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ABSTRACT

In March 2021 the Pacific Cod Tagging Team, a collaboration among the Aleutians East
Borough, Kingfisher Marine Research, and NOAA’s Alaska Fisheries Science Center,
conducted a Pacific cod (Gadus macrocephalus) research tagging cruise in the western Gulf of
Alaska (GOA) (170°W to 159°W).

The scientific and vessel crews tagged and released 25 Pacific cod with Wildlife Computers
miniPAT pop-up satellite tags and 960 cod with Floy conventional T-bar tags. This was the first
Pacific cod satellite tagging study in the western GOA to take place. Additionally, 155 biological
samples were collected from non-tagged Pacific cod that included length, weight, sex, maturity
stage, otoliths for age estimation, and tissue samples for genetic analyses.

Of the 25 satellite tags deployed from the western GOA, 23 successfully transmitted data with
pop-up locations from the western GOA (n=10), central GOA (defined as 159°W to 147°W)
(n=1), eastern Bering Sea (n=6), northern Bering Sea (n=4), US Chukchi Sea (n=1), and Russia
(n=1). This technical memorandum presents a general overview of methods, key contextual
results, and each individual fish’s reconstructed movement path during its time at liberty.
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SCIENTIFIC PURPOSE

Recent marine heatwaves have contributed to substantial changes in Pacific cod (Gadus
macrocephalus) abundance in the Gulf of Alaska (GOA). These events have been linked to
increased mortality, reduced recruitment, and potential summer migrations of adult fish into
cooler Bering Sea (BS) waters (Barbeaux et al. 2021). Given the ecological and economic
importance of Pacific cod, understanding how environmental variability influences their
distribution and connectivity is critical for effective fisheries management.

Pacific cod support one of the largest groundfish fisheries in Alaska and serve an important
ecological role as mid-level predators. Tracking Pacific cod is essential to ensure sustainable
management because stock assessments, harvest limits, and spatial management measures
depend on accurate assumptions about population structure, distribution and movement. If
these fish move between the GOA and BS management regions in response to environmental
conditions, current stock boundaries and assessment frameworks may not fully reflect biological
reality.

During winter, Pacific cod aggregate to spawn. During this time, at least part of the population
undertakes large seasonal migrations (Shimada and Kimura 1994; Rand et al. 2014). While
winter spawning migrations are relatively well documented (Neidetcher et al. 2014), less is
known about movements during the non-spawning period. Improved understanding of these
movements is especially important because federal bottom trawl surveys occur biennially in the
GOA (Siple et al. 2024) and annually in the BS (Markowitz et al. 2023) during the summer
months, and survey timing may not fully capture seasonal redistribution.

Satellite telemetry studies, using pop-up satellite archival tags (PSATs), are a powerful tool for
reconstructing spatial movements, seasonal habitat use, and behavioral patterns (Nielsen et al.,
2023). PSATs are attached to the fish’s dorsal fin and record real-time, depth, temperature, and
ambient light. After a pre-programmed deployment period, the tags detach, float to the surface,
and transmit data to the Argos satellite network that can be accessed remotely by researchers.
Geolocation models use these data to estimate daily positions and associated uncertainties.

The primary objective of this study was to examine movement from winter and spring spawning
grounds to summer feeding areas. Satellite tagging in the western GOA began in 2021 to better
characterize seasonal and interannual Pacific cod movements outside the summer months and
to assess connectivity between GOA and BS regions. Similar studies in the Aleutian Islands and
the northern Bering Sea (Bryan et al. 2021; Nielsen et al. 2023, 2025) provided the foundation
for expanding similar research into the GOA. These tag data represent the first satellite tagging
study of Pacific cod movement in the GOA. This study provides critical information on seasonal
migration patterns and connectivity among western GOA, central GOA, and BS cod populations;
information directly relevant to stock assessment and spatial management decisions.

In addition to satellite tagging, during this study we opportunistically tagged and released 100s
of Pacific cod with conventional Floy T-Bar tags across each study area. We know the release
location and if the fish is recovered by fishers, a recovery location. This provides another source
of information about Pacific cod movement within the GOA and BS, and significantly lower unit
cost compared to satellite tagging. Conventional tag recaptures provide additional, though more
coarse-scale, information about the movement of fish as well as growth, age, and other
important biological information.



A secondary objective was to collect biological samples from cod across western GOA fishing
locations to characterize population age structure, length distribution, genetic origin (if
applicable), and spawning condition. These biological data complement movement information

and help evaluate stock structure and demographic variability.

