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ABSTRACT: We used a geolocation method based on tidal amplitude and water depth to assess the
horizontal movements of 14 cod Gadus morhua equipped with time-depth recorders (TDR) in the
North Sea and English Channel. Tracks ranged from 40 to 468 d and showed horizontal movements
of up to 455 km and periods of continuous localised residence of up to 360 d. Cod spent time both in
midwater (43 % of total time) and near the seabed (57 % of total time). A variety of common vertical
movement patterns were seen within periods of both residence and directed horizontal movement.
Hence particular patterns of vertical movement could not unequivocally define periods of migration
or localised residence. After long horizontal movements, cod tended to adopt resident behaviour for
several months and then return to broadly the same location where they were tagged, indicating a
geospatial instinct. The results suggest that residence and homing behaviour are important features
of Atlantic cod behaviour.
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INTRODUCTION

Animal movements often play a central role in the
animal’s ecology and are important for applied man-
agement of exploited or endangered species, especially
marine species (Stewart et al. 1989, Weimerskirch et al.
1993, Schofield et al. 2009). The evolution of a range of
tracking technologies has allowed the movements of
some species to be determined in great detail. For
aquatic animals that surface (e.g. marine mammals,
birds and reptiles), Argos transmitters that relay posi-
tional data through low-earth-orbit satellites can pro-
vide near-real-time information on location (e.g. Hays
et al. 2006, Pinaud & Weimerskirch 2007). For marine
animals that never surface, such as most species of fish,
long-term tracking has generally been achieved using
light-based geolocation, i.e. by recording light levels
with a tag attached to the animal and then using the
time of sunrise and sunset to determine longitude and
the length of the day to determine latitude. These data
are stored in tag memory and then downloaded if the
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tag is retrieved or relayed via satellite pop-off tags (e.g.
Sims et al. 2005).

Despite the wide use of light-based geolocation,
some fish remain difficult to track, such as demersal
species in turbid costal environments, where light-
based geolocation is highly inaccurate. Yet for many of
these species, tracking data are desirable to improve
the management of the species. Given this broad inter-
est in tracking coastal species in turbid water, tide-
based geolocation methods (and other geolocation
methods based on environmental data) have been
developed (Hunter et al. 2004a, Groger et al. 2007,
Neuenfeld et al 2007, Righton & Mills 2008). The tide-
based approach uses detailed models of tidal ampli-
tudes and tide times over extended areas. By using a
data-logger to measure the water depth for animals
that are not moving vertically, such as flatfish resting
on the seabed, the times of high water and tidal ampli-
tudes can then be compared to spatial models to predict
the location of the tagged individual. This approach has
been widely used in the North Sea with benthic species
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such as plaice and rays (Hunter et al. 2003, 2006). How-
ever, the approach may also be used for demersal spe-
cies that spend extended periods at the same depth, so
that attached loggers can again record tide times and
amplitudes.

One species of great commercial importance in
shelf seas at high latitudes is the Atlantic cod. There is
great concern over the decline in stock sizes for the
cod Gadus morhua, particularly in the North Sea and
the Grand Banks in the last 20 yr (Myers et al. 1997,
Christensen et al. 2003, Horwood et al. 2006). While
the understanding of cod movements is increasing
(Turner et al. 2002, Robichaud & Rose 2004, Neat et
al. 2006, Svedang et al. 2007), the development of a
mechanistic understanding of these movements may
allow the availability of cod fishing potential at differ-
ent spatial and temporal scales (O'Brien et al. 2000).
Similarly, information on cod depth utilisation (e.qg. if
it is associated with the seabed or in midwater) may
have implications for how accessible cod are to differ-
ent gear types (Walsh et al. 2004, Nichol & Chilton
2006). Ultimately, the ability to track cod for extended
periods might also help to define areas for closure to
fishing, such as marine protected areas (MPAs), and
help to provide management guidance (Aglen et al.
1999, Roberts et al. 2005, Hunter et al. 2006). More
detailed information on horizontal and vertical move-
ments also allows the evaluation of the behavioural
strategies employed during migrations. Many long-
distance marine migrants show behavioural traits that
optimise the efficiency of travel or food acquisition
during journeys. Green turtles migrating to breeding
areas, for example, travel beneath the surface at
depths that minimise surface drag (Hays et al. 2001a).
Some fish, particularly flatfish such as plaice, make
selective use of tidal currents to minimise the costs of
directed travel (Harden Jones et al. 1979, Arnold et al.
1994). In other species, extended horizontal travel
may also be linked to extended vertical movements as
individuals search the water column for prey (Bonfil et
al. 2005, Sims et al. 2005, Hays et al. 2006). However,
for cod and many other demersal species, the linkage
between vertical and horizontal movements is poorly
defined (Arnold et al. 1994). Given this interest in
both vertical and horizontal movements and the phe-
nology of migration, combined with the commercial
value of cod, here we set out to use a recently devel-
oped tide-based geolocation method (Pedersen et al.
2008) to assess the horizontal movement of Atlantic
cod G. morhua. In the present study, we reconstructed
the tracks of cod in the North Sea and English Chan-
nel over periods of many months and assessed how
their horizontal movements were linked to their verti-
cal movement behaviour, and how these varied over
periods of up to 14 mo.

