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ABSTRACT: The effects of reduced food availability on the behavior of juvenile walleye pollock Ther- 
agra chalcogram~na were examined in laboratory experiments designed to test for potential energy- 
conserving responses. Groups of juvenile fish were held on 1 of 6 ration treatments ranging from 
ad hbltum to near starvation, and thenvertical distribution and activity levels were quantified in a 2.5 m 
deep water column under isothermal and thermally stratified conditions. Stratification resulted in a 
general sh~ft to the upper, warmer layer in the 2 experiments employing a sharp thermocline at mid- 
depth, but the occurrence of fish in the colder bottom layer varied with different ratlon treatments. 
Movement lnto cold water increased in intermediate ration groups compared to high ratlon groups. 
Since reduced temperatures should reduce metabolic costs, this behavior is consistent with our hypoth- 
esis that food deprivation should invoke energy-saving behaviors. However, activity levels increased 
for fish held on intermediate rations, suggesting that the greater movement into cold water was a corol- 
lary result of increased searching for food. Fish in the lowest ration treatments had decreased activity 
levels, but also decreased their movement into cold water when a sharp thermocline was present, 
negating potential bioenergetic benefits. In the third experiment, there was a gradual thermal gradient 
from surface to bottom rather than a sharp thermocline. Temperatures associated with vertical positions 
of the fish were determined. In this experiment, clear energy-conserving responses to temperature 
were displayed by food-deprived fish; the average temperatures occupied by fish on starvation rations 
were 3 to 4°C colder than those of the higher ration groups. Based on the high Qlo for metabolic rates 
of juvenile pollock, these reduced temperatures potentially conferred energy savings of up to 34 %, rel- 
ative to the metabolic expenditures of fish on high rations. The contrast in behavior for the lowest ration 
groups between sharply stratified and gradually stratified conditions suggested that the severity of the 
temperature gradient influenced the fishes' ability to take advantage of cold water as an energetic 
refuge. The behavior of fish in the laboratory was consistent with prior observations in the Bering Sea, 
where juvenile walleye pollock remained in surface waters if food availability was high, but initiated 
vertical migration into deeper, colder water with reduced prey densities. Results of this study demon- 
strated a broad flexibility in the behavioral mechanisms used by walleye pollock to deal with declining 
food levels. The initial response to food limitation was increased activity, indicative of greater search- 
ing behavior With extended food deprivation, a switch to energy-conserving behavior was evident. 
The temperature responses of fish experiencing severe food limitation provided support for a bioener- 
getic hypothesis of die1 vertical migration. 

KEY WORDS- Behavior . Temperature . Starvation Bioenergetics . Walleye pollock 

INTRODUCTION tially incompatible mechanisms can be implemented to 
reduce the probability of starvation. Foraging behavior 

Anlmals can respond to declining levels of prey can be modified to improve the chances of finding 
abundance by behavioral adaptations that offset or prey. This approach may involve movlng to a new loca- 
delay the effects of reduced food intake. Two poten- tion, increasing the amount of time spent searching for 

prey, increasing the intensity of searching behavior, or 
'E-mail sogards@ccmail.orst edu changing the type of prey consumed. Alternatively, 
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animals can lower energetic costs, thereby extending 
the amount of time availab1.e before energy reserves 
are depleted. Many behaviors associated with the first 
strategy, such as increased searching activlty, will 
likely increase energy expenditures. In turn, behaviors 
thdt lower metabolic costs, such as quiescence or 
reduced activlty, may decrease the probability of 
encountering prey patches. Thus, there are trade-offs 
between the 2 mechanisms in their relative costs and 
benefits. Wieser (1991) predicted shifts in the 2 types of 
behavior depending on the extent of food deprivation; 
locomotor activity and searching behavior should ini- 
tially increase, despite the energetic costs, to improve 
the chances of finding food, but if low food conditions 
continue, metabolic expenditures should be reduced 
as much as possible to forestall starvation. 

Extensive experimental work has demonstrated that 
fishes do change their foraging behavior as food levels 
decline, often wlth an associated ecological cost, such 
as increased predation risk (see reviews by Lima & Dill 
1990, Milinski 1993). Hungry fish improve their food 
intake by foraging in habitats with higher predation 
risk (Magnhagen 1988, Sogard 1994) or by increasing 
the time spent foraging while reducing vigilance 
toward predators (Milinski 1984, Godin & Smlth 1988, 
Morgan 1988, Gotceitas & Godin 1991). 

Evidence of behavioral responses that reduce ener- 
getic costs is more limited. One potential mechanism is 
lower locomotor activity. In juvenile cod, swimming 
speeds initially Increased as food levels declined, then 
decreased with further food deprivation (Bjornsson 
1993); O2 consumption rates were 4 to 5 times higher 
for cod on intermediate rations compared to higher or 
lower rations. Because the energetic costs of meta- 
bolism are directly related to ambient temperature in 
ectotherms (Cossins & Bowler 198?), energy conserva- 
tion can also be achieved by behaviors that lower body 
temperature. Animals exhibiting lower temperature 
preferences under reduced food conditions include 
snakes (Regal 1966), turtles (Gatten 1974), reduviid 
bugs (Lazzari 1991) and fire ants (Porter & Tschinkel 
1993). 

The optimum temperature for growth in fishes gen- 
erally declines as food availability declines (Brett 1971, 
Crowder & Magnuson 1983, Brandt 1993). Under con- 
ditions of negative growth, i.e. starvation, occupancy 
of cold water inhibits loss of condition and increases 
longevity. Thus, fish should alter their distribution from 
warmer to colder temperatures when the cost:benefit 
ratio associated with increased food searching be- 
comes physiologically prohibitive. Modelling studies 
by Crowder & Magnuson (1983) and Brandt (1993) 
suggested that in natural aquatlc systems, fish should 
select habitats that provide optimal bioenergetic bene- 
fits, based on the integration of food and temperature 

distributions. Field data supporting a correlation 
between food abundance and temperature distribution 
is evident in cisco Coregonus artedii, which reside in 
lower temperatures in oligotrophic lakes (presumably 
food-poor) than in eutrophic lakes (Rudstam & Magnu- 
son 1985). 

