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Rebuilding the Gulf of Maine stock of Atlantic cod (Gadus morhua) has been much slower than expected. An important source of scientific un-
certainty contributing to the difficulties in managing rebuilding has been the lack of understanding of cod population structure. Previous research
indicates that the stock functions as a metapopulation that is made up of multiple subpopulations and many finer-scale spawning components.
This study investigated fine-scale, multiyear spawning site fidelity by a spring-spawning component of Atlantic cod in the western Gulf of Maine.
Movements of acoustically tagged cod (n ¼ 63) with respect to a known spawning site were tracked using passive acoustic telemetry. A large pro-
portion (38–67%) of tagged cod exhibited spawning site fidelity between 2010 and 2012. After adjusting for fishing mortality, natural mortality, and
skipped spawning, the estimated rate of spawning site fidelity ranged between 47 and 95% in 2011. Multiyear spawning site fidelity was also
observed, with individuals being tracked for up to four consecutive spawning seasons. Spawning site fidelity serves as one of the multiple mechan-
isms that contribute to the formation and maintenance of the observed metapopulation structure. Spawning site fidelity also reduces the repro-
ductive connectivity among spawning sites, thus delaying both recolonization of abandoned spawning sites and stock rebuilding. Future stock
assessment models and fishery management plans that incorporate the metapopulation structure of cod in the Gulf of Maine are expected to
be more effective at preventing continued declines in spawning diversity and promoting rebuilding.
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Introduction
Atlantic cod (Gadus morhua) have been a principal component of
New England’s fisheries since the seventeenth century (Serchuk and
Wigley, 1992; Kurlansky, 1997; Leavenworth, 2008). In recent
decades, the Gulf of Maine cod stock has experienced considerable
declines in abundance due to interactions between overfishing
(NEFSC, 2013), environmental variation (Rothschild, 2007;
Fogarty et al., 2008; Halliday and Pinhorn, 2009), and predator/
prey dynamics (Frank et al., 2011; Ames and Lichter, 2013;
Friedland et al., 2013). The most recent stock assessment models
indicate that since at least 1982 the stock has been overfished
and overfishing has been occurring (NEFSC, 2013). Stock assessment
updates demonstrated that previous projections were

overly-optimistic and the population did not increase as predicted
(NEFSC, 2013). The ensuing shifts in perception with respect to
stock status resulted in continued overfishing despite fishery manage-
ment measures that successfully prevented the fishery from exceeding
the acceptable biological catch (SSC, 2012a; Rothschild et al., 2014).

Consequently, rebuilding the Gulf of Maine cod stock has been
much slower than expected despite continuously evolving manage-
ment strategies and considerable reductions in fishing effort
(Serchuk and Wigley, 1992; Mayo et al., 2009; NEFMC, 2009). An
important source of scientific uncertainty for stock assessments
and fishery management has been the lack of understanding of
cod population structure in the Gulf of Maine (Annala, 2012;
SSC, 2012b; Zemeckis et al., 2014a). Previous research indicates
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that the Gulf of Maine cod stock is not as homogeneous as common-
ly assumed (Ames, 2004; Wirgin et al., 2007; Kovach et al., 2010). In
contrast, the stock appears to function as a metapopulation. Under
this view, the stock can be described as a system of discrete local sub-
populations, each of which determines its own internal dynamics to
a large extent, but there remains an identifiable and non-trivial
demographic influence from neighbouring subpopulations
(Kritzer and Sale, 2004). On a finer scale, each subpopulation is
made up of multiple semi-discrete spawning components that are
grouped based upon their reproductive connectivity (Ames, 2004;
Annala, 2012; Zemeckis et al., 2014a). Ignoring this complex intra-
stock diversity can bias perceptions of stock status and lead to in-
appropriate fishery management strategies that risk the extirpation
of semi-discrete spawning components (Reich and DeAlteris, 2009;
Kerr et al., 2010). In fact, nearly half of the historical spawning com-
ponents in the Gulf of Maine have been depleted and the abandoned
spawning sites have not been recolonized despite many being in-
active for over 70 years (Maine Dept. Sea and Shore, 1949; Ames,
1997, 2004). The substantial decline in spawning diversity has led
to reductions in stock productivity and is likely contributing to dif-
ficulties in rebuilding (Reich and DeAlteris, 2009; Kerr et al., 2010).

Bimodal peaks in cod spawning activity in the Gulf of Maine
include spring (April–July) and winter (October–February) sub-
populations (Berrien and Sibunka, 1999). Despite frequently occu-
pying the same spawning sites, these subpopulations are genetically
distinct due in part to their temporal variation in spawning (Wirgin
et al., 2007; Breton, 2008; Kovach et al., 2010). Variable oceano-
graphic conditions within and between spawning seasons also
influence population structure by affecting the dispersal and reten-
tion of the early life stages (Huret et al., 2007; Churchill et al., 2011).
Spawning site fidelity, in which cod return to the same spawning site
each season, also contributes to the observed metapopulation struc-
ture (Perkins et al., 1997; Howell et al., 2008), because it limits the
reproductive connectivity among spawning sites (e.g. Svedäng
et al., 2007).

