of swordfish using either a
plastic umbrella anchor, a titanium dart head, or a white nylon
dart with two hinged flanges (Dewar et al. 2011, Abecassis et
al.2012, Sepulveda et al. 2019a, Table 1). All swordfish tagged
by PIER were also outfitted with data storage tags (DST; Cefas
Technology; Lowestoft, UK; 7 = 230), using a stainless-steel
applicator to insert a plastic umbrella anchor into the dor-
sal musculature, such that the anchor traversed the dorsal-fin
pterygiophores (Sepulveda et al. 2019a). Noticeably healthy
swordfish (i.e. no bleeding or hook damage) caught on deep-
set gear were outfitted with Argos transmitters (7 = 56) af-
fixed directly to the dorsal fin as described below and previ-
ously by Sepulveda et al. (2019a).

Dorsal-fin structure and tag attachment

Dissections of two swordfish dorsal fins (201 and 225 cm
LJFL) were conducted to examine the bony structure follow-
ing removal of all soft tissues. Dorsal-fin rays and all calcified
structures were isolated and measured to evaluate the most
suitable position for transmitter attachment (Fig. 1a). Based
on determination of the widest portion of the primary fin rays,
transmitters were positioned along the leading edge of the dor-
sal fin upon the 4th exposed fin-ray bundle. Depending on the
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Table 2. Tag deployment and performance statistics for 56 dorsal-fin mounted Argos transmitters affixed to swordfish captured off California from October
2017 to December 2024.