MATERIALS AND METHODS

As part of a northwest European project (COD
YSSEY, www.codyssey.co.uk), a large number of cod
in the North Sea were equipped with TDRs over the
last 9 yr. We analysed the movements of 14 of the
longest records from the southern North Sea and Eng-
lish Channel to gain insight into the links between
horizontal and vertical movements. Tags were at-
tached to cod either externally or internally, as de-
scribed in Neat et al. (2006) and Righton et al. (2006).
The tagged fish varied in size from 48 to 65 cm total
length (mean + SD = 56 +5 cm, n = 14). Tags were pro-
grammed to record pressure and temperature every 10
or 20 min.

Reconstructing migration paths. Hydrostatic (tidal)
data, derived from the sinusoidal pressure cycle
recorded in the depth data when a fish is at rest on the
seafloor, was used to enable the geographical recon-
struction of a cod's movements (hereinafter termed
geolocation). This method is referred to as the tidal
location method (TLM, as described in Metcalfe &
Arnold 1997; Hunter et al. 2004b). We used a novel
Fokker-Planck-based method that combines the TLM
with a hidden Markov model to estimate, for each day
at liberty, the non-parametric probability distribution
of geographic position (for details see Pedersen et al.
2008).

Estimating location error. To estimate the location
error of the geolocation method we first identified 13
periods of residence of >2 wk (see Fig. 1) where the
fish showed strong affinity to the seabed and no move-
ment upwards into the water column, i.e. a clear tidal
sine wave was seen at all times in the depth data, with
a stable mean depth. We then assumed that the fish
remained in the same place during this period. For
each period of residence we then calculated the SD for
the latitude and longitude around the mean location.

Identifying periods of behaviour. Periods of resi-
dence were first identified by eye (see Fig. 2), defined
as periods when the geolocation estimates showed that
the fish was in the same area (deviating <20 km from
the central point of residence) for a period of time
>1 wk. A period of extended directed movement
(EDM) was defined as when the fish made a distinct
movement in the same direction for >1 wk. Periods of
behaviour that were <1 wk for both travel and resi-
dence were not included in this analysis and were clas-
sified as extended localised movement (ELM). The
sum distance travelled from the start point to the end
point of the period of behaviour and the speed of travel
was then calculated using the great circle equation.

The speed of travel was determined separately for
each period of behaviour, i.e. the sum total distance
moved from the start position of that behaviour to the
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end position of that behaviour was divided by the num-
ber of days that the behaviour occurred. In this way we
avoided compounding daily errors from the geoloca-
tion errors (Hays et al. 2001b).

The predominant vertical movement pattern for
each day the fish was at liberty was determined using
the vertical movement classifications defined in Hob-
son et al. (2007), who identified 4 principal classes:
large descents towards the seabed away from the
median depth, described as midwater (MW); continu-
ous ascents into midwater or descents towards the
seabed (continuous search, CS); close association with
the seabed but with ascents into midwater (SW); and
finally, seabed residence (SB). To examine whether
cod in residence or in an EDM phase showed a partic-
ular vertical movement pattern in their behaviour we
first calculated the proportion of time for each vertical
movement pattern for each period of migration or resi-
dence.