Satellite tagging and modeling methods are detailed in Nielsen et al. (2019, 2023, 2025) and
Bryan et al. (2021). In this Technical Memorandum, we summarize PSAT releases conducted in
the GOA in spring 2021, present key biological metrics, and provide reconstructed movement

paths for individual tagged Pacific cod.
METHODS

A single Pacific cod PSAT release event took place in the western GOA between March 18 and
March 26, 2021. Scientists from the Aleutians East Borough (AEB) and NOAA'’s Alaska
Fisheries Science Center (AFSC) embarked on a research cruise to tag Pacific cod with satellite
and conventional tags across the western GOA. All satellite and conventional tags were
released from eight selected sites that extended across the western GOA (170°W to 159°W).
This border also corresponds to the federal fishery management boundary separating the
western and central GOA (Fig. 1). These eight selected sites are frequented by the commercial
fishermen targeting Pacific cod during the winter months and are known as Pacific cod winter
spawning areas. The tagging platform was the 58 ft. commercial pot fishing vessel FV Decision,

chartered by the AEB for the purpose of this study.
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Figure 1. -- Map of Alaska water regions labeled with western GOA (Gulf of Alaska), central
GOA, and eastern Bering Sea. The dashed line demarcates the federal fishery
management boundary between the western and central GOA. The black box
represents the general area for the eight Pacific cod tagging sites.
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TAGGING PROCEDURES

All tagging procedures, including evaluations of tagging-related, natural, and fishing mortality,
were described during the 2019 pilot study (Bryan et al. 2021). In general, fish were captured
using baited commercial cod pot gear, with soak times ranging from 2 to 4 h. Pot retrieval
methods, fish handling procedures, and release protocols are further detailed in previous
studies (Bryan et al. 2021; Nielsen et al. 2023; Nielsen et al. 2025).

Although mortality estimates are not explicitly incorporated into PSAT analyses, these
evaluations were used to refine handling and release methods to minimize tagging-related
impacts. In particular, retrieval and release procedures were developed to reduce the effects of
barotrauma associated with rapid decompression during capture from depth.

While some external signs of barotrauma, including gas release at the surface, could not be
entirely avoided, tag data provided continued feedback on post-release behavior and survival,
allowing assessment of fish condition following release. High tag reporting and recapture rates
across years support the conclusion that the tagging approach was minimally invasive and that
most tagged fish resumed normal behavior following release.

Pop-up Satellite Archival Tags (PSATSs)

The PSATSs used in this study were Wildlife Computer MiniPATs
(https://static.wildlifecomputers.com/MiniPAT-Product- Sheet-1.pdf). In order to keep surface
time to a minimum, only 1-2 Pacific cod per pot that looked vigorous, healthy and measured
greater than 50 cm fork length were selected for Satellite tagging. After being carefully brought
on board, each fish was placed in a tagging cradle and had continuous sea water circulating
over its gills. Length measurements, locations, and times were recorded during the tagging
process. The PSATs were attached with custom harnesses by inserting coated wire through
harness pads and the pterygiophores directly under the first dorsal fin (Bryan et al. 2021).
Tagging procedures and release were kept below 5 minutes to prevent further damage from
barotrauma while on the surface. After the fish was tagged, a weighted descending device
attached to a recreational rod and reel equipped with a line counter was clipped to the lower lip
of each fish. The fish was kept in the tagging cradle and lowered into the water just below the
surface to recuperate and allow for a visual confirmation that the fish was recovering. The fish
was lowered to and released at 50 ft using the descending device. Images of the tagging and
release procedure can be found in Markowitz et al. 2025b.

Conventional Tags (Floy T-Bar)

Pacific cod that were not used for PSAT tagging were opportunistically tagged with conventional
Floy T-bar tags. The fish were brought onboard, placed in a tagging cradle, measured, and
tagged with two T-bar tags. A T-bar tag was placed on each side of the first dorsal fin to
accommodate the potential for tag loss. The T-bar tags are inserted with a hand-held pistol grip
tagging device (https:/floytag.com/). The fish were released back into the water near their
capture point, without a descender. Conventional tagging relies entirely on recapture of the
tagged fish by fishermen. If a Floy T-bar tagged fish was recaptured by a fisher(s) or fishery,
information like date and time of capture, location of capture, bottom depth, and size of fish was
reported.


https://static.wildlifecomputers.com/MiniPAT-Product-Sheet-1.pdf
https://static.wildlifecomputers.com/MiniPAT-Product-Sheet-1.pdf

Stationary Tags

During the western GOA research cruise, three stationary PSATs were deployed near the sea
floor where the fish were released (Table 1). Stationary PSATs were used to collect data at
known locations to calibrate the geolocation model. These tags were programmed to pop-off
and transmit data after 365 days. The stationary tags were attached to an 8-inch plastic trawl
float with 1 meter of Y2-inch Blue Steel braided rope, which was attached to a weight. The
stationary satellite pop-up tag recorded bottom temperature and light conditions near where the
satellite-tagged Pacific cod were released.

Pop-up Satellite Archival Tags (PSATs) Analysis

There are two ways data is obtained from a PSAT: the PSAT releases successfully from a fish
at a pre-programmed time and begins data transmission to satellites from teh open ocean, then
to Wildlife Computers (transmitted tag); PSAT is physically recovered from a fish that is
captured by a fishing vessel and returned to NOAA (detailed tag). Detailed PSATSs provide a
rich, detailed dataset compared to transmitted PSATSs, however, these account for less than 3%
of PSATs with available data.

