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Abstract: Vertical movement patterns of chum salmon (Oncorhynchus keta) during their homing migration were
examined using archival tags. Vertical movements through the thermocline with a periodicity of less than 1 h were
observed during the day in the North Pacific. To examine the dynamics of these short-term vertical movements,
we developed a simple one-dimensional vertical movement model. It is assumed that chum salmon have an
optimal body temperature and that they regulate their dive behavior to depths with relatively high prey densities in
a manner that conserves their body temperature. The model reproduced the short-term vertical movements such
as those observed from archival tagging data. The model provides evidence that the high frequency movements
allow conservation of the body temperature at an optimal level during foraging dives for prey.
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Introduction

throughout the day according to observations made using
a split-beam echo-sounder system operating at 38 and 120
kHz (Orio Yamamura, Hokkaido Fisheries Research Institute, Hokkaido, Japan, and Osamu Sakai, National Research
Institute of Far Seas Fisheries Research Institute, Shizuoka,
Japan, pers. comm.). Iguchi and Ikeda (2004) reported that
T. longipes also showed diel distributions, occurring mainly
between 30–300 m at night and dropping to between 150–500
m during the day. Thus, prey distribution for chum salmon
during the day might extend to depths of 50–60 m. Chum
salmon have been observed diving to such depths for prey
(Wada and Ueno 1999; Azumaya and Ishida 2005).
Azumaya and Ishida (2005) reported that the difference
between the ambient and body cavity temperatures of chum
salmon increased during the course of short-term vertical
movements through the thermocline during the day. The
water temperatures experienced by chum salmon while below the thermocline were occasionally lower than the lower
thermal limit (2.7°C) for the species as determined by Azumaya et al. (2007). Azumaya and Ishida (2005), using a heat
budget model, suggested that chum salmon used short-term
vertical movements to maintain their body cavity temperature within their thermal tolerance while actively diving to
feed in water even colder than that considered physiologically suboptimal for them. However, how their diving behavior
might be modified under various environmental conditions
remains unclear. To examine the dynamics of high frequency
vertical movements by chum salmon we developed a simple
one-dimensional vertical movement model.

It is known that chum salmon (Oncorhynchus keta)
are widely distributed in the North Pacific Ocean and adjacent waters. Japanese stocks of chum salmon remain in
the North Pacific Ocean and the Bering Sea for one to seven
years before returning to spawn in their natal rivers. Recent
studies using archival tags have determined the characteristics of swimming patterns and the ambient environmental
conditions to which homing adult chum salmon are exposed
(Wada and Ueno 1999; Tanaka et al. 2000; Walker et al.
2000; Friedland et al. 2001; Ishida et al. 2001; Azumaya and
Ishida 2005). These studies demonstrated that diel vertical
movements are pronounced in the open ocean on time scales
of days. Chum salmon remain near the surface at night, but
they show short-term vertical movements lasting < 1 hour
during the day. Thus they experience a wide range of water temperatures, occasionally higher than 10°C. It has been
suggested that these night/day behaviors of chum salmon are
related to feeding and/or searching for prey (Walker et al.
2000; Ishida et al. 2001). Euphausiids (Thysanoessa longipes), walleye pollock (Theragra chalcogramma) and atka
mackerel (Pleurogrammus monopterygius) comprise more
fractions of stomach contents of chum salmon in the afternoon than in the morning (Osamu Sakai, National Research
Institute of Far Seas Fisheries Research Institute, Shizuoka,
Japan, pers. comm.). Age-0 walleye pollock > 55 mm fork
length (FL) appear to migrate through the thermocline on a
diel basis (Swartzman et al. 2002). Larval or juvenile atka
mackerel are mainly distributed above depths of 50–60 m
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MATERIALS AND METHODS

2.14X10-4(°C·s-1) of the fish (Azumaya and Ishida 2005).
Here, we neglected Tm because this term is smaller than k
by about 1 order of magnitude. In this study, we focused on
the movement on 4 September for Chum #894 and that on 11
August for Chum #256, because on these days the differences
between body cavity temperatures and ambient temperatures
were relatively large, and short-term vertical movements
were documented within the archival tag data. In order
to check the reproducibility of the heat budget model on 4
September for Chum #894 and on 11 August for Chum #256,
the body cavity temperature was predicted using equation
(1). The time steps (Δt) in equation (1) were 256 and 512
seconds which were periods equal to the sampling intervals
of the archival tags of Chum #894 and Chum #256, respectively. The resulting temperature profiles were compared
with the observed body cavity temperatures.