Only a few studies have directly tested the influence 
of food level on behavioral responses in thermal gradi- 
ents, and conflicting results have been reported. Selec- 
tion of lower water temperatures at lower food levels, 
presumably resulting in energy conservation, has been 
described for juvenile lake charr Salvelinus narnay- 
cush (Mac 1985), bluegill Lepomis macrochirus (Stuntz 
& Magnuson 1976), American plaice Hippoglossoides 
platessoides (Morgan 1993), brook trout Salvelinus 
fontinalis, and rainbow trout Salmo gairdneri (Javaid & 

Anderson 1967). Mac's (1985) study examined a full 
series of ration levels in a broad thermal gradient, with 
a regular decline in selected temperature as ration 
decreased. However, Atlantic salmon Salmo salar dis- 
played a significant increase in selected temperature 
under low rations (Javaid & Anderson 1967), and in 
contrast to Stuntz & Magnuson's (1976) results, Wild- 
haber & Crowder (1990) concluded that ration had no 
influence on temperatures selected by bluegills. Wild- 
haber & Crowder (1990) suggested that thermal pref- 
erences of bluegill prevailed over energetic considera- 
tions, since temperatures selected by fish on low 
rations declined by <l°C (a 5°C decrease was possible 
in the experimental setup). Mac (1985) also suggested 
that temperatures selected by fish on low rations did 
not decrease energetic costs to the fullest extent possi- 
ble with the temperatures available. Thus, additional 
trade-offs between the energetic benefits of lower 
water temperature and the associated physiological 
and ecological costs presumably modified behavioral 
choices. 

Intermittent use of cold water as an energy-conserv- 
ing mechanism has been proposed to be a causal factor 
in vertical migration behavior (McLaren 1963, Brett 
1971). Bevelhimer & Adams (1993) developed a bio- 
energetics model to determine the migration scenarios 
that would best enhance growth of kokanee Oncor- 
hynchus nerka under different patterns of prey distrib- 
ution and abundance. Their simulations reveal clear 
advantages to migrating into colder water; estimated 
growth rates were always higher with vertical migra- 
tion than under any isothermal regime. However, ex- 
perimental evidence supporting a bioenergetic hypo- 
thesis for vertical migration is limited. 

In the present study, we examined potential energy- 
conserving behaviors of juvenile walleye pollock 
Theragra chalcogramma. In the Berlng Sea, juveniles 
displayed a variable pattern of die1 vertical migration 
(Bailey 1989). At night, the fish were concentrated in 
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the surface layer above the thermocline. Daytime 
migration down through the thermocline appeared to 
be influenced by body size, with smaller fish more 
likely to remain in surface waters, and by food avail- 
ability. At a site that had high food levels and high 
juvenile growth rates, vertical migration did not occur, 
and juvenile pollock remained in surface waters both 
day and night. In contrast, at sites with lower food 
availability and lower growth rates, extensive move- 
ment into cold water occurred during the day. These 
results were consistent with a bioenergetic hypothesis 
of vertical migration. Bailey (1989) suggested that 
movement into cold water beneath the thermocline 
was an energy-saving mechanism employed only by 
fish experiencing low food conditions. However, it was 
also possible that vertical migration observed under 
these conditions was a result of increased searching 
behavior. In laboratory studies, the introduction of food 
beneath a thermocline induced transient movements 
of juvenile walleye pollock (Olla & Davis 1990) and 
bluefish (Olla et al. 1985) into cold water to feed. 
Although these studies documented the effect of the 
immediate presence of food on tempering avoidance of 
cold water, they did not examine the influence of vary- 
ing levels of hunger on food searching behavior. 

In a series of laboratory experiments, we held juve- 
nile walleye pollock under varying levels of food depri- 
vation and observed their vertical distribution and 
activity under isothermal and stratified temperature 
regimes. By conducting experiments with fish main- 
tained on an extended series of rations from ad libitum 
to near starvation, we encompassed the full range of 
potential food levels. Our primary aims were to deter- 
mine if juvenile walleye pollock modify behavior 
according to recent foraging success and if movement 
into cold water is used as a potential means of reducing 
metabolic costs. 

METHODS 

Basic experimental design. Juvenile walleye pollock 
used in laboratory experiments were collected from 
May to July in seagrass habitats of Puget Sound, Wash- 
ington, USA, using 3 collecting methods of otter trawls, 
beach seines, and a night light/lift trap. The fish were 
maintained in 450 1 holding tanks in a continuously 
exchanging seawater system at ambient temperatures 
(2 = 12°C). The diet consisted of 1 or 2 mm diameter 
BioDiet pellets (composition: 45 % protein, 15 % fat, 
8.5 % carbohydrate, 31.5 % other) for the first 1 or 2 mo 
in the lab, then the fish were switched to a prepared 
diet (28% herring, 14 % krill, 14 % squid, and 43% 
BioDiet pellets). They were fed ad libitum rations prior 
to all experiments. 

Table 1 Outline of protocol used for experiments testing the 
influence of ration level on the behavior of juvenile walleye 

pollock in vertical thermal gradients 

Ration level Thermal gradient type 
Sharp Gradual 

10% BW d-l for 10 d Expts 1, 2 Expt 3 
2 5": BW d-' for 10 d Expt l Expt 3 
0 5% BW d" for 10 d Expts 1, 2 Expt 3 
0.5% BW d" for 30 d Expt l Expt 3 
0 %  BW d-' for 30 d Expt 2 Expt 3 
0 %  BW d-' for 54 d Expt 2 Expt 3 

The influence of varying rations on the behavior of 
juvenile pollock was tested in a series of 3 experi- 
ments. Fish were randomly assigned to 1 of 6 rations, 
with 5 fish per group and 3 or 4 groups for each ration 
level. Ration treatments included the following: 10, 2.5, 
and 0.5 % body weight (BW) d-' for 10 d,  0.5 % BW d-' 
for 30 d,  no food for 30 d,  and no food for 54 d (Table 1). 
Fish were maintained on the assigned ration in 440 1 
tanks for the prescribed period of time prior to obser- 
vation in the experimental tanks. Food (for positive 
ration groups) was scattered across the water surface 
once each day, with the time of feeding varied across 
days. Total lengths and wet weights were measured at 
the beginning and end of this period to measure 
growth. An index of body condition was calculated as 
(wet weight, g)  X (total length, mm)-% 10" For all 3 
experiments, condition indices did not differ among 
treatments prior to the ration period (ANOVA, all p > 
0.10). 

