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Knowing movement and structure of fish populations is a prerequisite for effective spatial fisheries management. The study evaluates migra-
tion patterns and connectivity of two groups of cod (Gadus morhua) associated with offshore feeding and nursery grounds. This was achieved
by investigating (i) migration pathways of cod tagged at the feeding areas, (ii) immigration of cod to the areas based on mark-recapture data
covering a period of two decades, and (iii) depth and temperature data from data storage tags (DSTs). Despite undertaking long-distance mi-
grations after attaining sexual maturity, the cod aggregations in the two study areas appear to be largely separated from each other. This con-
clusion is supported by DSTs, indicating that mature fish associated with the two areas occupy different thermal-bathymetric niches. Low
levels of connectivity suggest that effective spatial management in the two study areas would preserve fish of different origin. For the highly
migratory adults, however, spatial management would need to focus on migration pathways and the areas where the fish are particularly vul-
nerable to fishing.
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Introduction
Fish populations typically exhibit a high degree of spatial struc-

ture, and contain stock components that may differ with respect

to various biological and behavioural factors and levels of inter-

connectivity (Hilborn et al., 2003; Robichaud and Rose, 2004;

Metcalfe, 2006; Ruzzante et al., 2006; McAdam et al., 2012). The

spatial structure is generally thought to be determined at early life

stages, and shaped by oceanographic processes and behaviour

such as natal homing to spawning grounds (Heath et al., 2008;

Sved€ang et al., 2010; Bonanomi et al., 2016). In fisheries manage-

ment, it is important to take this variability into account in order

to avoid overfishing of vulnerable stock components and preserve

diversity within populations (Hutchinson, 2008; Ying et al., 2011;

Zemeckis et al., 2014). Spatial closures, such as marine-protected

areas (MPAs), have been put forward as a promising tool for con-

serving marine biodiversity and fish stocks (Jennings, 2001; Gell

and Roberts, 2003; Roberts et al., 2005), although they are not the

cure-all for fishery-management problems, and in the case of mi-

gratory fish cannot be relied upon as a sole solution (Hilborn

et al., 2004; Kaiser, 2005).

Different types of MPAs and seasonal closures are widely used

as management tools for fish in temperate-boreal waters, such as

for the commercially and ecologically important Atlantic cod

(Gadus morhua) (Jaworski et al., 2006; Le Bris et al., 2013;

Sherwood and Grabowski, 2016). Cod populations from different

regions are known to consist of spatially segregated subpop-

ulations or spawning components, in some cases with low

levels of interconnectivity (Ruzzante et al., 2000; Smedbol and

Stephenson, 2001; Harrald et al., 2010; Neat et al., 2014;

Zemeckis et al., 2014). This metapopulation structure (Smedbol

and Wroblewski, 2002) means that distant MPAs may preserve

different subpopulations. However, the rate of transfer of fish be-

tween MPAs and fishing grounds will ultimately affect the efficacy

of the MPAs as a management tool. Knowledge on fish migration
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is therefore essential, both at the planning state of the MPAs and

when evaluating their effectiveness (Horwood et al., 1998; Kaiser,

2005).

The groundfish fisheries in Icelandic waters are managed using

a combination of measures, including various types of spatial clo-

sures (Jaworski et al., 2006; Schopka et al., 2010). Although per-

manent spatial closures have been established in different areas in

order to reduce fishing mortality of young cod, their aim has not

been to protect population diversity. In fact, the cod fishery is

managed on a single-stock basis with total allowable catch limits

set annually for the whole population (Marine Research Institute,

2016). Cod spawn at numerous locations around Iceland, and in

recent years, studies have focused on biological variation in

spawning components based on tagging studies (P�alsson and

Thorsteinsson, 2003; Grabowski et al., 2011; S�olmundsson et al.,

2015), otolith characteristics (J�onsd�ottir et al., 2006; Petursdottir

et al., 2006), genetic variation (Pampoulie et al., 2006, 2012;

Eir�ıksson and �Arnason, 2013), and morphology (McAdam et al.,

2012). The main spawning grounds are located in the south and

southwest (J�onsson, 1996; J�onsson and P�alsson, 2013) from

where eggs and larvae are considered to drift clockwise via the

Irminger Current that flows north along the west coast. Part of

that current branches in variable strength into North Icelandic

waters (J�onsson and Valdimarsson, 2005). A freshwater-induced

coastal current (Valdimarsson and Malmberg, 1999) further en-

hances the drift of larvae from spawning grounds to nursery

areas.

