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ABSTRACT: For fishes settling over wide areas, spatial temperature variation can have a significant
impact on growth rates during the early juvenile period. Size variation within cohorts and across
years will depend on the thermal sensitivity of growth rate, the ability to move to favorable growth
environments, and the potential to compensate for periods of reduced growth. We examined the
growth, behavior and energy storage responses of juvenile Pacific halibut Hippoglossus stenolepis
exposed to a thermally induced reduction in growth. Halibut reared for 12 wk at 2°C then acclimated
to and grown at 10°C (delayed treatment) were compared to fish reared continuously at 10°C (controls). Growth rates at 2°C were 25% of those at 10°C, resulting in a 2.4-fold difference in mass after
12 wk. Following acclimation to 10°C, specific growth rates of delayed fish were 20% higher than
controls. Complete compensation would have required 35 wk, assuming maintenance of observed
growth rate differences between treatments. Rapid growth during the compensation phase was probably due in part to a reduction in the allocation of energy to lipid storage: length-corrected lipid levels of delayed fish were 14% lower than levels among control fish. Behavioral observations indicated
that growth compensating fish were more active than control fish; this is assumed to reflect increased
foraging activity. However, when presented with food, growth-compensating halibut did not initiate
feeding more rapidly than control fish. The predation and starvation risks associated with increased
activity and decreased energy storage appear to represent trade-offs with rapid compensatory
growth in juvenile halibut.
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Fish cohorts are composed of individuals with variable growth histories resulting from spatial and temporal patterns in temperature and prey availability, the
major regulators of growth and development in fishes.
For species settling over a wide area, thermal gradients may be the primary regulator of post-settlement
growth and survival (Bergman et al. 1988, Kamermans
et al. 1995). In addition to the effects of interannual
variation (King et al. 1999, Ottersen & Loeng 2000),

seasonal variation may expose early-spawned cohorts
to a significantly different thermal environment than
later-spawned cohorts (Rutherford & Houde 1995,
Chui & Chen 2001). Whereas thermal variation represents a variability-generating factor with respect to
growth (sensu van der Veer et al. 1994), habitat selection represents a variability-dampening factor. Ultimately, size variation within cohorts and across years
depends on the levels of genetic and environmental
variation in growth rate, the ability of individuals to
select habitats offering the greatest growth potential,
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and the size-specific patterns of survival. The potential
to compensate for periods of reduced growth may further offset some of the variation in body size generated
by differences in habitat quality.
Many fish species respond to periods of growth disruption with subsequent elevations of consumption and
growth rate (see Ali et al. 2003 for review). This compensatory growth response has been well-documented
in a wide variety of fish species, and its potential utility
in aquaculture settings has been routinely explored
(e.g. Gaylord & Gatlin 2001). Most research on the capacity for compensatory growth has examined responses to periods of food restriction or deprivation
(Jobling et al. 1994, Paul et al. 1995, Sogard & Olla
2002). However, compensatory feeding and growth responses have also been observed in response to growth
reductions resulting from oxygen depletion (Bejda et al.
1992, Foss & Imsland 2002), delay in diet switch (Buckel
et al. 1998), and reduced temperatures (Mortensen &
Damsgård 1993, Nicieza & Metcalfe 1997).
During the first year of life, Pacific halibut Hippoglossus stenolepis can be exposed to a wide range of
temperatures; as such they represent a useful model
for the study of temperature effects on growth. Age-0
halibut are distributed on sandy substrates of the continental shelf at depths from 5 to 70 m (Norcross et al.
1995, 1997, Stoner & Abookire 2002). In addition to the
seasonal cycle, there is a pronounced spatial variability
in summer bottom temperatures in the Bering Sea due
to the persistence of sea ice and the presence of a subsurface layer of cold water. The cold layer can cover
much of the continental shelf in some years, but is
broken down by solar heating and tidal mixing in the
nearshore areas (Luchin et al. 1999). Temperatures
below 2°C have been observed on the middle shelf in
June, whereas nearshore waters can reach 13°C in
some summers (Stabeno et al. 2001). Similar though
less dramatic temperature gradients exist in the Gulf
of Alaska (Reed & Schumacher 1986). Consequently,
settlement into low temperature habitats followed by
short migrations or ocean mixing can expose juvenile
halibut to significant temperature changes during the
first year of life, independent of the underlying seasonal cycle. The consequences of such variable thermal histories for growth and survival are unknown.
In this study we examine the consequences of variation in the thermal history of juvenile Pacific halibut.
Specifically, we describe a compensatory growth response to a period of thermally induced growth suppression. In order to evaluate the physiological mechanisms and survival consequences of elevated growth
rates, we describe the behavior and energy storage
levels of fish following a period of low-temperature
exposure relative to controls reared continuously at
high temperatures.

