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Abstract
The Pacific Cod Gadus macrocephalus in the eastern Bering Sea is the target of one of the most lucrative fisheries

in Alaska; however, relatively little is known about the movement of Pacific Cod and how this interacts with intense
fishing on local spawning aggregations of cod every spring (January–April). This study aimed to draw inferences on
Pacific Cod movement using a single tag release group of fish and the fishery as a representative for movement by
qualitatively examining both temporal and spatial patterns of tag recoveries. Based on the tag recoveries in this
study and past genetic studies, there is evidence that Pacific Cod show both homing tendencies and site fidelity
during the spring when large aggregations of cod form to spawn. This study also supports results from an earlier
study on Pacific Cod movement in this region and presents new insights into cod movement patterns. The cod in this
tag release group were widely distributed across the Bering Sea during the summer and fall months and returned to
the vicinity of the release site in the spring, presumably to spawn. Understanding the movement of cod and their
interactions with the fishery is essential to the successful management of the Pacific Cod stock.

The Pacific Cod Gadus macrocephalus in the eastern

Bering Sea has, until 2013, been managed as a single popula-

tion that has no geographic or temporal substructure (Thomp-

son and Lauth 2012). Assessment models have treated cod

harvests from different parts of the Bering Sea, or in different

seasons, as being uniformly imposed on the entire population.

Tagging studies (Shimada and Kimura 1994) and spawning

location studies (Neidetcher et al. 2014) suggest that Pacific
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Cod undertake seasonal migrations in the Bering Sea, traveling

great distances between spawning and nonspawning areas.

Such movements and distributions may be highly patterned,

resulting in demographic substructures within the greater cod

population, which may experience differential fishing mortal-

ity. However, possible differences in fishing mortality among

components of the population cannot be accounted for because

there is insufficient understanding to confirm or define demo-

graphic groupings of Pacific Cod.

Knowledge of small- or large-scale fish movement is funda-

mentally important to managing commercially fished stocks,

especially when fisheries are spatially or temporally managed

(Cadrin and Secor 2009; Cardinale et al. 2011). Fish popula-

tion distributions are rarely considered homogenous; however,

stock delineations for management purposes are often defined

to serve political or administrative functions with no biological

basis. Because we often lack the basic understanding of fish

movement, the long-term effects of targeted fishing on aggre-

gations of spawning fish or on habitat essential for reproduc-

tion and feeding are unknown. Studies have shown potentially

adverse results from fishing on spawning aggregations of less

migratory species, such as Orange Roughy Hoplostethus

atlanticus and the Nassau Grouper Epinephelus striatus

(Sadovy and Domeier 2005). In the short term, catch is

reduced and aggregations become more difficult to locate in

regions where they previously occurred. In the long term,

recovery is slow and the effects of targeting spawning aggre-

gations and spawning habitat remain unclear.

Large-scale fish movement has come under increased study

in recent years. Movement of the Atlantic Cod G. morhua has

been studied extensively. Researchers now believe that overf-

ishing on spawning aggregations may have reduced the repro-

ductive potential of western Atlantic Cod, prompting an

increase in research on both movement and life history within

the cod population (Rose et al. 2008). Even though western

Atlantic Cod are highly migratory, they show fidelity to dis-

tinct spawning grounds year after year (Siceloff and Howell

2013). Although, in general, most western Atlantic Cod

spawning grounds are now closed to fishing, identification of

spawning areas and seasonal migrations have been and con-

tinue to be studied (Holland 2003; Siceloff and Howell 2013).

In lieu of a complete spawning ground closure, small-scale

fishery closures on spawning aggregations have been imple-

mented with some success in the management of the Gulf of

Maine Atlantic Cod (Armstrong et al. 2013). Movement of

Plaice Pleuronectes platessa in the North Sea has been studied

with results that have potential implications on management

decisions. North Sea Plaice undergo seasonal migrations and

show strong homing capabilities with complete spawning site

fidelity (Hunter et al. 2003). These behaviors make it chal-

lenging to manage Plaice in the North Sea, as a portion of the

stock moves out of the management area to spawn (Hunter

et al. 2003). Understanding the timing of stock movement and

behavior of the fishery is an important consideration as stock

analysts develop a more holistic ecosystem-based approach to

fisheries management (Cardinale et al. 2011).