Archival Tags
Archival tagging operations were conducted in the Bering Sea during July 1998. Archival tags (Northwest Marine
Technology, Inc., WA, USA) were inserted into the abdominal body cavity of chum salmon on board the research vessel. Wada and Ueno (1999) reported on these tagging operations. The tags consisted of a cylindrical stainless steel
tube, 1.6 cm in diameter and 10 cm long, with a 20-cm-long
Teflon light/external temperature sensor stalk protruding
from one end. The tag weight in air was 52 g. The external
sensor stalk of the tag was allowed to trail out of the fish
at the site of the incision. The archival tags measured and
recorded both external (ambient) and internal (body cavity)
temperatures, pressure (depth), and ambient light intensity
near the tagged fish every 256 (Chum #894) or 512 (Chum
#256) seconds. Temperature was measured with a resolution
of 0.2°C. Depth was measured with a resolution of 1 m to a
depth of 126 m, and 3 m at depths > 126 m. The two tagged
chum salmon were released in the Bering Sea and recovered
along the coast of Hokkaido, Japan within 68 and 87 days,
respectively, after their release (Table 1).

One-dimensional Vertical Movement Model
To model the vertical movements of chum salmon, we
developed a one-dimensional vertical movement model. The
model was kept simple to determine the mechanism for the
vertical movements of chum salmon. The model included
a heat budget component for body temperature and a separate component to model active swimming. The direction
of active swimming was assumed to be only vertical, either
upward or downward. This directional swimming speed
was a constant value: 1 body length/second (BL·s-1) (Ware
1978; Azumaya and Ishida 2004). We could not distinguish
whether chum salmon preferentially swim either toward an
area with their preferred SST or toward an area with abundant zooplankton. Therefore, in this study, we defined their
average body cavity temperature during the day (range:
4.6°C–7.3°C) as the optimal body temperature (5.95°C ±
1.35°C SD), and set a rule for directional swimming as follows: if the body cavity temperature was within the range of
the optimal body temperatures, chum salmon would swim
toward the zone with abundant zooplankton; if the body cavity temperature was below optimal body temperature, chum

Heat Budget Model
The heat budget model consisted of the ambient and
body cavity temperatures (Stevens and Sutterlin 1976; Holland et al. 1992; Brill 1994; Kitagawa et al. 2001; Azumaya
and Ishida 2005). The equation for the body cavity temperature in the heat budget model can be written as
Tbt+Δt = k(Tat+Δt–Tbt)Δt + TmΔt + Tbt 		

(1)

where: Tb is body temperature, Ta is ambient temperature (°C), t is time (s), Δt is a time step, k is the wholebody heat-transfer coefficient 1.48X10-3(s-1) between the
fish and the water, and Tm is the internal heat production

Table 1. Release and recapture information for two chum salmon tagged with archival tags in the Bering Sea and recovered in Hokkaido, Japan.
Days at sea: days between release and recovery days. Distances: shortest distance between release and recovery sites. Age was determined
from scales (Ito and Ishida 1998)*. FL = fork lemgth.
Fish
No.
256

Release

Recapture

Date

Location

July 5
1998

Bering Sea
54˚ 30’N

FL
(mm)

Age

Date

Location

650

5

Sep. 10
1998

Shibetsu coast
43˚ 54’N

179˚ 30’W
894

July 18
1998

Bering Sea
56˚ 30’N
177˚ 30’W

FL
(mm)

Days at
liberty

Distance
(km)

Sex

Swimming
speed (m・ｓ-1)

690

68

2,797

female

0.475

598

87

2,964

female

0.394

145˚ 06’E
570

4

Oct. 10
1998

Shibetsu coast
43˚ 51’N
145˚ 06’E

*Fish of age-1 migrate to the sea after emergence from the stream gravel in March to April and spend several months in coastal waters. In the next year, the age
of the fish is age-2.

