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ABSTRACT: A location-finding acoustic telemetry system (resolution +1 m) was used to map ocean
substrates and to continuously monitor the habitat associations (substrate, water temperature, and
depth) of 58 Age 2 to 3 juvenile Atlantic cod Gadus morhua from 11 August to 20 December 1999.
Substrate use was studied in 2 stages to determine if it differed from the pattern expected given an
absence of selectivity (substrate use proportional to substrate availability). The first level compared
the proportions of substrate in the study-area home ranges of Atlantic cod to those of the entire study
site. The second assessed if the time spent over specific substrates was proportional to the substrate
availability within the study-area home ranges. Boulder substrate was incorporated into the home
ranges of juvenile Atlantic cod more than would be expected given its availability within the study
area. Kelp substrates were included in these home ranges less than expected while sand and gravel
were used in proportion to availability. Time spent over substrates within study-area home ranges
varied over the diel and seasonal periods. Within study-area home ranges, juvenile cod occurred in
boulder substrates at levels greater than or equal to availability. Conversely, the proportion of time
spent over open substrates (e.g. sand and gravel) was either less than or not different from those of
substrate availability. Kelp substrates were used less than expected in August and December and
more than expected in September and October. Over the diel period, it was found that nocturnally,
associations with structure diminished except during September and December when boulder habi-
tats were still used to a greater degree. Unlike younger conspecifics, Age 2 to 3 cod in Buckley Cove
were not strictly associated with structurally complex substrates, which suggests that these fish expe-
rience less vunerability to predation. Also, unlike younger conspecifics, the distribution of Age 2 to 3
cod did not shift inshore nocturnally and therefore they did not benefit metabolically by moving
through the thermocline that existed from August to mid-November. This study indicates that sub-
strate use by juvenile cod is dynamic and the strength of associations with structural complexity
varies over diel and seasonal temporal scales.
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INTRODUCTION

The Atlantic cod is of considerable economic and
cultural importance to the maritime regions of the
North Atlantic, where it was, for hundreds of years, the
mainstay of a lucrative commercial fishery. In the early
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1990s, however, Atlantic cod stocks in the Northwest
Atlantic collapsed, causing managers to implement a
moratorium on commercial fishing for this species
(Myers et al. 1996). Since the moratorium has been in
place, Atlantic cod in the Northwest Atlantic have
shown little recovery (Lilly et al. 2001) and in 2003,
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populations off the east coast of Newfoundland and
Labrador were declared ‘endangered’ (COSEWIC
2003).

Facilitating the recovery of the Atlantic cod depends
upon an understanding of the essential habitats for all
life stages (Langton et al. 1996). Studies of habitat use
provide useful insights into aspects of the ecology of a
species including feeding, predator avoidance, mor-
phology, population dynamics, and resource partition-
ing (Kramer et al. 1997). Such information is valuable
to managers, who can use it for population delineation
and enumeration and for habitat enhancement or pro-
tection. Models have demonstrated that Marine Pro-
tected Areas (MPAs) can be effective tools for prevent-
ing over-harvesting (Guénette et al. 2000) and for
increasing juvenile survival of Atlantic cod through
habitat protection (Lindholm et al. 2001). However, to
be effective, conservation initiatives such as the selec-
tion of sites for the establishment of MPAs require reli-
able knowledge of habitat use by those species requir-
ing protection. Surprisingly, given the commercial
importance of the species, little was known of the habi-
tat use of juvenile Atlantic cod prior to the collapse of
the Northwest Atlantic stocks. Since then several labo-
ratory studies have shown the importance of substrate
structural complexity for reducing predation-risk in
juvenile life stages (Gotceitas & Brown 1993, Gotceitas
et al. 1997, Lindholm et al. 1999).