Spawning site fidelity by Atlantic cod has been documented
in other regions, using both conventional (Robichaud and Rose,
2004; Wright et al., 2006) and electronic tagging (Green and
Wroblewski, 2000; Robichaud and Rose, 2001; Svedäng et al.,
2010; Skjæraasen et al., 2011). However, spawning site fidelity has
only been documented in the Gulf of Maine over relatively broad
spatial scales (tens of kilometers) using information acquired
from conventional tagging studies (e.g. Perkins et al., 1997;
Howell et al., 2008). Additional information regarding the preva-
lence, consistency, and precision of this behaviour will improve
our understanding of cod population structure in the Gulf of
Maine. The objectives of this study were to investigate fine-scale,
multiyear spawning site fidelity by Atlantic cod in the western
Gulf of Maine, and to discuss the implications with respect to popu-
lation structure and rebuilding.

Methods
Study site
This study investigated spawning cod in the Spring Cod Conser-
vation Zone (SCCZ) (depth range: 25–60 m), which is a seasonal
spawning closure in northern Massachusetts Bay in the western
Gulf of Maine (Figure 1) (Armstrong et al., 2013). The closure
was first implemented in 2009 (1 May–30 June) and covered a
total area of 22.8 km2. In 2010, the closure was increased in duration
(1 May–21 July) to protect cod spawning later in the season. The

closure was adjusted again in 2011 by increasing the duration of
the closure (16 April–21 July) and doubling the closure area
(45.4 km2) (Figure 1). The timing and size of the SCCZ were main-
tained in 2012 and 2013.

Sampling and tagging
Cod were caught in the SCCZ with rod and reel using jigs and teasers,
which was expected to maximize survival (Nøstvik and Pedersen,
1999; Milliken et al., 2009) and minimize the disruption of cod
spawning activity relative to other fishing gears (Morgan et al.,
1997; Dean et al., 2012). Total length was measured for all captured
fish and their sex and maturity stage were determined via visual
inspection or cannulation (extraction of a gonadal biopsy using
a plastic tube inserted through the genital pore). Each fish was
assigned a maturity stage using guidelines set forth by Burnett
et al. (1989): Immature, Resting, Developing, Ripe, Ripe and
Running, Spent, Unknown.

Cod movements in the SCCZ were monitored using passive
acoustic telemetry, which enables collection of high-resolution in-
formation on the movement and behaviour of individual fish
(DeCelles and Zemeckis, 2014). Spawning cod (classified as Ripe
or Ripe and Running) were tagged with Vemco V16P-6H coded
acoustic transmitters (98 mm length, 36 g in air, 69 kHz) with a
60 s (+50%) transmission rate and an expected battery life of
.1500 d (Vemco, Inc., Nova Scotia, Canada). In accordance with
the protocol developed by Dean et al. (2012, 2014), all acoustic
transmitters were surgically implanted into the peritoneal cavity
and incisions were sealed using braided silk sutures (Figure 2). An
internal anchor tag (FM-84, Floy Tag and Mfg., Inc., Seattle, WA,
USA) was also inserted inside the incision to notify fishers that
there is a transmitter inside the fish and to increase the likelihood
of recovering the transmitter if the fish was recaptured. Nearly all
cod that were tagged with a surgically implanted acoustic transmit-
ter in 2010 and 2011 also received an externally attached archival
data storage tag (milli-L, Star-ODDI, Reykjavik, Iceland) for a
future study applying tidal-based geolocation. Given the intensive
double-tagging procedure, fish ≥ 65 cm were targeted for electron-
ic tagging. Cod that were not chosen for electronic tagging were
instead doubled-tagged with two conventional t-bar anchor tags
(FD-94, Floy Tag and Mfg., Inc.).

Acoustic telemetry
Results from a range test conducted at the study site in March 2010
indicated that the detection radius of each acoustic receiver was
�1 km throughout a wide variety of sea and weather conditions.
These data informed the design of an acoustic array that consisted
of 28 receivers (model VR2W, Vemco Inc., Nova Scotia, Canada)
that were spaced 400 m apart (Figure 3a). The spacing between
receivers permitted overlap in the detection radii of adjacent recei-
vers and determination of fish positions over an �9.5 km2 area
(Figure 3a) as part of a Vemco VR2W Positioning System (VPS)
(e.g. Andrews et al., 2011; Espinoza et al., 2011). The 28-receiver
array was deployed in 2010 (21 April–19 July) and in 2011 (14
April–20 July). After being hauled out, the 28-receiver array was
reduced to four receivers with 400 m spacing (Figure 3b) to main-
tain our ability to monitor the study site after the opening of the
fishery, while also reducing the risk of equipment loss during a
period when intense fishing pressure was anticipated. The down-
sized VPS array was deployed until 31 August in 2010 and 24
August in 2011. In 2012, the VPS array was modified to include
25 receivers spaced 800 m apart (deployed from 3 April–16 July),
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providing a total detection area of �15.9 km2 (Figure 3c). The four-
receiver VPS array (Figure 3b) was deployed until 30 August in 2012.
Reference transmitters were deployed as a part of each configuration