For each fish with a recovered PSAT, basic deployment information is recorded. This
information includes fish length, dates and locations of release and recovery, and the number of
days at liberty. For each individual PSAT tagged fish, a map of the reconstructed travel path
using the geolocation hidden Markov model (HMM) is shown. The HMM model is based on light
and depth data transmitted by the PSAT (Nielsen et al. 2023). Reconstructed travel paths
consist of daily point location estimates generated by the Viterbi algorithm and estimated error
polygons that encompass the highest 50% and 99% of the HMM posterior probability each day
(Nielsen et al. 2023). Note that the reported distance traveled is the cumulative distance
between successive Viterbi daily point estimates, not straight-line distances between release
and recovery locations. Full details of the analytical methods are provided in Nielsen et al.
(2023).

BIOLOGICAL SAMPLES

We collected biological samples from non-tagged Pacific cod across five of the eight selected
sites in the western GOA (approximately 30 randomly selected specimens per site). Biological
samples collected included sex, length, weight, otoliths, genetic samples, and stomach content
pictures from fish with non-empty stomachs. In addition, we collected a small tissue sample (fin
clip) from PSAT tagged fish for genetic processing. Genetic fin clip samples were placed in
100% ethanol. Otoliths were extracted and stored dry in plastic vials to be placed in a glycerol
thymol solution in Seattle. Subsamples for maturity were placed in a small container of 10%
formalin. All biological samples were analyzed at the AFSC in Seattle, WA.



RESULTS

A total of 25 Pacific cod were affixed with PSATs and released during the research cruise
across eight selected sites in the western GOA (Fig. 2, Table 1). One PSAT was recovered by a
fishing vessel and returned to NOAA. Of the 25 satellite tags deployed from the western GOA,
23 successfully transmitted data after they popped up to the surface from the following
locations:

Western GOA (n=10)
Central GOA (n=1)
eastern Bering Sea (n=6)
northern Bering Sea (n=4)
Chukchi Sea (US) (n=1)
Russia (n=1)

A total of 960 Pacific cod were tagged with Floy T-bar conventional tag across five of the eight
selected sites in the western GOA (Fig. 3). Of the 960 conventionally tagged Pacific cod, a total
of 15 were recovered by the commercial fishery, nine from the western GOA and six from the
eastern Bering Sea.

The average fork length of the PSAT tagged fish ranged from 60 to 91 cm (Fig. 4). The average
fork length of the Floy T-bar tagged fish ranged from 41 to 101 cm (Fig. 4).



PSAT Pacific Cod Tag Release and Recovery Locations
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Figure 2. -- Map of where PSAT tagged Pacific cod were A) released and B) recovered, by
year and month (denoted by color and shape). Colors vary by month and year of
recovery. Only months where there was a PSAT recovery are shown in the legend.
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Floy T-Bar Pacific Cod Tag Release and Recovery Locations
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Figure 3. -- Map of where Floy T-bar tagged Pacific cod were A) released and B)
recovered, by year and month (denoted by color and shape). Colors vary by month
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Length Distribution of Tagged Pacific cod per 2 cm Bins
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Figure 4. -- Stacked histogram of tagged Pacific cod in 2 cm bins. Twenty-three PSAT
tagged Pacific cod that successfully transmitted data had average fork lengths of
76.3 cm (dashed yellow line). Nine hundred and fifty-seven Pacific cod tagged with
Floy T-Bar tags had average fork lengths of 71.5 cm (dashed blue line).

A total of 155 biological samples from non-tagged Pacific cod were collected.

Pacific cod average length and weight from the biological samples are summarized as follows:
female fish had an average length of 75.1 cm and average weight of 4.84 kg (n = 82), and male
fish had an average length of 69.3 cm and average weight of 3.6 kg (n = 73; Fig. 5).

Pacific cod spawning stages from the biological samples are summarized as follows: for female
fish, 1 developing, 3 immature, 17 pre-spawn, and 61 spent female fish. For males, there were 2
immature, 2 pre-spawn, 29 spawning, and 40 spent male fish (Fig. 6).
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Figure 5. — Average fork length (cm) and weight (g) by sex for 155 randomly collected non-
tagged Pacific cod from the western GOA during the March 2021 tag release cruise.
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randomly collected non-tagged Pacific cod from the western GOA during the March
2021 tag release cruise.



