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Despite the rapid growth in cod (Gadus morhua) aquaculture, relatively little is known about the fundamental
aspects of cod behavior within net pens. To investigate some aspects of their behavior, we used a high
resolution ultrasonic telemetry system that makes it possible to continuously and accurately monitor the
position of multiple fish, in 3D, for days at a time. The data presented in this manuscript were obtained from a
total of 32 cod (29.3 4+-4.9 cm, range: 22.5-43.0 cm), tracked under a variety of conditions, inside a net pen
located 13 km off the coast of New Hampshire, USA. Typically, cod exhibited clear diurnal rhythms, with the
highest swimming activity during daytime hours (mean swimming speed =17.8 5.5 cm/s; 0.6 £ 0.2 body
lengths per sec (BL/s)) compared with nighttime hours (6.6 + 0.5 cm/s; 0.2 £ 0.03 BL/s). Analysis of net pen
utilization revealed that: a) the entire volume of the net pen was not utilized (volumes used by individuals
overlapped); and b) there was a spatial preference for the lower half of the net pen. Adding lights and
increasing stocking densities elicited dramatic changes in behavior. When lights were turned on at dawn and
dusk, to extend the day photoperiod, cod increased their swimming activity by 66.4% and 202.6%, compared to
day and night levels, respectively. When the density of cod reached high levels (~48.5 kg/m?) as they grew,
their typical diurnal pattern of independent swimming changed to schooling behavior, with no significant
difference in day and night activity. The results of this study could be used to optimize various aspects of cod
aquaculture including: net pen geometry, feeding schedules, stocking densities, and the use of artificial lights.
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Implementation of these modifications could increase production efficiency and animal welfare.
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1. Introduction

Cod aquaculture is predicted to grow to 140-180,000 tons/year by
2010, and reach production levels similar to salmon in the next 15—
20 years (Rosenlund and Skretting, 2006). While there is optimism
about the future of cod aquaculture, and production goals have been
set, relatively little is known about cod behavior in an aquaculture
setting (Kjesbu et al., 2006). Such information could be useful for
designing optimal feeding schedules and lighting regimes, as well as
aiding the design of optimal net pens for cod aquaculture.

Studies of cod behavior in the wild indicate that they are primarily
diurnal (Lekkeborg, 1998; Lekkeborg and Fernd, 1999; Cote et al.,
2002; Kallayil et al., 2003; Neat et al., 2006), although they will
occasionally express bouts of activity at night (Lekkeborg and Fernd,
1999; Kallayil et al., 2003). In general, when active, cod swim in a
pattern that is often termed “milling” behavior, with limited
coordination with conspecifics (Huse, 1991). Finally, juveniles have
small home ranges (Cote et al., 2004; Neat et al., 2006; Espeland et al.,
2007) and reside within complex habitats with areas of high relief
(Gregory and Anderson, 1997; Cote et al., 2004).
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The aim of this study was to learn more about the behavior of cod
in an aquaculture setting, with the long-term goal of using the
behavioral data to improve the efficiency of cod farming. Recent
studies using telemetry and video technology have greatly expanded
our understanding of the “normal” activity of fish in the wild, as well
as the complex dynamics of fish behavior under farming conditions
(Begout and Lagardere, 1993; Juell and Westerberg, 1993; Baras and
Lagardere, 1995; Bridger et al, 2001). For example, while many
farmed fish express daily rhythms of activity (Spieler, 1990; Begout
and Lagardere, 1993; Cooke et al., 2000; Begout Anras and Lagardere,
2004), daily swimming rhythms of turbot (Psetta maxima) became
more erratic at high densities (Begout and Lagardere, 1993). Similar
changes in behavior have resulted from brief climatic (Begout and
Lagardere, 1993) or operational events (cleaning cages, moving fish,
etc.; Chandroo et al., 2005). Understanding the activity rhythms
expressed by the fish under normal aquaculture conditions, and being
aware of the impact of various activities on their behavior, is
important for developing appropriate feeding schedules to increase
production and decrease food waste (Smith et al.,, 1993; Sanchez-
Vazquez and Madrid, 2001).