To determine the probability of a fish beginning
migration in a particular month, we determined the
number of fish beginning migration in that month
divided by the number of days that data were recorded
in that month.

RESULTS

In total, the data set we collected for 14 fish totalled
3209 d (mean + SD = 229 + 146 d).

Periods of behaviour

For the 13 occasions when the fish was classified in
an extended period of residence (>2 wk), the mean
error (Table 1) of the geolocation method (Fig. 1) was
8.6 km (SD =4.3 km). There was a small but significant
difference between the mean longitudinal (4.6 km)
and the mean latitudinal error (5.9 km) (paired ¢-test,
t12=3.0, p<0.01).

For the 14 fish tracks analysed (area of attachment:
southern North Sea = 9, Jutland bank = 1, English
Channel = 4; Table 2), 18 periods of EDM and 24 peri-
ods of residence were identified. Overall for the 14
fish, the proportion of time spent in the 3 behaviours
(EDM, ELM and resident) were 8, 25 and 67 % respec-
tively. The distance moved during an EDM phase
ranged from 42 to 455 km (mean + SD = 195 + 95 km),
with mean + SD speed of 17.6 + 11.4 km d~!. For exam-
ple, Cod 6448 was tagged in the eastern English Chan-
nel (Fig. 1a) and travelled west for 9 d, covering over
200 km at a mean speed of 25 km d~!. Maximum speed
of travel occurred for 1 fish exhibiting selective tidal
stream transport (STST). This fish (Cod 2255.2) was

Table 1. Number of geolocations obtained for each individual,

the SD of the longitudinal and latitudinal location errors (SD, and

SD, respectively) and the deviation (mean + SD) of locations
from the mean position

Cod tag No. of SD, SD, Deviation
ID locations (km) (km) (km)
1079 56 7.3 8.3 126 7.0
1210 54 3.5 3.4 6.2+2.4
1429 80 13.0 20.5 24.8+15.9
1432 16 3.8 10.2 104 +£5.2
1432 40 4.5 3.2 6.8 +4.2
1459 22 3.5 3.8 6.4+22
2026 17 3.6 4.1 6.6 +2.4
2026 18 2.6 3.2 4.8+2.1
2026 30 3.1 3.3 54+34
2026 286 4.7 7.3 9.6 +4.6
946 92 4.2 3.7 6.9 + 3.7
861 70 3.4 3.1 58+23
861 15 3.4 3.3 57+27
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Fig. 1. (a) Regions where cod were tagged (Jutland Bank,

southern North Sea and English Channel) and locations of the

‘periods of residence’ used to determine minimum error (4).

(b) Examples of periods of residence, showing the normalised

spread of locations used to calculate the minimum error of
geolocations
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Table 2. Horizontal movement behaviour shown by each cod: extended directed movement (EDM), residence (RES) and extended localised movement (ELM). JB: Jutland

Bank; SNS: southern North Sea; EC: English Channel
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tagged near Lowestoft in the southern North Sea, and
it travelled north up the English coast to Flamborough
Head over 8 d, travelling at a mean speed of 47 km d!
(Fig. 2a). The fish repeatedly spent a full tidal cycle
(approx. 12 h) on the seabed, where a tidal signal
could be seen, then rose into the water column for sev-
eral hours, presumably taking advantage of favourable
tidal currents. This was the only occasion of STST in
this data set, i.e. of a total of 5880 h for fish spent
undertaking EDM, only 408 h (7 %) was spent in overt
STST.

Speeds of travel during periods of residence were al-
ways <5 km d! (Fig. 3). Periods of continuous localised
residence ranged from 10 to 380 d (mean + SD = 89.5 +
107.5 d). For example, Fish 861 tagged on the Jutland
Bank (Fig. 1a) spent over a year in roughly the same
vicinity, rarely moving off the seabed. Periods of ELM
ranged from 1 to 213 d (mean = SD =45.7 + 81.9 d). The
total distance travelled during ELM phases varied from
7 to 82 km (mean + SD = 34 + 23 km), with a mean + SD
speed of 4.2 +3.1 km d*.