Table 1. -- Summary of all 2021 western Gulf of Alaska Pacific cod tag releases and subsequent recoveries. If a tag is not shown, it was not

recovered.
TagNo.  TagType ROS2%e  [iitude Longituge Lergth Recoveny  STOUL | CCide Davea
(DD) (DD) (DD) (DD)

204891 PSAT 03/19/2021 55.24917 -160.1125 74 03/30/2021 54.69943 -162.1356 10
204884 PSAT 03/19/2021 55.54556 -160.0658 78 05/13/2021 55.33361 -160.1669 54
204889 PSAT 03/19/2021 55.25750 -160.1206 79 05/13/2021 54.36350 -162.0560 54
204886 PSAT 03/19/2021 55.55306 -160.0597 91 05/31/2021 53.48711 -166.7497 73
204885 PSAT 03/19/2021 55.55056 -160.0592 75 06/18/2021 56.99344 -169.1203 91
204890 PSAT 03/19/2021 55.25417 -160.1169 71 06/18/2021 55.98810 -162.1082 90
204893 PSAT 03/19/2021 55.26000 -160.1203 82 06/25/2021 61.63878 -177.2184 97
204892 PSAT 03/19/2021 55.24611 -160.1097 79 12/14/2021 62.28555 -170.4391 270
204888 PSAT 03/19/2021 55.54417 -160.0703 79 01/22/2022 5497361 -165.1206 309
204887 PSAT 03/19/2021 55.54417 -160.0703 63 02/15/2022 55.61070 -160.0910 333
208531 Stationary 03/19/2021 55.54556 -160.0608 - 03/21/2022 55.54556 -160.0608 367
131028 Floy T-Bar ~ 03/19/2021 55.55056 -160.0592 77 05/18/2021 55.54000 -160.0400 60
131198 Floy T-Bar ~ 03/19/2021 55.26000 -160.1203 78 05/03/2021 55.16000 -160.4700 44
209231 PSAT 03/21/2021 54.42667 -162.3514 72 06/20/2021 5415718 -164.6791 90
209232 PSAT 03/21/2021 54.42500 -162.3433 87 07/02/2021 61.38857 -170.7480 102
209233 PSAT 03/21/2021 54.42250 -162.3342 74 09/18/2021 69.17790 -167.1103 180
208532 Stationary 03/21/2021 54.42556 -162.3600 - 04/26/2022 54.42556 -162.3600 400
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Tag No. Tag Type Release E:tli‘:szg Loﬁzli‘:szg Length Recovery RE:E::JZ Li(:lcg?;’:z D:ays at
Date (UTC) (DD) (DD) (cm) Date (UTC) (DD) (DD) Liberty
131480 Floy T-Bar  03/21/2021 54.42500 -162.3433 91 08/11/2023 55.29000 -159.4900 872
131532 Floy T-Bar  03/21/2021 54.42500 -162.3433 76 07/19/2022 54.39000 -165.9200 484
131549 Floy T-Bar  03/21/2021 54.42250 -162.3342 65 03/20/2024 54.85000 -160.3000 1,094
131573 Floy T-Bar  03/21/2021 54.42250 -162.3342 82 06/02/2021 53.43000 -166.1200 72
209228 PSAT 03/22/2021 54.41889 -162.3294 72 08/03/2021 52.81590 -169.8282 134
209234 PSAT 03/22/2021 54.42083 -162.3375 76 08/19/2021 61.74810 -173.6699 150
131730 Floy T-Bar  03/22/2021 54.41889 -162.3294 73 05/27/2021 58.44000 -158.2300 66
131812 Floy T-Bar  03/22/2021 54.44056 -162.3578 70 04/02/2021 54.83000 -165.0500 11
131935 Floy T-Bar  03/22/2021 55.03361 -162.4208 71 07/04/2021 54.04000 -165.4700 103
137030 Floy T-Bar  03/22/2021 55.03472 -162.4117 56 02/07/2022 54.98000 -162.1100 321
137032 Floy T-Bar  03/22/2021 55.03472 -162.4117 86 01/18/2022 55.80000 -162.5000 301
137173 Floy T-Bar  03/23/2021 55.35139 -161.7297 65 07/28/2022 55.30000 -161.7500 491
208534 PSAT 03/25/2021 54.96667 -159.1175 72 05/21/2021 54.95828 -164.5438 56
204894 PSAT 03/25/2021 54.97444 -159.1022 70 06/24/2021 56.34268 -157.6818 90
204895 PSAT 03/25/2021 54.97083 -159.1147 81 06/24/2021 54.60739 -160.4778 90
208533 Stationary 03/25/2021 54.97222 -159.1361 - 03/30/2022 54.97222 -159.1361 369
208539 PSAT 03/26/2021 54.87806 -160.1242 79 04/07/2021 55.09000 -159.8360 11
209230 PSAT 03/26/2021 54.88083 -160.1450 83 04/16/2021 54.76000 -165.1467 20
208537 PSAT 03/26/2021 54.87556 -160.1097 60 05/03/2021 54.90560 -159.9991 37
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Release Release Release Lenath Recove Recovery Recovery Davs at
Tag No. Tag Type Date (UTC) Latitude Longitude (gm) Date (U1r'yC) Latitude Longitude Lige rt
(DD) (DD) (DD) (DD) y
208538 PSAT 03/26/2021 54.87694 -160.1231 77 06/25/2021 61.13647 -170.7604 90
209229 PSAT 03/26/2021 54.87944 -160.1394 80 07/26/2021 62.83575 -171.6976 121
137445 Floy T-Bar 03/26/2021 54.97083 -159.1247 75 05/05/2021 56.29000 -170.9400 40
137447 Floy T-Bar 03/26/2021 54.97083 -159.1247 86 08/30/2021 60.84000 -171.4100 157
137500 Floy T-Bar 03/26/2021 54.96972 -159.2536 65 03/12/2022 55.29000 -159.5000 350

