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Abstract

Background: Pacific cod (Gadus macrocephalus) is an ecologically important species that supports a valuable com-
mercial fishery throughout Alaska waters. Although its life history includes seasonal movement for spawning and
feeding, little is known about its movement ecology. Here, we present results from the first study to use pop-up
satellite archival tags (PSATs) to track the within-year movements of Pacific cod to understand their potential seasonal
movement patterns within the Aleutian Islands. This study was part of a cooperative research project; tagging was
conducted onboard commercial vessels during the winter fishing season while Pacific cod were aggregated to spawn
in the central Aleutian Islands.

Results: Of the 36 PSATs deployed, we were able to obtain movement data from 13 Pacific cod that were at liberty
between 60 and 360 days. We determined that three tagged Pacific cod were predated on by marine mammals and
three were recaptured by the commercial fishery. Geolocation models were produced for four migrating individuals.
Eight Pacific cod moved to a productive foraging ground near Seguam Island located 64 to 344 km from their release
site and presumed spawning ground within a few weeks of their release. These movements indicate that some Pacific
cod in the Aleutian Islands undergo seasonal migration. Three Pacific cod remained near their release locations (within
50 km) for more than 75 days suggesting the existence of partial migration in the population. Two Pacific cod under-
took larger movements (378 and 394 km) during which they swam over deep passes and crossed several manage-
ment boundaries highlighting the potential connectedness of Pacific cod throughout the Aleutian Islands.

Conclusions: This study provided important initial insights into the seasonal movement patterns of Pacific cod in the
Aleutian Islands. Most tracked Pacific cod (77%) undertook migrations in the middle of March (64-394 km) from their
winter spawning areas to summer foraging areas, but a few individuals remained in their capture location suggesting
a partial migration strategy. Their ability to cross deep passes that were previously seen as potential barriers to move-
ment has expanded our understanding of population connectivity.

Keywords: Movement ecology, Pop-up satellite archival tags, Gadidae, Alaska, Spawning aggregation, Geolocation,
Partial migration

Background

The Aleutian Islands are an 1800-km-long archipelago
west of the Alaska Peninsula consisting of hundreds of
small, steep submarine volcanoes surrounded by a nar-
row shelf with steep drop-offs. Numerous straits and
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[2]. It is also a highly productive area and supports a large
abundance of several economically important fish species
such as Pacific ocean perch (Sebastes alutus), Atka mack-
erel (Pleurogrammus monopterygius), and Pacific cod
(Gadus macrocephalus) [3, 4].

Pacific cod is a wide-ranging species that can be found
from the southern tip of the Korean Peninsula (Yel-
low Sea) in the western North Pacific Ocean across the
Aleutian Islands and as far north as the Chukchi Sea and
south to the California coast in the eastern North Pacific
Ocean. Genetic research has shown that there is lim-
ited connectivity among spawning groups of Pacific cod,
as well as a strong isolation by distance signal across its
North American range [5-9]. Genetic work has shown
strong support for significant differences between Bering
Sea and Aleutian Islands cod, as well as the possibility for
additional differentiation within spawning stocks found
along the Aleutian Archipelago [5, 6]. In the United
States, Pacific cod is the fifth most valuable finfish spe-
cies with almost all of the commercial catch coming from
Alaskan waters [10]. In Alaska, Pacific cod is currently
managed as three separate stocks: Gulf of Alaska, Aleu-
tian Islands, and Bering Sea.

In the eastern Bering Sea, Pacific cod undertake
large seasonal migrations from annual summer feeding
grounds to winter spawning sites [11, 12]. Persistent win-
ter spawning locations have been observed, and genet-
ics and tagging research suggest that individuals display
homing tendencies and site fidelity during their spawn-
ing season [11, 13]. In the Gulf of Alaska (Prince William
Sound), Pacific cod have high site fidelity to small fjords
with limited partial migration (i.e., some tagged fish
migrated after spawning season) [14]. The findings from
these limited studies on Pacific cod appear to be similar
to the larger body of research into the movement ecol-
ogy of its congener, Atlantic cod, Gadus morhua, which
has been shown to display both partial and long-distance
migratory patterns including high site fidelity [15, 16].
There are regional differences in the migratory behaviors
of Atlantic cod, thus it is likely that Pacific cod may also
exhibit varying regional migration strategies [17, 18].

In this study, we used pop-up satellite archival tags
(PSATs) to examine the seasonal movement of Pacific
cod in the Aleutian Islands from a winter spawning
ground to its feeding distribution in the summer and fall.
This was the first study to use PSATs to track Pacific cod
in the Aleutian Islands and two goals of the study were to
test the feasibility of using commercial vessels as tagging
platforms and determine the methodology of tagging
these medium-bodied fish and evaluate success rates.
Seasonal movement patterns of Pacific cod are especially
important to management since the fishery independent
survey that is used in its stock assessment is conducted in

Page 2 of 18

the summer, yet a large portion (~80%) of the commer-
cial fishery takes place during the winter (January—April)
when they aggregate to spawn [19]. Potential distribution
changes of the Pacific cod population between the win-
ter and summer, especially the crossing of management
boundaries during migrations, has significant implica-
tions in our understanding of their population dynamics
and stock structure and thus their stock assessment.

Methods

Fish capture and release

A total of 36 Pacific cod were captured and released dur-
ing a cooperative venture on both bottom trawl and pot
fishing vessels during commercial fishing operations
targeting Pacific cod in the Aleutian Islands near Adak
Island, Alaska (Fig. 1). Due to differences in the vessels
and the gear deployed, the methods used to capture and
release Pacific cod differed. However, the procedures for
attaching the satellite tags to the Pacific cod were the
same.