In this study we used both a very high resolution telemetry system
and video technology to investigate the behavior of cod (Gadus
morhua) that were being raised in a net pen (3000 m> Sea Station),
13 km off the coast of NH, USA (Rillahan et al., 2009). Our objectives
were to: 1) quantify the behavior of cod under typical net pen culture
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conditions; 2) determine their distribution within the net pen; and
3) investigate the influence of artificial lights on their activity. In the
course of the study we also had the opportunity to compare the
swimming activity of cod at different densities, and these results are
also presented. Our observations revealed aspects of their normal
behavior that might be useful for improving cod aquaculture, as well
as some interesting changes of behavior in response to artificial lights
and alterations in stocking density. Finally, an analysis of net pen
utilization suggests that net pen design could be improved by taking
into account the behavioral tendencies of cod.

2. Materials and methods
2.1. Study site

The University of New Hampshire's Open Ocean Aquaculture
(OO0A) project study site is located 13 km off the New Hampshire,
USA, coast and 1.5 km south of the Isle of Shoals. The OOA study site
has a submerged grid system capable of mooring four net pens and
multiple support buoys. The first cohort of 30,000 Atlantic cod
(G. morhua) was raised in a 3000 m> Sea Station™ net pen (25 m
widex 15.5m deep; Net Systems Inc., Bainbridge, WA) between
September 2003 and February 2006. Following the harvest, a second
group of 50,000 cod were stocked in April 2006, and were harvested in
2009. The Sea Station 3000 net pen was submerged so that the top
was 15 m underwater, which made the bottom 30.5m from the
surface. For additional information on infrastructure, grow out, and
species performance, see Chambers and Howell (2006) or visit www.
ooa.unh.edu.

2.2. Telemetry equipment

The HTI model 291 ultrasonic telemetry system (Hydroacoustic
Technologies Inc, Seattle, WA, USA), and associated ultrasonic tags,
were used to continuously record the positions of cod within the net
pen, as described in detail in Rillahan et al. (2009). In brief, this system
consisted of four hydrophones attached to the net pen and hardwired
to a receiver located in a surface buoy. The Model 291 acoustic
receiver and a laptop computer, used to control the receiver and store
data, were housed within a feed buoy (described by Chambers and
Howell, 2006) during the 2004 season, then within a customized
monitoring buoy in 2006 (described in Rillahan et al., 2009). The HTI
system was chosen because: 1) it utilizes very small transmitters that
can be implanted in juvenile fish; 2) it has the ability to simulta-
neously track multiple fish in 3 dimensions; and 3) the high spatial
(8.5cm; Ehrenberg and Steig, 2003) and temporal resolution
(positions every 2 s) yield very accurate calculations of swimming
speed and distribution of fish in the net pen.

2.3. Surgical procedure

At the offshore site, 10-15 cod at a time were captured by divers,
removed from the net pen and placed within a decompression net
pen. The fish were slowly brought to the surface, at a rate of 3 m every
30 min, and placed within a temperature controlled, aerated tank on
the research vessel. The fish were anesthetized with MS-222
(50 ppm) and a small incision was made in the ventral side, posterior
to the pectoral fins. An ultrasonic transmitter was then implanted into
the abdominal cavity of the fish and two sutures were used to close
the incision. HTI F-transmitters (9 mm diameterx21 mm length;
2.2 g in air, 1.2 g in freshwater; battery life: ~30 days) were used for
smaller cod and HTI G-transmitters (11 mm diameter x 25 mm
length; 1.9 g in freshwater; battery life: ~30-50 days) were used for
larger cod. Transmitters did not exceed 2.5% of the weight of the fish,
as recommended in the literature (Baras and Lagardere, 1995; Brown
et al., 1999; Jepsen et al., 2002). The fish remained in a recovery tank

until fully recovered from surgery (~30 min) and then were returned
to the net pen by divers. Rillahan et al. (2009) demonstrated that
there was no significant effect of the transmitters on the locomotory
behavior or feeding activity of cod in the laboratory, and no long-term
change in behavior of tagged animals in the field.