Track Total Mean
Swordfish Est LJFL duration # Position # Daily  distance HROM Management
Tag PTT#  Tag model (cm)  Date deploy Date end (d) estimates  positions (km) (km/day) unit affiliation
52239 WC SPOT-258 160 10/20/21 11/13/21 24 4 4 838 35 EPO
96 301 WC SPOT-258 163 12/21/21 4/30/23 495 489 172 12794 26 EPO/WCNP
96 302 WC SPOT-258 221 1/6/22 9/30/22 267 1080 216 7845 29 EPOO
112360 WC SPOT-258 189 12/2/21 8/12/23 618 320 119 13329 22 EPO/WCNP
171953 WC SPOT-258 139 12/6/17 1/18/18 43 24 11 2072 48 EPO
171954 WC SPOT-258 153 10/25/17 5117119 569 47 27 5565 10 EPO
171 955x% WC SPOT-258 130 11/28/17 1/27/120 790 29 16 6442 8 EPO/WCNP
171955bx WC SPOT-258 221 3/30/22 9/16/22 170 238 93 7309 43 EPO/WCNP
176 464 Lotek-K2F 176E 161 10/6/20 7127121 294 141 69 8471 29 EPO/WCNP
176 465 Lotek-K2F 176E 158 1/9/19 4/29/19 110 S 9 3985 36 EPO/WCNP
176 575 WC SPOT-258 189 12/12/18 1/27/119 46 S N 1791 39 EPO
176 576 WC SPOT-258 178 12/19/18 5126/19 158 11 N 2708 17 EPO
176 577 WC SPOT-258 169 12/12/18 1/20/19 39 3 2 2226 57 WCNP
176 578 WC SPOT-258 130 10/5/18 2/17119 135 42 13 2455 18 EPO
176 579 WC SPOT-258 185 11/28/18 7/129/19 243 16 12 6456 27 EPO/WCNP
176 580 WC SPOT-258 136 8/24/18 2/13/21 904 221 62 21015 23 EPO/WCNP
176581 WC SPOT-258 180 10/24/18 4/10/20 534 185 85 11227 21 WCNP
176 583 WC SPOT-258 157 9/19/19 11/6/19 48 25 14 2375 49 EPO/WCNP
176 584 WC SPOT-258 183 11/28/18 3/19/19 111 26 4 4738 43 EPO
176 586 WC SPOT-258 193 1/3/19 9/6/19 246 19 4 3474 14 WCNP
183382 Lotek-K2F 176G 185 10/16/19 4/22/20 189 287 47 4275 23 WCNP
183383 Lotek-K2F 176G 188 8/20/19 10/14/19 S5 6 4 495 9 SCB
183385 Lotek-K2F 176G 186 11/25/19 1/30/20 66 29 6 2770 42 EPO
183 3863 Lotek-K2F 176G 169 9/5/19 9/20/19 15 4 4 534 36 SCB
183 387x% Lotek-K2F 176G 173 9/19/19 12/3/20 441 83 50 2589 6 SCB
183388 Lotek-K2F 176G 170 10/16/19 5127120 224 342 81 4332 19 EPO
183391 Lotek-K2F 176G 165 8/20/20 8/30/20 10 3 2 27 3 SCB
183392 Lotek-K2F 176G 200 7/10/20 8/28/20 49 3 2 200 4 SCB
183803 WC SPOT-376¢ 133 12/10/19 9/30/20 295 70 6 5807 20 EPO/WCNP
183 806 WC SPOT-380 161 9/29/20 11/12/21 409 185 62 8876 22 EPO/WCNP
183807 WC SPOT-380 180 10/6/20 3/24/21 169 75 35 3137 19 EPO/WCNP
183808 WC SPOT-380 160 9/16/20 11/28/20 73 10 10 458 6 SCB
183809 WC SPOT-258 189 12/11/19 1/29/20 49 42 15 2725 56 EPO
183811 WC SPOT-258 209 8/27/20 12/29/20 124 59 13 467 4 SCB
183812 WC SPOT-258 194 11/19/19 1/23/20 65 12 10 681 10 SCB
183813 WC SPOT-258 191 8/27/20 714121 311 207 66 6755 22 WCNP
183814 WC SPOT-258 168 9/9/20 4/21/22 589 409 154 20094 34 EPO/WCNP
205351 Lotek-K2F 176G 196 9/10/21 5/13/22 245 23 16 1484 6 EPO
205352 Lotek-K2F 176G 175 12/9/20 714121 207 38 73 6011 29 WCNP
205354 Lotek-K2F 176G 194 10/27/20 3/29/21 153 11 7 2600 17 WCNP
205355 Lotek-K2F 176G 133 10/15/21 1/28/22 105 231 67 4143 39 EPO
205356 Lotek-K2F 176G 191 10/5/21 4/24/22 201 4 4 2309 11 WCNP
205357 Lotek-K2F 176G 158 10/27/20 5/4121 189 29 20 2572 14 EPO
205358 Lotek-K2F 176G 198 10/27/21 6/20/22 236 53 27 3760 16 EPO
205359 Lotek-K2F 176G 165 10/5/21 10/14/21 9 4 4 167 19 SCB
205360 Lotek-K2F 176G 183 8/17/21 9/20/21 34 55 18 2191 64 EPO
234746 WC SPOT-258 183 12/6/22 5719123 154 149 70 8640 56 EPO/WCNP
234749 WC SPOT-258 139 12/2/22 6/24/24 570 740 214 20074 35 EPO/WCNP
237283 WC SPOT-196E 191 1/13/23 5120724 493 455 177 19396 39 EPO/WCNP
237 284 WC SPOT-196E 194 1/12/23 2/15/23 34 4 2 906 27 EPO
237397 Lotek-K2F 176G 142 1/12/23 2/27123 46 4 3 1384 30 EPO
237402 Lotek-K2F 176H 156 11/17/23 5/18/24 183 170 40 2383 13 EPO
237403 Lotek-K2F 176H 178 1/12/23 6/27123 166 185 79 7245 44 EPO/WCNP
253529 WC SPOT-258 175 12/18/24 1/6/25 19 13 9 1866 75 EPO/WCNP
253530 WC SPOT-258 196 1/18/24 7123124 187 418 102 6788 36 WCNP
253531 WC SPOT-258 175 10/17/24 12/4/24 48 10 6 1801 38 EPO

Est. LJFL, estimated lower-jaw fork length in cm; HROM, horizontal rate of movement (km/day), SCB, Southern California Bight, EPO, Eastern Pacific Ocean
management unit. WCNP, Western and Central Pacific Ocean management unit, EPO/WCPN, individuals that occurred within both the EPO management
unit and the Western and Central Pacific Ocean management unit. * indicate swordfish tags that were recaptured by commercial fishing operations and
subsequently redeployed, pending battery life.

tag model and number of attachment points, transmitters were steel locknuts were used to secure the Argos transmitter in
typically affixed to the 4th and 5th fin ray bundles (Fig. 1b). place. Transmitters were spaced away from the dorsal fin us-
A waterproofed cordless drill and 5-mm drill bit were used ing rubber washers and plastic retainers to allow for dorsal-fin

to perforate the fin-ray bundles and nylon bolts with stainless- movement and growth. Attachment protocols and hardware
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Figure 1. (a) Dissected dorsal fin rays of a 201-cm LJFL swordfish during measurements (10-cm scale bar) to identify optimal placement for tag
attachment. (b) The primary Argos transmitter used in this study (Wildlife Computers SPOT-258), affixed through the 4th and 5th fin-ray bundles using %”
nylon bolts, retaining washers, and locknuts. (c) A 142-cm swordfish outfitted with a Lotek K2F 176 G Argos transmitter (PTT 237397) affixed to the

dorsal fin prior to release on 12 January 2023.

were slightly modified based on the type of Argos transmit-
ter used and the number of connection points (i.e. 2—4 bolts).
Transmitters were positioned with the tag antennae extending
above and in front of the dorsal fin to reduce interference and
allow exposure of the wet/dry sensor during a basking event
(Fig. 1c¢).