62

Vertical movement of chum salmon

NPAFC Bulletin No. 5

Ta from equation (2) into equation (1), and integrating with
respect to time t, equation (1) becomes

salmon would swim toward the warmer sea surface. They
would then remain in surface waters until their body cavity temperature was within the range of the optimal body
temperatures. Chum would then swim back toward the zone
with abundant zooplankton. The body cavity temperature in
the model was calculated using the heat budget component
of equation (1). The forcing of the model by the vertical
density-distribution of zooplankton assumed a normal distribution with a standard deviation of 10 m. The vertical
integration of the density of zooplankton was assumed to be
constant. The mean position of zooplankton changed in a
sinusoidal manner, with a period of 24 hours from maximum
density occurring at the sea surface during the night to maximum density occurring at 60 m during the day. The vertical
profile of the ambient water temperature as another driver of
the model was approximated by an exponential curve as follows:
Tat+Δt = exp(–aZt+Δt + b) 				

Ta k
Taini k
							
Tb(t ) ( ini ) exp(aw( BL)t )  (Tbini 
) exp(kt ) (4)
k  aw

where: Taini (10°C) and Tbini (10°C) are the initial values of
Ta and Tb , respectively. The value Tbini includes b in equation (2). The depth that chum salmon are able to reach, while
maintaining a body cavity temperature above 5°C in one dive
was quantitatively examined using equation (4) with respect
to the swimming speeds and attenuation coefficients of water
temperature.
RESULTS
Archival Tags
Chum #256 and Chum #894 were recovered after 68 and
87 days at sea, respectively. On 4 September, Chum #894
showed pronounced oscillatory vertical movements during
the day (Fig. 1, top). Chum salmon experienced water < 2°C
and > 10°C during a typical 24-h period. A relatively large
difference between ambient and body cavity temperatures
corresponded with periods of diving into the cold water. Although the ambient temperature changed corresponding to
the vertical excursions, the body cavity temperature did not
reflect the variation in the ambient temperature (Fig. 1, bottom). Rather, the changes in observed body cavity temperatures were less extreme and lagged slightly behind ambient
temperatures, because it takes time for heat to transfer between the water and the body cavity and to reach equilibrium.
Thus, the daytime variability in body cavity temperatures (±
2.3°C) was smaller than that in the ambient temperature (±
3.6°C). On 11 August, Chum #256 seemed to remain for
relatively long periods (up to 60 minutes) at a depth of about
50 m, where it experienced an ambient temperature < 4°C
(Fig. 2, top). However, the body cavity temperature did not
decrease to < 5°C, and the SD (± 2.8°C) of body cavity temperature was smaller than that of the ambient temperature (±
4.5°C) during the day (Fig. 2, bottom).
The body cavity temperature predicted by the heat budget model (thin line) was generally quantitatively similar to
the observed body cavity temperature (thick line) in Chum
#894 (Fig. 1, bottom). The correlation between the body
cavity temperature predicted by the heat budget model and
the observed value was significant (R2 = 0.88, P < 0.01). On
the other hand, for Chum #256, the body cavity temperature
predicted by the heat budget model (thin line) was dissimilar to the observed value (thick line, Fig. 2, bottom). The
predicted body cavity temperature decreased to the ambient
temperature, whereas the observed body cavity temperature
did not. The correlation between the predicted body cavity
temperature and the observed profile for Chum #256 was not
significant (R2 = 0.026, P > 0.01).

(2)

where: Zt+Δt is the vertical position (m) of the fish at t+Δt, and
a and b are the attenuation coefficients (0.028–0.046 m-1)
and constants (2.6–2.7) of water temperature, respectively.
The values of a and b in equation (2) were estimated from
the depth and ambient temperatures of the archival tag data
on the target days using the least squares method for each
target date. The vertical position of the fish in the model was
calculated at each time step as follows:
Zt+Δt = Zt + w(BL)Δt 				

k  aw( BL)