The distribution of adult cod and larvae from the main spawn-

ing grounds is in accordance with the model of denatant migra-

tions and dispersal (Harden-Jones, 1968). At the feeding areas,

cod from spatially segregated spawning grounds are considered to

mix with each other and concentrations of more stationary im-

mature fish (J�onsson, 1996; Schopka et al., 2010). However, it is

not well known how thoroughly juvenile and adult fish from dif-

ferent spawning grounds are intermixed at the feeding areas. This

knowledge is crucial for spatial fisheries management, whether it

is no-take MPAs, spatial zoning of fleet access, or spatially explicit

catch quotas (Rassweiler et al., 2012). With this in mind, the

study was aimed at evaluating distribution patterns and connec-

tivity of two groups of cod that utilize distant offshore areas as

nursery and feeding grounds. This was achieved by (i) investigat-

ing the distribution of recaptures of cod tagged within the feeding

areas, (ii) evaluating immigration of cod from other areas, and

(iii) analysing depth and temperature data from data storage tags

(DSTs).

Material and methods
Emigration from feeding areas
Cod were tagged in surveys on RV Bjarni Saemundsson studying

fish communities in offshore MPAs northwest and northeast of

Iceland (Jaworski et al., 2010). These waters are known to be

nursery areas for cod and feeding areas for adults (J�onsson and

P�alsson, 2013), but there is no information suggesting spawning

in these areas. Fish were tagged inside or within 10 km outside

the MPAs’ boundaries (Figure 1); in the northwest area (NW-T)

during 10–20 August 2004 (2153 cod tagged) and in the northeast

area (NE-T) during 6–15 July 2005 (940 cod tagged). Fish for tag-

ging were sampled using an otter trawl with a 40 mm mesh size in

the codend. Tow duration was 15–70 min in 2004 (mean 45 min)

and 20–38 min in 2005 (mean 31 min). Cod were immediately

transferred into a basin with running seawater. Fish showing signs

of weakness were removed but individuals considered to be viable

were tagged 5–90 min later, measured for total length to the near-

est cm, and released through a short pipe leading downwards to

the sea surface.

Most cod (90%) tagged in the NW-T were 48–80 cm long,

whereas 46% of those tagged in the NE-T were below 48 cm. For

recaptured cod, however, the length at tagging was similar be-

tween areas (M¼ 61.7 cm, SD¼ 8.2 for the NW-T, and

M¼ 59.4 cm, SD¼ 11.1 for the NE-T) (Figure 2). All cod were

tagged with conventional anchor tags attached with a tagging gun

at the base of the first dorsal fin. Sexual maturity of cod at the

tagging areas was determined from samples collected during tag-

ging, with 504 cod examined in the NW-T, and 214 cod in the

NE-T. Stage of maturation was recorded according a 4-stage clas-

sification as; immature, ripening, spawning, and post spawning.

In total, 94% of fish below 60 cm in length were immature,

whereas 74% of fish larger than 70 cm were post-spawners, but

no actively spawning cod were found.

Recaptures were divided between three time periods and two

seasons, following Schopka et al. (2010). The time periods were

the calendar year of tagging (Period 1), the calendar year following

the year of tagging (Period 2), and subsequent years (Period 3).

The main feeding season is defined as June–January, whereas the

period February–May includes the spawning season and the

period of migration to and from the spawning grounds (J�onsson,

1982, 1996; P�alsson and Thorsteinsson, 2003; Grabowski et al.,

2011). In this paper the latter period is referred to as “the spawn-

ing season”. The spatial distribution of recaptures was compared

to the spatial distribution of fishing effort targeting cod, based on

fishing logbooks for the main fishing gear (otter trawls, longlines,

gillnets, demersal seines and handlines) used in 2005–2007.