Behavioral observations for each experiment were 
conducted in two 15 000 1 controlled temperature tanks 
(2.5 X 2.5 X 2.5 m) with plexiglas front walls. To facili- 
tate behavioral observations, a panel in the middle of 
each tank restricted fish to the front half. Overhead 
light was provided by a 400 W lamp channeled into a 
tube over the tank. Photoperiod in all experiments 
was 12 h L : 1 2  h D. Dusk and dawn transitions were 
achieved over a 3 h period with a traveling shutter that 
moved in front of the light source. Stratified conditions 
were created by adding cold water to the bottom of the 
tank, with surface water removed by an overflow pipe. 
Water temperatures were monitored by a vertical array 
of 15 thermistors implanted along one wall of each 
tank. During the observation period in the experimen- 
tal tanks, fish continued to receive their assigned 
ration, with a similar feeding schedule. No behavioral 
data were collected for at least 30 min following feed- 
ing. 

Expts 1 and 2-sharp thermal gradient. All groups 
were videotaped with 8 mm cameras. Four sets of 
10 min observations (3 sets in Expt 2) were recorded 
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during daytime hours on each day of an experiment. 
Spatial positions of the fish were tabulated by dividing 
the tank into 16 blocks (4 vertical columns and 4 hori- 
zontal rows) and notlng the location of each fish every 
minute over a 10 min period. Indices of general motor 
activity were calculated by following the movements of 
a single fish and counting the number of times it 
moved from one block to another over a 5 min period. 
Activity ambit, the area of movement by an individual 
moving through the tank, was derived as the total 
number of different blocks that a fish entered during 
the 5 min activity observation. Ambit values could 
range from 3 (the fish remained in the same block for 
5 min) to 16 (the fish visited each block in the tank at 
least once during 5 min). Activity levels and activity 
ambits of 2 individuals were measured in conjunction 
with each 10 min set of fish location data. Activity 
scores and spatial positions were measured during 
both isothermal and stratified conditions. 

For Expts 1 and 2, pollock behavior was monitored 
for 4 d. A group was added to the tank on the morning 
of Day 1 and allowed 3 or 4 h of acclirnation prior to 
observations. The first 2 days were isothermal. On the 
morning of the 3rd day, a thermocline was set up in the 
tank, and fish were observed for an additional 2 d 
under stratified conditions. Water temperatures during 
isothermal conditions were maintained between 8.5 
and 9.5"C. In stratified treatments, average water tem- 
peratures were 8.5"C in the upper layer and 2.0°C in 
the lower layer. The thermocline was positioned at  
slightly below the mid-point of the tank, with the full 
thermal transition extending across approximately 
30 cm. 

When the water column in the tank was stratified, 
we measured the duration in seconds of each excur- 
sion (dive) by a fish Into th.e cold water beneath the 
thermocl~ne during a 10 min period. The percentage of 
time spent in cold water was calculated by summing 
these dive durations and dividing by 3000 s (the maxi- 
mum amount possible for 5 fish combined during 
10 min). Because individuals could not be recognized, 
it was not possible to determine the dive history for 
each fish separately. 

Expt 1 used fish from the 1991 year class, with a total 
length ranging from 112 to 158 mm (F = 137). Four 
ration treatments were compared: 10% BW d-' for 
l 0  d;  2.5% BW d-' for 10 d;  0.5% BW d-' for 10 d; and 
0.5% BW d-' for 30 d (Table 1). In Expt 2, the low ration 
treatments were extended to near starvation level. Our 
goal was to test fish under the most extreme state of 
food deprivation prior to starvation, a state that had not 
been achieved in Expt l. Thus, Expt 2 repeated 2 of the 
rations used in Expt 1 (10% BW d-' for 10 d and 0.5% 
BW d-' for 10 d)  and additionally examined starvation 
rations of 0% BW d-' for 30 d and 54 d (Table l ) .  Expt 2 

used fish from the 1992 year class, wlth total length 
ranging from 108 to 167 mm (F = 126). 

Expt 3-gradual thermal gradient. In stratified 
treatments of the first 2 experiments, the temperature 
transition was a sharp thermocline, and In measuring 
diving behavior we classified fish as being either 
above or below the thermocline. Some fish, particu- 
larly in the starvation ration groups of Expt 2, appeared 
to spend much of their time within the narrow thermal 
transition zone. We hypothesized that a preference for 
lower temperatures, but not as low as the 2°C present 
in the bottom layer, could be responsible for this 
behavior. Thus, the goal of Expt 3 was to provide juve- 
nile pollock with a more gradual thermal transition and 
determine the actual temperature occupied by each 
fish during an observation. 

To achieve a gradual thermal gradient, we chdled 
and added water to the experimental tanks in 2°C 
intervals, resulting in a relatively smooth transition 
from about 9.5"C at the surface to about 2°C at the bot- 
tom. Each group was observed for 2 d in an isothermal 
water column, followed by 3 d of observations with a 
gradual thermal gradient. All 6 rations used in the 2 
prior experiments were included (Table l ) ,  with 3 
groups of fish for each ration level. A fourth group was 
added for the lowest ration treatment because a fish 
had died in one of the existing groups. A fish in this 
additional group also died. Thus, this treatment used 2 
groups of 5 fish and 2 groups with 4 fish. Expt 3 fish 
were from the 1993 year class, with a total length rang- 
ing from 95 to 171 mm (F = 117). 