In the eastern Bering Sea, few studies have focused on the

movement of Pacific Cod, even though it is one of the largest

commercial fisheries (by volume) in the United States and the

fourth largest in Alaska (NOAA Fisheries 2013). Two promi-

nent studies on Pacific Cod movement are one by Nichol et al.

(2013), who investigated vertical movement of cod, and one

by Shimada and Kimura (1994), who reported, among other

things, that Pacific Cod exhibit seasonal movement patterns

that are related, but not limited to, spawning and feeding. A

third study by Conners and Munro (2008), although not

addressing movement specifically, suggested that movement

of Pacific Cod obscures possible localized fishery effects and

consideration of large-scale, seasonal movements is integral to

defining the nature of a localized fishery effect.

Every spring in the Bering Sea, Pacific Cod form large

aggregations at specific locations to spawn and then disperse

afterwards (Shimada and Kimura 1994; Neidetcher et al.

2014). However, not until recently have the spawning aggre-

gation processes (e.g., timing, location) and dispersal follow-

ing spawning been studied directly. Neidetcher et al. (2014)

used gross maturity data collected by North Pacific groundfish

observers during the cod fishery to document winter spawning

aggregations in and near Unimak Pass and along the Bering

Sea shelf. Because spawning aggregations are commonly tar-

geted by the fishing industry, the fleet’s dispersal by the end of

March likely indicates when cod disperse. For example, within

this study’s time frame in 2005, 40% of the eastern Bering Sea

bottom-trawl catch for Pacific Cod occurred between January

and the end of March in a concentrated area near Unimak Pass

(Thompson and Dorn 2005) (Figure 1). In general, this

remains true today. Pacific Cod form dense spawning aggrega-

tions from Unimak Pass to Amak Island, Alaska, which have

historically been the preferred fishing grounds during the

spawning season. Shimada and Kimura (1994) described

Pacific Cod movement patterns and attempted to estimate

movement rates; however, their data were characterized by

opportunistic tag releases that were scattered both temporally

and spatially. There were no identifiable or discrete release

groups of cod that could be associated with specific time peri-

ods or specific geographic strata. Therefore, estimating geo-

graphic-specific fishing mortality proved difficult and was not

estimated. In addition, their estimates of movement required

assumptions that could not be tested. Their data did permit

them to support a qualitative understanding that Pacific Cod

make large seasonal movements to form spawning aggrega-

tions and then make large movements following spawning.

Further, they suggested the nature of some of those move-

ments, but the data were not sufficient to allow their estimates

of movement to be more than suggestions.

The present study describes observations of synoptic tag

recoveries of a single, large, release group of Pacific Cod that

were caught, tagged, and released between Unimak Pass and
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Amak Island. The tagging period occurred during a time asso-

ciated with Pacific Cod spawning and in a region known to

contain spawning grounds. Therefore, the fish tagged in this

study were most likely captured before, during, or after spawn-

ing, but no attempt was made to specifically target spawners

since this work was ancillary to other research. The primary

goal of this study was to suggest patterns of seasonal move-

ment by Pacific Cod over a 1-year time period, based on track-

ing the recoveries of tags by the commercial fishery. This tag

release group was released over a 10-d time period over a span

of 200 km, which prevented the estimation of movement rates

among some predefined strata (i.e., movement between

Unimak Pass and Amak Island).

Commercial fishing provided tag recoveries that were syn-

optic seasonally, though not all areas of the eastern Bering Sea

were covered by all fisheries. The commercial fishing fleet for

Pacific Cod in the Bering Sea consists of bottom trawlers

(both catcher boats and factory processors) and pot and long-

line vessels. In general, bottom trawling for Pacific Cod occurs

in the spring when cod are aggregated for spawning. Pot fish-

ing often occurs just after fishing for opilio crab (snow crab)

Chionoecetes opilio in the spring and generally within 100 km

of Unimak Pass, and it is often limited by a 3-d trip limit

because of concerns for product freshness and fuel consump-

tion. Longline fishing occurs across the Bering Sea from

Unimak Pass to as far north as the ice edge, and the fishery is

generally active year round. To date, the only knowledge of

Pacific Cod distribution across the entire Bering Sea comes

from the annual bottom-trawl survey conducted by the

National Marine Fisheries Service (NMFS), Alaska Fishery

Science Center (AFSC) that occurs every year during the sum-

mer months. Therefore, in addition to qualitatively examining

movement patterns over the course of 1 year, this paper dis-

cusses possible underlying mechanisms of movement and

shows how these results may guide future Pacific Cod tagging

research efforts.