of the VPS to ensure that the arrays were functioning properly
throughout the study, thus supporting the assumption of a 100%
detection probability of tag transmissions within their detection
range (Figure 3). Results presented here focus on the inter-annual
fidelity to this spawning site (presence/absence within the SCCZ).
The fine-scale observations of spawning behaviour from these
VPS data are described by Dean et al. (2014).

Data analysis
Cod were considered to have exhibited spawning site fidelity if they
were detected in the SCCZ during a field season after tagging. It must
be emphasized to note that this behaviour should not be confused
with natal homing because no linkages to natal habitats were
assumed (Bradbury and Laurel, 2007). Rates of spawning site fidelity
were calculated for fish tagged in year i and returning to the SCCZ
in year j (SSFi,j), using the following equation:

SSFi,j =
# observedi,j

# putatively alivei,j
(1)

The # observedi,j represents the number of cod tagged in year i and

Figure 1. Map of the Spring Cod Conservation Zone (SCCZ), which is a seasonal spawning closure in northern Massachusetts Bay in the western
Gulf of Maine. During its first year of implementation in 2009, the closure spanned from 1 May–30 June and covered a 22.8 km2 area. The duration
of the closure was increased to 1 May–21 July in 2010. The most recent modification to the closure came in 2011, when it was expanded
longitudinally (45.4 km2) and the timing was increased to 16 April–21 July.

Figure 2. An example of a 110 cm Ripe and Running male
double-tagged with an acoustic transmitter and an archival data
storage tag. The acoustic transmitters (Vemco V16P-6H) were
surgically implanted into the peritoneal cavity and an internal anchor
tag (Floy FM-84) was inserted inside each incision. The archival data
storage tags (Star-ODDI milli-L) were externally attached beneath the
first dorsal fin using plastic saddles and stainless steel wire.
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detected in the SCCZ during year j. The # putatively alivei,j repre-
sents the number of cod tagged in year i and expected to be alive
in year j, which was calculated as the number of cod tagged in year
i minus the number confirmed dead before the beginning of the
spawning season (1 April) in year j. Fish were pronounced dead fol-
lowing fishery recaptures or observations of tagging-induced mor-
tality (T), which were identified by a lack of horizontal (based upon
VPS positions) and vertical movements (based upon depth data
from acoustic transmitters). Multiyear spawning site fidelity was
also described for fish that were detected in the SCCZ during
more than two spawning seasons.

Similar to Robichaud and Rose (2001), an adjusted rate of
spawning site fidelity (SSFadj) was calculated to account for
factors that would prevent fish from returning to the SCCZ. This
calculation was performed with the following equation using
2011 acoustic telemetry data for fish that were tagged in 2010:

SSFadj =
# observed

(# tagged)(1 − A − T − S) (2)

The # observed represents the number of cod that were tagged with
acoustic transmitters in 2010 and detected in the SCCZ in 2011.

The denominator includes the total number of cod tagged with
acoustic transmitters in 2010 (# tagged), with adjustments for
factors that would prevent individuals from returning to the
SCCZ. An annual proportion of deaths (A) was calculated as A ¼
1 2 exp[2(M + F)]. Two estimated rates of instantaneous
natural mortality (M) were used based on the most recent stock as-
sessment models for Gulf of Maine cod (M ¼ 0.2 and 0.4: NEFSC,
2013). An instantaneous rate of fishing mortality (F) was estimated
using Equation (3) and an estimated proportion of tagging-induced
mortality (T) was derived from 2010 tagging data. An estimated
annual proportion of skipped spawning (S) was included, because
cod that skip spawning are believed to not migrate to spawning
sites (Skjæraasen et al., 2012). Estimated rates of skipped spawning
are not available for the Gulf of Maine. Therefore, estimates from
other regions were used, including an estimate of S ¼ 0.08 based
on the findings of Rideout and Rose (2006) for cod off
Newfoundland and an estimate that S ¼ 0.24 based on the findings
of Skjæraasen et al. (2012) for Northeast Arctic cod.