Four vertical movement types occurred (Fig. 4). Dur-
ing EDM, 26 % of the time was spent in the water col-
umn in either MW or CS behaviour, and 74 % was asso-
ciated with the seabed (behaviour type SW or SB).
During the periods of residence, less time was spent in
midwater (17 %, vertical behaviour MW and CS) and
83 % of time near the seabed (69 % was strongly associ-
ated with the seabed). All vertical movement behav-
iours were seen in both travelling (Fig. 2a,b) and resi-
dential periods (Fig. 2c,d). There were no significant
differences between the amount of time spent in any of
the behaviours for both the travelling and resident peri-
ods (ANOVA; midwater: F; 4o = 0.76, p = 0.38; continu-
ous searching: F; 40 =0.95, p = 0.33; seabed: F; 40=0.09,
p = 0.76; seabed with ascents: F; 4o =2.39, p=0.13).

Some fish showed evidence of local repositioning
(Fig. 5) where 3 periods of residence occurred between
February and May in quick succession, but each in a
slightly different locality. For example, Cod 6448, for
which all 3 periods of residence were of a similar dura-
tion (mean + SD =26 + 3 d), showed slow speeds (mean
= 0.3 km d!) and spent 95% of the time associated
with the seabed.

Timing of behaviour

The onset of EDM occurred throughout the year
(Fig. 6) depending on the individual fish, though a
larger sample size would help to discern any migration
patterns. Fish often start migrations in the winter
months, such as Cod 2026; however, several other cod
showed no signs of migration during winter, but
started EDM in June (e.g. Cod 1429).
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Fig. 2. Examples of track showing (a) directed horizontal movements associated

with the seabed, (b) directed horizontal movements in midwater, (c) residence

associated with the seabed and (d) residence in midwater. Periods of residence
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illustrating vertical behaviour shown below each track panel. Note different
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ment analysis (Bradshaw et al. 2007,
Patterson et al. 2008). There are various
options to estimate location accuracy.
First it is possible to leave tags in
known locations and then to examine
the data collected. This approach has
been used, for example, with Argos
transmitters (Hays et al. 1991, 2001b).
However, tags in fixed locations might
not perform in exactly the same way as
tags attached to animals. So a second
approach is to attach tags to animals
that are kept in enclosures to ensure
they are essentially in a fixed position
(e.g. Vincent et al. 2002, Schaefer &
Fuller 2006). In the present study we
made use of occasions when there was
both (1) very little vertical movement
by fish which implies that the fish were
stationary and (2) geolocation estimates
that showed no EDM. We then used
repeated geolocation estimates from
such periods to infer the accuracy of
locations. This is likely to give a conser-
vative estimate of location accuracy
since in practice the fish may have been
moving, to some extent, during these
periods, so the scatter of locations we
generated would be produced by a
combination of geolocation errors and
fish movement. The mean error esti-
mated from our method was approxi-
mately 8 km, which accords with esti-
mates provided from data collected by
stationary tags tested in the hidden
Markov model geolocation method
(Pedersen et al. 2008). To put this error
into context, it is comparable to the
worst Argos locations (Hays et al.
2001b) and is an order of magnitude
better than light-based geolocation
(Teo et al. 2004). This level of accuracy
provided by the hidden Markov model
geolocation method clearly means that
migrations, sometimes extending sev-
eral 100s of km, could be clearly identi-
fied. Of particular importance is the fact
that the present results show that small
data-storage tags clearly have the

DISCUSSION potential to allow the relatively fine-scale horizontal

movements of small demersal fish to be determined in

A key aspect of the present study was to use a new highly turbid coastal environments where traditional
geolocation approach to estimate the position of cod. light-based geolocation would not work.