METHODS

Tag releases and recoveries.—Pacific Cod were tagged and

released during a dedicated research cruise near Unimak Pass,

Alaska, from February 5 to 15, 2003 (Figure 1). Operations

FIGURE 1. Location of Pacific Cod tag releases (black dots) in 2003, Unimak Pass, Alaska.
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were conducted aboard the FV Pacific Star, a 55-m (182 ft)

vessel configured to launch and retrieve pot gear. The fish

were captured in baited pots deployed on the seafloor. Approx-

imately 40 pots were set in a string and were soaked for 12 h

or less to attract fish, and all pots were retrieved within 12 h

by the crew at the slowest possible vertical speed to reduce

barotrauma to the fish. A single group of 3,442 Pacific Cod

were captured, tagged, and released during the 10-d period.

However, this analysis only used the tags recovered during

2003 and early 2004 in an effort to capture one complete sea-

sonal cycle of cod movement.

We defined five recovery periods: spring 2003 (February

through April), summer 2003 (May through July), fall 2003

(August through October), winter 2003–2004 (November

through January), and spring 2004 (February through April).

These seasons correspond to identifiable periods of commer-

cial fishing activity as well as to different seasonal periods and

to cod spawning and nonspawning periods.

This study limited consideration of tags recovered to

freezer longliners and freezer bottom trawlers because

these two fleets provided widest coverage of both seasons

and areas. The tag recoveries and total cod catches from

these two fleets were combined. Commercial catch data in

each of each season defined above were provided by North

Pacific Groundfish Observer Program, Alaska Fisheries Sci-

ence Center, Seattle, Washington. Tag recoveries from fish-

eries that were narrowly focused in time and space (catcher

only trawlers and pots) were not used due to the spatial

limitations of the fishery (e.g., only fished within 50 km of

the release site or port).

A total of 693 tag recoveries were used: 360 tags were

recovered during spring 2003, 69 during summer 2003, 121

during fall 2003, 59 during winter 2003–2004, and 84 during

spring 2004 (Table 1). The average length of a tagged Pacific

Cod was 64 cm (range, 40–100 cm), and the length at 50%

maturity for female Pacific Cod in the Bering Sea is 58 cm

(Stark 2007). Based on this fact, we assumed that most of the

tagged cod in this study were reproductively mature. For ease

of discussion, tag recoveries were also characterized as either

less than 100 km from the release site or greater than 100 km

from the release site (Table 1).

Tag recovery rates and geographic distribution.—The tags

recovered were spatially organized by the same 20 £ 20-km

grid that defines the survey design of the NMFS bottom-trawl

surveys conducted annually during summer months by the

AFSC (Lauth and Nichol 2013). Locations of commercial

catches were also assigned to the NMFS bottom-trawl

20 £ 20-km grid. For each grid cell, in each season, the total

number of tagged fish recovered was divided by the total num-

ber of cod captured by the two fleets (freezer trawlers and

freezer longliners). In the tables, plots, maps, and discussion

that follow, we express this standardized tag recovery rate as

the number of recovered tags per 10,000 cod captured within

the 20 £ 20-km grid cell. Commercial Pacific Cod catches

were taken as proxies for cod population distributions in all

the seasonal recovery periods.

For the summer 2003 recovery period, an alternative obser-

vation of Pacific Cod distribution was provided by the NMFS

bottom-trawl survey (Acuna and Kotwicki 2004). In addition,

temperatures collected during the 2003 and 2004 surveys were

examined to assess whether differing annual temperatures

may have had some influence on cod distributions during those

2 years. Because there was not a major shift in average

bottom temperatures between the summers of 2003 and 2004,

no further analysis was done (S. Kotwicki, AFSC, personal

communication).