Considering the large size of cod sampled in the SCCZ, this group
may experience a different fishing mortality rate than the entire
Gulf of Maine management unit. Therefore, fishing mortality (F)
was estimated using recapture information from conventional

Figure 3. (A) Schematic of the 28-receiver Vemco VR2W Positioning System (VPS) that was deployed in 2010 and 2011. Receivers were spaced
400 m apart, allowing fish to be tracked in three dimensions over an �9.5 km2 area. (B) Each year, the VPS was downsized to a four-receiver
diamond-shaped array when the closure was lifted to reduce the risk of equipment loss when the fishery opened. (C) In 2012, the VPS array was
reduced to 25 receivers, but receiver spacing was increased to 800 m, which provided a total detection area of �15.9 km2.
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t-bar anchor tags released in 2010. Only tagged cod that were
≥65 cm and recaptured within 1 year of being released were
included in this analysis. Calculations were performed by iteratively
solving for F in the following derivation of Baranov’s catch equation:

F = r/l

[(n(1 − L2))(1 − exp(−Z))]/Z
(3)

The number of tag recoveries (r) was adjusted for a tag reporting rate
(l). Similarly, the number of tag releases (n) was adjusted for a tag-
shedding rate (L), which was squared because fish were double-
tagged with two conventional t-bar anchor tags. Estimates of the tag-
shedding rate (L ¼ 0.1494) and tag reporting rate in the Gulf of
Maine (l ¼ 0.457) were obtained from Miller and Tallack (2007),
which were derived from a conventional tagging study of Gulf of
Maine cod (Tallack, 2011). The total mortality (Z) was calculated
as the sum of M + F, using both available estimates of natural
mortality.

Variability in spawning site fidelity between males and females
would provide insights into cod spawning behaviour and their
complex mating system (Zemeckis et al., 2014b). An RxC test of in-
dependence using a G-test and a Williams’ correction (Sokal and
Rohlf, 2012) was used to determine whether there was a significant
difference in the frequency of spawning site fidelity between males
and females. This analysis was performed using 2011 acoustic telem-
etry data for fish that were tagged in 2010, because this was the year
during which the most cod were observed. Cod have been docu-
mented following larger “scouts” during long-distance migrations
(Rose, 1993), suggesting that larger, older cod might have an
increased ability to follow learned migrations and accurately navi-
gate to spawning sites. Therefore, the same test and data were used
to determine whether there was a significant difference in the
prevalence of spawning site fidelity among fish of different
lengths. For this analysis, fish were arbitrarily divided into three
size classes based on their lengths when tagged: medium
(,80 cm), large (80–99 cm), and whale (.100 cm).

The residence times of cod that exhibited spawning site fidelity
were calculated to infer the likelihood that cod spawned during
their residency. Residence times were measured as the period
between the first and last detection recorded for an individual
during a given spawning season. Residence times were only
reported for the season(s) during which a fish exhibited spawning
site fidelity, because we were able to observe the entire spawning
season by documenting dates of arrival and departure to and from
the SCCZ. An F-test for equality of variances determined that
the variances of the residence times were significantly different
between males and females in 2011 (p ¼ .001). Therefore, Welch’s
t-test was used to determine whether there was a significant

difference between males and females, because the assumptions of
Student’s t-test were not met. Data from 2011 were used in this ana-
lysis because this was the year from which the largest sample size was
available.

Results
A total of 70 cod were tagged with acoustic transmitters from 2009
to 2011 (Table 1). As confirmed using the VPS data, three indivi-
duals tagged in 2009 were killed when the fishery opened on 1 July
(Dean et al., 2012), and one fish died after being released due to
tagging-related effects. As a result, seven cod tagged in 2009 survived
the full spawning season, including one male, two females, and four
unknown (low availability of spawning cod in June 2009 resulted in
four cod of unknown sex being tagged). In 2010, three acoustically
tagged cod died shortly after release (,4 h) despite being in excel-
lent physical condition (tagging-induced mortality, T ¼ 0.055).
All tagging-related mortalities in 2010 occurred on the same
sampling date and perhaps these fish were preyed upon by the
abundant spiny dogfish (Squalus acanthias) that were observed
attacking cod while they were being reeled to the surface.
Therefore, 52 releases from 2010 survived the full spawning season
(24 males, 28 females). In 2011, four fish were tagged with acoustic
transmitters and released (3 males, 1 female). As a result, a total of
63 cod that were tagged with acoustic transmitters from 2009 to
2011 were included in our analyses (28 males, 31 females, 4
unknown) (�x ¼ 88.4 cm+ 15.2 cm: Figure 4).

Three of the seven cod that were tagged with acoustic transmit-
ters in 2009 were detected in the SCCZ for 39, 33, and 60 d in
2010 (SSF2009,2010 ¼ 43%: Table 1). Two of these same fish exhibited
multiyear spawning site fidelity and were detected in the SCCZ

Table 1. Number of acoustic transmitters released each year in the SCCZ.