24. Trial 1

2.4.1. Evaluating baseline behavior

To determine “normal” or baseline behavior of cod within the
submerged net pen, five cod (mean length: 31.44 1.7 cm) were tagged
in early September 2004. Positions of these sentinel cod were monitored
continuously for 9 days. Cod were fed a pelletized 2.5 mm semi-sinking,
marine diet (50% protein and 14% lipid; Burris Feed Company, Baton
Rouge, LA) once daily between 1100 and 1230 h, at ~1.5% body weight
per day. The density of fish in the net pen was approximately 3.2 kg/m?,
and water temperature averaged 9.7 4- 0.4 °Cat 20 m. The ambient light
period was approximately 13 h (sunrise: 0615, sunset: 1915).

2.4.2. Effect of artificial lights

To monitor the effects of the artificial lights on the cod, five cod
(mean length: 38.44 2.6 cm) were tagged in mid-November of 2004,
and tracked for 9 days while artificial lights were turned on at dawn and
dusk to extend the length of the daylight hours. The activity of these five
fish was compared to the fish tracked in September (described earlier),
when no artificial lights were present.

Ambient light levels in the net pen ranged from 2 to 600 lux,
depending on the location within the net pen and time of day
(Chambers and Howell, 2006). Artificial lights consisted of three,
400 W metal halide lights, each producing 90 Im W™, which were
installed inside the net pen to delay sexual maturity (Hansen et al.,
2001; Taranger et al., 2006). Lights were turned on each day from
0400 to 0800 h and 1600 to 2000 h, which extended the ambient day
length (normally 9.5 h; sunrise: 0645, sunset: 1615) to a total
duration of 16 h.

The same feeding regime was used as in the previous study, with
feed quantity adjusted to ~1.5% body weight per day. Due to growth
the stocking density within the net pen had risen to 4.8 kg/m?>. Daily
water temperature in November averaged 8.540.1 °C at 20 m.

2.5. Trial 2

2.5.1. Effect of density

To evaluate the impact of fish density on swimming behavior,
50,000 juvenile cod (31.5 g mean weight) were stocked into a 600 m>
small mesh nursery net within the Sea Station 3000. The goal was to
grow the fish to 150 g before releasing them into the larger net pen,
minimizing the potential for escape through the larger mesh size of
the grow-out net. Stocking densities were allowed to rise in the
nursery net from an initial density of 4.2 kg/m? in April, to 17 kg/m>
on August 1st, and finally to 48.5 kg/m> on October 5th, just prior to
the release into the grow-out net. Upon release in mid-October, the
stocking density immediately dropped to 2.75 kg/m> due to the larger
volume (3000 m?) of the grow-out net pen.

A total of 22 cod (mean length: 26.742.5 cm) were tracked
between August and November. Four groups, that varied in the
number of fish per group, were tracked sequentially (three fish in
August, four in September, six in early October and then nine added in
mid-October following the release from the nursery net). The fish
were fed twice daily at 1000 and 1600 h and the amount fed was
adjusted monthly to account for growth. Daily water temperature was
9.5+0.7 °C in August, 12.7+ 1.3 °C in September, and 11.7+1 °C in
October, at 20 m.
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Fig. 1. Hourly swimming speeds of five fish expressing diurnal activity rhythms (A). B. Average hourly swimming speeds during the day vs. the night. The cod were significantly more

active during daylight hours than night hours (shaded bars).

2.6. Data analysis

The ultrasonic transmitters were programmed to emit a signal
every 2.0-3.3 s. The signals were then recorded by the HTI receiver
and associated computer and used to calculate positional information
based on the signal delays between the 4 surrounding hydrophones.
Rillahan et al. (2009) demonstrated that the system successfully
detected 84.9+6.0% of the transmissions. Signal processing to
eliminate background noise and positional errors has been previously
described in Rillahan et al. (2009).