12



Individual Fish Tag Results (PSATSs)

The following maps of individual PSAT tagged Pacific cod travel paths begin at the fish’'s
tagging release date and end when the PSAT detached from the fish and transmitted data to the
Argos satellite. For continuity between maps, all months from the first tag release event (March
2021) to the recovery of the last PSAT (January-March 2022) are shown in the legends.

When interpreting reconstructed pathways for individual fish, it is important to keep in mind that
the daily point estimates are provided primarily for visualization of estimated locations over time.
Because the actual location estimate provided by the model is a map of location probability in
the study area for each day, the error polygons that encompass the highest 50% and 99% of the
probability on each day are much more indicative of the possible location of the tagged fish
compared to the daily point estimates.

Table 2. -- Colors in this report denote general Pacific cod life history behavior, including
transition period months (which typically occurs in December and January) in blues,
spawning months (February through April) in oranges, return migration months (May
through July) in purples, and foraging months (August through November) in greens
(Nielsen et al. 2025).

Month Life History Stage

NELIETRY Transition period

February Spawning
March Spawning
April Spawning

Return migration

August Foraging

November Foraging
December Transition period




Tag 204891

The Pacific cod with tag 204891 (length: 74 cm) was released on March 19, 2021 in the Gulf of
Alaska at 55.25°N latitude and -160.11°W longitude and the pop-up was on March 30, 2021 at
54.70°N latitude and -162.14°W longitude (Fig. 7; Table 1). This fish was at liberty for 11 days.

Pacific Cod Tag No. 204891
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Figure 7. -- Map of Pacific cod tag 204891 with 50% (medium gray) and 99% (light gray)
confidence probability shapefiles. Find color descriptions in Table 2.
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Tag 208539

The Pacific cod with tag 208539 (length: 79 cm) was released on March 26, 2021 in the Gulf of
Alaska at 54.88°N latitude and -160.12°W longitude and the pop-up was on April 07, 2021 at
55.09°N latitude and -159.84°W longitude (Fig. 8; Table 1). This fish was at liberty for 11 days.
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Figure 7. -- Map of Pacific cod tag 208539 with 50% (medium gray) and 99% (light gray)
confidence probability shapefiles. Find color descriptions in Table 2.
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Tag 209230

The Pacific cod with tag 209230 (length: 83 cm) was released on March 26, 2021 in the Gulf of
Alaska at 54.88°N latitude and -160.15°W longitude and the pop-up was on April 16, 2021 at
54.76°N latitude and -165.15°W longitude (Fig. 8; Table 1). This fish was at liberty for 20 days.
Within the month of tagging, the fish traveled north through Unimak Pass into the Bering Sea.
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Figure 8. -- Map of Pacific cod tag 209230 with 50% (medium gray) and 99% (light gray)
confidence probability shapefiles. Find color descriptions in Table 2.
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Tag 208537

The Pacific cod with tag 208537 (length: 60 cm) was released on March 26, 2021 in the Gulf of
Alaska at 54.88°N latitude and -160.11°W longitude and the pop-up was on May 03, 2021 at
54.91°N latitude and -160.0°W longitude (Fig. 9; Table 1). This fish was at liberty for 37 days.
The fish remained in proximity to the initial release location.
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Figure 9. -- Map of Pacific cod tag 208537 with 50% (medium gray) and 99% (light gray)
confidence probability shapefiles. Find color descriptions in Table 1.
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Tag 204884

The Pacific cod with tag 204884 (length: 78 cm) was released on March 19, 2021 in the Gulf of
Alaska at 55.55°N latitude and -160.07°W longitude and the pop-up was on May 13, 2021 at
55.33°N latitude and -160.17°W longitude (Fig. 10; Table 1). This fish was at liberty for 55 days.
The fish remained in proximity to the release location.
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Figure 10. -- Map of Pacific cod tag 204884 with 50% (medium gray) and 99% (light gray)
confidence probability shapefiles. Find color descriptions in Table 2.
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Tag 204889

The Pacific cod with tag 204889 (length: 79 cm) was released on March 19, 2021 in the Gulf of
Alaska at 55.26°N latitude and -160.12°W longitude and the pop-up was on May 13, 2021 at
54.36°N latitude and -162.06°W longitude (Fig. 11; Table 1). This fish was at liberty for 55 days.
The fish remained in the western GOA during its time at liberty.
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Figure 11. -- Map of Pacific cod tag 204889 with 50% (medium gray) and 99% (light gray)
confidence probability shapefiles. Find color descriptions in Table 2.
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Tag 208534