Tag year Releases Tagging mortality Fishery recaptures

Putatively alive
Exhibited spawning site
fidelity

2010 2011 2012 2010 2011 2012

2009 11 1 4 7 7 6 3 2 1
2010 55 3 13 – 39 39 – 15 5
2011 4 0 1 – – 3 – – 2

The number putatively alive during each spawning season was calculated by subtracting observations of tagging-induced mortality and fish recaptured in the
fishery. The number of fish tagged in each year that exhibited spawning site fidelity is also included.

Figure 4. Length distribution of cod that were tagged with acoustic
transmitters in the SCCZ from 2009 to 2011, excluding fish which were
confirmed to be dead using acoustic telemetry data. A total of 63 fish
were incorporated into analyses (28 males, 31 females, 4 unknown).
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again in 2011 (Fish ID #9 for 32 d and Fish ID #15 for 55 d) and one
was detected in the SCCZ for the fourth consecutive year in 2012
(Fish ID #15 for 14 d) (Table 2). Fish ID #9 was recaptured in
September 2011 and was therefore unable to return to the SCCZ
in 2012.

Eleven cod tagged in 2010 were reported dead via fishery recap-
tures before the beginning of the 2011 spawning season (1 April).
Two additional cod tagged in 2010 were recaptured in 2011 on 7
May and 14 May, �14 km south of the SCCZ in an area known as
Eagle Ridge. Because these fish were recaptured early in the 2011
spawning season and within 1 year of being released, they were
included with the other reports of fishery recaptures because they
were removed from the population and did not have a full spawning
season during which they could return to the SCCZ. As a result, 39 of
the 55 cod tagged in 2010 were putatively alive during the 2011
spawning season (18 males and 21 females). Fifteen of these 39
fish were observed in the SCCZ and exhibited spawning site fidelity
in 2011 (SSF2010,2011 ¼ 38%: Table 1).

A total of 475 cod ≥ 65 cm were double-tagged with convention-
al t-bar anchor tags in 2010, 23 of which were reported through
fishery recaptures within 1 year of being released. Including these
data in Equation (3), the instantaneous rate of fishing mortality
(F) was estimated to be 0.127 when M ¼ 0.2 and 0.140 when M ¼
0.4. Based on these estimates, the annual proportion of deaths (A)
was calculated to be 0.279 when M ¼ 0.2 and 0.417 when M ¼
0.4. After including these estimates in Equation (2), the SSFadj was
calculated under four scenarios given the different combinations
of natural mortality and skipped spawning (Table 3). The resulting
values ranged from 47% (Scenario 1: most conservative) to 95%
(Scenario 4: least conservative). These findings indicate that spawn-
ing site fidelity in 2011 was prevalent, and nearly universal under
the least conservative scenario, among cod that were tagged in the
SCCZ in 2010.

There was no significant difference between the mean residence
time of males (�x ¼ 38.2 d+ 9.7 d) and females (�x ¼ 38.0+ 32.3 d)
that exhibited spawning site fidelity in 2011 (t.05,[8] ¼ 0.019; tcrit ¼

2.306; p ¼ 0.986) (Table 2). There was also no significant difference
in the frequency of spawning site fidelity between males (44%) and
females (33%) in 2011 (x2

.05,[1] ¼ 3.841, Gadj ¼ 0.485, p ¼ 0.486)
(Table 2). Similarly, the prevalence of spawning site fidelity was in-
dependent of fish length (medium: 45%, large: 32%, whale: 44%)
(x2

.05,[2] ¼ 5.991, Gadj. ¼ 0.704, p ¼ 0.703).
Five cod tagged in 2010 were detected in the SCCZ for the third

consecutive spawning season in 2012 (Table 2), thus providing
additional evidence of multiyear spawning site fidelity. All cod
that exhibited multiyear spawning site fidelity were detected each
consecutive spawning season and did not skip a year (i.e. there
were no fish tagged in 2010 that returned in 2012 and were not
also detected in 2011). One cod tagged in 2011 was recaptured in
the fishery later that year. Therefore, two of the three fish that
were tagged in 2011 and putatively alive were detected in the
SCCZ in 2012 (SSF2011,2012 ¼ 67%: Table 1). Three of the eight
fish that exhibited spawning site fidelity in 2012 died due to

Table 2. Tagging date, sex, length (cm), and residence times (days) for fish that exhibited spawning site fidelity between 2010 and 2012.