Argos transmitters manufactured by Wildlife Computers
(WC) and Lotek (Lotek Wireless; Ontario, Canada; Table 2)
were affixed to the dorsal fin of swordfish that were restrained
using a custom bill noose (snooter) to limit movement during
tag application and allow ventilation during the procedure.
All Argos transmitters were programmed for a maximum
of 200 transmissions per day with a 15-s interval following
activation of the wet—dry sensor. Prior to release, swordfish
were measured (LJFL), fin clips were collected for genomic
studies and hooks were removed. Additionally, photographs
of swordfish tags were taken to better assess attachment
protocols relative to transmission performance (Fig. 1c).
All capture and handling procedures were performed un-
der the guidelines of California Department of Fish and
Wildlife Scientific Collection Permits #SC-2471 and Specific-
Use Permit ID (S-183330009-22143-001), NOAA letters
of acknowledgement (LOA 150413SWR2009SF00264:
CSF), and PIER Ethics Protocols (151.
175.14-24).

Data analysis

Satellite-transmitted data were downloaded for each platform
transmitter terminal (PTT) ID number through the WC-online
portal or the Argos system platform. Data from single tag re-
covery or pop-up positions were filtered for accuracy (Sepul-
veda et al. 2019a), while Argos transmitters that generated
consecutive positions (7 = 56) were consolidated by PTT ID
number for further analyses (Table 2). Argos position and er-
ror radius estimates were generated from consecutive trans-
missions received during a single Argos satellite pass. Pro-
cessed data containing valid position information received one
of seven location classes (LC = 3,2, 1,0, A, B, Z) with 3 being
the most accurate location estimate (<250 m) and Z being the
least (i.e. no associated accuracy estimate). Locations with the
highest accuracy (LC) for each specific date were prioritized
across tracks as the best daily position. DST-recovery locations

were based on reliable positions reported by observers and
vessel captains for recaptured swordfish (7 = 34), and the lo-
cations were included as track-end points for those individuals
with affixed Argos transmitters (7 = 7). Satellite-derived data
were analyzed independently from archived depth and tem-
perature records, which were not reported in this study. Tag
deployment and recovery locations, along with intermittent
daily position estimates were plotted in ArcGIS Pro (Environ-
mental Systems Research Institute, Inc. Redlands, CA, USA)
for spatial analyses and to assess movements relative to ISC
stock boundary lines (ISC 2014).

For Argos transmitters, the distance in km between con-
secutive daily positions was summed to calculate the total
distance traveled over the entire track duration. Similarly,
annual distances traveled were calculated for tracks longer
than one year in duration. The horizontal rate of movement
(HROM) was calculated as the total distance traveled divided
by the Argos track duration in days. For all other tag types,
point-to-point displacement and direction of travel was de-
termined as the straight-line distance between tag-release lo-
cations and transmitted pop-up or reported recovery posi-
tions. Similarly, the point-to-point HROM was determined
as the net displacement relative to the overall deployment
duration.

For swordfish tracks that exceeded 170 days in duration
and provided more than 40 Argos position estimates, migra-
tory behavior was categorized into either directed transit or
area-restricted movements for both offshore and coastal re-
gions based on HROM and directionality. Directed transit
designations were assigned to periods when the 7-day run-
ning mean HROM values consistently exceeded the collec-
tive mean identified across all Argos tracks (28 km/day), while
area-restricted movements were determined when 7-day mean
HROM values were consecutively below 28 km/day and direc-
tionality shifted regularly. The direction and duration of each
migratory mode was determined for each extended track that
exhibited offshore transit (OT), shoreward transit (ST), as well
as restricted movements within foraging (FR) and offshore ar-
eas (OR). Because estimated positions varied in spatial accu-
racy and temporal frequency, the straight-line displacement
and point-to-point HROM values were determined for each
migratory mode relative to initial and final position estimates
and dates.
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Figure 2. Distribution of swordfish positions from multiple regional tagging studies conducted between 2001 and 2025 in the NP (Table 1) generated
from data storage tag (DST, Sepulveda et al. ongoing), and pop-up satellite tag (PSAT and mrPAT; Sepulveda et al. 2010, Dewar et al. 2011, Abecassis et
al. 2012, Sepulveda et al. 2018, Sepulveda et al. 2019a) deployments (circles) and recovery locations (squares with dots), as well as separate tracks
(dotted lines) from swordfish outfitted with dorsal-fin mounted Argos transmitters (Sepulveda et al. 2019a, Sepulveda and Aalbers 2022, Sepulveda and

Aalbers ongoing).