Positional data from all studies consisted of 3-dimensional Cartesian
coordinates (X, Y, and Z) and a time stamp. Distance traveled by
individuals was calculated based on successive points, and swimming
speed was derived based on the duration of time between two locations.
For most analyses, swimming speed was averaged into 1 h bins. The
graphics program Tecplot (Version 10, TecPlot Inc., Bellevue, WA) was
used to visualize swimming patterns.

Volume calculations were based on the construction of a three
dimensional grid system (80 ft x 80 ft x 60 ft) created around the study
area. The grid was divided into 1 cu. ft units. The AcousticTag software
calculated a presence/absence dataset based on the positional data
overlaid onto the grid. Grid units denoted with a presence value (a fish
in the unit) were summed to calculate a total volume of space used by a
fish, or group of fish, per unit time. All volume calculations were
converted from cubic feet to cubic meters for subsequent analyses.

All statistical tests were performed using Instat (GraphPad Software
Inc., La Jolla, CA). All averages, unless indicated, are mean+ 1 SD.

A

3. Results
3.1. Trial 1: baseline behavior

The cod tracked in this study exhibited clear diurnal rhythms
(Fig. 1). Activity was highest in the early part of the day, remained
high throughout most of the day, decreased in the late afternoon, and
was consistently low during nighttime hours. Swimming speeds were
significantly higher during daylight hours (1000-1600 h; 17.8 +
5.5 cm/s; 0.6 £ 0.2 body lengths per sec (BL/s)) than nighttime hours
(2200-0400 h; 6.6 +0.5 cm/s; 0.2 + 0.03 BL/s) (Paired Student's T-Test,
P=0.0088,N =5). While swimming speeds at all times of day remained
relatively slow (averaging 11.5 cm/s+2.5 cm/s; 0.4+ 0.08 BL/s) cod
occasionally exhibited burst swimming, moving at speeds up to
187.0 cm/s (5.8 BL/s). However, these high swimming speeds were
rare in our study. Cod spent 95.7-99.4% of their time swimming at
speeds under 1 BL/s.

The movements of the cod in this study did not appear to be
coordinated with each other. Rather, the swimming pattern expressed
by individual fish mostly consisted of “milling” behavior, which was
defined in this study as continuously changing swimming speed and
directionality. Higher swimming speeds during the day were
associated with greater use of the net pen, while lower activity at
night was associated with individual fish confining their activity to
small discrete locations (Fig. 2). Cod were mostly localized near the
rim and lower half of the net pen, which matched diver and video
observations. Cod were rarely observed in the top half of the net pen,

Fig. 2. Track of one cod during 1 h during the day (grey track), and 1 h during the night (black), from a top (A) and lateral (B) perspectives. The fish locations were obtained, and

plotted, every 2-5s.
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Fig. 3. Cumulative space occupied by five cod over 24 h from a lateral (A) and top (B) perspectives. Cod primarily used areas near the rim and outer regions of the net pen. Cod rarely
moved to the upper half of the net pen, with the exception of feeding periods, when they approached the feeding tube (denoted by the asterisk).

except during feeding events; spending 97.0 & 8.4% of their time in 3.2. Trial 1: effects of artificial lights

the bottom half of the net pen. While the average daily volume

occupied by an individual fish was ~10% (333.8 + 40.8 m?) of the total Cod reacted dramatically when artificial lights were turned on and
net pen volume, due to the high degree of overlap of the areas used by off. While their daily rhythms persisted, and swimming speeds during
individual fish, the total area occupied by all the fish was still not equal day (17.54+4.5 cm/s; 0.540.1 BL/s) and night (9.6 +2.1 cm/s; 0.3 &+
to the total area of the net pen; demonstrating inefficient use of the 0.06 BL/s) showed little variation from the previous experiment, in