Trawl vessel operations

We captured, tagged, and released 21 Pacific cod from
the FV Ocean Explorer on 18-20 February 2019, in
Nazan Bay near Atka Island (Fig. 1). Nazan Bay is a
known spawning site for Pacific cod and tagging efforts
coincided with time of peak spawning time. The FV
Ocean Explorer is a 185-foot (56.4 m) bottom trawl ves-
sel that conducted two, 6-h tows during daylight hours
targeting Pacific cod. We retained and tagged Pacific
cod opportunistically from each tow. After the net was
brought on deck, the crew hand selected the most vig-
orous Pacific cod from the top of the trawl net (most
recently captured) and immediately placed them into
one of two large holding tanks, 1000 L each, that had a
constant supply of untreated seawater. Once in the tanks,
we further examined the Pacific cod for external signs of
barotrauma and removed individuals that showed signs
of injury. Pacific cod that were caught during the first
haul were tagged within 2 h of capture and retained in
the tank until fishing operations were completed for the
day. The time between capture and release ranged from
6 to 8 h. Pacific cod that were captured during the sec-
ond haul were tagged and released within 1.5 h. Water
temperatures in the tank were within 1 °C of bottom tem-
peratures as recorded by net mounted instruments. We
carefully lowered tagged Pacific cod to the sea surface
with a sling and then returned them to 50 m depth with
a SeaQualizer" descending device attached to a weighted
line. The device included of a spring-loaded clamp that
on the surface gripped the lower lip of the Pacific cod.
This clamp was triggered by a change in water pressure
to open up and release the fish. Most Pacific cod were



Bryan et al. Anim Biotelemetry (2021) 9:24 Page 30f 18
180° 175°W 170°W
1 1 1
N P4
Z | K
8
Bering Sea &
i-. Petrel Bank
(e} -
\®
L )
Z
?99‘5 % Adak Island IS
Z QP > Sitkin Sound (9 tags)
> d\\ LS }
© w© A O ;.
2 . B e Atf:w Nazan Bay (21 tags) 9 @ ol
Adak Strait oF Sel 5
o Lo @ @ - e [ Z
Kagaalaska Amy; Seguam o e 2
4 A Ig, v e
Z | Strait (6 tags) 4ng Island
3
b4
&
z
é-
. . \
® Tagging Locations . | z
. . Bering Sea o
- =+ Stationary Tag Locations .
&)_
< ‘e
0 75 150 300 Kilometers Mania L
L L 1 1 | | 1 1 | z
T T _8
175°W 170°W
Fig. 1 Map of the study area in the central Aleutian Islands, three stationary tag locations, and three Pacific cod satellite tagging locations

released close to the recapture site in a location with a
similar bottom depth from which they were captured.
The average release depth from the trawl vessel was
115 m (min=109, max=118). Due to the high intensity
of fishing within some capture areas, we released some
Pacific cod up to 12 km away into areas that were not
heavily fished in order to avoid immediate recapture by
the fishery.

Pot vessel operations

We captured, tagged, and released 15 Pacific cod from
the FV Deliverance, a 60-foot (18.29 m) pot vessel, dur-
ing two fishing trips at two locations near Adak Island
(Fig. 1). On February 22, 2019, we tagged nine Pacific
cod in Sitkin Sound, and on February 28, we tagged six
Pacific cod south of Adak near Kagalaska Strait (Fig. 1).
In both locations, we tagged three Pacific cod per pot and
all of the tagged Pacific cod were released at the same
depth and within 1 km from where they were caught.
The average release depth from the pot vessel was 100 m
(min =88, max=117). The pots in Sitkin Sound had been
in the water 48-h before we retrieved them, while those
near Kagalaska Strait had been in the water for 24-h.
Pacific cod were retrieved from pots and immediately
placed into a 500 L seawater tank with flowing seawater.

Individuals were selected for tags by looking for any out-
ward signs of barotrauma and only Pacific cod in the best
condition were selected for tagging. The time between
capture and release ranged from 19 to 53 min. The Pacific
cod were lowered off the boat to the sea surface with a
sling and returned to 50 m depth with a SeaQualizer""
descending device.

Tag attachment

Tags were attached to Pacific cod using a “tag backpack”
system that was and successfully used for tagging salmon
[20-22]. The backpack system consisted of two com-
ponents; the tag bridle (a harness that was implanted
into the fish) and the tag that was attached to the bri-
dle (Fig. 2). The tag bridle consisted of 1.2 mm braided
spectra twine attached to two plastic oval backplates
(50 mm x 11 mm x 1 mm) that each had a 1.5 mm thick
silicon pad glued to the inside to reduce abrasion. The
backplates and bridle were wired through the dorsal mus-
culature of the Pacific cod, just forward of the first dor-
sal fin with 0.5 mm stainless steel wire that was covered
in poly shrink tubing. The wire was guided through the
Pacific cod using a pair of hypodermic needles that were
held in parallel with a custom jig. The jig was designed
to keep the needles separated at the same distance as the
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Fig. 2 Image of tag backpack for a pop-up satellite archival tag
attachment to a Pacific cod. Insert shows a tag floating while on
Pacific cod in a tank

holes in the backplates. The wire was pulled tight and
crimped to secure and reduce movement of the bridle
system. A small loop was attached to the nose cone of
each satellite tag using 150-1b test monofilament line and
two brass crimps. This loop (and the tag) were attached
to the middle of the bridle system with a cow hitch prior
to the bridle being attached to the Pacific cod.

The latitude, longitude, and time of capture and release,
and fork length were recorded for each individual tagged
Pacific cod.