Best daily position estimates for individuals that exhib-
ited area-restricted movements during the fall months were
grouped to identify high-use areas within coastal foraging
zones. Swordfish that exhibited area-restricted movements
within offshore regions during the primary spawning sea-
son (March-July) and exceeded the minimum size of ma-
turity were also grouped to highlight potential regions of
spawning-related activity (Kume and Joseph 1969, DeMar-
tini et al. 2000, Hinton et al. 2005). Daily position esti-
mates from selected swordfish <136 cm LJFL with tracks
that exceeded 170 days in duration were plotted in Ar-
cGIS Pro using kernel density estimations (KDE) to iden-
tify high-use areas (25% contours) by season and region (i.e.
EPO, WCNP, and SCB; Nasby-Lucas et al. 2019). Although
it was not possible to differentiate between male and fe-
male tagged swordfish, individuals that measured <136 cm
LJFL were considered to be immature based on the reported
minimum size of female maturity (Kume and Joseph 1969,
Wang et al. 2003), while length and weight conversions were
based on the relationships provided by Uchiyama et al.
(1999).

Results

Movement summary

Movement data from 181 swordfish (2002-2022) were pro-
vided to the ISC and plotted in relation to stock struc-
ture boundary designations used to manage swordfish in
the NP (Table 1). Additional data from more recent tracks
(2022-2025; n = 13) presented in this study offer fur-
ther information on seasonal movement patterns, migratory
routes, and distances traveled. Collective swordfish move-
ments and position data (7 = 194; Table 1) occurred within
a broad polygon that extended southwest from Puerto Val-
larta, Mexico (19.8°N/106.8°W) to the equatorial waters
(1.3°5/142.8°W), then out to the Northwest Hawaiian Is-
lands (22.8°N/166.4°W) and up to Vancouver Island, Canada
(49.5°N/129.0°W; Fig. 2).

Argos transmitter data

Argos transmitters were affixed to the dorsal fin of 74 double-
tagged swordfish, which generated 7351 position estimates
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Figure 3. Geolocation estimates and individual tracks (dotted lines) generated from Argos transmitters affixed to the dorsal fin of swordfish that were
specifically affiliated with former NP management units based on occurrence within the SCB (stars), EPO (circles), WCNP (squares), as well as
individuals that split their time between the EPO and WCNP management units (EPO/WCNP; diamonds).

from 56 individuals that reported multiple positions across
tracks (Table 2). Ten Argos transmitters failed to report any
data and eight transmitters did not provide any position es-
timates because fewer than three transmissions were received
during a single Argos satellite pass. The maximum number
of transmissions generated from PTT 96302 (WC SPOT-258)
was 41472, with a mean of 8753 4 8308 transmissions from
WC tags.

Collectively, 2447 daily position estimates were used to gen-
erate track lines and calculate movement statistics, of which
1003 were high-quality position estimates (LC 1,2,3). The
longest active Argos track was 904 days, with a collective
mean duration of 219 (£208) days. Half of the swordfish
tracks (n = 28) extended beyond 170 days and 11 individ-
uals provided more than a full year of movement data. Col-
lectively, Argos transmitters generated 131 positions per tag
on average, with a mean rate of ~0.5 positions/day across all
tracks.

Total distances traveled were largely dependent upon track
duration, with a collective mean HROM of 28 (+18) km/day.
For Argos tracks exceeding 1 year in duration, annual migra-
tion distance averaged 8777 (£ 3543) km/year, with a maxi-
mum annual distance of 14 068 km/year (PTT 237283). The
maximum total distance traveled over a 2.5-year track ex-
ceeded 21000 km (PTT 176580).