available space within the net pen (Fig. 3). September, mean swimming speeds during artificially lit periods
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Fig. 4. Influence of artificial lights on the swimming behavior of cod. The fish were typically more active during the daylight hours (open bars) compared to the night (dark grey);
however when the lights (light grey) were turned on, activity increased to levels exceeding those typical for the day. Hourly (A) and average cumulative (B) swimming speeds are
depicted for five fish over a three (A) to five (B) day period. Panel C depicts swimming speed data obtained from five fish, averaged over 15 min time periods, during 5 afternoon and
morning illumination events. The open bar above the graph denotes the time when artificial lights were turned on and off. During the periods of artificial illumination, cod activity
increased, relative to the pre-lights baseline, peaking 45-120 min after illumination.
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(29.1+7.9 cm/s; 0.8 4+0.2 BL/s; range 7.1 cm/s (0.2 BL/s) to 74.1 cm/s
(1.7 BL/s)), was significantly greater than during the day or
night periods, increasing 66.4% and 202.6% respectively (Repeated
Measures ANOVA, P=0.0011, N=5) (Fig. 4). While the lights came
on and off suddenly, the fish did not respond immediately to the
change in light levels. Rather, they increased their activity over a
period of 45 min (Fig. 4C), with apparent light-induced changes in
activity greater in the morning (when conditions rapidly changed
from dark to light) than the evening (when lights came on while it
was still light out). While the sudden changes in illumination caused
by turning the lights on and off were likely to have influenced
swimming activity, the high mean swimming speeds recorded during
periods when the lights were on were the result of gradually
increasing and prolonged elevated activity and not just excessive
bursts of swimming during the lights on and off transitions. As in the
previous experiment, in this study, the increased activity of the fish
also led to an increase in the area used by the fish. However, activity
was still localized to the rim and outer areas of the net.

3.3. Trial 2: effects of increased density

Juvenile cod at low densities within the nursery net behaved very
similarly to the fish previously described in Trial 1. They were
most active in the day, they used similar areas of the pen, most of
their swimming activity consisted of “milling” around, and the
movements of individual fish did not appear to be coordinated with
the fish around them. Importantly, the juvenile cod rarely swam in
a full circle inside the net pen and there was little evidence of
schooling. However, as the fish grew, leading to an increase in
biomass density, there was a gradual, yet striking, change in their
behavior (Fig. 5). At a low density (~20 kg/m>) cod swam signif-
icantly more during the day (11.1+3.5 cm/s, 0.5+ 0.2 BL/s) than
night (6.6+2.0cm/s; 0.3+0.1BL/s) (paired T-Test, P=0.037,
N=4). However, at higher densities (~32 kg/m?) swimming was
more consistent, with no statistically significant difference be-
tween day (13.14 1.6 cm/s; 0.540.1 BL/s) and night (12.0 4+ 2.8 cm/s;
0.5 £ 0.1 BL/s) swimming speeds (paired T-Test, P=0.379, N=3). This
disintegration of daily rhythms coincided with a shift from milling to
schooling behavior, with clearly synchronized and polarized swimming
patterns (Fig. 6).

The release of the cod from the nursery net to the grow-out net led
to an instantaneous reduction in density from 48.5 to 2.7 kg/m>.
Individuals tracked within the grow-out net returned to baseline
behavior, with the establishment of clear daily rhythms (day
swimming speed: 10.4 £ 1.5 cm/s, 0.4 4 0.06 BL/s; night swimming
speed: 6.3 £ 1.4 cm/s, 0.2 4+ 0.06 BL/s; day swimming speed vs. night:
paired T-Test, P=0.0003, N=9), and the breakdown of schooling
(Fig. 6).