For data analysis in Expt 3, an image analysis system 
was used during videotape playback. The position of 
each fish was marked with a cursor and entered into a 
computer as X, y coordinates. Positions were noted 
every min for 10 min, with 6 sets of observations on 
each, day. Using the 15 thermistor readings and assum- 
ing a linear change in temperature from one thermistor 
to the next, we calculated the corresponding tempera- 
ture for the observed depth of each fish. This method 
allowed us to more precisely determine the thermal 
experience of the group. Activity levels and activity 
ambits for Expt 3 were determined in the same manner 
as in Expts 1 and 2. 

Effects of ration and temperature on growth. To 
verify our assumption that lower temperatures were 
energetically beneficial for fish on low rations, we 
measured growth of pollock acclimated to either 2.5 or 
8.5"C, with 23 fish tested at each temperature. The ini- 
tial size of the fish was balanced between treatments to 
control for any size influence on growth. The mean ini- 
tial length was 180 mm (range: 143 to 214 mm) for fish 
held at 2.5"C. and 174 mm (range: 139 to 213 mm) for 
fish held at 8.5"C. Fish were held individually in 150 l 
tanks and randomly assigned a ration of 0 to 10% 
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BW d-l. For the low temperature treatment, the tem- 
perature was reduced over 48 h from 8.5 to 2.5"C. Tem- 
peratures subsequently remained within *l.O°C of the 
target temperature. For both temperatures, fish were 
not fed for the first 48 h.  Then they were fed the pre- 
scribed ration on a daily basis. The food was divided 
into pieces of equal weight. Any pieces remaining in a 
tank on the following day were counted and removed; 
their estimated weight was subtracted from the initial 
weight to determine the actual ration consumed by 
each fish. After 12 d the fish were removed and mea- 
sured. 

Statistical analysis. We used repeated measures 
ANOVAs to test for differences in the behavioral 
responses by the pollock in Expts 1 and 2. The tested 
behaviors were the mean vertical position in the 
water column, activity level, activity ambit, and the 
percentage of time spent in the cold water layer when 
a thermocline was present. Ration level was a 
between groups factor for each ANOVA, with 3 
groups comprising the replicates for each ration. The 
day of the experiment was a within groups factor. For 
the percentage of time spent in cold water, which 
could be measured only under stratified conditions, 
only Days 3 and 4 were included in analysis. For each 
factor con~bination, behavioral responses within a 
group were averaged prior to analysis. Homogeneity 
of variance tests (Bartlett's) indicated that parametric 
tests were appropriate for all response variables 
except the time spent in cold water in Expt 1. Follow- 
ing log-transformation, this variable also had homo- 
geneous variances within cells. Tukey multiple com- 
parisons tests were used to distinguish differences 
among means. 

In Expt 3, average vertical positions and activity 
indices were analyzed similarly to the above methods, 
using repeated measures ANOVAs with ration level as 
a between groups factor and day of experiment as a 
within groups factor. For stratified conditions, the ver- 
tical positions measured with image analysis were con- 
verted to the corresponding temperatures, based on 
the thermistor records for each taping session. The 
tape analysis provided 300 temperature records for 
each group on each of the 3 days of thermal stratifica- 
tion. The average temperature experience of the group 
was calculated for each observation period and the 
effect of ration compared in a l-way ANOVA for each 
day of stratification. 

For the experiment testing interactive effects of tem- 
perature and ration on growth, the daily percentage 
increase in weight was compared in an analysis of 
covariance, with temperature as the main effect and 
average consumed ration as a covariate. Initial size of 
each flsh was also included as a covariate to address 
size effects on growth. 

RESULTS 

Effects of ration on growth and condition 

Ration had the predicted consequence for growth, 
with the effects of food deprivation similar at the same 
rations repeated across experiments (Fig. 1). At the 
highest ration (fish were offered 10% BW d-l for 10 d) ,  
weight increased by an average of 33.3%. This ration 
was assumed to be an ad libitum level, since the food 
continued to be available until the next feeding (pellets 
sank to the bottom of the tank and were often con- 
sumed later by the fish) but was never fully consumed. 
Thus, consumption and growth rates for the highest 
ration treatment approached the maximum possible 
under laboratory conditions at an average temperature 
of about 12°C. The second highest ration (2.5% BW d-' 
for 10 d), while still yielding positive growth, closely 
approached a maintenance level. The next lowest 
ration (0.5 % BW d-' for 10 d)  was below maintenance, 
with fish showing a loss of weight. Under the starva- 
tion treatments, weight markedly decreased (F = 

E x p e r i m e n t  l 
E x p e r i m e n t  2 V 

E x p e r i m e n t  3 7 

Rat ion  in % body weight per  d a y  

Fig. 1. Theragra chalcogramrna. (a) Absolute change in mean 
body weight during the pre-observation period and (b) mean 
condition index at the end of this period, for groups of juvenile 
pollock held on varying ration levels in each experiment. 
Syn~bols represent mean of group means; error bars are stan- 
dard errors. Each ration treatment included 3 groups of 5 fish 
each except the lowest ration in Expt 3, which had 4 groups. 
Ration levels indicate the daily % body weight provided, with 
number of days in parentheses. Condition indices were calcu- 
lated as (wet weight, g )  X (total length, X 106. Letters 
designate results of Tukey multiple comparisons tests on com- 
bined means for each ratlon, with different letters indicating 

significantly different condition 
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-16.5% at 30 d;  -25.3 % at 54 d).  Growth responses on 
the various ration levels resulted in significantly differ- 
ent condition indices (l-way ANOVA on data from all 
3 experiments combined; F = 150.3, p c 0.001; Fig. 1). 

Effects of ration on vertical distribution- 
sharp thermal gradient 

During the first 2 d of observations in Expts 1 and 2,  
when the water column was isothermal, fish occurred 
throughout the water column, resulting in an average 
vertical position at about mid-level of the tank (Fig. 2). 
On Days 3 and 4 of both experiments, a sharply 
defined thermocline was formed just below the mid- 
level of the tank. Stratification of the water column 
caused the fish to avoid cold water and move upward, 
with the fish, on average, occurring above the thermo- 
cline in both Expts 1 and 2 (repeated measures 
ANOVA: F for day factor in Expt 1 = 17.86, p c 0.001; 
F for Expt 2 = 9.96, p 0.001). This general avoidance 
of cold water was consistent with previous results for 
juvenile walleye pollock under sharply stratified con- 
ditions (Olla & Davis 1990, Sogard & Olla 1993). 