Patterns of Pacific Cod movement were qualitatively dis-

cerned by using maps that showed geographic distributions of

capture rates by season. The distance (km) between the tag

release and tag recovery locations were calculated for each

recovered tag as a linear distance using ArcGIS 10.0 software

(ESRI). A nonparametric Kolmogorov–Smirnov test (Zar

1999) was used to determine whether the cumulative distribu-

tion of the distance (km) between the release and recovery

locations was different between the fall 2003 and spring 2004

time periods. A smaller distance between tag release and

recovery during spring 2004 compared with fall 2003 would

indicate movement towards the release site, presumably for

spawning in spring. In addition, the fall 2003 period is consid-

ered the most representative time period for Pacific Cod distri-

bution during a nonspawning season due to a strong fishing

effort and therefore a large number of tag recoveries.

TABLE 1. Numbers (and percent) of tagged Pacific Cod in the eastern Bering Sea recovered by season and spatial category.

Recovery or spatial category

Spring

2003

Summer

2003

Fall

2003

Winter

2003–2004

Spring

2004

All recoveries (number of tagged cod) 360 69 121 59 84

Recoveries < 100 km from release site 353 (98%) 62 (90%) 68 (56%) 36 (61%) 71 (85%)

Recoveries > 100 km from release site 7 (2%) 7 (10%) 53 (44%) 23 (39%) 13 (15%)

Mean distance (km) between release and recovery (<100 km) 58 26 42 79 80

Mean distance (km) between release and recovery (>100 km) 424 425 403 471 290

Mean distance (km) between release and recovery (all) 65 66 201 232 112
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FIGURE 2. Pacific Cod tag recovery rates calculated by the total number of tags (yellow circles) per 10,000 cod captured (gray-scale grid cells), by season for 1

year. Each grid cell measures 20£ 20 km. Panels A.1, B.1, C.1, and D.1 are tag recovery rates over (yellow circles) total cod catch. Panels A.2, B.2, C.2, and D.2

illustrate only total cod catch.

SEASONALMOVEMENT OF PACIFIC COD 291

Downloaded From: https://complete.bioone.org/journals/Marine-and-Coastal-Fisheries:-Dynamics,-Management,-and-Ecosystem-Science on 27 Apr 2024
Terms of Use: https://complete.bioone.org/terms-of-use



RESULTS

The geographic distributions of total Pacific Cod catches by

the commercial fishery were overlaid by tag recovery rates for

the four time periods (panels A.1, B.1, C.1, and D.1 in

Figure 2); panels A.2, B.2, C.2, and and D.2 in Figure 2 show

only the total cod catch and not the tag recoveries. During

spring 2003, tags were primarily recovered within a short dis-

tance from the release site, and a few tags were recovered far-

ther north along the Bering Sea shelf (A.1 in Figure 2).

Several tags were recovered within a few days of the release,

offering little chance for the cod to recuperate from the tagging

process and mix into the population. During summer 2003, the

cod catch was low, fewer tags were recovered, and no clear

pattern in the recoveries was observed (B.1 in Figure 2). Dur-

ing fall 2003, tag recoveries were widely dispersed across the

Bering Sea shelf, from the shelf break to well inside the 100-m

bathymetric line and as far north as St. Matthew Island (C.1 in

Figure 2). In spring 2004, most tags were recovered in the

southern portion of the Bering Sea, north of Unimak Island

and west of Amak Island, despite high cod catches along the

entire shelf edge (D.1 and D.2 in Figure 2). Although most

tags were recovered within 100 km of the release site during

spring 2004, a few were caught at distances greater than

100 km from the release site (Table 1).

Results of the NMFS bottom-trawl survey indicated that

during summer 2003, Pacific Cod were widely distributed at

low densities, with few concentrations having a CPUE of

greater than 50 kg/ha reported. The two highest observations

came from near St. Matthews Island in the north, where CPUE

ranged between 150 and 320 kg/ha (Figure 3). This result cor-

related with high concentrations of cod observed among some

of the commercial fishing catches during the same time period

(summer 2003) (B.2 in Figure 2).