Satellite tag programming

Three different types of PSATs built by Wildlife Com-
puters (Redmond, WA) were used: mark—recapture tags
(mrPAT), survival tags (sPAT), and archival tags (Mini-
PAT). Tag attachments were the same for all tags. The
mrPAT is slightly longer and narrower than the sPAT
and MiniPATs and is 8% more buoyant in seawater. All
tag types provided pop-up locations generated by the
Argos satellite network (http://www.argos-system.org/),
but differed in the amount and type of data provided. The
mrPATs did not record any data, so the pop-up location
was the only information provided by these tags. The
sPATs generated daily minimum and maximum depth
and temperature values during the entire deployment and
10-min times-series depth data for the last 5 days prior to
their scheduled pop-up. The MiniPATs recorded depth,
temperature, acceleration (for deployments<90 days),
and light intensity data at resolutions ranging from 1 to
5 s depending on programmed deployment duration.
This high-resolution data could be retrieved if a tag was
recaptured and returned for data download. The fol-
lowing archived data were summarized for transmis-
sion to the satellite network: (1) light levels at dusk and
dawn; (2) daily minimum and maximum temperature
and depth; (3) time-series of depth and temperature,
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and (4) temperature—depth profiles. MiniPATs deployed
for 90 days also provided accelerometer-derived activity
metrics [23].

Programmed pop-up dates were staggered throughout
the year in order to provide pop-up locations in each sea-
son and tag deployments ranged from 60 to 360 days. The
sPATs (n=3) were deployed for 60 days (the maximum
deployment duration). Pop-up dates for the mrPATs
were programmed for 90 days (n=2), 180 days (n=4),
270 days (n=2), and 360 days (n=4). Pop-up dates for
the MiniPATs were programmed for 90 days (n=3),
180 days (#=38), 270 days (#=2), and 360 days (n=3).
MiniPAT time-series depth and temperature informa-
tion was generated for 90-day tags at 150-s intervals and
for 180-day tags at 450-s intervals. Time-series depth for
270-day tags was generated at 600-s intervals for all days
and temperature for alternate days. Time-series depth
and temperature was generated for alternate days at
600-s intervals for all 360-day tags.

Stationary tags

Three stationary MiniPATs were deployed 1 m off the sea-
floor (at a bottom depth of 114, 118, and 114 m) in areas
close to the Pacific cod capture and release locations to
record environmental data at the capture site as baseline
data for the geolocation model (Fig. 1). The MiniPATs
were attached to 30 kg of steel weight with a 1-m-long
section of 12 mm copolymer braided rope with stainless
steel thimbles splices onto each end and a 20-cm T-float
in between. The rope was attached to the weight with a
galvanized swivel jaw and eye with a shackle. A 180-kg
mono-loop was secured to the nose of the MiniPATs with
a copper crimp. This mono-loop was then attached to the
thimble on the rope through a stainless steel corkscrew
with a barrel swivel connected to a stainless steel wire
loop. Stationary tags assisted the process of geolocation
by providing empirical variance estimates of light-based
latitude and longitude utilized in the geolocation model
and by recording temperature and depth at known loca-
tions that could be compared to tagged fish temperature—
depth profiles. These tags were programmed to pop-up
after 360 days and transmit daily light levels, minimum
and maximum temperature, and depth. They were also
programmed to transmit time-series temperature data at
600-s intervals for every day and time-series depth data
for alternative days.

Fish plant data collection

Length and maturity data of Pacific cod landed at the
Adak processing plant were collected to determine
whether the length distributions of the tagged fish were
representative of the population targeted by the commer-
cial fishery and if tagged Pacific cod could be expected
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to be mature based on their lengths. Samples were ran-
domly selected from opportunistically chosen deliveries
of Pacific cod to the plant. Each random length collec-
tion represented one vessel delivery. Fish fork length was
measured to the nearest centimeter and fish weight was
recorded to the nearest gram. Maturity state was deter-
mine through visual examination of gonad tissues using
established maturity keys with methods similar to previ-
ous studies [13].

Tagging, natural, and fishing mortality analysis

A generalized linear regression model with a logit link
function was used to test for factors that may have had an
influence on tagging mortality in the statistical program
R (R Core Team, 2019). Factors included in the model
were total length, the gear type fish were captured with
(e.g., trawl or pot), and the amount of time spent on the
vessel before release. Only tags for which the fate of the
Pacific cod was known (tagging mortality vs. survived)
based on transmitted data were used. Tag mortality was
determined through the visual inspection of the entire
time-series depth profiles of tags that popped-up early.
Any tag with a constant depth from more than 48 h that
occurred within 10 days of release was classified as a tag-
ging mortality event.

Movement and geolocation model

Total horizontal movements were calculated as the great
circle (shortest) distance between the location at which
the Pacific cod was released and the location of the first
accurate transmitted position following tag pop-up.
Directed movement was defined as any horizontal move-
ment greater than 50 km. Movement pathways for fish
tagged with MiniPATs were reconstructed using a hidden
Markov geolocation model (HMM) adapted for demer-
sal fishes in the North Pacific Ocean [24-26]. The HMM
consists of a coupled movement model (diffusion) and a
data likelihood model that links tag data to known dis-
tributions of geolocation variables within a gridded study
area. The model consists of a forward filter followed by
backward smoothing. The forward filter begins with all
location probability in the release location grid cell. For
each day, location probabilities in study area grid cells are
updated first by the movement model and then the data
likelihood model. The HMM handles missing data easily
by updating probabilities with the movement model only
on days when PSAT data are not available. Once the end
of the PSAT data set is reached, the daily location prob-
abilities are backward-smoothed from the end location
to the release location to provide the probability that the
tagged fish occupied each grid cell on each day of the
trajectory.
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The data likelihood model for Pacific cod in the Aleu-
tian Islands is based on maximum daily depth and light-
based longitude. In the Aleutian Islands, depth gradients
are parallel to latitude (except for passes), so light-based
longitude and depth provide orthogonal geolocation
information. The maximum daily depth likelihood for
demersal fishes assumes that once a day the fish is near
to the seafloor [26]. Pacific cod in our study area were
likely to have some degree of off-bottom behavior dur-
ing recovery from tagging, where Pacific cod seek shal-
lower depths as they recuperate from barotrauma [27],
crossing of deep passes during migration, and foraging
in areas where sharp gradients in depth exist. Therefore,
we modified the maximum depth likelihood to allow the
maximum daily depth recorded by the fish to occur at
some distance above the seafloor by using a split-normal
distribution that accounts for grid cell bathymetry heter-
ogeneity as well as off-bottom behavior. We used a 100-m
resolution bathymetry grid [28] aggregated to a model
grid size of 2 km to calculate the daily maximum depth
likelihood.