The Pacific cod with tag 208534 (length: 72 cm) was released on March 25, 2021 in the Gulf of
Alaska at 54.97°N latitude and -159.12°W longitude and the pop-up was on May 21, 2021 at
54.96°N latitude and -164.54°W longitude (Fig. 12; Table 1). This fish was at liberty for 57 days.
Within the month of tagging, the fish traveled north through Unimak Pass into the Bering Sea.
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Figure 12. -- Map of Pacific cod tag 208534 with 50% (medium gray) and 99% (light gray)
confidence probability shapefiles. Find color descriptions in Table 2.
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Tag 204886

The Pacific cod with tag 204886 (length: 91 cm) was released on March 19, 2021 in the Gulf of
Alaska at 55.55°N latitude and -160.06°W longitude and the pop-up was on May 31, 2021 at
53.49°N latitude and -166.75°W longitude (Fig. 13; Table 1). This fish was at liberty for 74 days.
The fish traveled west from the release site where the pop-up occurred near Unimak Pass in
May.
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Figure 13. -- Map of Pacific cod tag 204886 with 50% (medium gray) and 99% (light gray)
confidence probability shapefiles. Find color descriptions in Table 2.
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Tag 204885

The Pacific cod with tag 204885 (length: 75 cm) was released on March 19, 2021 in the Gulf of
Alaska at 55.55°N latitude and -160.06°W longitude and the pop-up was on June 18, 2021 at
56.99°N latitude and -169.12°W longitude (Fig. 14; Table 1). This fish was at liberty for 91 days.
The PSAT pop-up occurred as programmed. Within a month of tagging the fish traveled into the
Bering Sea and remained on the Bering Sea shelf until the pop-up.
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Figure 14. -- Map of Pacific cod tag 204885 with 50% (medium gray) and 99% (light gray)
confidence probability shapefiles. Find color descriptions in Table 2.

22



Tag 204890

The Pacific cod with tag 204890 (length: 71 cm) was released on March 19, 2021 in the Gulf of
Alaska at 55.25°N latitude and -160.12°W longitude and the pop-up was on June 18, 2021 at
55.99°N latitude and -162.11°W longitude (Fig. 15; Table 1). This fish was at liberty for 91 days.
Within a month of tagging the fish traveled into the Bering Sea and remained just north of the
peninsula.
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Figure 15. -- Map of Pacific cod tag 204890 with 50% (medium gray) and 99% (light gray)
confidence probability shapefiles. Find color descriptions in Table 2.
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Tag 209231

The Pacific cod with tag 209231 (length: 72 cm) was released on March 21, 2021 in the Gulf of
Alaska at 54.43°N latitude and -162.35°W longitude and the pop-up was on June 20, 2021 at
54.16°N latitude and -164.68°W longitude (Fig. 16; Table 1). This fish was at liberty for 90 days.
This fish stayed in the western Gulf of Alaska during its time at liberty, spending most of its time
just south of Unimak Pass.
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Figure 16. -- Map of Pacific cod tag 209231 with 50% (medium gray) and 99% (light gray)

confidence probability shapefiles. Find color descriptions in Table 2.
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Tag 204894

The Pacific cod with tag 204894 (length: 70 cm) was released on March 25, 2021 in the Gulf of
Alaska at 54.97°N latitude and -159.1°W longitude and the pop-up was on June 24, 2021 at
56.34°N latitude and -157.68°W longitude (Fig. 17; Table 1). This fish was at liberty for 90 days.
This fish is one of the few fish released in March 2021 that traveled east toward the central Gulf
of Alaska while at liberty.
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Figure 17. -- Map of Pacific cod tag 204894 with 50% (medium gray) and 99% (light gray)
confidence probability shapefiles. Find color descriptions in Table 2.
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Tag 204895

The Pacific cod with tag 204895 (length: 81 cm) was released on March 25, 2021 in the Gulf of
Alaska at 54.97°N latitude and -159.11°W longitude and the pop-up was on June 24, 2021 at
54.61°N latitude and -160.48°W longitude (Fig. 18; Table 1). This fish was at liberty for 90 days.
This fish remained in the western GOA in proximity to the release location.
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Figure 18. -- Map of Pacific cod tag 204895 with 50% (medium gray) and 99% (light gray)
confidence probability shapefiles. Find color descriptions in Table 2.
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Tag 204893

The Pacific cod with tag 204893 (length: 82 cm) was released on March 19, 2021 in the Gulf of
Alaska at 55.26°N latitude and -160.12°W longitude and the pop-up was on June 24, 2021 at
61.64°N latitude and -177.22°W longitude (Fig. 19; Table 1). This fish was at liberty for 98 days.
This fish traveled within a month from the release location into the Bering Sea and continuously
headed northwest during April to July for over 1000 km with a pop-up location probability at or
near the U.S. and Russia Maritime Boundary.
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Figure 19. -- Map of Pacific cod tag 204893 with 50% (medium gray) and 99% (light gray)
confidence probability shapefiles. Find color descriptions in Table 2.
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Tag 208538