Based on tag recoveries, Pacific Cod were found to have

different geographic distributions during fall 2003 than in

spring 2004 (Figure 4). During fall 2003, 56% of the

tagged cod were more likely to be found less than 100 km

from the release site (Table 1). During spring 2004, more

than 80% of the cod were captured less than 100 km from

the release site (Table 1). This finding is consistent with

the Kolmogorov–Smirnov test to test the null hypothesis

that distances between release and recapture locations

come from a single probability distribution for tags recov-

ered in both fall 2003 and spring 2004. The test produced

a significant result (P D 0.003), allowing the null hypothe-

sis to be rejected and the alternate hypothesis to be sup-

ported; the alternative hypothesis states that the two sets of

distances followed different probability distributions, pre-

sumably because cod with tags recovered in spring 2004

were closer to the release site.

DISCUSSION

Interpretations of these data are predicted on the assump-

tion that all the tagged Pacific Cod belonged to a single release

group. What we call a single release group could be divided

into three release groups (subsite): one east of Unimak Pass,

one north of Unimak Island, and one to the north of Amak

Island (Figure 1). These locations span a distance of approxi-

mately 140 km. Unfortunately we were unable to release a suf-

ficient number of cod at each subsite to allow enough

FIGURE 3. Pacific Cod CPUE (gray-scale grid cells) from the annual NMFS

bottom-trawl survey, summer 2003. Each grid cell is 20 £ 20 km and contains

one station that is sampled.

FIGURE 4. Cumulative probability distributions for the distance between

Pacific Cod tag release and tag recovery locations for the fall 2003 and spring

2004 time periods. The curves represent the probability that 60% of the tags

were recovered <100 km from the release site in the fall 2003 time period

(black line) compared with the probability that over 80% of the tags were

recovered <100 km from the release site in the spring 2004 time period

(red line).
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recoveries to discriminate among such fine divisions of

release. The Bering Sea is large and the fisheries in which

tagged cod were recovered are widespread and large in vol-

ume. A significant number of tag releases, well beyond those

released in this study, would be required to allow anything

other than coarse resolution in the recovery data. Even though

our tag recovery data are unable to show spawning-site fidelity

on a finer spatial scale, we cannot conclude that subpopula-

tions of Pacific Cod do not exist within our study area.

There are limitations in drawing inferences about the move-

ment of Pacific Cod from one tagrelease event, and there are

limitations in using the fishing fleet as the only vehicle for tag

recoveries. The most obvious limitation is that the fleet goes

where the fish go, and it stands to reason that the fishing fleet

will go to those areas considered most profitable (i.e., least

effort with the highest payout) for catching fish. This is why

trawl fishing on spawning cod aggregations is most profitable

during January to March. After March, directed trawl fishing

for cod decreases, both from allocation fulfillment and

decreased cod aggregations, whereas longline fishing for

Pacific Cod remains steady along the shelf throughout most of

the year. Table 2 provides a summary of explanations for the

categories of outcomes possible for recovered tags. At the bot-

tom of the right-hand column of the table (i.e., as distance

between release and recovery sites increases and time between

release and recovery increases) it becomes apparent that

movement-based explanations increase for how a tag came to

be in the location where it was recovered.

In Table 2 we make no inference about the movement of

Pacific Cod or their distribution for winter 2003–2004. Of the

59 tags recovered in that season, 40 were recovered very late,

from mid to late January. This brief period may be better cate-

gorized as belonging to the 2004 spawning season, as it

seemed a distinct possibility that the tagged cod recovered in

late January may have been transitioning back to Unimak Pass

for spawning. This concentration in time of recovered tags

could also be explained by increased fishing effort, as the fish-

ery opened in mid-January. Early fishing in January tends to

concentrate on known spawning areas close to Dutch Harbor

and may serve poorly as a proxy for overall cod distribution.

The remaining 19 tags that were recovered during winter

2003–2004 were caught in November and December, a period

for which fishing effort was fairly low. Due to this paucity of

information, tags recovered during winter 2003–2004 are not

discussed further.