Light measurements from PSATSs can be used to deter-
mine latitude and longitude estimates for fish that occupy
photic zone depths [29], however longitude estimates are
more reliable than latitude for demersal fish [30]. PSAT
light measurements were converted to longitude using
Wildlife Computers GPE2 software and manually filtered
to remove spurious longitude values. A variance of 1.5
degrees was assigned to the longitude likelihood follow-
ing analysis of longitude estimates from three stationary
tags deployed in release locations. Depth and longitude
likelihood surfaces for each day were combined by cell-
wise multiplication [31, 32].

Movement states may be specified for the HMM by
assigning different values of diffusion to days when
movement rates are likely to be faster or slower based
on auxiliary data. In this study, two movement states
were assigned to tagged cod for the HMM: a recovery/
spawning state, during which fish were assumed to have
limited movement, and a non-spawning state during
which fish were likely to have larger movement rates
during migration and summer foraging. Limited initial
movement rates in the release area were likely due to
recovery from barotrauma associated with capture [27]
as well as by nature of their capture at known spawn-
ing grounds during the spawning period [13], for which
site fidelity and homing have been observed for Pacific
cod [11, 14]. Therefore, the recovery/spawning state
was defined by (1) time periods where fish exhibited
characteristic barotrauma recovery patterns [27], and
(2) time periods where temperature at depth measured
by tagged cod matched temperature at depth measured
by stationary tags and other tagged cod with pop-up
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locations at the release location [33]. The value of diffu-
sion used for the recovery/spawning state for all geolo-
cated fish was determined based on optimal diffusion
values from two fish that were recaptured in the com-
mercial fishery (#178701) or predated upon (#178696)
in the release areas after 21 and 32 days, respectively.
Larger values of diffusion were assigned to the non-
spawning state and were calculated separately for
individual geolocated fish by minimizing the RMSE dif-
ference error between the depth measured by the fish
and the depth at model-estimated locations.

The primary model output consists of the probabil-
ity that the tagged animal occupied each grid cell in the
study area for each day of the data record. The most
probable track was determined by simulating 20 random
walk movement paths using the same values of diffu-
sion as the HMM. At each time step, proposed locations
were accepted only if they had probability greater than a
specified value (e.g., the 99.99 percentile probability) for
that day. The simulated path with the highest total sum
of probability was selected as the most probable track.
Horizontal displacement from the release location over
time was calculated based on most probable track daily
position estimates. Migration end dates were defined as
the date when horizontal displacement from the release
locations no longer increased. Migratory rates (km/day)
were calculated as the mean daily differences in displace-
ment distances when an individual was in the migratory
state. Polygons that encompassed the smallest number of
grid cells containing 50% and 99% of the probability were
generated for each day. To visualize geolocation results,
50% daily location error polygons were classified as (1)
recovery/spawning, (2) migration, or (3) summer forag-
ing (all days after the migration end date), while the 99%
daily polygons denote the overall uncertainty associated
with the geolocation.

Results

Biological data

The average fork length of Pacific cod tagged in this study
was 81.1 cm with a range from 65 to 104 cm (1= 36). This
average fork length was the same as a random sample of
Pacific cod that were landed at the fish plant in Adak,
Alaska, during the study period (x=81.2; range=49 to
114 cm; n=429), indicating that the Pacific cod that were
tagged and released likely came from the same part of the
population that was being caught by the fishery. Out of
the 100 maturity samples taken at the plant, only 6 Pacific
cod were immature and they were all less than 66 cm
(fork length). There was no significant difference in the
length of tagged Pacific cod between vessel types (t test,
p-value=0.12).
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Data summary

A total of 26 out of 36 PSATs popped-up before their
scheduled release date (early pop-up) (Tables 1 and 2,
Additional file 1). We were able to determine, with data
transmitted from the MiniPATs, that 11 of these early
pop-ups were the result of post-tagging mortality. The
general post-release behavior of both Pacific and Atlantic
cod that have suffered barotrauma is a gradual descent to
depth that can take several days [27, 34] (Fig. 3a). The 11
Pacific cod with MiniPATs that popped-up early did not
display this behavior. Instead, they had only minimal ver-
tical movements after their release and within a few days,
the time-series depth profile showed only tidal changes
indicating that the fish had died (Fig. 3). It took between
11 and 42 days (average=19.5 days) for fish to decom-
pose and for the MiniPATs tags to float to the sea surface
and begin transmitting data. Fork length was the best
indicator of post-tagging mortality (p-value =0.015), with
larger Pacific cod more likely to have died (Fig. 4). No
tagged Pacific cod over 90 cm survived. There was also
an apparent, yet not statistically significant, difference in
mortality rate based on the type of gear (p-value=0.55).
On the trawl vessel, 43% of the Pacific cod died compared
to 30% that were caught with a pot. The amount of time
that each fish spent out of the water before their release
was not a significant factor (p-value =0.47).