(3)

where: w(BL) is swimming speed (0.6 m·s-1) (Table 1), and is
a function of the body length, because the swimming speed
was assumed to be 1 BL·s-1. The model was numerically
integrated by time step (Δt), 0.1 seconds, and was run for 24
hours. The start position of the fish was at the surface. The
value Δt in equation (1) also corresponded to the one-dimensional vertical movement model. Data from the model were
output every 256 or 512 seconds, periods equal to the sampling intervals of the archival tags of Chum #894 and Chum
#256, respectively. In order to check the reproducibility of
the body cavity temperatures by the heat budget component,
the difference between the body cavity temperature calculated by one-dimensional movement model and the body cavity
temperatures predicted using the heat budget component of
equation (1) and the ambient temperature output every 256
or 512 seconds from the one-dimensional vertical movement
model were examined. When the body cavity temperature
was predicted using the heat budget model and output data
from the model, the time steps (Δt) in equation (1) were 256
and 512 seconds, corresponding to Chum #894 and Chum
#256, respectively.
According to equations (2) and (3), the vertical movement of chum salmon will be affected by the vertical profile
of the ambient temperature and swimming speed. Substituting for Z from equation (3) into equation (2) and substituting
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Cavity temperature

Cavity temperature

Depth (m)

Ambient temperature

Figure 3 shows the vertical movement of chum salmon simulated by the one-dimensional vertical movement
model in the case of output every 256 seconds (the same

Fig. 3. Time series of modeled depth (top panel, thick line), modeled
ambient temperature (top thin line), modeled body cavity temperature by the one-dimensional movement model (lower, thick line), and
body cavity temperature predicted by the heat budget model (lower,
thin line) over a 24-hour period using an output interval of 256 seconds (the same as the archival tag data on 4 September for Chum
#894). Horizontal dashed lines are a minimum optimal (4.6°C) and
a maximum optimal (7.3°C) temperature, respectively. The range
from 4.6°C to 7.3°C of the thin dashed lines is the optimal body temperature.

Cavity temperature

Cavity temperature

Depth (m)

Depth (m)

Ambient temperature

Fig. 1. Time series of archival depth data (top panel, thick line),
archival ambient temperature (top, thin line), archival observed body
cavity temperature (lower, thick line), and body cavity temperature
predicted by the heat budget model (lower, thin line) over a 24- hour
period on 4 September for Chum #894. For both panels, the shaded
period is night.

Ambient temperature

Depth (m)

Ambient temperature

One-dimensional Vertical Movement Model

Fig. 4. Time series of modeled depth (top panel, thick line), modeled ambient temperature (top, thin line), modeled body cavity temperature by the one-dimensional movement model (lower, thick line),
and body cavity temperature predicted by the heat budget model
(lower, thin line) over a 24-hour period using an output interval of 512
seconds (the same as the archival tag data on 11 August for Chum
#256). Horizontal dashed lines are a minimum optimal (4.6°C) and
a maximum optimal (7.3°C) temperature, respectively. The range
from 4.6°C to 7.3°C of the thin dashed lines is the optimal body temperature.

Fig. 2. Time series of archival depth data (top panel, thick line),
archival ambient temperature (top, thin line), archival observed body
cavity temperature (lower, thick line), and body cavity temperature
predicted by the heat budget model (lower, thin line) over a 24-hour
period on 11 August for Chum #256. For both panels, the shaded
period is night.
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(a)
Ambient temperature

(b)

Cavity temperature

Cavity temperature

Ambient temperature

(a)

(c)

(b)

(c)

Fig. 5. Detailed time series of modeled depth, modeled ambient
temperature, and modeled body cavity temperature by the onedimensional vertical movement model from 0900 to 1100 hours in
model time using an output interval of 0.1 seconds (thin line). Time
series output interval of 256 seconds from the one-dimensional vertical movement model is shown by the thick line and dots. Time series
of body cavity temperature predicted by the heat budget model using
output data of ambient temperature is shown by the dashed line. (a)
depth, (b) ambient temperature, (c) body cavity temperature. Horizontal dashed lines are a minimum optimal (4.6°C) and a maximum
optimal (7.3°C) temperature, respectively. The range from 4.6°C to
7.3°C of the thin dashed lines is the optimal body temperature.