Although the general pattern for fish held at all 
rations was to move upward to avoid cold water, occu- 
pancy of cold water increased as ration decreased from 
high to intermediate levels (Fig. 3). However, in Expt 2, 
under conditions of zero rations (no food for 30 and 
54 d),  occupancy of cold water decreased to levels sim- 
ilar to those observed at  the highest ration. In both 
experiments, the time spent in cold water was signifi- 

SURF - 

MID - 

Experiment 1 -1 

Day o f  e x p e r i m e n t  

Fig. 2. Theragra chalcogramma. Mean vertical positions on each 
day of Expts 1 and 2. Vertical axis represents distance from the 
surface to the bottom of experimental tanks. Plotted values are 
means and standard errors of group means; n = 12 groups in 
each experiment. Days 1 and 2 bad isothermal water columns. 
On Days 3 and 4,  there was a sharp thermal transition from 8 .5  

to 2.5"C positioned at around mid-depth of the tank 

cantly different among ration treatments (repeated 
measures ANOVA: F for Expt 1 = 7.58, p = 0.01; F for 
Expt 2 = 9.67, p = 0.005). 

On the second day of thermal stratification (Day 4), 
a slight weakening of the thermocline was evident 
(Fig. 3), with the fish in Expt 1 spending more time in 
cold water on Day 4 than on Day 3 (repeated measures 
ANOVA: F = 6.12, p = 0.038). In Expt 2, however, 
although thermal stratification was similar to that in 
Expt 1, vertical distribution did not differ between the 
2 days of stratification (F = 0.09, p = 0.765). 

Ration also influenced the pattern of dive durations 
beneath the thermocline in Expts 1 and 2. Dive dura- 
tions for fish held under the highest ration were all 
relatively short (Fig. 4 ) ,  with only 14 '% exceeding 30 S .  

In contrast, at an intermediate ration of 0.5% BW d-' 
for 30 d,  52% of the dives exceeded 30 s (Fig 4), with 
some individuals spending over 4 min of a 10 min 

30] Exp. l 

Y I D  

20 
A 

8 
v 15 5 10 

Water ternp.CC) 
(L, 

.- c 10 - 
0 
0 

E 5 
L 
(L, 
c 
W O  

5 
0 
a, 
c 
(L, 
n 
(L, 

E .- 
F 

Exp 7 

M I D  

BOT 
D 5 10 
Woter temp. ('C) 

l0 2.5 0:5  0.'5 0 0 
(10) (10) (10) (30) (30) (54) 

Ration level  

Fig. 3.  Theragra chalcogramma. Percentage of time spent in 
cold water layer beneath an experimentally induced thermo- 
cllne by walleye pollock maintained on varylng rat~ons on 
Days 3 and 4 in Expts 1 and 2. Bars indicate mean of the 3 group 
means for each ration level; error bars are standard errors. 'No 
data. Insets display average temperature profiles w t h  depth for 
each experiment. Ration levels as in Fig. 1. Letters designate 
results of Tukey multiple comparisons tests, with different 

letters indicating significantly different times in cold water 
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10% for 10c: 
0.5% for  30d 

0-30 30-60 60-90 90-120 > l 2 0  

Dive durat ion (S)  

Fig. 4.  Theragra chalcogramma. Frequency distribution of 
dive durations (in seconds) for 3 of the ration levels tested in 
Expts 1 and 2. A dive was timed from when an individual 
descended beneath the thermocline until it returned to the 
upper water layer. Dives were divided into 30 s intervals, with 

all dives > l20  s comprising the last category 

observation trial in cold water. At zero rations, the 
pattern of dive durations was similar to that observ- 
ed at high rations, with only 26% exceeding 30 S 

under the longest period of starvation (54 d ;  Fig. 4 ) .  

Effects of ration on vertical distribution- 
gradual thermal gradient 

In Expt 3 we provided juveniles with the oppor- 
tunity to move into varying water temperatures by 
establishing a more gradual thermal transition and 
then determining the precise depth and corre- 
sponding temperature at which each fish occurred 
during a point in time. Similar to Expts 1 and 2, the 
average vertical position was at mid-depth under 
isothermal conditions, but moved upward when a 
gradual thermal gradient was created on Day 3, 
indicating initial avoidance of cold water. The 
average temperatures occupied on Day 3 did not 
differ among the 6 ration treatments, ranging from 
7.3 to 9.1°C (Fig. 5; l-way ANOVA: F = 0.84, p = 

0.542). By Days 4 and 5, with the thermal gradient 
still extant, fish from the highest ration treatment 
remained at warmer temperatures, consistent with 
the observations in Expts 1 and 2. However, in 
contrast to what we observed under conditions of 
an abrupt thermocline in Expts 1 and 2, fish that 
had been held on low rations occupied colder tem- 
peratures on Day 4 (l-way ANOVA: F = 4.08, p = 

0.019). This relationship intensified by Day 5, with 
a difference in temperature occupancy of 3 to 4°C 
between fish that had been held at higher rations 

and those on zero rations (l-way ANOVA: F = 5.11, 
p = 0.008). 

Based on temperature effects on O2 consumption 
presented by Paul (1986), we calculated the differ- 
ences in metabolic rates for each ration treatment rela- 
tive to the highest ration (mean temperature on Day 5 
= ?.3"C),  which presumably reflected behavior of juve- 
nile pollock under the ideal conditions of unlimited 
food. Under this comparison, fish on the second high- 
est ration (2.5 % BW d-' for l 0  d) experienced an ener- 
getic cost of 9.0%, due to their occurrence in warmer 
water. Estimated energetic benefits of 11.2, 6.7, 27.0, 
and 33.8% were gained with increased occupancy of 
cold water by subsequently lower ration levels, respec- 
tively. 