The cause of the early pop-up for 9 PSATs (2 MiniPATs
with limited data transmission and 7 mrPATSs) could not
be determined. Five of the mrPATs came to the surface
within 11 days of release and the 2 MiniPATs popped-up
within 40 days of their release. These tags were not used
for further analysis. The two other mrPATs with early
releases were on Pacific cod for a longer period of time,
78 and 164 days, and the horizontal movement was cal-
culated for these tags.

Three other early pop-ups were Pacific cod that were
caught and their PSATs returned to us by commer-
cial fishers (Table 2). One of these recaptures occurred
21 days after the Pacific cod was released and 25 km from
its release location. A few pictures and qualitative reports
on the condition of these fish were received. In the pic-
tures, all individuals had some minor wounds in the area
where the wires for the backplates were attached, but the
overall conditions of the fish were reported as normal.

Three Pacific cod with early pop-ups had trans-
mitted temperature and depth information that
suggested that they were predated on by marine mam-
mals (Fig. 5). In general, each of these tags (#178696,
#178699, and #178704) recorded a rapid ascent fol-
lowed by increase in temperature to between 36 and
37 °C that took between 2 and 3 h (Table 1). Two of
the tags recorded subsequent dives while tempera-
tures were elevate with a maximum recorded depth of
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Table 2 Fate of satellite tags by type
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Pop-up reason sPAT MiniPAT mrPAT Total Percentage (%)
Scheduled 3 3 4 10 278
Early—unknown 2 7 9 25.0
Early—suspected predation 3 3 8.3
Caught by commercial fishing fleet 2 1 3 83
Post-tagging mortality 11 11 30.5
178696
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Fig. 3 Time-series depth profile of two satellite-tagged Pacific cod directly after their release. The top panel is for a Pacific cod with a typical
recuperation period were it returns to shallower water shortly after release and then gradually returns to its original depth after several days. The
bottom panelillustrates a Pacific cod that died shortly after its release and the subsequent period during which body decomposed and then the
tag came to the surface

160 m. Temperature and depth data indicated that the
tags remained within the marine mammal between 21
and 41 h prior to be expelled.

All three of the stationary tags popped-up early; 172,
199, and 259 days after they were deployed. Depth
records from the stationary tags indicated no change
in depth greater than tidal fluctuations; therefore, the
moorings are unlikely to have dragged. However, since
the tags were not recovered, we could not determine
where the failure occurred.

Pacific cod movements (> 60 days)

PSAT pop-up locations were received from 13 Pacific
cod at liberty for more than 60 days (Figs. 6, 7, and
Table 1). Six of these Pacific cod were tagged in Nazan
Bay and seven were tagged in Sitkin Sound. None of
the Pacific cod tagged in Kagalaska Strait provided
movement data after 60 days. Horizontal movement
from release location to pop-up location ranged from
3 to 394 km (Fig. 7 and Table 1). Six PSATs popped-
up in the spring (March 2019-June 2019), five PSATs
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Fig. 4 Logistic regression of fork length and fate (no tag mortality =0
or tag mortality =1) of 29 Pacific cod equipped with pop-up satellite
tags. Gray shading represents standard error. Circles indicate Pacific
cod that were caught with pot gear and triangles indicate those

caught with a trawl
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popped-up in the summer (August 2019) between 164
and 181 days after their release of which four provided
a location, two PSATs popped-up in the fall (Novem-
ber 2019), and one PSAT popped-up in the winter
(February 2020).

One Pacific cod moved west 394 km from its release
location to Petrel Bank within 90 days (Fig. 6A; #178690).
While at liberty, this Pacific cod averaged a daily change
in depth of 78 m and reached a maximum depth of 368 m
(Fig. 8). Based on its modeled travel path, this Pacific cod
swam mid-water across Amchitka Pass, which is charac-
terized by 40 km of seafloor at depths exceeding 500 m at
its narrowest point.

Nine Pacific cod moved east; eight to areas near Seg-
uam Island and Amukta Pass with pop-ups in the spring,
summer, and fall (Fig. 6) and one (#177962) to an area just
north of Umnak Island that required the crossing of two
deep island passes (horizontal movement =378 km). The
total distances moved for the other eight fish depended
on their release location and ranged from 64 to 344 km.

Three Pacific cod that were tagged in Sitkin Sound
had their PSATs pop-up close to their release location
(horizontal movement=4, 3, and 44 km) after 77, 180,
and 360 days, respectively. This includes the only PSAT
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Fig. 5 Time-series temperature (°C) and depth (m) data from two Pacific cod (tag #178696 and #178699) that were suspected to have been
predated on by marine mammals
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to remain on a Pacific cod for a full year and successfully
transmitted its location (#178708). Only a few days of
data were received, but the light information suggested

rest of the tracking duration. Their movement rates dur-
ing the migration time period were 10.8 (1.7 SE) and
13.1 (£1.8 SE) km/day, respectively [35]. Tag #178690
was estimated to move at an average rate of 8.2 (£ 1.4
SE) km/day for 44 days to reach to Petrel Bank where it
remained for the duration of the tracking period. This
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Fig. 8 Time-series plots of depth (m) and temperature (°C) for four geolocated Pacific cod (Tags #178690, 178709 178697, and 178704). Data points

in gray had missing temperature data
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Fig. 9 Example of observed and modeled geolocation variables
for tag #178690 during recovery/spawning, migration, and foraging
periods. A Observed PSAT longitude values compared to known
longitude values in the release area (Nazan Bay stationary tag
#178710 and recaptured tag #178701) and model estimated (most
probable track) longitudes. B Observed PSAT maximum daily depth
values (black lines) compared to model estimated (most probable
track) depths

individual also traveled south of the Aleutian Island
chain, but since the Pacific cod headed west, it likely
took advantage of the prevailing currents. Tag #178704
traveled the shortest distance for any individual with a
geolocation model; its presumed foraging grounds were
less than 100 km from where it was tagged and its migra-
tion period was estimated to last 7 days. Its movement
rate during its time period was 6.6 (2.0 SE) km/day. It
was also one of our longest tracked Pacific cod and was
still at its presumed foraging grounds on November 22,
276 days after it was released, when it may have been pre-
dated upon by a marine mammal.