Fig. 6. Detailed time series of modeled depth, modeled ambient
temperature, and modeled body cavity temperature by the onedimensional vertical movement model from 0900 to 1100 hours in
model time using an output interval 0.1 seconds (thin line). Time series of output interval of 512 seconds from the one-dimensional vertical movement model is shown by the thick line and dots. Time series
of body cavity temperature predicted by the heat budget model using
output data of ambient temperature is shown by the dashed line. (a)
depth, (b) ambient temperature, (c) body cavity temperature. Horizontal dashed lines are a minimum optimal (4.6°C) and a maximum
optimal (7.3°C) temperature, respectively. The range from 4.6°C to
7.3°C of the thin dashed lines is the optimal body temperature.

as the tag data for Chum #894). The calculated vertical
movements were similar to the observed diel movements of
chum salmon. The model-generated profile also remained
near the sea surface (depth of < 10 m), when zooplankton
were distributed at the sea surface (at night). Body cavity
temperatures and the ambient temperature during the night
were equivalent to one another. The density of zooplankton
that chum salmon encountered was almost constant during
the night (not shown). The variation in ambient temperature
was considerably larger than that in body cavity temperature,
and similar to the observed values when zooplankton were
distributed at depth of 60 m (daytime). The body cavity temperature predicted by the heat budget model (thin line) using
output data from the one-dimensional movement model was
generally similar to the body cavity temperature (thick line)
output by the one-dimensional movement model. Although
the temperatures of the cold water where zooplankton were
distributed during the day were not the optimal temperatures
for chum salmon, they were predicted to swim into the cold

water to encounter zooplankton. Because the body cavity
temperature of the chum salmon remained within range of
optimal body temperatures, the results of the one-dimensional movement model suggest that high frequency movements
are related to both conservation of body temperature and the
acquisition of the prey.
In the case of output every 512 seconds (the same as
the tag data for Chum #256), the one-dimensional movement model produced a profile in which the chum salmon remained in water that was colder than the optimal body temperature for chum at 0600, 1000, 1200, 1400 and 1600 hours
in model time (Fig. 4, top). The body cavity temperatures
output by the one-dimensional vertical movement model
(thick line), however, did not decrease to the ambient temperature. Furthermore, the body cavity temperature predicted
by the heat budget model (thin line) using output data from
the one-dimensional movement model was not equivalent to
the body cavity temperature output by the one-dimensional
movement model (thick line). The predictions from the one65
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dimensional movement model suggest that changes in body
cavity temperature should be less variable than ambient temperature changes, and that body temperatures remain above
the minimum observed ambient temperature. The features
seen in the one-dimensional movement model were similar
to the archival tag observations.

with the one observed, and the body cavity temperature of
Chum #894 predicted by the heat budget model was also
good. When Tm was included in the heat budget model, it
did not have any effect on the results (not shown). In the
one-dimensional vertical movement model experiment, the
parameters of the model were the same except for the output interval. Thus, we suggest that the inconsistency is not
due to the parameters of the heat budget model, but that the
reproducibility of the heat budget model was affected by the
sampling interval.
In this study, the time series of depth, and ambient, and
body cavity temperatures were integrated by a 0.1-second
time step in the one-dimensional movement model. The differences between this time series of output every 0.1 seconds
and the time series of output every 256 or 512 seconds were
then examined. Figures 5 and 6 show the detail of time series
from 0900 to 1100 hours in model time. With output every
256 seconds (Fig. 5a, b, c), the output time series (thick line)
of depth, and ambient and body cavity temperature were
similar to the time series of output every 0.1 seconds (thin
line). However, with output every 512 seconds, there was no
third peak in the output time series (thick line) of depth and
ambient temperature before 1000 hours in model time (Fig.
6a, b), although there were six peaks in the time series output
every 0.1 seconds of depth and ambient temperature (thin
lines). Thus, the output time series (thick line) of depth, and

DISCUSSION

Depth (m)

Chum salmon # 256 remained for up to 60 minutes at
depths near 50 m and at ambient temperatures < 4°C during the day. However, the body cavity temperature did not
decrease to the ambient temperature, as shown in Fig. 2
(bottom). On the other hand, the body cavity temperature
predicted by the heat budget model was not consistent with
the observed body cavity temperature; rather, it decreased to
the ambient temperature. Why was the heat budget model
not able to reproduce the daytime body cavity temperature
observed for Chum #256? The nighttime body cavity temperature predicted by the heat budget model was consistent