In the wild, juvenile Atlantic cod utilize shallow
coastal waters as nurseries (Templeman & Fleming
1965, Riley & Parnell 1984, Bergstad et al. 1987, Sin-
clair 1992, Pihl & Ulmestrand 1993, Dalley & Anderson
1995, Anderson & Rose 2001). As juveniles age, they
move to progressively deeper water until, at 3 to 4 yr,
they join adult conspecifics (Templeman 1974). Evi-
dence also indicates that juvenile cod undergo ontoge-
netic shifts in substrate use and predator avoidance
strategies (Gregory & Anderson 1997). While consider-
able gains have been made in understanding the ecol-
ogy of these animals, conclusions regarding habitat
use by juveniles are inconsistent. To date, substrate
use by juvenile Atlantic cod has been studied primarily
through underwater observation (e.g. Keats et al. 1987,
Tupper & Boutilier 1995, Fraser et al. 1996, Gotceitas et
al. 1997, Gregory & Anderson 1997, Cote et al. 2001).
Unfortunately, older juveniles (Age 2 to 3) are difficult
to study in this manner (e.g. Cote et al. 2001) because
they generally occur at lower densities than younger
age-classes. Telemetry lends itself well to studying
more elusive and/or less abundant age-classes, while
eliminating the potential for observer avoidance
behaviour. Fixed-array hydrophone systems have
been previously used to describe movement patterns
(Hawkins et al. 1980, Clark & Green 1990, Sarno et al.
1994, Lokkeborg 1998, Lokkeborg & Ferné 1999) and

general qualitative habitat use by gadids (Hawkins et
al. 1980, Clark & Green 1990, Sarno et al. 1994). How-
ever quantitative examinations on substrate use are
lacking. This is likely due to low concurrent sample
sizes and/or the difficulty in obtaining adequate habi-
tat information. Further, these studies were unable to
describe population shifts in habitat use over a period
of months because they were based upon few individ-
uals tracked for short periods of time. In this study, a
2D location-finding telemetry system was used to
describe distributions of Age 2 to 3 juvenile cod as they
relate to substrate, macro-algae, depth and water
temperature. Temporal variation of habitat use is
examined across diel periods and months (August to
December).

MATERIALS AND METHODS

Study area. The study area in Buckley Cove was
approximately 5 ha and situated adjacent to the shore
of inner Newman Sound; a glacial fjord on the north-
east coast of Newfoundland (53.928°W, 48.576°N).
The coast of inner Newman Sound is characterized by
rocky shores interspersed with pocket beaches. Wave
exposure ranges from sheltered to moderate. A shal-
low littoral shelf lies at depths of ~3 to 10 m and is char-
acterized by sandy substrates, low bathymetric relief,
and vegetative cover such as eelgrass Zostera marina
and brown macroalgae Laminaria sp. This zone encir-
cles the entire inner Sound, except in areas where sub-
marine cliffs lie adjacent to the shore. Beyond the shal-
low littoral zone lies the basin slope (10 to 30 m depth),
with greater bathymetric relief and a mixture of coarse
and fine substrates. Macroalgae, such as colander
kelp Agarum cribrosum and emergent epifauna (e.g.
Metridium spp.), are also common within this zone.
Finally, fine sediments (silt, mud and sand), low bathy-
metric relief, an absence of macroalgae, and low light
penetration characterize the deepest parts of the inner
Sound (30 to 60 m). The habitats incorporated into the
study were characteristic of other shallow littoral and
basin slope areas of Newman Sound.

Acoustic tracking. Age 2 to 3 juvenile Atlantic cod
(n = 58; total length: 258 to 359 mm, 0 = 293 mm) were
captured by angling, within the study area, and held in
open water sea cages prior to surgery. Study animals
were anaesthetized in a clove oil bath (Anderson et al.
1997) and acoustic transmitters (CAFT_11, Lotek Wire-
less; pulse rate: 10 s; 35 mm [length] x 11 mm [dia-
meter], 6.5 g [in air], 3.35 g [in water]) were surgically
implanted into the body cavity through the abdominal
wall as described by Cote et al. (1999). Fish were
allowed to recuperate in an open water cage for 24 h
following surgery, and then released at the surface
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within the hydrophone array. Tracking commenced on
the day of release. Transmitter longevity (approx-
imately 60 d) was not sufficient to last for the duration
of the study period; therefore, tagged fish were
released in 4 deployments (August 5, n = 11; August
26, n = 13; September 7, n = 16; and October 9, n = 18).

The study area was continuously monitored for
tagged individuals using an acoustic telemetry receiver
(MAP_500; Lotek Wireless) from August 5 to December
20, 1999. The telemetry system was tethered to 4 sub-
surface omnidirectional hydrophones (model LHP-1;
Lotek Wireless) that were capable of discriminating
locations of tagged cod to within + 1 m when the acoustic
signal was detected by at least 3 hydrophones. The
300 to 400 m detection range of the hydrophones was
sufficient to cover the designated study area.