Discussion

Pacific cod movement and migration

This study showed a range of seasonal movement pat-
terns for Pacific cod in the Aleutian Islands. Horizontal
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movements of Pacific cod of up to 400 km were docu-
mented both east and west of their spawning grounds
that included crossings of several deep island passes. An
affinity for certain probable foraging locations was also
documented, such as Seguam Pass, and it appears that
once Pacific cod have reached these areas they display
limited horizontal movement. These directed movements
between winter spawning grounds and summer foraging
areas suggest seasonal migration of some Pacific cod in
the Aleutian Islands. While 77% (n=10) of the tracked
Pacific cod migrated to separate foraging grounds
directly after their spawning season, three Pacific cod
that were released in Sitkin Sound remained there during
the duration they were tracked.

Our results are comparable to other tagging studies
in Alaska waters that have described both resident and
migratory individuals found at the same site [11, 12, 14].
The occurrence of both resident and migratory individu-
als within a population (partial migration) is common
among marine fishes including Atlantic cod [35-37]. The
reasons for partial migration in fishes are not well known,
but competition for scarce food resources is a likely
driver for migration for a number of species [38]. Pacific
cod have high consumption and growth rates and despite
being general carnivores it would seem plausible that at
least some of the population would be forced to leave its
spawning grounds to forage for food elsewhere [39, 40].
The four Pacific cod for which geolocation models were
created displayed an almost synchronous departure from
their spawning grounds after 25 days. Atlantic cod appear
to begin their migrations in groups, so it is not surpris-
ing that these Pacific cod left the spawning grounds at a
similar time [41, 42]. The mean movement rates during
migration these four individuals (3.6 to 12.7 km/day) was
comparable to rates that have been calculated for Atlantic
cod [43].

In the area near Seguam Island, where a majority of the
tagged fish migrated after spawning in Nazan Bay, the
nutrient rich waters from the Alaskan Stream are verti-
cally mixed within the strong currents of Seguam Pass
[44, 45]. Nutrient levels and overall productivity is high
which in return attracts a number of species [46—48].
Pacific cod are generalist carnivores with spatially and
temporally variable diet that includes a wide range of
both benthic and pelagic species including decapods,
cephalopods and a variety of fish [40, 49-51]. As such, it
is not surprising that they would seek out highly produc-
tive areas such as Seguam Pass for their summer foraging
grounds. Furthermore, they are the dominate predator of
Atka mackerel which have a large spawning location near
Seguam Island in the summer [52, 53].

The distance between the Pacific cod that went fur-
thest west (Petrel Bank, 394 km) and east (Umnak Island,
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Fig. 10 Recovery/spawning, migration, and summer foraging locations of four Pacific cod based on probability estimates from the geolocation
model. Daily 99% probability areas for the entire tagging duration are indicated in yellow. Daily 50% probability areas during recovery/spawning are
shown in red, migration in orange, and summer foraging in brown
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378 km) from Nazan Bay is almost half the length of the
Aleutian Archipelago. Nazan Bay is a well-known large
spawning location for Pacific cod, and the movements of
these two fish provide insight on how far individuals may
travel to reach summer foraging grounds [13]. Shimada
et al. [12] also reported some relatively large movements
of Pacific cod that were tagged in the Aleutians. Similar
to results from this study, they observed a single Pacific
cod that was tagged near Adak recaptured near Petrel
Bank. They also tagged two Pacific cod near Adak that
were recaptured roughly 700 km away in the eastern Ber-
ing Sea west of Pribilof Islands 3 and 5 years after they
were released. In addition they reported two Pacific cod
that were tagged near Unimak Pass recaptured near Seg-
uam Island (~ 500 km) within 250 days.

The two Pacific cod in our study that each traveled
roughly 400 km prior to their scheduled tag pop-up and
those Pacific cod with long-distance recaptures reported
by Shimada et al. [12] all had to cross over deep passes
(>500 m). Previous research has suggested that in the
eastern Bering Sea, Pacific cod spend a majority of their
time near the sea floor with minimal daily changes in
depth [54, 55]. In the Bering Sea region where the fish
were tracked the sea floor is relatively flat, yet the magni-
tude of daily vertical migrations increased with bathym-
etric complexity [54]. The Aleutian Island’s bathymetry is
highly complex with very abrupt changes in depth. Hob-
son et al. [56] found that Atlantic cod were closely associ-
ated with the sea floor, but that vertical movements in the
water column increased during hypothesized migration
periods. Given the high bathymetric complexity of the
Aleutian Islands, it was difficult to determine from depth
data alone if a tagged cod was off the bottom. However,
based on its time-series depth profile and the depth of
Amchitka Pass, the fish that migrated to Petrel Bank had
to swim a considerable distance off the bottom. The fish
that went to Umnak Island also swam across several deep
passes including Amukta Pass that had depths greater
than what was recorded for these tagged Pacific cod lead-
ing to a conclusion that it too swam off the bottom for
considerable distances.