Movements relative to management boundaries

Argos tracks showed that approximately one third of the
swordfish tagged off Southern California (7 = 18) traversed
previous ISC jurisdictional boundaries and spent at least a
portion of their track within both the EPO and WCNP man-
agement units. Some of the tracks (e.g. PTT 112360) ex-
tended to the southwest and remained in close proximity to
the stair-step boundary, while others clearly extended their
migration well into the two different management unit ar-
eas. Eight of the swordfish (14 %) carrying Argos transmitters
spent considerable time within both the EPO and WCNP man-
agement units (Fig. 3). An additional nine swordfish (16%),
mainly those with shorter duration deployments, were not
detected outside of the SCB tagging area. Nine swordfish
(16%) tagged in the SCB occurred exclusively within the wa-
ters of the WCNP management unit during their time at lib-
erty, while 20 swordfish (36%) were only detected within the
EPO stock boundary area. Movements into the EPO man-
agement unit were also documented through the recovery
of 10 DSTs by Mexican longline vessels fishing along the
Baja California Peninsula. From the collective tagging dataset,
it was evident that swordfish tagged within the California
foraging grounds routinely moved into both the EPO and
WCNP management unit areas. These data were considered
by the ISC Billfish Working Group to help inform on bound-
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Figure 4. Offshore transit (OT) and shoreward transit (ST) displacement distances (1000 km rings) and directions (° True) for 19 swordfish outfitted with
Argos transmitters, including individuals with consecutive offshore migrations to the formerly recognized WCNP and EPO management units before
returning to the SCB tagging area or coastal foraging areas along the US west coast.

ary considerations during the 2023 stock assessment for NP

swordfish.

Directed transit

Nineteen swordfish outfitted with Argos transmitters exhib-
ited directed offshore movements from the U.S. West Coast
toward the Hawaiian Islands or areas off Mexico and down
to the southwest toward the Equator. Swordfish that departed
the California coast during the winter months initiated OT
between late December and early February, with directed
southerly or westerly migrations of up to 98 days in dura-
tion. The timing of offshore movements was generally more
consistent than direction, as there were only two individuals
(PTT 176955b and 112 360) with coastal departures in April
and May. Swordfish departed the SCB tagging area across a
wide range of directions (158°-276° heading), with directed
movements mainly to the south and east along Baja California,
Mexico, or to the west and southwest toward the Hawaiian
Islands.

Point-to-point distances traveled were greater on average
when swordfish departed the coast in a more west or south-
westerly direction than when moving toward the southeast
(Fig. 4). For Argos tracks that moved toward the Hawaiian Is-
lands (244°-276° heading) and into the WCNP management

unit, directed OT ranged from 2160 to 3370 km with a mean
point-to-point displacement of 2826 (£421) km and a mean
point-to-point HROM of 38.3 km/day. Whereas swordfish
that moved southeast along Baja California and off Mexico
(158°-209° heading) averaged net displacement distances of
1989 (+534) km. Swordfish HROM values were considerably
higher during directed OT and ST than during the intervening
months when movements were more spatially confined.

For swordfish that returned to coastal foraging areas, di-
rected ST covered point-to-point distances averaging 2005
+ 766 km, over a mean transit time of 49 £ 23 day (mean
HROM = 43 + 8 km/day). Movements back toward the US
west coast (ST) were typically initiated in late May or June
at a northeast heading (11°-66°; Fig. 4), with swordfish gen-
erally entering into the US Exclusive Economic Zone during
July and August.

Putative spawning-related movements

Offshore area-restricted (OR) movements primarily occurred
from March through July and peaked in May, over a mean
duration of 50 days. Area-restricted movements were identi-
fied by frequent changes in direction over relatively short dis-
tances with limited point-to-point displacement (n = 530 +
290 km) and reduced HROM values (u = 7.7 £ 4.8 km) rela-
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tive to directed transit. High-use offshore areas, based on 25%
KDE, occurred within a 170 000 km? portion of the WCNP
from approximately 23.1°N to 26.5°N latitude and 140.0°W
to 143.1°W longitude (Fig. 5a) and inside a more confined
(66 000 km?) portion of the EPO from 19.9°N to 21.3°N lat-
itude and 106.5°W to 108.5°W longitude (Fig. 5b). Occur-
rence within moderate-use (50%-95% KDE) offshore areas
was over a much broader area that extended between approx-
imately 10°N to 30°N latitude and 115°W to 165°W longi-
tude.

Some individuals revisited specific offshore locations dur-
ing subsequent years, including two swordfish (PTT 96301
and 112 360) that returned to within 100 km of the same
offshore location (12.1°N/137.4°W and 26.5°N/140.0°W, re-
spectively) during the same week of consecutive years (2022
and 2023; Fig. 6a and b). Another individual (PTT 237283)
revisited the same offshore coordinates (23.8°N, 146.7°W) on
the same date (May 19) during two consecutive seasons (2023
and 2024; Fig. 6¢). Whereas, one swordfish (PTT 234749)
spent the month of May along the Hawaiian Island chain
during consecutive years, but shifted nearly 1000 km to the
west between May 2023 (23.0°N, 156.0°W) and May 2024
(24.0°N, 165.0°W, Fig. 6d).