Despite these limitations to inferences made on tag recoveries

by the fishing fleet, we do have some supporting evidence that the

fishing fleet as a proxy for Pacific Cod distribution is not entirely

biased. For example, during summer 2003, the fishing effort for

cod in the Bering Sea was small; however, there were a few loca-

tions where a higher cod catch coincided with a greater CPUE of

cod during the annual NMFS bottom-trawl survey.

TABLE 2. Categories of tags recovered from Pacific Cod with summary explanations.

Season

Recovered < 100 km from

release site

Recovered > 100 km from

release site

Spring 2003 (first spawning season;

February, March, April)

Recovery rate artificially high

because tagged fish were

released into an active fishery.

Recoveries indicate cod traveled great distances

in a short time period.

Summer 2003 (first nonspawning

season; May, June, July)

Recoveries of fish that were never

going to leave the area and fish

that had not yet had a chance to

leave.

Recoveries of fish that left the area of spawning

aggregation to feed (or do other behaviors).

Fall 2003 (second nonspawning

season; August, September,

October)

Recoveries of fish that were never

going to leave the area and fish

that may have left and returned.

Recoveries of fish that left the area of spawning

aggregation to feed (or do other behaviors).

Winter 2003–2004 (third

nonspawning season; November,

December, January)

Insufficient data to draw inference. Insufficient data to draw inference.

Spring 2004 (second spawning

season; February, March, April)

Recoveries of fish that never left

the release site and those that left

the release site and then returned

to spawn.

Recoveries of fish that

(1) were going to spawn in a different area

than where originally captured and tagged,

(2) were going to spawn in the area where

originally captured and tagged but had not

yet had a chance to return,

(3) had spawned in the same location as

where originally captured and tagged and

then had moved away.
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If Pacific Cod movements were entirely random, we would

expect the rate of tag recoveries to coincide with the catch

rates of the fishing fleet, regardless of season. As supported

statistically, there were a greater number of recoveries less

than 100 km from the release site in spring 2004 than during

fall 2003. If cod were distributed randomly, we would expect

that tags would be recaptured farther away from the release

site during spring 2004 because fishing effort was highest at a

location greater than 100 km from the release site during this

time period. Considering both the distance from tag release to

tag recovery and the time between those two events, several

types of seasonal cod movement can be hypothesized

(Table 2). In the spring, cod form large dense aggregations in

Unimak Pass that last from January to sometime late in March.

After the cod spawn, tag recoveries suggest that a portion of

the cod population disperses onto the Bering Sea shelf during

summer for presumed feeding while another portion remains

near the site of release (Table 2). Through the fall (August

through October), many cod appear to remain dispersed while

others remain near the release site. During the winter months,

cod begin to move back to their spawning site (sometime in

January) or remain to form large aggregations. Regardless of

the season, some tagged cod were recovered near the original

release site (panels A through D in Figure 2) suggesting that

a portion of the population never leaves the area.

Based on the tag recovery data, there appear to be two dif-

ferent distributions of Pacific Cod: a more dense concentration

during the spring and a more dispersed distribution during the

fall. These distributions appeared stable over a period of

months and seem consistent with expectations of dispersal

during feeding periods and concentration during a period of

spawning aggregation, as suggested by Shimada and Kimura

(1994). There may have been transitional movement during

the summer months, but a clear pattern could not be discerned

owing to low fishing effort and the consequent low numbers of

recoveries. The NMFS bottom-trawl survey does suggest that

the summer distribution of Pacific Cod is greatly dispersed.

Support for the notion that cod concentrate into spawning

aggregations during the spring can be seen in the intense tar-

geting by the trawl fishing fleet. This is realized in high catch

rates in areas along the outer shelf and near the Pribilof Islands

and Unimak Island during the spring spawning season.