Ambient temperature
(b)

Cavity temperature

Cavity temperature

Depth (m)

Ambient temperature

(a)

(c)

Fig. 7. Detailed time series of modeled depth, modeled ambient temperature, and modeled body cavity temperature by the one-dimensional vertical movement model from 0900 to 1100 hours in model
time using an output interval of 0.1 seconds (thin line). Time series of
an output interval of 665 seconds from the one-dimensional vertical
movement model is shown by the thick line and dots. Time series of
body cavity temperature predicted by the heat budget model using
output data of ambient temperature is shown by the dashed line. (a)
depth, (b) ambient temperature, (c) body cavity temperature. Horizontal dashed lines are a minimum optimal (4.6°C) and a maximum
optimal (7.3°C) temperature, respectively. The range from 4.6°C to
7.3°C of the thin dashed lines is the optimal body temperature.

Fig. 8. Time series of modeled depth (top panel, thick line), modeled
ambient temperature (top, thin line), and modeled body cavity temperature by the one-dimensional movement model (lower, thick line),
and body cavity temperature predicted by the heat budget model
(lower, thin line) over a 24-hour period using an output interval of
256 seconds (the same as the archival tag data on 4 September for
Chum #894, but utilizing a swimming speed 0.01 m·s-1). Horizontal
dashed lines are a minimum optimal (4.6°C) and a maximum optimal
(7.3°C) temperature, respectively. The range from 4.6°C to 7.3°C of
the thin dashed lines is the optimal body temperature.
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ing. Although there were no variations in the time series of
output every 665 seconds for depth and ambient temperature
(thick line) (Fig. 7a, b), there were variations in the time series of output every 665 seconds for body cavity temperature
(thick line) (Fig. 7c). In this case the output interval (dots)
and the period of variation (thin line) of the time series of
output every 0.1 seconds were the same. Variation was not
seen the time series for body cavity temperature predicted
by the heat budget model (dashed line), because the ambient temperatures at the dots were constant. Thus, there is a
discrepancy between the body cavity temperature predicted
by the heat budget model (dashed line) and the body cavity temperature predicted by a model with output every 665
seconds (thick line). Furthermore, the body cavity temperature predicted by the heat budget model (dashed line) was
less than the optimal body temperature of the model. If the
archival tag records the depth and the ambient temperature
only when the chum salmon were diving as shown in Fig. 7a,
it can be interpreted that chum salmon were able to remain
in the cold water with a body cavity temperature higher than
the ambient temperature. These results suggest that the time
series data on vertical movements of Chum #256 exhibited
aliasing. Thus, we note the existence of aliasing in the time
series data.
In the one-dimensional movement model, we assumed
the swimming speed of chum salmon to be 1BL·s-1 (0.6 m·s-1).
Swimming speed estimated from the horizontal distance between tag release and recovery over the course of a fish’s time
at sea has been estimated at nearly 1BL·s-1 (Table 1). The
same value has been observed directly using a current meter
(Tanaka et al. 2005). However, vertical swimming speed estimated from the change in depth per unit time observed in
archival tag data was considerably lower: 0.003–0.015 m·s-1
(Azumaya and Ishida 2005). We examined this difference
between vertical and horizontal swimming speed of chum
salmon using the one-dimensional vertical model. Figure
8 shows the model result at a swimming speed of 0.01m·s-1.
The result was cyclic vertical excursions with a period of
about 120 minutes, not similar to our daytime observations.
Further, the chum salmon were not predicted to dive to
depths of 60 m where zooplankton occur at a relatively high
densities because the model predicted that their body cavity
temperature would decrease to less than optimal before they
reached 60 m. This suggests that chum salmon subjected
to the observed temperature profiles might not be able to
encounter food during the day at swimming speeds ranging
from 0.003–0.015 m·s-1. By contrast, model results using a
swimming speed of 1BL·s-1 were similar to daytime archival
tag observations (Fig. 3). The vertical swimming speed that
was estimated from archival tag data was an underestimation
due to aliasing as previously mentioned. Therefore, we consider the vertical swimming speed of 1BL·s-1 to be appropriate.
The one-dimensional movement model suggests that
short-term vertical movement of chum salmon resulted