To estimate statistically whether NW-T and NE-T cod had dif-

ferent spatial distributions in the years following tagging,

Icelandic waters were divided into four regions within the 500-m

isobath (Figure 1). The boundaries of the four regions were based
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Figure 1. Cod tagging locations in area NW-T in August 2004, and
area NE-T in July 2005 (black crosses). Dark-grey polygons indicate
areas permanently closed to otter trawl, pelagic trawl and longline
since 1993. The open (white) areas are either open seasonally or
were re-opened in the study period. The light-grey areas have been
permanently closed for otter trawl since 1976. Broken lines delineate
Regions 1–4. The 500-m depth contours are shown as grey solid
lines.
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on the definition of areas in the BORMICON multispecies model

(Stef�ansson and P�alsson, 1997). Spatial overlap in the recapture

data was analysed using Chi-square tests. The observed numbers

of recaptured cod from each tagging group (NW-T and NE-T) in

each region/season were compared with the expected numbers as-

suming that the two tagging groups were thoroughly intermixed

in the study area (Latour et al., 2001). The null hypothesis is that

there is no difference in spatial distribution between the two

groups. Because there are two groups and four regions, the

degrees of freedom were calculated as (2�1)� (4�1)¼ 3, and

v2
0.001, 3¼ 16.3 is used as a critical value.

Immigration to feeding areas
The tag-recapture database at the Marine and Freshwater

Research Institute was analysed for the years 1991–2010, with the

purpose to locate original tagging sites of cod recaptured inside

or adjacent to the MPAs in the northwest and northeast (“back

tracking” from recapture to tagging). Tagging sites were grouped

according to Icelandic statistical squares (0.5 degrees latitude� 1

degree longitude, hereafter called tagging squares) (Figure 3). In

total, date and position of tagging for about 13 600 recaptured

cod are available for this period, whereof about 12 500 include in-

formation on geographic coordinates or area of recapture. The

tagging squares (45 in total) are distributed around Iceland, but

most recaptures originate from nearshore waters (Figure 3).

Two “recapture areas” were defined, one including three

MPAs in the northwest and nearby areas open to fishing (area

NW-R), and the other including three MPAs in the northeast and

nearby fishing areas (area NE-R) (Figure 3). The recapture areas

were delimited by outlines of statistical squares overlapping the

MPAs. The “back-track” approach is based on studying the num-

ber of recaptured cod from different tagging squares (Figure 3),

and, therefore, affected by the number tagged in each square. To

account for this, the number of recaptures from each tagging

square was scaled by the total number recaptured from the same

square (excluding fish with unknown recapture location). The re-

sults are presented as number of recaptures per 100 total recap-

tures (%).

Depth and temperature
Depth and temperature data were extracted from 16 returned

DSTs (Table 1), produced by Star-Oddi and surgically implanted

in the abdominal cavity of cod. Characteristics of the tags and

tagging procedure are described on the website: www.hafro.is/

skrar/flokkar/merkingar_thorskur.pdf (accessed on 17 May

2017). The criteria for selecting DSTs were that they were either

(i) recaptured within the recapture areas defined above (Figure

3), (ii) provided tidal locations (Thorsteinsson et al., 2012) from

within the recapture areas, and (iii) depth and temperature were

measured for at least 5 months.

DSTs recaptured/positioned in the NW-R were retrieved from

mature cod tagged on spawning grounds west and north of

Iceland (west of 21�W). In contrast, DST tagged cod associated

with the NE-R area originated from spawning grounds northeast

or southeast of Iceland (east of 19�W). As a part of earlier studies,

recaptured cod with DSTs were classified into “coastal” or “fron-

tal” behavioural types (hereafter called frontal and coastal cod),

based on their depth and temperature association outside the

spawning season (P�alsson and Thorsteinsson, 2003; Pampoulie

et al., 2008; Grabowski et al., 2011). Coastal cod show a clear sea-

sonal change in temperature, with a maximum in September/

October and a minimum in February/March, and reside mostly

at depths less than 200 m. In contrast, frontal cod are generally

found at depths greater than 200 m outside the spawning season,

and tend to conduct frequent vertical migrations, often showing

highly variable temperatures indicative of thermal fronts.

Daily depth and temperature data from the 16 DSTs were used

to compare thermal-bathymetric “envelopes” of cod associated

with the NW-R (n¼ 4) and NE-R (n¼ 12) areas, by plotting 50%

and 95% bivariate kernel density distributions. The depth–
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Figure 2. Relative length distribution of tagged cod (shaded area),
and relative length distribution of recaptured cod at tagging (black
line) in (a) NW-T 2004 and (b) NE-T 2005. The numbers above the
shaded area indicate the percentage of sexually mature (post-
spawning) fish for the corresponding 10-cm length intervals,
according to samples collected during tagging.
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temperature distributions need to be evaluated with the low sam-

ple size in mind. The maximum depth recorded on each calendar

day was taken as indicative of the bottom depth where the fish re-

sided, assuming that cod spend at least some time during every

24 h at or close to the seabed (Wright et al., 2006; Le Bris et al.,

2013). Temperature at daily maximum depth was taken as indica-

tive of near-bottom temperature.