Previous tagging studies suggest that Pacific Cod spawn in

large aggregations over small spatial scales on the Bering Sea

side of Unimak Pass, southwest of the Pribilof Islands, and in

areas along the Bering Sea shelf edge (Shimada and Kimura

1994). Spawning and prespawning aggregations were identi-

fied by Russian trawl surveys along the northern Bering Sea

outer shelf, extending from Russia to U.S. waters, in addition

to areas in and around the Pribilof Islands and near Unimak

Pass (Stepanenko 1995). Recently, Neidetcher et al. (2014)

reported Pacific Cod spawning along the Bering Sea outer

shelf (100–200-m depths) between the Pribilof Islands and the

slope. Spawning cod were also found southeast of the Pribilof

Islands along the 100-m isobath and along the north side of

Unimak Island inside of the 100-m isobath.

Although our tag recovery observations in this study sug-

gest movement patterns related to spawning aggregations, the

mechanism for site selection by Pacific Cod for spawning

remains unknown. It is possible that ecological conditions ben-

eficial for early life survival, such as high concentration of

prey (Leggett 1985) and the dispersal potential of eggs or lar-

vae (Cushing 1969), drive the location and timing of spawn-

ing. A successful strategy for Pacific Cod larvae may involve

maximizing the probability of encountering favorable feeding

conditions and favorable currents that allow larvae to be trans-

ported to suitable nursery areas in the weeks following spawn-

ing, as suggested for Atlantic Cod (Brander 1994).

Research based on mark–recapture studies (Ruzzante et al.

1996; Morris and Green 2002) and genetics (Ruzzante et al.

1996) has reported both resident and transient populations of

Atlantic Cod off the coast of Newfoundland. The inshore pop-

ulation of Atlantic Cod was considered resident and the off-

shore population was considered transient; this supports a high

degree of spawning-site fidelity even though the two popula-

tions intermingle at certain times of the year (Ruzzante et al.

1996).

As noted earlier, Pacific Cod from our single release group

were caught near the release area throughout the year. Persis-

tent tag recoveries close to the release area suggests that some

Pacific Cod also maintain a year-round residency, though we

cannot be certain that some fish recovered with tags did not

leave and come back. In contrast, other cod were found to be

highly migratory based on the increased level of tag dispersion

observed in summer and fall. That this dispersion decreased

the following spring, coupled with more concentrated tag

recoveries near Unimak Pass during spring, lends support to

the idea that some migratory Pacific Cod returned to the tag

release area, presumably for spawning. Such round-trip migra-

tions indicative of spawning-site fidelity were also observed

among Pacific Cod tagged with timed depth-recording tags

(Nichol et. al 2013), where some individuals migrated

from the Unimak area (»70 m) in spring to shallower water

(»30–40 m) in summer–fall then back to the Unimak area in

spring (D. G. Nichol, personal observation). These two obser-

vations of dispersion and return to the release site support

spawning-site fidelity. However, further inference to site fidel-

ity in this tag release group is not plausible for two reasons.

We cannot assume that the tag release site and the spawning

site are the same because we cannot be certain that we tagged

spawning fish. Though we conducted operations in the same

broad region and same general time frame as cod spawning in

the southern Bering Sea, we cannot assign tagged fish to spe-

cific spawning events. For example, it is entirely possible that

cod released at Unimak Pass were on their way to Amak Island

to spawn, a distance of approximately 140 km. In addition, the

assumption that a recovery location was also a spawning loca-

tion is even harder to defend because the recovery time period

294 RAND ET AL.

Downloaded From: https://complete.bioone.org/journals/Marine-and-Coastal-Fisheries:-Dynamics,-Management,-and-Ecosystem-Science on 27 Apr 2024
Terms of Use: https://complete.bioone.org/terms-of-use



was broad (3 months) and the gross maturity of the recovered

fish was not estimated.

Discerning movement patterns of Pacific Cod in the Bering

Sea is increasingly important as evidence of a spatial stock

structure emerges. Shimada and Kimura (1994) concluded that

emigration and immigration between the Bering Sea and Gulf

of Alaska were on a scale large enough to assume a genetically

homogeneous population of Pacific Cod. This result was sup-

ported by Grant et al. (1987). However, advances in molecular

techniques have offered new insight into the population struc-

ture of cod. There is now strong evidence that Pacific Cod in

the Aleutian Islands are genetically distinct from those in the

Bering Sea (Cunningham et al. 2009; Spies 2012). Further,

there is evidence of genetic differentiation between the north

(Pribilof Islands) and south (Unimak Pass) Bering Sea cod

(Spies 2012). This genetic differentiation is consistent with

our observation of spawning-site fidelity. The genetic evidence

suggests greater spawning-site fidelity than originally specu-

lated (Shimada and Kimura 1994) since it takes several gener-

ations of very little exchange at a spawning site to detect

genetic differentiation.