The Pacific cod with tag 208538 (length: 77 cm) was released on March 26, 2021 in the Gulf of
Alaska at 54.88°N latitude and -160.12°W longitude and the pop-up was on June 25, 2021 at
61.14°N latitude and -170.76°W longitude (Fig. 20; Table 1). This fish was at liberty for 91 days.
This fish moved from the release location within a month, through Unimak Pass and traveled
continuously north into the Bering Sea with a pop-up location just east of St. Matthew Island.
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Figure 20. -- Map of Pacific cod tag 208538 with 50% (medium gray) and 99% (light gray)
confidence probability shapefiles. Find color descriptions in Table 2.
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Tag 209232

The Pacific cod with tag 209232 (length: 87 cm) was released on March 21, 2021 in the Gulf of
Alaska at 54.42°N latitude and -162.34°W longitude and the pop-up was on July 02, 2021 at
61.39°N latitude and -170.75°W longitude (Fig. 21; Table 1). This fish was at liberty for 103
days. This fish moved from the release location through Unimak Pass during April and headed
north into the Bering Sea with a pop-up location northeast of St. Matthew Island.
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Figure 21. -- Map of Pacific cod tag 209232 with 50% (medium gray) and 99% (light gray)
confidence probability shapefiles. Find color descriptions in Table 2.
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Tag 209229

The Pacific cod with tag 209229 (length: 80 cm) was released on March 26, 2021 in the Gulf of
Alaska at 54.88°N latitude and -160.14°W longitude and the pop-up was on July 26, 2021 at
62.84°N latitude and -171.70°W longitude (Fig. 22; Table 1). This fish was at liberty for 121
days. This fish moved from the release location through Unimak Pass during April and headed
north into the Bering Sea with a pop-up location just south of St. Lawrence Island. The pop-up
location is considered to be in the northern Bering Sea.
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Figure 22. -- Map of Pacific cod tag 209229 with 50% (medium gray) and 99% (light gray)
confidence probability shapefiles. Find color descriptions in Table 2.
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Tag 209228

The Pacific cod with tag 209228 (length: 72 cm) was released on March 22, 2021 in the Gulf of
Alaska at 54.42°N latitude and -162.33°W longitude and the pop-up was on August 03, 2021 at
52.81°N latitude and -169.82°W longitude (Fig. 23; Table 1). This fish was at liberty for 135
days. This fish migrated straight west from its release location, traveling along the southern
coast of the Aleutian Island chain and popped up just West of Umnak Island in August.
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Tag 209234

The Pacific cod with tag 209234 (length: 76 cm) was released on March 22, 2021 in the Gulf of
Alaska at 54.42°N latitude and -162.34°W longitude and the pop-up was on August 19, 2021 at
61.75°N latitude and -173.67°W longitude (Fig. 24; Table 1). This fish was at liberty for 150
days. This fish traveled quickly from the release location into the Bering Sea and further north
with a pop-up location probability inside Russian waters.
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confidence probability shapefiles. Find color descriptions in Table 2.
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Tag 204892

The Pacific cod with tag 204892 (length: 79 cm) was released on March 19, 2021 in the Gulf of
Alaska at 55.25°N latitude and -160.11°W longitude and the pop-up was on December 14, 2021
at 62.28°N latitude and -170.44°W longitude (Fig. 25; Table 1). This fish was at liberty for 270
days. This fish moved quickly from the release location, through Unimak Pass and into the
Bering Sea where it popped-up just south of St. Lawrence Island in the northern Bering Sea in
December.
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Figure 25. -- Map of Pacific cod tag 204892 with 50% (medium gray) and 99% (light gray)
confidence probability shapefiles. Find color descriptions in Table 2.
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Tag 204888

The Pacific cod with tag 204888 (length: 79 cm) was released on March 19, 2021 in the Gulf of
Alaska at 55.54°N latitude and -160.07°W longitude and the pop-up was on January 22, 2022 at
54.97°N latitude and -165.12°W longitude (Fig. 26; Table 1). This fish was at liberty for 310
days. This fish traveled from its release location through Unimak Pass into the Bering Sea, by
July. The rest of its time was spent just north of Unimak Pass in the Bering Sea.
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Figure 26. -- Map of Pacific cod tag 204888 with 50% (medium gray) and 99% (light gray)
confidence probability shapefiles. Find color descriptions in Table 2.
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Tag 204887

The Pacific cod with tag 204887 (length: 63 cm) was released on March 19, 2021 in the Gulf of
Alaska at 55.54°N latitude and -160.07°W longitude and the pop-up was on February 15, 2022
at 55.61°N latitude and -160.09°W longitude (Fig. 27; Table 1). This fish was at liberty for 334
days. This fish was at liberty for almost a year and remained close to the release location in the
western Gulf of Alaska.
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Figure 27. -- Map of Pacific cod tag 204887 with 50% (medium gray) and 99% (light gray)
confidence probability shapefiles. Find color descriptions in Table 2.
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Tag 209233