The ability of Pacific cod to spend time swimming
off the bottom may not seem to be remarkable, but it
is important for understanding population connectiv-
ity among the numerous deep passes along the Aleutian
Islands. For example, Samalga Pass represents a major
biophysical transition in the Aleutian Islands and may
limit the gene flow of Pacific cod [2, 6, 44]. Amchitka
Pass, the deepest and widest pass, is also considered a
potential genetic barrier [6, 57]. The tagging results from
this study suggest that Pacific cod can cross these passes,
and therefore the passes might present less impor-
tant genetic barriers for Pacific cod, but instead genetic
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structure along the Aleutian Islands may be driven by
other factors [6]. Spies [6] suggested a migration rate
between the Aleutian Islands and the Bering Sea that is
far less than 10% per year. This study corroborates the
earlier work and indicates that some seasonal movement
along the Aleutian Islands.

One of the outstanding questions regarding Pacific
cod movement is site fidelity to spawning areas. Nazan
Bay has been a major fishing ground during the spawn-
ing season and therefore is assumed to be an important
spawning location for Pacific cod in the Aleutian Islands.
To understand the potential for spawning site fidelity,
tagging efforts for this study focused on Nazan Bay dur-
ing the spawning season for Pacific cod. Unfortunately,
all of the scheduled 360-day tags that were released in
Nazan Bay area were either recovered early or did not
transmit location data, and therefore no data on site
fidelity were collected in this area. The only tag that was
on a Pacific cod for 360 days popped-up close to where
it was originally tagged in Sitkin Sound. Light data sug-
gested that this Pacific cod was a resident fish that did
not undertake a large migration between spawning sea-
sons. Since the rest of the tags on migratory Pacific cod
popped-up prior to 1 year, it is uncertain as to whether
the tagged fish were going to return to their spawning
location. The pop-up location and date of the Pacific cod
with the third longest days at liberty prior to tag pop-up
(270 days), was just north of Umnak Island on Novem-
ber 16th. Interestingly, with the start of spawning season
only a few months away, this fish was closer to Unimak
Pass, arguably one of the largest known spawning aggre-
gation sites for Pacific cod, than Nazan Bay where it was
tagged and released [11-13]. It is unknown whether this
fish would have returned to Nazan Bay or remained east
of Samalga Pass. Atlantic cod have shown high spawn-
ing site fidelity and natal homing in several regions [17,
58, 59]. It would seem likely that Pacific cod in the Aleu-
tian Islands would display the same behavioral traits and
additional tagging efforts with deployments longer than a
year could help answer this question.

The overall distance moved by Pacific cod in this study
aligns with a wide spectrum of fish species behaviors
in North Pacific waters, some of which exhibit strong
site fidelity and others are considered highly transitory.
These movements can vary both seasonally and spatially.
Similar to Pacific cod, several rockfish species exhibited
a combination of low to high site fidelity off the Oregon
coast, with most species showing strong site fidelity and
one species exhibiting low site fidelity [60]. This combina-
tion of low to high site fidelity within a single fish species
has been documented for other fish species and tagging
studies. In the Bering Sea, adult walleye pollock (Gadus
chalcogrammus) between 30 and 50 cm lengths undergo
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horizontal feeding migrations from 3 to 500 km, but indi-
vidual movement rates are unknown [61]. In addition, as
their diets change, a much smaller proportion (15%) of
larger pollock (>50 cm) participate in these migrations
[61]. In the Bering Sea and Aleutian Islands, 22 tagged
Greenland turbot (Reinhardtius hippoglossoides) trave-
led between 7.8 and 513.3 km during 19 to 1859 days at
liberty with smaller movements occurring in the Aleu-
tian Islands [62]. Additionally, it was suggested that the
movement from shallow depths in the summer to deeper
depths in the winter may coincide with a return to previ-
ously inhabited sites [62]. In the Aleutian Islands, adult
sablefish (Anoplopoma fimbria) exhibited a general west-
ern migration that averages 191 km per year and the dis-
tance increased for fish that were tagged in the Aleutians
[63]. Similarly, Pacific halibut (Hippoglossus stenolepis)
tagged near Attu and Atka Islands (Aleutian Islands)
traveled up to 166 km, however, none moved away from
the island group from which they were tagged [64]. Atka
mackerel in the Aleutian Islands also exhibit modest
movement rates, in general, tagged fish did not travel
distances greater than 20 km, with many tags recovered
years later within 5 km of the tagging location [3].

Early mortality

The tagged Pacific cod in this study had a high post-tag-
ging mortality rate which was surprising, as other Pacific
cod tagging studies have had very high tag recovery rates
(20-40%), suggesting that tagging mortality was low in
these earlier studies [11, 27]. Although we were not able
to determine the cause post-tagging mortality, we specu-
late that is related to internal injuries from their capture
and release as compared to tag attachment procedures.
Pacific cod have a closed swim bladder (physoclistous)
and due to the depths in which the Pacific cod in this
study were caught, they all experienced some level of
barotrauma as a result of rapid decompression [27, 65].
Pacific cod with external injuries such as bloated eyes,
everted stomachs, swollen coelomic cavities, or subcu-
taneous gas bubbles were not used for this study. How-
ever, internal injuries could not be assessed. Based on
the depth profiles of the Pacific cod that survived, and
the work conducted by Nichol et al. [27] and Ferter et al.
[65], the fish from this study likely all had ruptured swim
bladders. A number of Pacific cod in this study and in
Nichol et al. [27] were able to overcome this injury during
a recuperation period during which ruptured swim blad-
ders sealed and individuals were able to secrete gas back
into the swim bladder [65]. It seems plausible that the
fish in this study that died suffered from a separate injury
such as air embolisms or other damage to internal organs
rather than from ruptured swim bladders.
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Ferter et al. [65] found that for Atlantic cod, the prob-
ability of gas bubbles in blood approaches 100% for cod
that have been caught in depths as shallow as 60 m.
They found that “quick release after capture is of utmost
importance as prolonged surface holding exacerbates
barotrauma effects (e.g., blockage of blood flow because
of gas embolisms).” In this study, time on the boat was
not a significant indicator of whether a Pacific cod
would survive. However, all of the holding times during
this study were relatively long (average =192 min, mini-
mum = 19 min), during which time the fish may have suf-
fered additional barotrauma injuries.