ID # Tag date Sex Length

Spawning site fidelity Residence time

2010 2011 2012 2010 2011 2012

9 8 June 2009 M 73 Y Y Na 39 32 –
15 27 June 2009 F 94 Y Y Y 33 55 14
19 24 June 2009 U 77 Y N N 60 – –
162 7 May 2010 M 80 – Y Y – 46 11b

164 7 May 2010 M 77 – Y N – 30 –
168 11 May 2010 M 74 – Y N – 53 –
169 11 May 2010 M 69 – Y N – 27 –
170 11 May 2010 M 84 – Y N – 33 –
177 11 May 2010 F 109 – Y Y – 28 47
181 8 June 2010 F 77 – Y Y – 4 2
185 8 June 2010 M 82 – Y N – 37 –
187 8 June 2010 F 104 – Y Y – 51 39b

227 18 June 2010 F 99 – Y N – 20 –
228 18 June 2010 F 81 – Y Y – 19 21
233 18 June 2010 M 69 – Y N – 52 –
241 2 July 2010 F 118 – Y N – 106 –
247 16 July 2010 M 99 – Y N – 34 –
249 20 July 2010 F 112 – Y N – 21 –
278 10 June 2011 F 97 – – Y – – 1
281 20 May 2011 M 116 – – Y – – 41b

U ¼ unknown sex. Whether or not a fish exhibited spawning site fidelity in a given season is indicated by Y ¼ Yes or N ¼ No.
aFish was recaptured September 2011.
bMinimum residence time, died due to unexplained mortality.

Table 3. Scenarios in which adjusted rates of spawning site fidelity
(SSFadj) were calculated using Equations (2) and (3).

Scenario M F A T S SSFadj

1 0.2 0.127 0.279 0.055 0.08 0.465
2 0.2 0.127 0.279 0.055 0.24 0.640
3 0.4 0.140 0.417 0.055 0.08 0.609
4 0.4 0.140 0.417 0.055 0.24 0.948

Calculations were performed for fish that were tagged in 2010 and exhibited
spawning site fidelity in 2011. Variables in the equations included estimates of
natural mortality (M), fishing mortality (F), annual proportion of deaths (A),
tagging-induced mortality (T), and skipped spawning (S).
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unexplained mortality while in the SCCZ. These fish (Fish ID #’s
162, 187, and 281) returned to the SCCZ and exhibited spawning be-
haviour as described in Dean et al. (2014) for a period that was
included in the calculation of minimum residence times (Table 2).
In each case, this normal behaviour ceased abruptly and the fish
displayed a complete lack of horizontal and vertical movement.
Fish that exhibited spawning site fidelity in 2012 and survived the
full spawning season had residence times ranging from 1 to 47 d
(Table 2).

Discussion
Our results have documented multiyear spawning site fidelity on a
finer spatial scale than previously described for Atlantic cod in the
western Gulf of Maine (e.g. Perkins et al., 1997; Howell et al.,
2008). The mean night-time position of females in the SCCZ
between 2010 and 2011 varied by only 9 m (Dean et al., 2014),
which represents finer-scale spawning site fidelity than previously
reported for Atlantic cod (e.g. ,1 km off coastal Norway:
Skjæraasen et al., 2011). Similar observations of multiyear spawning
site fidelity have also been documented for cod off southern
Newfoundland (Robichaud and Rose, 2001), where transplantation
studies suggest that cod are able to accurately home to spawning sites
by navigating along learned migration routes using an omnidirec-
tional attractor (i.e. effective cues from any direction, such as
sound or magnetism) in combination with spatial memory of ba-
thymetry or ocean currents (Robichaud and Rose, 2002; Windle
and Rose, 2005).

The estimated rates of un-adjusted spawning site fidelity
reported in this study (SSF2009,2010 ¼ 43%, SSF2010,2011 ¼ 38%,
SSF2011,2012 ¼ 67%) are similar to those documented for cod off
coastal Norway (55 and 37% in two separate seasons: Skjæraasen
et al., 2011). However, the adjusted rates of spawning site fidelity
estimated for cod in the SCCZ (ranging from 47 to 95%: Table 3)
are greater than the adjusted rate (39%) reported for cod off
Newfoundland (Robichaud and Rose, 2001). Both studies used
similar estimates for the parameters in their calculations, but
Robichaud and Rose (2001) did not consider skipped spawning.
Future work should evaluate the hypothesis that fish which skip
spawning do not migrate to spawning sites, as well as investigate
the prevalence of skipped spawning by cod in the Gulf of Maine
to determine the applicability of estimates from other stocks. For
example, observations of skipped spawning from a highly migratory
stock such as the Northeast Arctic cod (Robichaud and Rose, 2004)
might not be relevant to the less migratory cod in the western Gulf
of Maine (Howell et al., 2008). Future research should also investi-
gate the origin of cod that spawn in the SCCZ, which may provide
evidence of natal homing in addition to spawning site fidelity
(e.g. Svedäng et al., 2010), thus offering further insights into the
mechanisms that influence the development and maintenance of
population structure.