The statistical program R version 3.1.3 (R Core Team, 2015)

was used for statistical analyses and plotting. Terms regarding

population structure are defined following Smedbol and

Stephenson (2001), as described in S�olmundsson et al. (2015).

Results
Emigration from feeding areas
From a total of 3093 cod tagged in 2004 and 2005, a total of 446

(14.4%) were recaptured (Table 2). Relatively few (4%) of the

smaller cod (20–45 cm) were recaptured but recaptures of

55–75 cm fish were 18%. Most fish (90%) were recaptured in the

first 3 years after tagging. About 74% of the recaptured cod were

caught by otter trawlers, 16% by longliners, and 10% by vessels

using gillnets, handlines (jigs) or demersal seines.

Most cod tagged in the NW-T were recaptured off the western

part of Iceland, west of 18�W in the north and west of 22�W in

the south (Figure 4a–c). In the feeding season, most were distrib-

uted in offshore waters northwest of the country, whereas in the

spawning season, cod were recaptured closer to the shore in the

southwest and west. In contrast, most cod tagged in the NE-T

were recaptured in offshore waters northeast and east of Iceland

in the feeding season, but in the spawning season, recaptures

were more widely distributed (Figure 4a–c). A single NE-T cod

was recaptured northeast of the Faroe Islands in May 2007. The

spatial distribution of recaptures from the NW-T and NE-T

areas matched reasonably well with the contemporary distribu-

tion of fishing intensity west and east of Iceland, respectively

(Figure 4d–f).

Seasonal migration patterns became clearly apparent by analy-

sing temporal trends in minimum migration distance be-

tween tagging and recapture (Figure 5). Cod were consistently

recaptured farther away from the tagging sites in the spawning

season compared to the feeding season, for about 3 years after

tagging. Seasonal migrations were less pronounced for the NE-T

where the sample size was lower (Figure 5 and Table 2).

The observed numbers of recaptured cod from each tagging

group (NW-T and NE-T) in each region/season indicates that the

two groups were not thoroughly intermixed. For all seasons ana-

lysed, the calculated v2 statistics were greater than the critical

value of 16.3 (Table 3). Therefore, the null hypothesis of uniform

distribution of the two tagging groups was rejected (p< 0.001).

Immigration to feeding areas
Back tracking original tagging sites of cod recaptured within the

specified recapture areas, revealed that most cod (134 out of 162)

Table 1. Information on 16 data storage tags (DSTs) from cod associated with the NW-R or NE-R recapture areas.

Tagging Recapture Tidal locations

ID Ecotype Data days Lt Month Year Area Lr Month Year Area Months Area

3C1499 F 853 76 4 2005 W – 8 2007 NW 2 NW
2C1492 F 778 76 4 2005 W 90 5 2007 W 11, 12, 1, 3, 4 NW
2C1493 C 190 74 4 2005 W 78 10 2005 NW
1M1847 C 173 73 4 2002 NW 73 11 2002 NW
1C0585 F 1108 99 4 2003 NE 111 9 2006 NE 11, 12, 1 NE
1C0605 F 682 78 4 2003 NE 90 3 2005 NE 2 NE
1C0611 F 1036 73 4 2003 NE 90 2 2006 NE
1C0617 F 162 78 4 2003 NE 78 10 2003 NE
1C0618 F 234 84 4 2003 NE 86 12 2003 NE
1C0621 F 504 73 4 2003 NE 80 9 2004 NE
2M1062 F 271 77 4 2002 NE – 1 2003 NE
1C1244 F 525 84 4 2004 SE 90 9 2005 NE 6, 9 NE
1M1761 F 176 77 4 2002 NE 86 1 2003 NE
1C1225 C 927 87 4 2004 SE 101 11 2006 NE 2 NE
1M1082 C 423 66 4 2002 NE – 11 2004 NE
1M1091 C 201 78 4 2002 NE – 11 2002 NE

DST id, ecotype as classified by earlier studies (F¼ frontal, C¼ coastal), number of days where depth and temperature data were registered (Data days), total
length at tagging (Lt), month, year and area of tagging, total length at recapture (Lr), month, year and area of recapture, and months where the fish were located
in the NW-R or NE-R areas according to tidal locations.