For any tracking technology it is important to assess We have used the technique to demonstrate that

location error as this impacts any subsequent move- some cod could perform long migrations (up to 454 km).
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The navigational cues used during these movements
remain equivocal. Certainly many taxa have common
navigational abilities, for example an ability to use sun-
based compasses or perceived components of the
earth's magnetic field (Lohmann et al. 2008). Robichaud
& Rose (2001) also suggested that navigation over short
ranges by cod might be attributed the attraction of
grunting conspecifics on spawning grounds. They also
suggest other cognitive mechanisms for cod orienta-
tion, including memory of landscape features such a
bathymetry, rocky outcrops or shipwrecks. This may be
a trait that continues into adulthood, and cod use fea-
tures such as wrecks or oil rigs as oases during their
migrations.

There were no clear distinctions between the vertical
behaviours when a cod is in residence or when under-
taking directed horizontal movement. Our a priori ex-
pectation was that when there is little vertical move-
ment, cod might always be expected to be sedentary.
This certainly is the case in some cases, and indeed we
used this phenomenon to estimate the accuracy of our
geolocation estimates. However, at other times cod
showed extended horizontal travel even when there
was little vertical movement. Similarly, resident cod
sometimes showed quite extensive vertical movements.
Given that natural predators for large cod are fairly
rare, it is perhaps most likely that these vertical move-
ments reflect prey searching behaviour. High levels of
vertical activity have also been shown in other fish such
as tuna (Kitagawa et al. 2007, Sippel et al. 2007) and

cod (n = 10) in each of the 4
classified behaviours: mid-
water (M), continuous search
(®), seabed with ascents (V)
and seabed (A), as a function
of speed during periods of (a)
residence and (b) directed
horizontal movement. (c) To-
tal proportion of behaviour
(hatched: midwater; black:
continous  search; grey:
seabed with ascents; white:
seabed) attributed to fish
during periods of residence.
Note the different x-axis
scales in (a) and (b)
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Fig 4 Proportion of time spent by southern North Sea cod
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sharks (Holland et al. 1999, Heithaus et al. 2002) where
the water column is continually traversed to search for
food or perhaps olfactory clues.

When cod were migrating, they exhibited speeds be-
tween 5 and 50 km d7!, concordant with laboratory
studies in which sustained swimming speeds between 6
and 60 km d! (based on tests of a few hours' duration)
have been reported for cod (Bainbridge 1958, Videler

1981, He & Wardle 1986, Videler & Wardle 1991). There
are relatively few values for free-living fish, due to pre-
vious problems with following fish for long periods
(Arnold et al. 1994, Nelson et al. 1997, Nakano et al.
2003), so the present results demonstrate that values at
the upper end of this range are possible for free-living
fish travelling 100s of km and clearly point to cod being
accomplished long-distance travellers. Nonetheless,
the average speed of travel during EDM of most cod
was somewhat surprising given that cod have very little
red swimming muscle and appear more adapted for
short bursts of swimming (Webber et al. 2001).

When the fish were migrating, both seabed and mid-
water behaviours were seen, and 1 fish showed a com-
bination of the 2 behaviours as it travelled up the east
coast of England using STST. STST occurs when an
animal remains near the seabed during current flow
that is not in the direction the animal wishes to move
in. Then when the current begins to flow in the oppo-
site direction, the fish moves away from the seabed
and travels with the current. STST is more commonly
seen in flatfish such as plaice Pleuronectes platessa
and is used as an efficient method to travel great dis-
tances (Hunter et al. 2004c). STST in cod has previ-
ously been shown to occur in the North Sea (Arnold et
al. 1994, Righton et al. 2007), but the present results
suggest that clear examples of this behaviour are rela-
tively rare (7% of the time during EDM behaviour).
This may be because cod do not exhibit such overt
refuging or midwater behaviour during STST as plaice
do, or because our sample size was not large enough to
fully characterise the extent of STST in cod. Alterna-
tively, it could be that optimum speed of travel might
not be the only priority for migrating cod and that they
also forage during migration, and that cod are able to
travel quite rapidly without exhibiting this behaviour.
In support of this, the present results showed that some
cod conducted extended travel even when in pro-
longed association with the seabed (i.e. a tidal sine
wave was frequently visible in the depth data), sug-
gesting the fish were travelling very close to the
seabed. The energetic implications of either midwater
or seabed travel are not clear. Cod were very rarely
close to the sea surface, so would not be subject to the
problems of surface drag that many air-breathing
marine species seek to avoid by swimming below the
sea surface (Hertel 1966, Hays et al. 2001a). Given that
cod sometimes associate with the seabed during
extended horizontal movement but sometimes travel in
mid-water, it might simply be that local bathymetry
dictates their swimming strategy. Presumably mid-
water travel might be preferred when the seabed
depth constantly changes, while a more consistent
maximum depth would be more conducive to travel-
ling close to the seabed. This latter strategy may also
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have the advantage of higher prey-encounter rates
because many of the molluscs, crustaceans and small
fish that cod feed on are also found close to the seabed
(Adlerstein & Welleman 2000).