The Pacific cod with tag 209233 (length: 74 cm) was released on March 21, 2021 in the Gulf of
Alaska at 54.42°N latitude and -162.33°W longitude and the pop-up was on September 18,
2021 at 69.1779°N latitude and -167.1103°W longitude (Fig. 28; Table 1). This fish was at
liberty for 180 days. This fish traveled steadily northward from the western Gulf of Alaska to the
Chukchi Sea where the tag popped-up in September.
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Figure 28. -- Map of Pacific cod tag 209233 with 50% (medium gray) and 99% (light gray)
confidence probability shapefiles. Find color descriptions in Table 2.
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DISCUSSION

This report is one of five Alaska Fisheries Science Center (AFSC) Technical Memorandums
summarizing results from PSAT-tagged Pacific cod, including reconstructed individual
movement paths, for release years 2019 (Markowitz et al. 2025), 2021, 2022, 2023, and 2024.
With the exception of 2019, all tag releases from 2021-2024 occurred in the western and/or
central GOA.

Pacific cod stocks are presently managed separately in the GOA and BS which is why it is so
important to understand how much movement of Pacific cod there is between the GOA and the
BS. To summarize coarse interannual movement patterns, we calculated migration rates by
release year, focusing on movements from the western GOA into the BS, including the eastern
and northern Bering Sea, Chukchi Sea, and Russian waters. A summary table of these
movements is included in each subsequent AFSC Technical Memorandum (2021-2024). The
following assumptions were applied to generate the movement summary table (western GOA
releases only):

e Pacific cod were classified as “migratory” if their satellite tag popped up outside of the
western GOA in northern waters, which includes the eastern or northern Bering Sea,
Russian waters, or the Chukchi Sea (aggregated within the BS column, Table 3).

e Fish with tags that popped up in the western GOA after May 1 were presumed residents
of the GOA for the remainder of their time (if applicable) at liberty, according to their
programmed pop-off time.

e Early pop-up tags in the western GOA (before May 1) were designated as “unknown”, as
these fish may have subsequently migrated into the BS but lacked sufficient days at
liberty to confirm migration (Table 3, “Pre-May 1 Pop-Up).

e The “% Migrated (minimum)” represents a conservative estimate of tagged Pacific cod
migration.
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Table 3. -- Movement summary table for pop-up satellite tags (PSATSs) released during winter
spawning in the western Gulf of Alaska (GOA), restricted to PSATs from which a pop-up
recovery location was available. “Migrated North” are fish with pop-up locations north of
the GOA (BS, CS, Rus). “In GOA May 1” are fish that have a pop-up location in the GOA
sometime after May 1. “Total Known” is the total of “Migrated North” and “In GOA May
1”. The “% Migrated (minimum)” represents the number of fish that “Migrated North (BS,
CS, or Rus)” divided by the “Total Known May 1”. The “Pre-May 1 Pop-Up” column is the
number of tags that surfaced in the GOA before May 1. Because the ultimate fate of
these fish is unknown, they are excluded from the migration calculation. BS = eastern
and northern Bering Sea, CS = Chukchi Sea, Rus = Russia.

Year Migrated North In GOA Total Known % Mi_grated Pre-May 1
(BS, CS, Rus) May 1 May 1 (minimum) Pop-Up
2021 12 9 21 57% 2
2022 5 21 26 19% 0
2023 11 7 18 61% 1
2024 8 6 14 57% 5

In 2021, a conservative estimate indicated that 57% of Pacific cod migrated from the western
GOA release area into the Bering Sea and, in some cases, further north (Fig. 2). Once Pacific
cod migrated northward, they generally remained in the northern regions throughout the
summer months, presumably to forage.

According to the Gulf of Alaska Ecosystem Status Report (Ferris and Zador 2021), summer
2021 (June—August) represented the second consecutive non-marine heatwave year in the
western GOA, with sea surface and subsurface temperatures near average. This suggests that
temperature anomalies associated with the 2019 GOA marine heatwave had dissipated prior to
the March 2021 PSAT release cruise.

In contrast, the Bering Sea experienced its seventh consecutive year of above-average bottom
temperatures (Markowitz et al. 2021), potentially providing favorable thermal conditions for
northward migration if Pacific cod. Pacific cod are known to avoid the coldest bottom
temperatures, such as those associated with the Bering Sea cold pool (bottom temperatures <
2°C) and warmer conditions may therefore facilitate expanded distribution into northern regions
(Stevenson and Lauth, 2018).

Collectively, these results demonstrate substantial interannual variability in migration rates and
highlight the importance of accounting for cross-regional movement in stock assessment and
survey interpretation, because the bottom trawl surveys only occur in the summer months
(Markowitz et al. 2021; Siple et al. 2024). Continued tagging and movement analyses will be
critical for improving our understanding of Pacific cod spatial dynamics and for informing
management decisions across the GOA and BS management areas.
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