Frequency distributions of the temperature positions 
obtained for each group suggested that mean temper- 
ature occurrence of each group was not attained by 
restricting movement to that particular temperature 
(Fig. 6). Instead, fish on all rations continued to move 
throughout the experimental tank, but spent differing 
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Fig. 5 .  Theragra chalcogramma. Mean temperatures occupied 
by walleye pollock held on varying rations for each day of 
stratification in Expt 3 (Days 1 and 2 were isothermal). Plotted 
values represent mean of group means, with 3 groups in each 
ratlon treatment except the lowest ration, which had 4 groups. 
Insets dlsplay average temperature profile on each day. 

Ration levels as in Fig. 1 
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proportions of time in the various thermal layers. 
Across the 3 d of stratified conditions, fish in all ration 
groups spent increasing amounts of time in colder 
water layers. The transition from occupying primarily 
surface waters to residence in deeper, colder layers 
was particularly striking as ration level decreased. By 
Day 5, fish in the lowest ration groups were spending, 
on average, 74% of their time in temperatures <4.5"C. 
Intermediate ration groups, however, spent similar 
proportions of time in surface and bottom layers, 
resulting in an intermediate mean temperature (Fig. 5 ) .  

Effects of ration on activity 

Across the 3 experiments, there was a general pat- 
tern of intermediate motor activity levels for fish on the 
highest ration, and then increased activity as ration ini- 
tially declined, followed by a marked decrease in 
activity as ration declined to zero levels (Fig 7).  The 
ration effect was statistically significant in Expts 2 and 
3 and nearly significant in Expt 1 (repeated measures 
ANOVAs: F for Expt 1 = 3.56, p = 0.067; F for Expt 2 = 
5.96, p = 0.019; F for Expt 3 = 15.69, p < 0.001). Across 
all rations, fish typically swam continuously but at 
different rates; periods of passive sinking were not 
observed. 

The effect of ration on activity ambit followed a sim- 
ilar but even more striking pattern, with the ambit of 
fish in the highest ration treatment dropping to the 
level of fish in the zero ration treatments (Fig 7). Ambit 
indices were significantly different among ration levels 

Fig. 6. Theragra chalcogra- 
mma. Percentage frequency 
distributions of temperature 
positions on each day of strat- 
ificahon in Expt 3. Positions 
were assigned to 4 categories 
approximating 4 horizontal 
layers in experimental tanks, 
with temperatures progress- 
ing from colder water at the 
bottom to warmer at the sur- 
face. Percentages are means 
of group means, with 300 fish 
positions determined for each 
group on each day. Ration 
treatments are presented in 
order from highest (10% BW 
d-' for 10 d) to lowest (no food 

for 54 d) for each day 

0 Experiment 1 

V Experiment 2 

Rat ion in  % body we igh t  per  day 

Fig. 7. Theragra chalcogramma. Mean indices of (a) motor 
activity and (b)  ambit of activity for each ration treatment 
In each vertical distribution expenment. Activity level was 
calculated as number of crossings from one block to another 
during a 5 min period, and ambit was calculated as number of 
different blocks (out of a possible 16) occupied by a fish dur- 
ing a 5 min period. Symbols indicate mean of group means; 

error bars are standard errors. Ration levels as in Fig. 1 
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in all 3 experiments (repeated measures ANOVAs; F 
for Expt 1 = 9.33, p = 0.005; F for Expt 2 = 6-14, p = 
0.018; F for Expt 3 = 5.74, p = 0.005). Thus, fish on the 
highest ration and the 2 zero rations searched a low 
proportion of the available area during a n  observation, 
while fish on intermediate rations moved through a 
greater portion of the tank, suggesting intensified 
searching behavior. 

Interactive effects of temperature and ration 
on growth 

To address the potential extent of energetic benefits 
accruing to food-deprived fish that select colder water 
temperatures, we compared growth rates of juvenile 
pollock under varying rations at  2 different tempera- 
tures (2.5 and 8.5"C). Temperature had an obvious 
effect on consumption; the maximum ration consumed 
by fish held at  2.5"C was 1.8% BW d-l, whereas the 
maximum for fish held at  8.5"C was 4.9% BW d-l 
(Fig. 8).  Daily growth was significantly higher at the 

Ration r ece ived  (%) 

Ration c o n s u m e d  (%BW/d) 

Fig 8 Theragra chalcogramma (a) Ration consumed relative 
to ration provided and ( b )  growth in % body weight per day 
relative to ration consumed for juvenile walleye pollock main- 
tained on varying rations at either 2.5 or 8.5"C Fish were held 
individually for 12 d .  Regression llnes are based on 2nd order 
equations providing the best fit to the data (r2 for 2.5"C = 0.84, 

r2 for 8.5OC = 0.90) 

lower temperature, especially at the lower levels of 
food Intake (Fig. 8; ANCOVA: F value for temperature 
effect = 27.7, p < 0.001). Initial size did not affect 
growth rate across the size range used in this experi- 
ment (ANCOVA: F = 0.5. p = 0.5). For the fish main- 
tained on starvation rations (no food, n = 6 for each 
temperature), weight loss for fish held at  8.5"C was 
64 % greater than for fish held at 2.5"C. 

We predicted that warmer temperatures would sup- 
port faster growth when ration level was high. How- 
ever, we were not able to verify this effect due  to the 
influence of temperature on consumption and  the 
resulting lack of high values of consumption by fish 
held in colder water. Fish held at  2.5"C never con- 
sumed over 2% BW d-', despite receiving up to 8 %  
BW d-' (Fig. 8 ) .  The growth contrasts at lower rations, 
however, clearly supported our assumption that lower 
water temperatures are beneficial to fish experiencing 
low food availability. 

DISCUSSION 

The res.ults of this study have demonstrated that 
juvenile walleye pollock possess a wide breadth of 
behaviors to deal  with variation in the availability of 
food resources. When food was not limited, fish 
restricted distribution primarily to the warmer surface 
waters under stratified conditions, had intermediate 
levels of motor activity, and exhibited a limlted ambit 
of activity, suggesting that the motivation to search for 
food was relatively low. A similar pattern was observed 
in a n  earlier study on juvenile cod Gadus rnorhua, 
where well-fed fish exhibited slower swimming speeds 
than fish provided with intermediate rations (Bjorns- 
son 1993). Likewise, adult sablefish Anoplopoma fim- 
bria fed to satiation spent more time resting on the bot- 
tom and were less responsive to bait odors than fish 
deprived of food for 1 or 4 d (Lskkeborg et al. 1995). 