Also evident for some cod was the repositioning of res-
idential behaviour. Presumably this occurs when the
quality of one area (e.g. prey availability) declines below
some marginal value, although we have no information
on patch quality, where a cod may deplete one feeding
site, then search the local area, and become residential
only a few km from its previous residence. Further quan-
titative studies are required to disentangle the linkages
between cod behaviour and environment use.

Extended travel tended to start in the winter (De-
cember to February). Presumably these movements
were predominantly associated with travel to and from
spawning grounds. However, it is somewhat surprising
that there was not a more marked seasonality, given
that the timing of cod spawning is thought to occur
mainly over a few months in early spring (Cushing &
Dickson 1976). One possibility is that the movements
we recorded might not only be associated with migra-
tion to spawning grounds before the spawning season
in January and February but might also reflect reposi-
tioning onto new feeding grounds once spawning is
over (Turner et al. 2002, Wright et al. 2006, Righton et
al. 2007, Svedang et al. 2007). Similar spatial dynamics
are shown in plaice (Hunter et al. 2004a), and are typi-
cal of migratory fish species that aggregate on spatially
restricted spawning grounds before dispersal to wide-
spread feeding grounds (e.g. bluefin tuna: Block et al.
2005). However, it is noteworthy that some cod fol-
lowed for >1 yr never showed any extended horizontal
movement. This was particular evident for one of the
cod tagged in the Jutland area (Cod 861) and one in
the English Channel (Cod 1948). This result suggests
that either some cod are resident and therefore spawn
and forage in the same locality (as in Neat et al. 2006)
or they may skip breeding in some years (e.g. Rose
2003). Certainly in other taxa, non-annual breeding
occurs and is associated with extended periods of time
necessary to attain a sufficient body condition to initi-
ate breeding (Hays 2000). There have been previous
suggestions that cod sub-stocks in different parts of the
North Sea have different dispersal patterns and hence
travel different distances to spawning sites (Metcalfe
2006) and have different life-history characteristics
(Wright et al. 2006). The present results support the
contention that there is not a single paradigm of
extended travel between spawning and foraging areas
for this species, but that movements vary from individ-
ual to individual, and sub-stock to sub-stock, consis-
tent with the concept that Atlantic cod behaviour is the
result of complex interactions between biological and
ecological factors (Righton et al. 2001).

Understanding the movement of cod has important
implications for future management of stocks and re-
cognising the implications of climate change. Habitat-
based stock assessment models (Kupschus 2003) have
been developed for the integration of behavioural and
environmental data, in order to standardise catch and
effort, based on estimating fishing depths of various
gears in relation to the vertical distribution of the tar-
get species by time of day (Aglen et al. 1999). For con-
servation managers, a knowledge of when fish may be
in closed areas will aid management decisions (Mous-
takas et al. 2006, Horwood et al. 2007). We suggest that
the kind of data provided in the present study is suit-
able for integration into stock assessment models for
exploring vulnerability to detection and catchability by
all fishing gears. Our results clearly show the utility of
data-storage tags for recording both the horizontal and
vertical movements of cod over extended periods, and
reveal the complexity of horizontal movements as well
as the range of vertical movement behaviours exhib-
ited during periods of both horizontal travel and
localised residence.
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