Swimming speed (m·s-1)

ambient temperature did not reflect the time series of output
every 0.1 seconds (thin line) well. The likely cause was that
the output interval of 512 seconds (dots, Fig. 6) was either
the same or larger with respect to the period of variation in
the time series of output every 0.1 seconds (thin line). On
the other hand, the phase difference between the ambient
temperature and the body cavity temperature was about 90
degrees (Azumaya and Ishida 2005), and data was output at
the peaks and valleys in the time series of output every 0.1
seconds. Thus, the feature of the time series of output every
512 seconds (Fig. 6, thick line) for body cavity temperature
was similar to the time series of output every 0.1 seconds
(Fig. 6c, thin line). However, the body cavity temperature
predicted by the heat budget model (dashed line) using ambient temperature (thick line) from the one-dimensional movement model was not equivalent to the body cavity temperature output by the one-dimensional movement model (thick
line) before 1000 hours in model time, because body cavity
temperature was predicted by the heat budget model using
the ambient temperature indicated by the dot before the peak.
These features were also seen in the time series of Chum #
256. Hanawa and Mitsudera (1987) reported that when the
sampling frequency is not at least 2x higher than the highest
frequency of the input signal, aliasing can occur. Thus, it is
possible that during the day the movement of Chum #256
derived from the archival tag data was not practical.
Figure 7 shows a time series with an output interval of
665 seconds as an extreme case of the occurrence of alias-

Attenuation coefficient of water temperature (m-1)
Fig. 9. Depth that chum salmon are predicted to be able to reach
in one dive while maintaining their body cavity temperature at > 5°C
with respect to swimming speed and the attenuation coefficient of
water temperature. Thick curves are for 500, 400, 300, 200 and 100
m, and thin curves are for 80, 60, 40 and 20 m. Shaded area indicates < 60 m, where zooplankton are not distributed during the day
in the model.
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from both optimizing body temperature and the requirement
to dive to feed on prey. Thus, both the swimming speed
(w(BL)) and the attenuation coefficient (a in equation (4))
of ambient temperature play critical roles in regulating the
depth to which chum salmon are able to dive. The depth that
chum salmon are able to reach under the observed temperature conditions, while maintaining a body cavity temperature
above 5°C in one dive, with respect to swimming speed and
the attenuation coefficient, was examined using equation (4).
Results of this analysis are shown in Fig. 9.
When swimming speed is taken as a constant, the depth
that chum salmon can reach becomes shallower (deeper) as
the attenuation coefficient becomes larger (smaller). This
implies that chum salmon are not able to dive into the cold
water that is close to the freezing point in the Okhotsk Sea,
nor into the dicothermal layer characterized by the minimum
temperatures found the North Pacific Ocean and the Bering
Sea. This suggests that chum salmon cannot use the layer
of maximum temperature located beneath the mixed layer at
a depth of about 300 m for wintering in the Bering Sea, although Chinook salmon (O. tshawytscha) are known to overwinter in this layer (Walker et al. 2006). On the other hand,
if the attenuation coefficient is taken as a constant, then the
depth that is reached becomes deeper (shallower) as swimming speed becomes higher (lower). This implies that chum
salmon of larger body size can dive to deeper depths and
suggests that during the day the average vertical distribution
of chum salmon of small body size (i.e., younger age) should
be shallower than that of chum of larger body size (older age)
because swimming speed is a function of the body length in
this study. Assuming that the whole-body heat-transfer coefficient depends on the body size, the average vertical distribution of chum salmon of small body size should be much
shallower than that of fish of larger body size - but only if the
water temperature profile associated with preferred feeding
depth exceeds the thermal capacities of smaller fish.
In conclusion, the one-dimensional vertical movement
model could reproduce the observed short-term vertical
movements. Chum salmon have an optimal body temperature, and the model results were consistent with the hypothesis that chum salmon regulate their short-term movements in
relation to body temperature while foraging for prey. If the
body temperature of chum salmon is in the range of the optimal body temperature, they will be able to obtain the prey
in water that is colder than the optimal body temperature. In
the case of Chum #256, it is possible that aliasing occurred
in the data due to the short-term vertical movements and the
sampling intervals.
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