Lowered activity levels and decreased responsive- 
ness to food can provide corollary advantages to well- 
fed individuals. Energetic costs are  substantially 
reduced by lower swimming speeds (Ware 1975, 
Bjornsson 1993). Additionally, restricting food search- 
ing activity may also lower an  individual's risk of 
detection by predators and allow increased vigilance, 
suggesting that the behavior of satiated fish is consis- 
tent with studies demonstrating trade-offs between 
different foraging behaviors and predation risk (Lima 
& Dill 1990, Milinski 1993). 

As the ration received by walleye pollock declined to 
just above maintenance level (the second highest 
ration), motor activity and ambit increased. Higher 
activity was presumably indicative of higher motiva- 
tion to feed and increased searching behavior by fish 
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still in a generally healthy state, based on condition 
indices. Fish in this treatment did not make use of cold 
water as an energetic refuge. In fact, the average tem- 
perature of occurrence in Expt 3 suggested that fish 
were acquiring an energetic cost by spending most of 
their time in warmer surface waters. This behavior 
indicated high searching activity but continual return 
to surface waters, where they had previously received 
all food while in the laboratory. 

With a further decline in ration to intermediate lev- 
els, motor activity and ambit remained high, flsh made 
more extensive excursions into cold water under the 
sharply stratified conditions of Expts 1 and 2, and spent 
more time in colder water temperatures in Expt 3. 
Movements through a sharp thermocline were typi- 
cally directed in appearance (head down on descent, 
head up on ascent), with fish often diving to the bottom 
of the tank, swimming around the bottom for several 
seconds, then rapidly returning to the upper layer. In 
the gradual gradient of Expt 3,  fish on intermediate 
rations continued to display active movement through- 
out the tank. 

The greater occupancy of cold water by fish on inter- 
mediate rations could have provided energetic bene- 
fits. Although we did not measure metabolic rates and 
do not have estimates for the increase in costs associ- 
ated with higher levels of searching activity, we can 
make some estimates of the metabolic benefits of move- 
ment into cold water based on previously published 
values. Employing equations for the cooling half-time 
and instantaneous body temperature for fish (Spigarelli 
et al. 1977), juvenile walleye pollock moving from 
8.5 to 2°C would experience a 1 to 2°C drop in body 
temperature within 10 to 20 S. With a decline in body 
temperature, we would assume a simultaneous decline 
in metabolic rate (Moffitt & Crawshaw 1983, Black et al. 
1991), with average metabolic rate a function of the 
average temperature experienced (Hokanson et al. 
1977, Medvick 1979, Cox & Coutant 1981, Diana 1984, 
Vondracek et al. 1989). Based on results of an earlier 
study on juvenile walleye pollock that showed a sharp 
decrease in metabolic rate (Qlo = 6.04) as temperature 
decreased from 7.5 to 1°C (Paul 1986), and with flsh at 
intermediate rations in the present experiments spend- 
ing from 8 to 20% of the time in cold water, we calcu- 
lated a potential decrease in metabolic rate of 5.2 to 
12.9%. While this appears to be a modest reduction, i t  
may be significant for fish experiencing low food avail- 
ability and zero or negative growth for extended peri- 
ods of time. However, in the field, juvenile pollock will 
have to traverse greater distances to reach cold water 
than what was provided by the 2.5 m depth of our 
experimental tanks, and the energetic benefits of cold 
tvater will necessarily be balanced by the costs of verti- 
cal movement through the water column. 

When walleye pollock juveniles were held for long 
periods without food, motor activity and ambit de- 
creased, reflecting a decrease in food searching 
behavior despite presumably intense hunger. Lower 
activity would decrease energy expenditures, which 
might be an adaptation to delay starvation. Juvenile 
cod displayed a simllar decline in activity when food 
was severely llmited (Blornsson 1993). Aside from a 
decrease in activity, a decrease in temperature distrib- 
ution would also be an adaptive response for starved 
fish. In the presence of a sharp thermocline (Expt 2),  
starved fish avoided cold water and remained in the 
warmer surface layer. However, in Expt 3, in the pres- 
ence of a more gradual thermal gradient, there was a 
clear decrease in the temperature at which fish were 
distributed. Fish that had been deprived of food for 
54 d were found, on average, at temperatures 3 or 4°C 
colder than fish held at the highest rations. 

The avoidance of cold tvater by the lowest ration 
groups in Expt 2 was potentially related to the severity 
of temperature change at the thermocline. The numer- 
ous changes In body tlssues and biochemistry that 
accompany starvation (Lowery & Somero 1990, Pas- 
toureaud 1991, Mendez & Wieser 1993) may have lim- 
ited the fishes' physiological capacity for dealing with 
the precipitous temperature changes encountered in 
crossing the thermocline. The gradual thermal gradi- 
ent in Expt 3 allowed fish to lower body temperature 
more moderately and to a less extreme colder temper- 
ature. Further, if the temperature of acclimation (in 
holding tanks prior to experiments) had been lower, 
we expect that avoidance temperatures would have 
been lower and flsh would have more readily crossed a 
sharp thermocline into 2°C water. The optimal temper- 
ature for physiological functions in most fishes spans a 
'zone of efficient operation' rather than forming a 
sharp peak (Crawshaw 1977). This zone varies with 
acclimation temperature and narrows in starving indi- 
viduals (Woiwode & Adelman 1992), resulting in 
decreasing energetic benefits of very cold water. 