Habitat associations. Substrates in the study area
were classified and mapped by divers carrying
acoustic transmitters. Divers swam along the borders
of substrate patches while being tracked by the
telemetry system. The habitat features observed on the
dives were linked via time stamps to the spatial data
generated by the telemetry system with GIS (Map-
info v. 6.0). The substrates were visually assessed and
mapped according to the following classification: sand
(particle size: <0.5 cm), gravel (particle size: 0.5 to
5 cm), boulder/cobble (particle size: >5 cm), and kelp
(cover: >20%); (Fig. 1). Sand (64 % of study area) was
the dominant substrate, followed by boulder (24 %),
kelp (7 %) and gravel (5%). Water temperature was
measured each hour at 2 m intervals through the water
column throughout the study period using 10 subsur-
face recording thermographs (Vemco Mini-Log TR).
Ambient water temperature for each fish position was
inferred from bottom water depth, assuming fish were
within 1 m from the bottom. Qualitative observations of
Age 2 to 3 cod, made during SCUBA dives, indicated
that these fish remained in close association (<1 m)
with the bottom throughout the diel period. Diel period
was delineated based on subsurface light intensity at
3 m measured using a StowAway LI light intensity
logger. Day (>0.36 lux), twilight (0.001 to 0.36 lux), and
night (<0.001 lux) classifications were added to each
fish location.

Statistical analysis. Movement of individuals was
graphically examined for prolonged periods of inac-
tivity. These cessations in activity were considered to
have been the result of the expulsion of the transmit-
ter or the mortality of the study animal. All such indi-
viduals were removed from the data set. Substrate use
was studied in 2 stages (as per Aebishcher et al. 1993)
to determine if it differed from the pattern expected
given an absence of selectivity (substrate use propor-
tional to substrate availability). The first stage com-
pared the proportions of substrate in the study-area
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Fig. 1. Substrate of the study area in Buckley Cove, New-
foundland, and the locations of the fixed hydrophones (dots)

home ranges of Atlantic cod to those of the entire
study site. The second assessed if the time spent over
specific substrates was proportional to the substrate
availability within the individual study-area home
ranges. With this approach the sample size equalled
the number of individuals detected for the time period
in question (as opposed to the total number of loca-
tions measured for each fish). Significant deviations
(o0 = 0.05) from random habitat use within month and
diel periods were determined using bootstrap tech-
niques (Manly 1991). The difference between the pro-
portion of habitat use and available habitat for indi-
viduals was randomly sampled with replacement to
create a distribution of means (based on 1000 itera-
tions) to which the null hypothesis value of 0 was
compared (a zero value is expected if habitat is used
according to availability). To reduce the effect of habi-
tat specific differences in detectability (e.g. rocky
environments may shield a fish from being detected
by 1 or more hydrophones), the total time spent within
a particular habitat was used in the analysis as
opposed to the number of detected positions. Using
the time spent in a particular habitat as a measure
reduced the potential biases associated with intermit-
tent detections that could be habitat specific. When a
fish was not detected for >30 min it was no longer
considered as being associated with a specific habitat.
Study-area home ranges were calculated with the
minimum convex polygon method (outlined in White
& Garrott 1990). Although the true home ranges of
most juvenile Atlantic cod in Newman Sound are
small enough to fit within the study area (Cote 2002),
tagged cod could move freely beyond the range of the
telemetry equipment. Therefore, home-range area
estimates are not reported.
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RESULTS

Habitat use information was analyzed for 52 of 58
tagged individuals (Fig. 2). Of the remaining 6, 5 were
removed from the data set because of suspected mor-
tality/transmitter expulsion while the 6th was not relo-
cated; likely the result of its immediate movement from
the study area or a transmitter failure.

Of the Atlantic cod study-area home ranges, 94 %
included each of the available substrates; 6% of the
home ranges did not include kelp, while 4 % did not
include gravel.

Boulder substrate was incorporated into study-area
home ranges significantly more than would be ex-
pected, given its availability, while significantly less
kelp was included. Areas of sand and gravel were
incorporated according to their availability. Although
time spent over habitats within study-area home
ranges varied over months and diel periods, the follow-
ing general trends were observed. Within study-area
home ranges, boulder substrates were never utilized
less than expected, given availability (Fig. 3), and were
utilized significantly more than expected in 3 of 5 mo
during diurnal and crepuscular periods (Table 1). Con-
versely, open substrates (gravel and sand) were never
utilized more than expected in any month with sand

100000 3 3
10000 - -
1000 1 -

Detections/individual

10
1- T T T T T

50 1 ] 1 1 ]
40 - L
30 4 -

20 - u

Detected cod

10 "

0_ L

T ST PSSR
P“‘}’OQ\@‘&O Oéio &«"e &
= o

Fig. 2. Detections of juvenile Atlantic cod acquired with the

fixed array telemetry system. Top panel: acoustic detections

per individual (error bars represent the standard deviation).