Table 2. Temperature and depth at stations where cod were tagged in the NW-T and NE-T areas, and numbers tagged and recaptured
by area.

Year
Tagging

area
Bottom temperature
(�C), mean (range)

Surface temperature
(�C), mean (range)

Depth (m),
mean (range) No. tagged No. recaptured

Percent (%)
recaptured

2004 NW-T 4.2 (1.7–7.0) 8.8 (7.0–10.9) 191 (81–250) 2153 327 15.2
2005 NE-T 3.0 (2.0–3.6) 7.0 (5.8–8.4) 194 (128–230) 940 119 12.7

Total 3093 446 14.4
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recaptured in the NW-R were originally tagged northwest of

Iceland (Figure 6a), in Region 1 (see Figure 1). The majority (113)

of these fish were less than 65 cm at tagging (Table 4). Nineteen

cod recaptured in the NW-R migrated from spawning grounds in

the west and southwest (Region 3), whereof 14 were larger than

65 cm at tagging (Figure 6a and Table 4). In the NW-R,

only four cod were recaptured from extensive tagging studies

in Region 2 northeast and east of Iceland (0–4% of recaptures

from that area), and not a single cod from the central south or

southeast coasts (Region 4). In addition to tagging studies at

Iceland, five tags came from cod tagged off East Greenland

(60–64�N, 37–46�W). They were 50–62 cm when tagged in
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Figure 4. (a–c) Recapture locations of cod from the NW-T 2004 tagging (red) and the NE-T 2005 tagging (blue) by periods. (a) Calendar year
of tagging, (b) calendar year after the year of tagging, and (c) subsequent years. Filled dots indicate recaptures during June–January (feeding
season); open triangles during February–May (spawning season). Boxes show the tagging areas. The grey polygons denote MPAs in force
during most of the recapture period (see Figure 1) and the lines show boundaries of regions 1–4 used for analysing the recapture data. (d–f)
Spatial distribution of cod catch (t nmi�2) in (d) June to December 2005, (e) January to December 2006, and (f) January to December 2007
according to fishing logbooks.
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2007–2008, but 72–87 cm and 6–7 years old when recaptured in

the NW-R in 2009–2010.

Most cod (126 out of 155) recaptured in the NE-R area origi-

nated from tagging sites in the northeast, including both large

and small fish (Figure 6b and Table 4). In contrast to the NW-R,

several large cod from spawning grounds off the south and south-

eastern part of Iceland, east of 21�W, were recaptured in the NE-R, or

up to 6% of fish from that area (Figure 6b). Thus, cod tagged off the

south coast appear to migrate to the NE-R rather than the NW-R.

Furthermore, fish from only three (out of 17) tagging squares west of

22�W (Figure 3) were recaptured in the NE-R (Figure 6b).

Depth and temperature
Cod associated with the two recapture areas occupied distinct

thermal-bathymetric distributions during the spawning season.

Figure 5. Minimum migration distance between locations of
tagging and recapture, as a function of time from tagging, shown for
cod tagged at (a) NW-T 2004 and (b) NE-T 2005. Black dots and
open triangles indicate recaptures in the feeding (June-January) and
spawning (February–May) periods, respectively. Trend lines are fitted
using stat_smooth (method¼ “gam”, confidence level¼ 0.95) in the
ggplot2 package in R.
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Figure 6. Proportion (%) of all recaptures of cod from different
tagging squares, recaptured in (a) the NW-R and (b) the NE-R
recapture areas (black polygons). The total number of recaptures is
shown in Figure 3.

Table 3. Observed/expected number of recaptures by tagging groups, regions and seasons, and corresponding v2 statistics.

Observed/expected by region

Season Group Region 1 Region 2 Region 3 Region 4

First spawning season NW-T 20/20.5 0/1.7 38/33.3 0/2.6
NE-T 4/3.5 2/0.3 1/5.7 3/0.4

v2 ¼ 33.7
Second feeding season NW-T 92/73.9 2/19.4 3/2.2 0/1.5

NE-T 7/25.1 24/6.6 0/0.8 2/0.5
v2 ¼ 85.9

Second and later spawning seasons NW-T 16/14.0 0/2.3 60/52.1 1/8.6
NE-T 2/4.0 3/0.7 7/14.9 10/2.4

v2 ¼ 47.2
Third and later feeding seasons NW-T 57/41.3 1/15.8 5/3.3 0/2.6

NE-T 6/21.7 23/8.2 0/1.7 4/1.4
v2 ¼ 67.9
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NW-R cod were mainly associated with bottom temperatures of

4–7 �C and depths around 100 m, while NE-R cod were found at

1–4 �C in shallower waters (Figure 7a). There were three notable

exceptions; a NW-R cod (ID 1M1847) found in 1–2 �C and two

NE-R cod (IDs 1C1244 and 1C1225) occupying temperatures of

7–8 �C.