Nearshore movements and site fidelity

Swordfish that completed round-trip tracks generally exhib-
ited more spatially confined movements upon returning to
temperate coastal regions, with high-use areas concentrated
within the SCB tagging area during the late summer through
early winter months (Fig. 5c). Additional areas of high oc-
currence were observed west of Point Conception within the
California Current System. Tagged swordfish typically ap-
proached the US west coast between late June and August,
where they remained through late December or January for
periods of up to 167 days. For nine of the longer-term tracks
(<170 days), swordfish exhibited seasonal fidelity to the SCB,
as they returned to the initial tagging area following exten-
sive offshore migrations. Evidence of seasonal site fidelity was
also observed in the tag recapture data, with 62% of the DSTs
(21/34) recovered within the SCB tagging area after periods of
up to 4.5 years at liberty (mean duration = 495 days).

Discussion

This study presents swordfish movement data that was used
to help refine stock structure hypotheses for the 2023 ISC
stock assessment of NP swordfish (ISC 2023b). Collective
data suggest that swordfish tagged off of California are wide-
ranging with movements spanning from the equatorial wa-
ters to Canada (50°N) and out to the Hawaiian archipelago
(166°W). Higher rates of horizontal movement occurred dur-
ing directed transit between temperate foraging grounds and
offshore spawning grounds, where movement patterns were
more spatially restricted (i.e. sinuous). Offshore migrations
during the winter and spring months occurred over a range
of directions, with swordfish frequently traversing the stock-
boundary designation that was previously used to differen-
tiate NP stocks (ISC 2014). Although existing tagging data
suggest connectivity between the EPO and WCNP manage-
ment units, the lack of movements west of the Hawaiian
archipelago raises questions regarding swordfish connectivity
across the entire NP basin. From these data, it is evident that

Sepulveda and Aalbers

swordfish population structure in the NP is complex and that
stock delineation may be complicated by potential mixing on
spawning or foraging grounds. Considering the limited spatial
scale of the tagging activities performed to date (i.e. largely off
California), additional data from swordfish movements west
of the International Date Line and along the convergence zone
above Hawaii are needed to better understand swordfish stock
structure across the NP basin.

Swordfish tag data

This work brings together movement studies on swordfish
that span over 25 years, including different tag types and de-
ployment locations. Tag deployment durations varied with
study objectives, tag type and attachment technique, with the
longest (<904 days) and highest-resolution tracks generated
from dorsal-fin mounted Argos transmitters (Table 2). Col-
lectively, these data improve our capacity for understanding
swordfish horizontal movements and stock structure in the Pa-
cific. Earlier swordfish tagging studies largely estimated move-
ments from satellite-based tag deployment and recovery data,
with transit routes estimated using geolocation algorithms
(Sepulveda et al. 2010, Dewar et al. 2011, Abecasis et al.
2012). However, light-based position estimates can be prob-
lematic because swordfish can move great distances over short
time spans and may spend prolonged periods within low-light
levels at extreme depths, which can impact the accuracy of
light-based geolocation models (Dewar et al. 2011, Sepulveda
et al. 2018). From this work, it is evident that short duration
deployments as well as point-to-point release and recapture
data alone may underestimate swordfish movements. For ex-
ample, Argos transmitter data revealed that swordfish made
extensive offshore migrations before returning to the SCB dur-
ing subsequent seasons; however, recapture data from DST de-
ployments alone would suggest that most individuals did not
move far from initial deployment sites.

Argos transmitters proved useful in determining round-trip
migrations from coastal tagging areas towardtropical spawn-
ing grounds, generating high resolution movement data over
extended periods. Track durations and number of positions
varied between Argos transmitters that were largely depen-
dent upon regional basking rates relative to spatial and tem-
poral coverage of the Argos satellite network. Because po-
sition estimates required reception from at least three satel-
lite transmissions during a single overhead pass, only a frac-
tion of Argos transmissions provided locations. Other factors
that may have also influenced performance included transmit-
ter model, manufacturing year, battery life, and transmitter
attachment. However, increased coverage from the recently
launched network of Argos satellites has improved transmitter
performance. Because the Argos transmitters used in this study
solely provided position data, a combination of tag technolo-
gies may be needed to address more specific questions related
to swordfish habitat use in the NP.