Bottom panel: the number of cod for which habitat use infor-
mation was acquired

Table 1. Diel use of study-area substrates occupied by juve-

nile Atlantic cod in Buckley Cove, Newfoundland, from

August to December 1999. Sig. — indicates statistically signif-

icant differences from expected use based on bootstrap analy-

sis (1000 iterations; o = 0.05); A = August, S = September,
O = October, N = November, D = December

Substrate Sig. > Sig. <
Day Gravel - S, O,D
Sand - S, O,D
Boulder S, O,D -
Kelp S, O A, D
Twilight Gravel - D
Sand - S,0O,D
Boulder S,0O,D -
Kelp S, O A, D
Night Gravel - N, D
Sand - S, D
Boulder S, D -
Kelp - A

being significantly under-utilized in 3 of 5 mo. Diurnal
and crepuscular associations of Age 2 to 3 cod with
kelp varied and were significantly less than expected
during summer (August) and late autumn (December),
and significantly more than expected during early
autumn (September and October). Nocturnal associa-
tions with kelp were in proportion to availability,
except in August when individuals spent significantly
less time in kelp than would be expected.

No significant shifts in depth distribution of Age 2 to
3 cod were detected over the diel period from August
to October (Fig. 4). Also, there was no difference in the
water temperature occupied over the diel cycle. The
water temperature range occupied by juvenile cod
ranged from 1 to 18°C with average temperatures
inhabited by cod being highest in September and
lowest in December (Fig. 4).

DISCUSSION

The present study demonstrates that the strength of
associations of Age 2 to 3 juvenile Atlantic cod with
structural complexity is dynamic over diel and sea-
sonal temporal periods, possibly reflecting the sea-
sonal presence of predators and/or foraging opportuni-
ties that vary over space and time (Mattson 1990).

Study-area home ranges were established in areas
with boulder substrates while kelp substrates were
incorporated less than would be expected, given the
availability of these substrates. Within study-area
home ranges, cod showed a diurnal and crepuscular
affinity for structurally complex substrates (boulder
and kelp), particularly during September and October.
Although time spent in boulder habitats remained high
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Fig. 3. Proportion of time spent
over 4 substrates by juvenile cod
during day, twilight, and night
compared to the mean availability
of substrate within study-area
home ranges. Error bars represent
the standard error of the mean
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Fig. 4. Diel and seasonal variation of (A) depth and (B) temperature occupied by
juvenile Atlantic cod in Buckley Cove, Newfoundland, 1999. Error bars repre-
sent the standard error of the mean

nocturnally, cod used kelp habitats
within their study-area home ranges
in proportion to availability. Age 2
cod have been observed in boulder
substrates in the spring (Gregory &
Anderson 1997) and from late summer
to late autumn (Cote et al. 2001).
Higher densities of cod in kelp have
also been reported (Keats et al. 1987,
Cote et al. 2001) although Gregory &
Anderson (1997) found that older
juveniles (Age 2-4) avoided kelp in
spring. The latter study, however,
indicated that this might have been an
artifact of a seasonal depth prefer-
ence. Although not examined explic-
itly in this study, older juvenile cod
(Age 2 and older) have been reported
to occur in areas of high bathymetric
relief (Gregory & Anderson 1997, Cote
2002). Unfortunately, it is not clear
which is more important—substrate
complexity or bathymetric relief—
since these attributes are highly corre-
lated in Newman Sound (Cote 2002).