One factor that had a significant influence on survival
was fish length. Larger Pacific cod were more likely to
die, and all Pacific cod over 90 cm died. It is unknown
why size affected survivorship. One possibility is the
reproductive state of the Pacific cod that were targeted
affected survival. Since it was spawning season, all fish
likely had enlarged gonads. Peregrin et al. [66] found that
for pink snapper (Chrysophrys auratus) reproductive
stage was an important predictor of barotrauma. Imma-
ture, resting, and spent fish generally incurred fewer inju-
ries. They attributed this difference in injury rate to the
available space in the coelomic cavity. It is possible that
the larger Pacific cod that were tagged had less room in
their coelomic cavity and thus sustained more injuries
than smaller fish. Although not statistically significant,
Pacific cod that were caught with a trawl net were gen-
erally more likely to die in comparison to those brought
up in a pot irrespective of size. The commercial tows
of Pacific cod were long (~6 h.), and although the most
recently caught fish (top of net) were chosen, how much
time they had spent in the net was unknown. All of the
fish were likely exhausted after having struggled during
the haul back and emptying of the net. The combination
of this energy depletion along with barotrauma meant
that 43% of the tagged fish caught in trawl gear did not
survive in comparison to a 30% tagging mortality rate on
the pot vessel. The ability to detect a significant difference
between gear types may have been partially due to the
insufficient sample size.

The tagging operations themselves were relatively short
and they were not considered to be a major contributor
to mortality although they likely added additional stress.
Subsequent research conducted by the authors (unpub-
lished data) on Pacific cod with PSATs with a similar tag
attachment in the northern Bering Sea found no imme-
diate tagging mortality (n=40). Fish were smaller, came
from less than 50 m depth, were caught with hook and
line, and released within 10 min of capture. Based on
these findings, future research should plan on returning
fish to depth as fast as possible and continue to experi-
ment with other means of capture, such as hook and line.
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Researchers should avoid tagging Pacific cod greater than
90 cm until there is a better understanding of their high
mortality rate.

Cause of early pop-ups

Nine PSATs that popped-up early (i.e., before their sched-
uled release) from either mrPATs or MiniPATs did not
transmit sufficient data to understand the cause of these
early pop-ups. The early pop-ups could be the result of
immediate tagging mortality, delayed mortality because
of capture and release stressors, gear failure of the ‘tag
backpack; tag failure, or they could be the result of pre-
dation. Five of these PSATs popped-up within a similar
time frame as the Pacific cod with MiniPAT tags that
were determined to have died due to tagging procedures.
Thus, at least a portion of these unknown early releases
may be attributed to tagging mortality. High mortal-
ity rates of externally tagged fish have been recorded
in several studies and temperature and depth informa-
tion have been used to indicate predation of tagged fish
by marine mammals [67-71]. Stomach temperatures of
marine mammals are significantly warmer than the sur-
rounding water, so the only explanation for the increase
in tag temperatures for two of these early releases to
38 °C along with rapid ascent to shallow water was that
they were predated by a marine mammal [72, 73]. In the
Aleutian Islands, the only marine mammals that for-
age on adult Pacific cod are Steller sea lions (Eumetopias
jubatus) and killer whales (Orcinus orca) [74]. If our tags
were ingested by a killer whale we would have expected
to see more changes in depth as the whale continued to
dive [75]. We hypothesize that the near constant depth
on the surface was indicative of a sea lion that had hauled
out Furthermore, Kuhn et al. [73] found that it took a
California sea lion’s, Zalophus californianus, stomach on
average 93 min to return to its normal temperatures after
consuming 4 kg of food which is a comparable weight
and warming time observed in this study. Since three
Pacific cod in this study had likely been predated upon by
a marine mammal, it is also possible that some portion of
the unknown early releases met a similar fate.

Our three stationary tags were programmed to release
from the bottom after 360 days, yet they all popped-up
early; 172, 199 and 259 days after deployment. The exact
cause of their early pop-up is unknown since they were
not recovered, but we believe that it was most likely due
to a failure in the mooring system as compared to a prob-
lem with the MiniPAT. The ‘weakest’ link in the moor-
ing was the 180-kg monofilament loop with a copper
crimp. It is possible that the monofilament was somehow
abraded or that the copper crimp corroded. This mono-
filament loop has been replaced with stainless steel wire
or spectra line on subsequent moorings placed by the
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authors. Another possibility is that the mooring landed
into or close to rocky bottom and the braided rope that
connected the float to the weight was abraded as currents
moved it back and forth across a rock. We attempted to
minimize this issue by surrounding the bottom section of
the rope with a rubber hose, but on future deployments
in possible rocky areas, we intend to investigate other
materials.

Conclusions

This study provided important initial insights into the
seasonal movement patterns of Pacific cod in the Aleu-
tian Islands. Most tracked Pacific cod (77%) undertook
migrations in the middle of March (64—394 km) from
their winter spawning areas to summer foraging areas,
but a few individuals remained in their capture location
suggesting a partial migration strategy. Their ability to
cross deep passes that were previously seen as potential
barriers to movement has expanded our understanding
of population connectivity. Future research should focus
on refining winter capture procedures, deploying tags for
a full year to obtain information about return migration,
and releasing tags in different regions within the Aleutian
Islands study area.
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