In the feeding season, cod from the two recapture areas occu-

pied a similar range of depth and temperature, except that the

NE-R cod were rarely found at depths greater than 350 m

(Figure 7b). The thermal-bathymetric feeding distribution of the

NW-R cod clearly reflects behavioural differences between the

two ecotypes, where two frontal cod were mainly found at depths

of 300–550 m and temperatures at around 0 �C, but two coastal

cod at 100–200 m and around 6 �C. Such prominent differences

in behaviour were not observed for cod associated with the NE-R

area, although two distinct 50% bivariate kernel density distribu-

tions emerged, with one group found at 200–300 m and 0–6 �C,

but the other at around 100 m and 3–6 �C (Figure 7b).

Discussion
The study revealed distinct migration patterns of cod inhabiting

two offshore feeding/nursery areas. Low connectivity, and associ-

ation with different spawning grounds and environmental attrib-

utes, suggests that the areas are inhabited by segregated groups of

fish. Although we cannot conclude whether the two groups

are genetically/phenotypically distinct, this kind of spatial struc-

ture is of relevance for fisheries management (Metcalfe, 2006;

Hutchinson, 2008). In the long term, heavy or disproportionate

fishing may reduce phenotypic, genetic or life-history diversity,

which could reduce the ability of the population to withstand

any additional pressure, e.g. due to environmental change

(Audzijonyte et al., 2016).

Despite similar seasonal patterns in minimum migration dis-

tances between tagging and recapture sites, the spatial distribu-

tion and migratory routes of cod tagged in the two areas differed

markedly. For the NW-T area, there was a strong connectivity to

spawning grounds west of Iceland, whereas the NE-T area seems

to be connected to several different spawning grounds around

Iceland. Interestingly, the study suggests only a weak connection

between both the NW-T and the NE-T areas and the main

spawning grounds in the southwest (19�W–22�W). A study using

otolith chemistry and length-at-age indicates a low contribution

of the southwest spawning grounds to the feeding grounds north-

west and east of Iceland (J�onsd�ottir et al., 2007). Accordingly,

findings from home-range analyses suggest the NW-T and NE-T

areas are at the northern limit, or even outside of the SW spawn-

ing components’ feeding home range (S�olmundsson et al., 2015).

The clockwise currents from the south to the north and east of

Iceland are conventionally referred to as a mechanism for larval

transport within Icelandic waters (Astthorsson et al., 1994).

However, the migrations of adults between spawning grounds off

the central south coast and the NE area, and the lack of connec-

tion between the south coast and the NW area, suggest an
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Figure 7. Depth and temperature kernel density estimates in (a) the spawning season, and (b) the feeding season, based on data from DST-
tagged cod associated with the NW-R (red, N¼ 4) and NE-R (blue, N¼ 16) areas. Dark and light colours show 50 and 95% kernel
distributions, respectively.

Table 4. Number of cod recaptured in the NW-R and NE-R
recapture areas, divided by length groups and area of tagging
(Regions, see Figure 1).

Small Large

Tagging area
(<65 cm)
NW-R NE-R

(>64 cm)
NW-R NE-R

Region 1 113 9 21 4
Region 2 3 63 1 63
Region 3 5 0 14 8
Region 4 0 1 0 7
E-Greenland 5 0 0 0
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anticlockwise scenario for the central south spawning grounds,

presuming denatant post-spawning migrations of cod with a link-

age to drift of eggs and larvae (Harden-Jones, 1968). Connectivity

between the south and the northeast areas could be promoted by

larval advection by an intense eastward flow from the south and

southeast shelf to the areas east of Iceland (Logemann et al.,

2013). However, more information is needed on larval dispersion

and adult migrations to understand the interconnection between

these areas.