Ancillary information resulting from this study provides further
support for the prevalent spawning site fidelity observed between
2010 and 2011. For example, none of the cod that were tagged
with acoustic transmitters in 2010 that went un-detected in 2011
have since been recaptured in the fishery. These individuals were
also not detected by nearby acoustic receivers off Cape Ann and
Cape Cod that were maintained from 2011 to 2013 to monitor the
movements of striped bass (Morone saxatilis) (Kneebone et al.,
2014). This was the case despite other cod that were tagged with
acoustic transmitters in the SCCZ having been detected by the
Cape Ann receivers, and multiple recaptures of cod tagged with

conventional tags coming from within 15 km of these receivers.
The lack of detection or reported recapture over multiple spawning
seasons for these fish suggests that they either died of natural mor-
tality or were recaptured in the fishery and not reported, thus cor-
roborating the relatively high adjusted rates of spawning site
fidelity calculated in this study.

The estimated rates of instantaneous fishing mortality calculated
in this study (e.g. F ¼ 0.127 when M ¼ 0.2) were substantially lower
than estimates of fully recruited fishing mortality (e.g. F ¼ 0.62 in
2010 and F ¼ 0.59 in 2011 when M ¼ 0.2) from the most recent
stock assessment models for Gulf of Maine cod (NEFSC, 2013).
This may be due to age-related differences in fishing mortality
(Butterworth and Rademeyer, 2008), because the cod tagged in
this study represent the largest size classes found in the region
(Tallack, 2009; NEFSC, 2013). Another potential source of uncer-
tainty in our calculations results from the use of an estimated tag
reporting rate from a previous study. Perhaps the reporting rate
was lower in the present study due to a shift in the attitudes of
fishers (e.g. tag saturation) or a decrease in advertising compared
with the previous study. Additional sources of uncertainty also
influenced calculations of the rates of fishing mortality and adjusted
spawning site fidelity. For example, the rate of tagging-induced
mortality may be an underestimate because these data do not
account for fish that might have died outside of the detection
range of our receivers. Our calculations were also influenced by
the uncertainty surrounding natural mortality for Gulf of Maine
cod, which is evidenced by the use of two different values in
recent stock assessment models (M ¼ 0.2 or 0.4: NEFSC, 2013).

The residence times of cod in the SCCZ during 2011 (range: 4–
106 d, �x ¼ 38.1 d) were similar to the residence times reported by
Siceloff and Howell (2013) for cod spawning in nearby Ipswich
Bay (range: 8–53 d, �x ¼ 30 d), which is �45 km north of the
SCCZ. In contrast to our results, they documented a marked differ-
ence between the mean residence time of males (�x ¼ 36.6 d) and
females (�x ¼ 23.4 d). This discrepancy could be due to the inability
of Siceloff and Howell (2013) to completely monitor the residency
of tagged individuals on the spawning site (i.e. some fish were still
resident at the termination of their experiment). Mean residence
times documented for cod in the SCCZ were also considerably
longer than the mean residence times (males: �x ¼ 10 d, females:
�x ¼ 19 d)documented by Robichaudand Rose (2003) for cod spawn-
ing in coastal Newfoundland. The difference between studies may
be due to regional variability in spawning behaviour or differences
in the efficiency of tracking methods (i.e. active vs. passive tracking).

The small sample size of fish that exhibited spawning site fidelity
influenced our finding of a lack of a difference in the mean residence
time between males (�x ¼ 38.2 d+ 9.7 d) and females (�x ¼ 38.0 d+
32.3 d) in 2011 by reducing the statistical power of the test and in-
creasing the likelihood of committing a type II error. Similarly,
the lack of a difference in the prevalence of spawning site fidelity
between sexes could also be due to the relatively small sample size,
which was limited by the high cost of acoustic transmitters. The
lack of a relationship between fish length and spawning site fidelity
may be due to the large size classes tagged in this study. The size of
available acoustic transmitters with multiyear battery life necessi-
tated the 65 cm minimum fish length for electronic tagging. If the
current trend of progressively smaller and less expensive acoustic
transmitters continues (DeCelles and Zemeckis, 2014), future
studies could include larger sample sizes and a broader size range
of individuals, which may more conclusively address the influence
of sex and length on spawning site fidelity.
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Our findings have provided some evidence of connectivityamong
inshore spawning sites via adult movements. For example, the resi-
dence times of three fish that exhibited spawning site fidelity
during our study were less than 5 d, which was considerably
shorter than other tagged individuals (Table 2). This suggests that
these fish may have spawned at other locations in addition to the
SCCZ. Observations from tagging trips indicate that there was rela-
tively low abundance of spawning cod in the SCCZ when these fish
stayed for only a short period. Perhaps these individuals were
attracted to other nearby aggregations with more intensive spawning
activity at that time. Interestingly, two fish tagged in the SCCZ were
recaptured �14 km to the south on Eagle Ridge, which is an area
where spring-spawning cod have been caught in recent years.
These observations indicate that despite exhibiting prevalent spawn-
ing site fidelity, there may also be some connectivity among inshore
spawning sites via adult movements. Therefore, adult choice appears
to play an important role in population connectivity (e.g. Frisk et al.,
2014). Continued research using both acoustic telemetry and arch-
ival data storage tags is currently underway to more extensively inves-
tigate the connectivity among inshore spawning sites in the western
Gulf of Maine.