Alternatively, but much less likely, starvation- 
induced changes in specific gravity in Expt 2 may have 
limited the capability of fish to swim downward 
through the abrupt density difference associated with 
a sharp thermocline. However, little is known about 
the effect of starvation on specific gravity in juvenlle 
fish and how this might affect motility and the ability to 
avoid or select particular environments. Evidence of a 
relationship is limited to larval stages and appears to 
be contradictory, with poor feeding conditions causing 
both decreases (herring Clupea harengus, and plaice 
Pleuronectesplatessa: Blaxter & Ehrlich 1974; sea bass 
Dicentrarchus labrax: Katavit 1986) and increases 
(walleye pollock: Davis & Olla 1992) in specific gravity. 
Support for an alternative hypothesis of juvenile wall- 
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eye pollock being precluded from moving through 
sharp density gradients because of starvation-induced 
changes in specific gravity awaits further research and 
is beyond the scope of the present study. However, fish 
on starvation rations in the gradual thermal/density 
gradient of Expt 3 appeared fully capable of maintain- 
ing particular depths, and passive sinking or rising was 
not observed. The steady decrease in average temper- 
atures across the 3 d of thermal stratification in Expt 3 
also suggests that active temperature responses were 
more influential in the fishes' behavior than passive 
buoyancy responses. 

The distribution of s tarv~ng pollock in the gradual 
thermal gradient of Expt 3 demonstrated increasing 
energetic benefits across the 3 d of stratification. By the 
third day under stratified conditions, occupancy of cold 
water resulted in estimated energetic savings of 27.0 
and 33.8 % for the 2 starvation ration levels, compared 
to the metabolic rates of fish on the highest ration. 
Thus, when approaching starvation, walleye pollock 
occupied temperatures that provided substantial 
reductions in energetic expenditures. Reduced activity 
presumably provided further conservation benefits. As 
with the highest ration groups, reduced activity could 
also lower encounter rates with predators, which 
would be especially relevant for fish in poor physical 
condition with potentially diminished predator avoid- 
ance capabilities (Ivlev 1961, Booman et  al. 1991). 

The results of Expt 3 provide convincing support for 
a bioenergetics hypothesis of vertical distribution; fish 
experiencing low food availability clearly adjusted dis- 
tribution to lower temperatures. The relevance of this 
finding, however, depends on the extent of food depri- 
vation encountered by juvenile walleye pollock under 
natural conditions. Bailey's (1989) study demonstrated 
that fish with high recent foraging success remained in 
the upper water column, consistent with our experi- 
mental results. Less successful foragers were more 
likely to move beneath the thermocline. Since the 
growth values reported by Bailey (1989) for pollock at  
sites with lower food densities indicated that these 
individuals were still experiencing positive growth, 
their physical condition was probably more similar to 
the intermediate ration treatments of our study than to 
the fish held on starvation rations. Thus, their move- 
ment into cold water could reflect increased searching 
behavior, with energetic benefits dependent on the 
costs of increased motor activity associated with 
searching a greater range of the water column. We do 
not know if walleye pollock in the field reach the levels 
of poor physical condition tested in this study. A thor- 
ough test of bioenergetic responses under natural con- 
ditions would require monitoring of activity and obser- 
vations of fish approaching starvation levels of 
physical condition. It is not currently known if walleye 

pollock encounter such prolonged periods of low food 
availability in the sea.  

For invertebrate species that display vertical migra- 
tion, predator avoidance has clearly been supported 
a s  a n  underlying causal factor for this behavior. The 
complete dismissal of a bioenergetics hypothesis (see 
Lampert 1989) may be unwarranted, however. Rejec- 
tion of any metabolic advantage for vertically migrat- 
ing invertebrates has typically ignored the crucial 
component of food limitation (Stich & Lampert 1984, 
Lampert et  al. 1988, Ohman 1990, Guisande et  al. 
1991). Our results clearly demonstrate that restricted 
food availabihty modifies vertical distribution in 
the absence of any immediate predation threat. In 
both fishes and invertebrates, interactive effects of 
temperature on food consumption, metabolic rates, 
conversion rates, conversion efficiency, and other basic 
physiological processes converge on a n  optimal tem- 
perature for individual growth. Temperatures below 
this optimum will be  beneficial only under food-limited 
conditions, as emphasized by Brett (1971) for fishes, 
and Geller (1986) and Biins & Ratte (1991) for zoo- 
plankton. Dini & Carpenter (1992) suggested a hierar- 
chy of causal factors for vertical migration in zooplank- 
ters, with predator avoidance foremost, and energy 
conservation incorporated when food availability is 
low. Levy (1990) suggested a similar hierarchy for 
juvenile sockeye salmon. The response of any particu- 
lar individual may depend on a trade-off between the 
likelihood of predation in different water layers and 
the bioenergetic costs of different temperatures. 

For juvenile walleye pollock, predators may have 
less relevance in effecting vertical migration behavior. 
According to allocation theory, individuals in the best 
physical condition can most afford whatever costs are  
associated with predator avoidance (Lima & Dill 
1990). The continued residence of well-fed pollock in 
the surface layers above the thermocline, e.g. in this 
study and in Bailey's (1989), suggests that deeper lay- 
ers do not significantly reduce predation risk. In north 
Pacific waters, juvenile walleye pollock are  a major 
prey for a wide variety of vertebrate predators. Frost 
& Lowry (1981) listed 11 species of marine mammals. 
13 species of birds, and 10 species of fishes that are 
pollock predators. Predation risk occurs throughout 
the water column, but may actually increase in deeper 
layers due  to the presence of cannibalistic adult pol- 
lock, which typically concentrate beneath the thermo- 
cline (Bailey 1989, Sinclair et al. 1993). Compared to 
other predators, adult pollock are  by far the greatest 
source of predation mortality for juveniles (Livingston 
1993). Dwyer et al. (1987) estimated that 402 billion 
young-of-the-year pollock are consumed by adults on 
a n  annual basis In the Bering Sea.  Thus, migration 
beneath the thermocline a s  a mechanism of avoiding 
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predators does not appear tenable for juvenile wall- 
eye pollock. 

In summary, juvenile walleye pollock have the capa- 
bility of initiating energy-conserving behaviors when 
foraging conditions are depressed. The apparent 
increased searching behavior of fish at  intermediate 
levels of physical condition demonstrates the flexibility 
of this species in responding to variability in food 
resources. In the sea.  these behavioral adaptations 
presumably allow the fish to intensify searching 
activity and improve their foraging success when food 
levels initially decline, but lower energetic costs and 
extend survival during severe periods of low food 
availability. 
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