Management unit affiliation

Although some swordfish showed migratory patterns which
would suggest affiliation to either the WCNP or EPO man-
agement units, the collective dataset revealed significant mix-
ing across unit boundaries. Because some individuals (16%
WCNP, 36 % EPO) exhibited movements that only overlapped
on the SCB foraging grounds, it may be that there is some level
of population structure in this region. Additionally, swordfish
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Figure 5. (a) KDE plots based on 25%, 50%, and 95% of the collective locations generated from Argos transmitters affixed to the dorsal fin of swordfish
(>136 cm LJFL) to identify high-use areas of occurrence during the primary spawning season (March-July) of 2018-2024 within the former WCNP
management unit, and (b) the EPO management unit, as well as (c) along the US west coast foraging grounds during the summer through winter
months when swordfish returned to the Southern California Bight (SCB) tagging area.
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Figure 5. Continued.

tagged off California exhibited an overall lack of movements
beyond the NW Hawaiian Islands, suggesting the potential for
an east-west boundary in the Pacific, as highlighted in pre-
vious work (Sosa-Nishizaki and Shimizu 1991, Hinton and
Alvarado Bremer 2007, Sepulveda and Aalbers 2022). Con-
sidering the spatial limitations of existing tagging data, it may
be that additional tag deployments on swordfish across the
northern and western extent of their range may provide addi-
tional insights on stock structure in the Pacific.

Directed movements

Swordfish outfitted with Argos transmitters typically departed
temperate foraging areas off the US West Coast following
the onset of winter conditions, with directed transit toward
tropical regions with warmer surface waters. Directed move-
ments were characterized by relatively linear trajectories and
increased swim speeds compared to more sinuous behaviors
exhibited during periods of area-restricted movements. Sim-
ilar trends have been suggested from previous swordfish tag
data along with commercial fleet movements (USA and Mex-
ico), and also align with movements of several pelagic species
tagged off the California coast (Childers et al. 2011, Rogers et
al. 2015, Sepulveda et al. 2019b). For example, bigeye thresher
sharks tagged off Southern California in the late fall months
have been shown to make directed migrations over a short pe-
riod to sub-tropical areas off Mexico (22.0°N to 25.0°N and
115.0°W to 125.0°W) (Sepulveda et al. 2019b, Aalbers et al.
2021). Similar movement trends and seasonal migrations be-
tween temperate foraging zones and warmer-water spawning
areas were also reported for swordfish tagged in the Southwest
Pacific (Tracey et al. 2023).

The longest migrations and associated HROM values re-
ported for swordfish in this study were both comparable to the

Fall-Winter

aug-Jan [ °*

distances (21229-25 550 km over periods of 469-551 days)
and rates of movement (mean HROM = 24-35 km/day) re-
ported for shortfin mako sharks outfitted with Argos trans-
mitters both in the north and south Pacific (Rogers et al.
2015, Nasby-Lucas et al. 2019). As shown for swordfish in
this study, mako sharks have also been shown to exhibit pe-
riods of directed transit that were interspersed with periods
of spatially-confined movements, which occurred both off-
shore and along coastal foraging areas. Similar to some of the
swordfish in this study, mako sharks also displayed persistent
movements throughout the entire track period, which resulted
in extensive distances traveled.

Putative spawning-related movements

Although it was not possible to validate swordfish spawn-
ing activity from tagging data alone, several data sources
were used to suggest where spawning may occur. First, tagged
swordfish that exhibited sinuous offshore movements were all
considered to be mature based on their size at capture (Kume
and Joseph 1969). Second, the offshore area-restricted (i.e. sin-
uous or residential behavior) movements coincided with the
peak spawning season (March—July; Matsumoto and Kazama.
1974, DeMartini et al. 2000), which also aligned with the re-
gions and seasons where swordfish larvae have been previ-
ously collected (Yabe et al. 1959, Matsumoto and Kazuma
1974). Lastly, reports from longline vessel captains that recap-
tured two tagged individuals within the proposed spawning
areas noted enlarged and well-developed gonads at the time
of capture.