Cod spawning dynamics in the Gulf of Maine (e.g. dense, pre-
dictable aggregations close to shore) increase the vulnerability of
spawning aggregations to overexploitation and have contributed
to the serial depletion of historical spawning components (Ames,
2004; Armstrong et al., 2013; Zemeckis et al., 2014b). Prevalent,
fine-scale spawning site fidelity is believed to be another important
factor contributing to the declines in spawning diversity, because
this behaviour is one of the multiple mechanisms (e.g. temporal
variation in spawning, larval dispersal dynamics) that limit the re-
productive connectivity among spawning sites and promote the for-
mation of semi-discrete spawning components that are vulnerable
to extirpation. The genetic differentiation documented among
cod subpopulations in the Gulf of Maine region has remained con-
sistent across multiple years of samples (Wirgin et al., 2007; Breton,
2008; Kovach et al., 2010), despite the sensitivity of these techniques
to mixing among population segments (Mariani and Bekkevold,
2014). Therefore, spawning site fidelity (both spatially and tempor-
ally), as well as the apparent movement of adults among spawning
sites, is an important mechanism for the formation of the observed
metapopulation structure, as well as maintaining it through mul-
tiple generations.

Recolonization of inactive spawning sites is critical for rebuild-
ing and can occur through the resurgence of a remnant population
or via immigration of adults from other regions (Frank and
Brickman, 2000; Wroblewski et al., 2005). Critical depletion and a
lack of rebuilding of cod spawning components in the eastern
Gulf of Maine (Ames, 2004; NEFSC, 2013) reduces the likelihood
of a rapid resurgence by the remnant population. Recolonization
of these inactive spawning sites might be more likely to occur via
immigration from spawning sites that remain active, which are
primarily found in the western Gulf of Maine. However, limited
connectivity between subpopulations in the eastern and western
Gulf of Maine (Zemeckis et al., 2014a), which is due in part to
spawning site fidelity, reduces the probability of rapid recoloniza-
tion through immigration. Results from ongoing work investigating
the connectivity among inshore spawning sites will provide further
insights into potential mechanisms for recolonization. For example,
frequent movement of adults between spawning sites would
increase the reproductive connectivity among spawning compo-
nents and promote recolonization on shorter time scales than

expected in a more isolated stock (Stephenson, 1999; Rose et al.,
2011). However, as evidenced by the lack of recolonization in the
eastern Gulf of Maine (Ames, 1997, 2004), any level of connectivity
that might exist either within or between subpopulations has evi-
dently been too low for recolonization to occur within the observed
time frame, suggesting that recolonization of abandoned spawning
sites will remain a slow process.

Future stock assessments and fishery management plans should
integrate substock-specific information to prevent continued
declines in spawning diversity and promote rebuilding (Lindegren
et al., 2013; Zemeckis et al., 2014b). For example, the fishery man-
agement plan applied to cod and other groundfish in New
England has shifted from input controls (e.g. trip limits and
days-at-sea) to a quota-based approach beginning in 2010
(NEFMC, 2009). In the Gulf of Maine, there has since been a relative
increase in landings of larger vessels (NEFSC, 2013), for which it was
economically less efficient to target cod when trip limits were regu-
lated. Therefore, the removal of trip limits made it possible for all
fishing vessels to harvest a greater number of cod during a shorter
period. Much of the fishing effort has focused on cod spawning
aggregations, which risks continued depletion of semi-discrete
spawning components that are not included in current spawning
closures. Future fishery management plans should consider add-
itional spawning protection measures to protect the persistent
spawning components that are crucial for rebuilding cod in the
Gulf of Maine region (Armstrong et al., 2013; Zemeckis et al.,
2014a, b).

This study has demonstrated that cod in the western Gulf of
Maine can exhibit prevalent, fine-scale spawning site fidelity behav-
iour over multiple years. This behaviour limits the reproductive
connectivity among spawning sites and promotes the formation
of semi-discrete spawning components. Therefore, spawning site fi-
delity serves as one of the multiple mechanisms that contribute to
the formation and maintenance of the observed metapopulation
structure in the Gulf of Maine region. By limiting the reproductive
connectivity among spawning sites, prevalent spawning site fidelity
slows the recolonization of inactive spawning sites and contributes
to the persistent difficulties in rebuilding. Future stock assessment
models and fishery management plans that incorporate the metapo-
pulation structure of cod in the Gulf of Maine are expected to be
more effective at preventing continued declines in spawning diver-
sity and promoting rebuilding.
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