Open areas (sand and gravel) were
underutilized by cod or used accord-
ing to availability. These results are
not in agreement with those of Clark &
Green (1990), who described Atlantic
cod of similar size (28 to 33 cm) to
be diurnally active over sandy areas.
However, because the dominant sub-
strate in the study area was sand
(64 %), the total time spent by cod over
sand was still greater than over any
other substrate except during Septem-
ber. In contrast, younger cod (Age 0
and 1) are known to exhibit a rigid
diurnal association with structurally
complex substrates (Keats et al. 1987,
Gotceitas et al. 1997, Cote et al. 2001,
Linehan et al. 2001), a habitat feature
that has been shown to reduce preda-
tion risk (Gotceitas & Brown 1993,
Fraser et al. 1996, Lindholm et al.
1999). The absence of a strict habitat
association with structured substrates
in Age 2 to 3 cod suggests they experi-
ence a reduction in predation risk,
likely a result of their increased size
(Lundvall et al. 1999, Kristiansen et
al. 2000). Gregory & Anderson (1997)
observed a strong association with
structurally complex substrates in Age
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2 to 4 cod; however, since they believed that cod were
feeding little during their study period, predator avoid-
ance was thought to be a greater priority. Cod feed
actively in Newman Sound during late summer (Diet-
rich 1998) and autumn (D. Cote pers. obs.) and there-
fore may utilize sandy habitats opportunistically dur-
ing foraging. Many studies indicate that fish manage
foraging and predation risk in a way that maximizes
food intake and minimizes predation risk (Lima & Dill
1990). Foraging in potentially ‘dangerous’ open habi-
tats may become worthwhile if there is a reduction in
predation risk (i.e. absence of predators) and/or prey is
occurring at higher densities than in ‘safe’ habitats.
The variation in strength of associations with struc-
turally complex substrates exhibited by juvenile cod
over monthly time periods may reflect the seasonal
presence of predators. In Buckley Cove, angling efforts
indicated that large cod (up to 95 cm in length) were
actively feeding from late August until the end of Octo-
ber (D. Cote unpubl. data); a period that corresponds to
the significant associations with structurally complex
substrates exhibited by Age 2 to 3 cod.

Nocturnal migrations by juvenile cod to shallow
water have been reported for Newman Sound (Keats
1990, Cote et al. 2001) and elsewhere (Pihl 1982, Clark
& Green 1990). Clark & Green (1991) have shown that
diel migrations through a thermocline can provide cod
with metabolic benefits associated with digestion. It
has also been suggested that these movements are
related to predator avoidance (Clark & Green 1990). In
this study, significant changes in depth distribution
were not detected in any month despite the persis-
tence of a thermocline until November. These results
were not consistent with those of Clark & Green (1990)
who observed that Age 3 juvenile cod exhibited noc-
turnal inshore migrations through a thermocline in late
summer but ceased this behaviour when the water col-
umn became isothermal. Younger age-classes (Age 0
and 1) in Buckley Cove made inshore migrations
through a thermocline, but continued to do so after the
water column became isothermal, which suggests that
other reasons for these movements exist (Cote et al.
2001), such as predator avoidance. Although large pis-
civores were present in Buckley Cove (namely large
cod; Cote 2002) a lower vulnerability to predation by
larger juvenile age-classes (i.e. Lundvall et al. 1999)
could account for the age/size specific differences in
migratory behaviour.

Concerns regarding altered behaviour of study fish
resulting from transmitter effects were addressed by
Cote et al. (1999) who found that transmitters had
undetectable effects on study animals. The similar use
of structurally complex substrates by juveniles in this
study to those observed during SCUBA studies (Cote et
al. 2001), support this view. The similarity in results

also suggest that a fixed array telemetry system is ide-
ally suited for collecting data for a habitat use study as
it can provide long term continuous coverage which is
not possible using divers.

Coastal habitats, where young cod are primarily dis-
tributed (Bergstad et al. 1987, Sinclair 1992, Anderson
& Rose 2001), serve as important nurseries (Gode
1984). Within these zones it appears that juveniles
show a general preference for structurally complex
substrates, although greater flexibility is demonstrated
as they age. Terrestrial wildlife has long been man-
aged with a habitat-based approach (Koelin et al.
1996) but few examples exist in temperate/sub-arctic
marine ecosystems. Recent developments in hydro-
acoustics (e.g. Anderson et al. 2002) make sea-floor
habitat assessment and mapping possible. Such initia-
tives, coupled with a greater understanding of habitat
use of young cod can be applied to many useful man-
agement exercises (e.g. prioritizing MPAs, Auster &
Malatesta 1995; assessing productive capacity of habi-
tats, Myers et al. 2001; stratifying research surveys,
Perry & Smith 1994; modelling juvenile survival, Lind-
holm et al. 2001; and determining the potential for
negative impacts from fishing, Auster 1998) that
would allow for more responsible management of this
species.
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