Analysis of the DST data shows that the thermal-bathymetric

“envelopes” of NW-R and NE-R cod differed in the spawning

season, despite some variation observed for both areas. This is in

line with the conventional tagging methods, where the two areas

were found to be connected to different, but widely distributed

spawning grounds. The data from the DSTs also show that both

areas are inhabited/visited by both frontal and coastal cod, which

is reflected in pronounced variation in thermal-bathymetric dis-

tributions in the feeding season. This variation was more appar-

ent for fish associated with the NW-R, but we acknowledge that

sample size was low. Coastal and frontal cod spawning northeast

of Iceland appear to occupy relatively shallow waters throughout

the year, as compared with their counterparts south and west of

Iceland (Thorsteinsson et al., 2012). Furthermore, there seems to

be less difference in thermal-bathymetric distribution between

the two ecotypes for the northeast spawners (Thorsteinsson et al.,

2012).

Feeding migrations of frontal cod to the outer parts of the con-

tinental shelf (400–800 m) could be underrepresented by conven-

tional tagging methods, due to high vertical swimming activity

and relatively low fishing pressure (S�olmundsson et al. 2015).

Although these migrations are likely to be underestimated in this

study, offshore tag recaptures indicate that frontal fish from the

NW-T are likely to migrate to the slope areas northwest and

north of Iceland, whereas NE-T frontal cod may forage in the

deep waters in the northeast and east (see Figure 4b-c). In addi-

tion to behavioural differences, coastal and frontal cod display

differences in genetic composition (Pampoulie et al., 2008, 2015),

morphology (McAdam et al., 2012), and growth and condition

(J�onsd�ottir et al., 2008). The two ecotypes provide an example of

population variation that needs preservation from putative detri-

mental effects of disproportionate fishing (Jakobsd�ottir et al.,

2011).

Most tagging studies investigate migration of fish from specific

tagging sites (tag-recapture). This study also analysed original

tagging sites of fish recaptured within certain areas (back-tracked

recapture to tagging). Most cod recaptured in the NW-R origi-

nate from tagging squares different from those recaptured in the

NE-R, in line with the migration pattern that emerged from the

2004–2005 tag-recapture study. Studying migration based on

these alternative approaches, enabled the identification of con-

sistent differences in migratory patterns between feeding and

spawning grounds for the two groups of cod.

Although the tag-recapture and the back-track methods were

largely consistent, there were some inconsistencies. These could

partly be due to a potential bias of spatially variable fishing effort

on the recapture data (Bolle et al., 2005). Here, no attempt was

made to standardize recapture data quantitatively by fishing effort

data. The main aim was to estimate the relative distribution and

mixing of the two tagging groups, for which recapture probabili-

ties rely on the same distribution of fishing effort. As would be

expected, the spatial distribution of recaptures corresponds well

with the distribution of fishing. Yet, a clear difference was

observed between the two tagging areas. For the relatively heavily

fished grounds southeast and east of Iceland, only three

recaptures came from the NW-T area. On the other hand, rela-

tively few tags from the NE-T, but a high number of tags from

the NW-T, were recaptured in the main fishing areas west of

Iceland. The back-track method is to a small extent influenced by

heterogeneous fishing effort, but rather on the spatial distribution

of tagging squares. The results were based on a standardized

number of recaptures, but nonetheless they are less reliable for

tagging squares with few recaptures, and in some areas, no

tagging data were available.

The study investigated migration patterns of cod associated

with MPAs in two offshore feeding and nursery areas. Low con-

nectivity of fish from these areas shows that effective spatial man-

agement in the two areas is likely to protect immature fish of

different origin. Other studies suggest that closures of this type

and size may positively affect immature (Schopka et al., 2010)

and relatively sedentary cod (Sherwood and Grabowski, 2016).

On the other hand, the MPAs are of little use per se in protecting

highly migratory mature cod, for which spatial management

would need to focus on migration pathways and areas where

the fish are particularly vulnerable to fishing, e.g. the spawning

grounds.

In recent decades, there have been large hydrographic changes

in the waters north of Iceland, which have affected the whole

ecosystem (Valdimarsson et al., 2012). For a metapopulation

faced with even stronger environmental forcing due to global at-

mospheric change, a higher degree of population diversity will in-

crease the ability to cope with different conditions (Hilborn et al.,

2003; Klein et al., 2016). The contrasting distribution patterns ob-

served in the present study suggest that spatial management can

supplement other measures in preserving population diversity of

cod.
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