The volume within the net pen used by individual fish nearly
doubled upon release from the nursery net (177.84+25.7m>, N=7)
to the grow-out net (349.8 & 84.4 m3 N=13; P<0.0001), suggesting
cod were volume limited within the nursery net. Volume-use data
obtained from the fish in the grow-out net in 2006 were not sta-
tistically different from those examined in 2004 (P=0.416, Fig. 7).
The fish were primarily found associated with the lower half of the net
and the rim, and the cumulative volume used by all the tagged fish
was ~56% (1689.8 m?) of the total net pen volume; indicating that the
fish never used the entire available space within the net pen. In an
effort to determine if increasing the density of fish would eventually
lead to full use of the net pen, the cumulative space occupied by 1 to
13 fish was sequentially plotted. These data yielded an asymptotic
relationship where a limited number of animals defined the space
used by the population (Fig. 8). These data also suggest that the cod in
the net pen preferred to occupy a region with a high density of fish
rather than moving to the top of the net pen.
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Fig. 5. Average hourly swimming speeds of two cod (represented by light gray and dark
gray lines) over four consecutive weeks (A-D) prior to release from the nursery net.
Disintegration of daily activity rhythms coincided with the increase in fish density from
~20 kg/m® (A) to ~32 kg/m> (D).

4. Discussion
4.1. Baseline activity

The swimming speeds, and daily patterns of locomotion, exhibited
by the fish in this study were very similar to those recorded during
previous studies of wild cod. Swimming speeds ranged from 10.4-
17.8 cm/s (0.4-0.6 BL/s) during the day, to 6.3-9.6 cm/s (0.2-0.3 BL/s)
during nighttime hours. Daily swimming speeds of wild cod of similar
sizes range from ~2 to 30 cm/s and rarely exceed 1 BL/s (Gregory and
Anderson, 1997; Lakkeborg, 1998; Cote et al., 2002; Kallayil et al.,
2003). When Lgkkeborg and Fernd (1999) and Kallayil et al. (2003)
used ultrasonic telemetry to measure the swimming activity of wild
cod in Norwegian waters they found that cod were least active at
night and most active during the day, with some tendency toward
peaks of activity at dawn and dusk. Swimming speeds during the day
were 15-20 cm/s compared with 2-5 cm/s at night. Although activity
at night was limited, cod were still active during this time, and this
activity was probably related to feeding (Lakkeborg, 1998).

While the pattern of activity and mean swimming speeds
documented in this study are comparable to those obtained from
wild cod, we also documented bursts of activity when swimming
speeds were much greater. For example, in our baseline study, the fish
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Fig. 6. Representative 1 h (1400 h-1500 h) tracks of two cod at three different stocking densities. Initially the juvenile cod were in a nursery pen shown outlined within the larger
grow-out net in panels A and B. Panel A shows tracks when the fish density was 17 kg/m> and panel B when it had increased to 48.5 kg/m?, due to fish growth. Note how swimming
behavior changed from typical milling around activity at a medium density (A) to schooling behavior at a high density (B). When the fish were released into the larger pen (C), the

effective density immediately became lower (2.75 kg/m?®) and schooling stopped.

occasionally reached speeds of 187.0 cm/s (5.8 BL/s) and under the
artificial lighting regime we recorded episodes when the fish briefly
swam at 201.3 cm/s (5.4 BL/s). Such events are also likely to occur in
wild cod, but are difficult to document with traditional acoustic
telemetry technology. The HTI telemetry system used in this study,
with sampling intervals of 2-5 s, made it possible to record these brief
events with a high degree of certainty. While these bursts in activity
were rare, they are of considerable interest because they have a very
high energetic cost (Brett and Groves, 1979; Webber et al., 1998).
Diurnal rhythms, similar to those presented in this study, have also
been documented for cod in the wild (Gregory and Anderson, 1997;
Lokkeborg, 1998; Lokkeborg and Ferno, 1999; Kallayil et al., 2003;
Cote et al., 2004). However, these rhythms appear to be fairly plastic,
changing with the season and feeding schedules. For example, Cote
et al. (2002) showed that diurnal activity was higher in September
and October than December, when cod became more nocturnally
active. Similarly, Kallayil et al. (2003) documented increased activity
at night when baited gill nets were presented within the study area.
European seabass (Dicentrarchus labrax L.) have also been shown to
alter their activity rhythms depending on feeding schedules (Azzaydi
et al.,, 1998). Thus, while our study clearly demonstrates diurnal ac-
tivity rhythms under normal fish farming conditions, further
investigations are needed to fully elucidate the relative influences of

500 q
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100
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Grow-out Net Nursery Net
2004 2006

Fig. 7. Average daily volume used by individual cod during 2004 in the large grow-out
net (N=10), in 2006 in the nursery net (N=7) and in 2006 in the grow-out net
(N=13). Data are presented as the mean + 1 standard deviation.

water temperature, light levels and the timing of food administration
on these daily activity rhythms.