Consideration of Pacific Cod movement in the eastern

Bering Sea is important to stock assessment. Two critical rea-

sons for this are to (1) better estimate model parameters and

(2) better understand the role of cod at the ecosystem level as

stock assessment evolves toward ecosystem management as

well as single-species management. The inclusion of spatial

components in management strategies would improve our

understanding of cod movement, and thus parameters in stock

assessment models may also be improved. Mark–recapture

data from a well-designed movement estimation experiment

would, as a by-product, allow parameters such as natural mor-

tality or size-dependent selectivity to be estimated.

Movement estimates are not generally incorporated into

stock assessments currently conducted at the AFSC. There are

22 federally managed stocks or stock assemblages in the east-

ern Bering Sea. Seasonal movement is considered only when

area-specific catch allocations are made (Jim Ianelli, AFSC,

personal communication). Such allocations are typically based

on survey data and, in a few instances, information on move-

ment rates as determined from tagging (e.g., Pacific Cod and

Sablefish Anoplopoma fimbria) (Hanselman et al. 2012;

Thompson and Lauth 2012). Specifically, the Pacific Cod

stock assessment considers availability and selectivity from

the NMFS bottom-trawl survey in its estimates of catchability

and selectivity (Nichol et al. 2007). For lack of adequate data,

movement of cod within the Bering Sea is acknowledged but

not formally incorporated into the models, and possible move-

ment between the Bering Sea and Aleutian Islands or the Gulf

of Alaska is assumed to be negligible.

In addition to single-species stock assessment, estimating

Pacific Cod movement within the framework of life history

strategies can further identify the role of cod in the ecosystem.

The importance of understanding Pacific Cod movement

patterns is pronounced in the debate over impacts of commer-

cial fishing on other predators, including the endangered Steller

sea lion Eumetopius jubatus (NRC 2003). While the overall

rate of Pacific Cod harvest from the Bering Sea is believed to

be low enough not to cause reductions in sea lion foraging suc-

cess, concerns have been raised about transient local effects on

prey density in the immediate vicinity of sea lion rookeries

(Ferrero and Fritz 1994). A recent study showed an increase in

the frequency of occurrence of Pacific Cod in the diets of Stel-

ler sea lions between the eastern Aleutian Islands and western

Gulf of Alaska over the last decade, especially in the winter

diets (Sinclair et al. 2013). The effect of fishery removals on

local prey densities cannot be evaluated without some knowl-

edge of the temporal and spatial scales of fish movement. The

large movements of tagged Pacific Cod seen in this study indi-

cate that, while cod may form dense, small-scale, spatial aggre-

gations during the spawning season, not all cod disperse across

the Bering Sea or remain in the spawning area.

Proper estimation of seasonal movement of Pacific Cod in

the Bering Sea seems both important but lacking. Simple

mark–recapture techniques may be applicable to this species

in this large marine ecosystem, because the assumption of a

closed population may well be defensible. A well-designed

mark–recapture study will require properly defined geographic

strata, properly defined seasons, seasonally synoptic releases

of tag groups throughout all strata, and seasonally synoptic

recovery events (Anganuzzi et al. 1994). Definitions of

“proper” strata and seasons must incorporate biological pro-

cesses (e.g., spawning, foraging, and moving) and be tractable

under logistical constraints on research activities. Patterns of

seasonal movement would be integral to defining strata and

seasons. Currently, Pacific Cod are considered to be success-

fully managed as a single stock in the Bering Sea, but it is also

true that we know little about many aspects of cod life history,

including movement. Our research suggests that the incorpo-

ration of seasonal distribution, seasonal movement patterns,

biological processes, and the interaction with the local, intense

fishery on a population of spawning fish is important and

should be considered in the management of this species.
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