If the proposed movements of this study are indicative of
spawning activity, then it may be that swordfish spawn over an
extensive offshore area in the NP. Regions of putative spawn-
ing activity were identified within both the EPO and WCNP
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Figure 6. (a) A 495-day track of a 163-cm LJFL swordfish affixed with an Argos transmitter (PTT 96301) showing directed transit during the winter and
spring months to a consistent offshore region near 26.5°N/140.0°W over consecutive spawning seasons of 2022 and 2023, with a return visit to the
SCB tagging area from August to December 2022. (b) A 189-cm swordfish (PTT 112360) that revisited the same offshore region near 12.1°N/137.4°W
during the same week of July in consecutive seasons (2022-2023) over a 618-day track between 2 December 2021 and 12 August 2023. (c) A 191-cm
LJFL swordfish outfitted with an Argos transmitter (PTT 237283) returned within 25 km of the same offshore position (23.8°N, 146.7°W) on the same
date (19 May 2023 and 19 May 2024) during consecutive spawning seasons, despite taking different offshore routes over a 14 068 km annual round trip
(total distance 19396 km over 493 days). (d) Extended monthly track of a 140-cm LJFL swordfish affixed with a dorsal-fin mounted transmitter (PTT
234749) that exhibited directed OT during consecutive winters interspersed with area-restricted movements along the Hawaiian Island chain during May
2023 (23.0°N, 156.0°W) and May 2024 (24.0°N, 165.0°W), as well as an extensive ST toward Vancouver Island, Canada (49.6°N, 136°W) during the
summer of 2023.
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Figure 6. Continued.

management units, suggesting the potential for either separate
NP spawning areas, or possibly a scenario in which spawn-
ing occurs over a broad portion of the NP. Similarly, sword-
fish tagged in the South Pacific were found to occur over a
wide-geographic region during the primary spawning season

Sepulveda and Aalbers

(Tracey et al. 2023). However, several tagged individuals (i.e.
PTT 96301, 112360, and 237283) in this study with longer-
duration Argos tracks returned to the same offshore region
where they had occurred during the previous spawning season
(Fig. 6a—c). The reoccurrence of area-restricted movements in
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the same location during consecutive spawning seasons by the
same individual supports the potential for regional fidelity to
specific spawning locations.

Nearshore movements and site fidelity

The Argos data from this study largely supports early hy-
potheses regarding swordfish movements, which proposed
that swordfish forage at temperate latitudes off the US
West Coast and mature individuals migrate to lower-latitude
spawning areas during the spring months (Sosa-Nishizaki
and Shimizu 1991 DeMartini et al. 2000, Sepulveda et al.
2019a). Based on collective Argos transmitter data, it was
evident that swordfish movements were more spatially con-
fined within temperate foraging grounds off California, where
fish often remained throughout the late summer and fall
months (Fig. 5c). It was also evident that some individuals
return to the same foraging location year after year, sug-
gesting seasonal site fidelity toward the foraging grounds of
the SCB. This finding aligns with previous work in the At-
lantic and Tasman sea, which also reported similar levels
of seasonal site fidelity to temperate foraging grounds (Sed-
berry and Loefer 2001, Tracey et al. 2023). Prolonged occur-
rence within the SCB tagging area is likely responsible for
the high recapture rates reported for this region (Sepulveda
et al. 2010, Sepulveda et al. 2019a). Increased residency times
may heighten susceptibility to localized depletion, as proposed
by Campbell and Hobday (2003) for swordfish stocks off
Australia.

Next steps

In the NP, swordfish continue to support vast fisheries that
span the entire basin. Although this work improves our in-
sight into the movements and distribution of swordfish in the
NP, our understanding of stock structure remains incomplete.
The recent inclusion of tagging data into the 2023 stock as-
sessment and the decision to manage the resource under a
one-stock hypothesis was an important step forward, as it
was the first time tagging data was used in a NP swordfish
assessment. However, considering swordfish movements from
this work and others (Abecassis et al. 2012, Tanaka and Yam-
aguti 2017, Sepulveda and Aalbers 2022), as well as recent and
past stock hypotheses based on genetics and catch distribution
data (Sakagawa and Bell 1980, Bartoo and Coan 1988, Sosa-
Nishizaki 1990, Hinton and Bremer 2007), it remains proba-
ble that stock structure exists in the NP. Expanding tagging ef-
forts throughout the Pacific basin and coupling datasets with
genomics and fisheries-related data may continue to resolve
some of the complex questions that surround swordfish pop-
ulation dynamics. Additional information on stock structure
is critical given the wide-ranging nature of international fleets
and evidence of seasonal site fidelity, which has been linked
to localized depletion (Sedberry and Loefer 2001, Campbell
and Hobday 2003, Sepulveda et al. 2019a, Tracey et al. 2023).
Considering the importance of catch data for future stock as-
sessments, it is also critical that we monitor changes in fishing
methods and gear across international fleets. Moving forward,
the continued integration of fishery-dependent and indepen-
dent data sources into future stock assessments will continue
to improve our capacity to manage this valuable shared re-
source.
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