4.2. Use of space within the net pen

In this study, cod typically expressed localized ‘milling’ behavior,
and the fish were most often located close to the bottom and outer rim
of the net. Even when the density of fish within the net pen increased,
due to growth, the fish preferred to be crowded rather than expanding
their spatial distribution to include the upper portions of the net pen
(Fig. 8). While our data are only based on the tracks of 32 individual
cod, video and diver observations indicate that these data provide an
accurate representation of the distribution of the whole population.
Moreover, our previous study (Rillahan et al., 2009) demonstrated
that that the behavior of a few cod, in this same aquaculture setting,
adequately illustrates the behavior of population of cod. Cod in the
wild are primarily benthic fish, and juveniles have shown a preference
for complex habitats and areas of high relief (Gregory and Anderson,
1997; Cote et al., 2004). These tendencies may be what motivate farm-
raised cod to stay close to the bottom, or near areas of relative
complexity (i.e. the rim and bottom of the central spar). The rim area
also provides juveniles with shaded cover, due to varying degrees of
bio-fouling, from the top, bottom and side. The fish may select these
locations due to perceived risk from predators present around the net
pen (we observed striped bass, dogfish, harbor and gray seals).
Another possibility is that the tendency for cod to occupy the lower
half of the net was related to their preference for lower light levels.
However, they did not appear to move into the upper portion of the
net at night, and we did not observe any major changes in their
vertical distribution in the night vs. the day.

Average daily volume used by an individual fish in the grow-out
net was similar in 2004 and 2006 (mean for both years com-
bined = 349.8 + 84.4 m?, or ~10% of the total volume per individual).
Clearly, the volume of the net pen did not limit usage by the fish. In
contrast, the fish in the smaller nursery pen did appear to be limited
by the volume of the pen as they grew. They occupied 49.2% less
volume per fish (mean=177.8+25.7 m®) and, when released into
the larger net pen, immediately doubled the volume they occupied. In
order to determine if, eventually, the entire volume in the net pen
would be used as density increased, we examined the cumulative
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Fig. 8. Daily volume of the net pen used by one fish (lateral view, A; top view, B) compared to 13 fish (lateral, C; top, D), illustrating the tendency of cod to occupy areas near the rim
and the bottom half of the net pen. (E) Sequential accumulated space used by one tagged fish, then increasing the number of fish, up to a total of 13. This figure shows that there is an
asymptotic relationship between space use and fish number, so that a limited number of animals define the space used by the population. This also demonstrates how cod will choose
to remain in the bottom half of the net pen, even though it means the density will increase.

volume occupied by one fish, then two fish, up to thirteen fish (Fig. 8).
These data demonstrated that, because the daily volume occupied by
individual fish overlapped, and because cod appeared to have a strong
preference for the bottom of the net pen, as more and more fish were
added the total volume occupied by the fish did not increase linearly,
but leveled off at a volume of ~50% of the total volume of the net pen.
Therefore, because of the preference of cod for the bottom of the net
pen, there will be crowding in the lower areas of the net pen, which
will lead to inefficient use of the culturing environment, and
inaccurate estimates of the actual net pen density (kg/m?®). While
calculations of overall density within the net pen may be low, patchy
distribution of animals within the culturing environment may result
in localized areas of high density. A thorough analysis of space use
would allow researchers and engineers to evaluate and test future net
pen designs to promote the even distribution of individuals, and full
utilization of the culturing environment. A net pen designed for one
species of fish might not be optimal for another species.

4.3. Effects of changes in light levels and fish density

4.3.1. Lights

The results of our study clearly showed elevated swimming speeds
during periods of artificial illumination. While photoperiod manip-
ulation has been documented to have positive potential gains to
cod grow out, by delaying sexual maturation (Hansen et al., 2001;
Taranger et al., 2006), the results of our study indicates that this
technique may, by elevating swimming speeds, greatly increase the
energy demands of the fish. Increasing swimming speeds from
9.6 cm/s (average night swimming speed), or 17.5 cm/s (average
day swimming speed), to 29.1 cm/s (swimming speeds with
lights on) would increase daily oxygen consumption by ~8.4%
(MO, =34.8x4.79Y, Webber et al., 1998). This metabolic cost could
be significant enough to negate the biomass increases associated with
delayed maturation. In this study the lights were either on, or off, so
there were relatively large, and sudden, changes in illumination,
especially in the morning when lights came on while it was still dark
(Fig. 4C). While these sudden changes in illumination could have
caused a startle response in the fish, as documented in rainbow trout

(Chandroo et al., 1999), this did not appear to be the case in this study.
The fish did not immediately increase their swimming speeds when
lights were turned on in the morning or evening and the increases in
swimming activity observed lasted for several hours after the lights on
transition. It is also not clear if the artificial lights had a greater impact
in the morning than the evening because the change in illumination
was greater (dark to light vs. light to more light), or because animals
were going from a period of low activity (night) to higher activity
(day). Nonetheless, it is possible that the effects of artificial lights on
swimming activity could be reduced by carefully adjusting the light
levels to match ambient light levels, and gradually increasing or
decreasing light levels, so that changes in illumination are difficult for
the fish to detect. Finally, it should be noted that we only obtained
data with lights for a period of 1 week. It is possible that, after
exposure to lights for several weeks, the fish would habituate to them
and not express the dramatic changes in behavior that we
documented in this study.

4.3.2. Density

The gradual increase in density within the nursery net as the fish
grew resulted in a change of daily activity rhythms from diurnal to
arrhythmic, characterized by consistent activity throughout the day
and night. Increased density has also been shown to alter the behavior
of cultured rainbow trout (Cooke et al., 2000; Begout Anras and
Lagardere, 2004) and turbot (Begout and Lagardere, 1993), and has
been attributed to a stress reaction. While swimming speeds during
the day showed no significant increase at higher fish densities, night
swimming speeds increased from 0.3 40.1 BL/s at low densities, to
0.5+ 0.1 BL/s at higher densities. These elevated nocturnal swimming
speeds almost certainly result in increased metabolic demands and
thus would have energetic consequences that could potentially
reduce growth.

Additionally, increased fish density resulted in changes in swimming
behavior from “milling around,” to schooling. The initiation of schooling
behavior was likely due to decreasing distance between nearest
neighbors as density increased, so that the fish started to school in
order to reduce the likelihood of collisions with neighboring individuals
(Klarreich, 2006). Our data, while limited to one change in density,
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suggest that fish farmers might be able control schooling behavior in cod
by carefully manipulating the density of fish within the net pen.

5. Conclusions

The high resolution ultrasonic telemetry system used in this study
has proven to be a powerful tool for studying fish behavior in an
aquaculture setting and has made it possible to reveal some in-
teresting aspects of cod behavior in an aquaculture net pen. In general,
the cultured cod investigated in this study expressed swimming
speeds and daily rhythms that were similar to their wild counterparts.
In addition, in a manner similar to wild cod, cultured cod tended to
reside at the bottom and along the outer edges of the net pen and, as a
result, they did not utilize all the available net pen volume.
Interestingly, high stocking densities and artificial lighting cause
noticeable changes in cod behavior. At high densities juvenile cod had
a tendency to school and they stopped expressing a diurnal pattern of
activity. When artificial lights were turned on the cod responded by
drastically increasing their swimming activity. Overall, the results of
this study indicate that detailed behavioral studies of farmed fish can
provide data that could be useful in identifying behaviors that are
unique to each species and then using these data to optimizing net
pen designs, feeding and lighting schedules, and stocking densities.
Such modifications should lead to increased production efficiency and
improved animal welfare.
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