MATERIALS AND METHODS
Collection and holding. Juvenile halibut (Age-0, 25
to 40 mm total length, TL) were collected with a 2 m
beam trawl from shallow nursery grounds in the vicinity of Kodiak Island, Alaska, in August 2001. After
being held for several days in ambient seawater at the
Alaska Fisheries Science Center’s (AFSC) Kodiak laboratory, halibut were shipped to the AFSC laboratory
in Newport, Oregon. For transport, fish were packed in
plastic bags filled with seawater and oxygen, and
shipped in insulated containers. Time from packing to
arrival in Newport was approximately 30 h.
Prior to experimental use, fish were reared in 47 ×
74 cm square or 122 cm diameter round tanks with a
thin layer of sand substrate. Tanks were maintained at
9°C with a photoperiod of 17h:7h light:dark, similar to
summer conditions at the collection site. Fish were fed
to satiation 3 times per week, initially on frozen shrimp
(Artemia sp.) then on commercially available moist
food (BioDiet, 1 to 3 mm pellets).
Growth experiment. The growth experiment consisted of 2 phases. The temperature phase measured
the effect of reduced temperatures on halibut growth
and generated the variation in growth history required
to elicit a compensatory response. In the compensation
phase, we tested the potential for compensatory
growth among juvenile halibut in response to the previous thermally induced growth-rate reduction.
At the start of the growth experiment, 40 fish were
weighed (to 0.01 g wet mass), measured (to 1 mm TL),
and randomly assigned to 20 tanks (2 fish tank–1). We
assigned 10 tanks to each of the 2 experimental treatments. Tanks were 70 l (66 × 45.7 × 23.2 cm), contained
a thin layer of sand substrate, and were supplied with
flow-through seawater at a rate of 30 ml s–1. Fish sizes
(±1 SD) were 66 ± 5 mm TL and 2.60 ± 0.55 g wet mass
at the start of the experiment and did not differ significantly between temperature treatments (ANOVA,
p > 0.10). During the experiment, fish were fed to satiation 3 times per week on 3 mm Biodiet pellets. All fish
were remeasured (length and mass) at 2 wk intervals.
Temperatures in half of the tanks (controls) were
maintained at 10°C through both phases of the experiment (total 20 wk). Temperatures in the remaining
tanks (subsequently referred to as the ‘delayed treatment’) were lowered to 2°C at a rate of 1°C d–1 for the
temperature phase. After 12 wk, temperatures in the
2°C tanks were raised back to 10°C over a period of 7 d
for the compensation phase. These fish were reared for
13 wk following the temperature transition (total
26 wk). At the end of the compensation phase, all fish
were measured, weighed, sacrificed with an overdose
of anesthetic (MS-222) and frozen for compositional
analysis.
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Growth rates in each phase of the experiment were
analyzed by 2-way ANOVA with temperature treatment and fish rank (see next paragraph) as main factors. Growth rates in length (mm d–1) and mass (specific growth rate d–1) were determined for individual
fish by regression of total length and ln-mass against
sampling dates. Biphasic regression indicated that
growth rates of delayed fish increased significantly
approximately 5 wk after the temperature change,
reflecting acclimation to the higher temperature.
Hence, growth rates of the delayed fish during the
compensation phase were calculated using data from
Weeks 18 to 26. In order to account for size-dependent
changes in growth rates, the growth rates of delayed
fish during the compensation phase were compared to
those of control fish measured over a similar size range
(Weeks 6 to 18, Fig. 1).
Preliminary observations of growth data and fish
behavior suggested the presence of a social structure
between the 2 fish in each tank. The larger fish
responded to the introduction of food more rapidly
than the smaller fish. When growth rates of the 2 fish
differed, the larger of the 2 always grew faster. Differences in growth between the 2 fish were greatest
among control fish in the compensation phase, when
initial size differences were largest. For clarity, we
refer to the larger and smaller of the fish in each tank
as the dominant and subordinate, respectively. Statisti-

Fig. 1. Hippoglossus stenolepis. Growth trajectories of juveniles. (d,s): 10°C control treatment; (Z,y): delayed treatment
switched from 2 to 10°C following Week 12. Filled and open
symbols represent ‘dominant’ and ‘subordinate’ fish within
each temperature treatment. Each data point is the mean
(± SD) of 10 fish in each treatment. Continuous portions of
lines indicate experimental periods used in comparison of
compensation phase growth rates; temperature phase growth
rates were calculated over Weeks 0 to 12 for all fish
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cal analyses of growth rate and lipid storage were carried out by considering fish size rank (dominant versus
subordinate) as an independent variable.
Energy allocation. To determine if fish in the 2 thermal regimes allocated energy between growth and
storage differently, lipid content was measured for all
halibut following the compensation phase of the experiment, using the methods of Hurst et al. (2000).
Briefly, fish were thawed and otoliths and stomach
contents removed. The fish were measured (to 0.01 mm
standard length, SL, and 0.001 g wet mass) and transferred to pre-weighed scintillation vials. Tissue was
freeze-dried to a constant weight (3 d) and transferred
to porous alundum thimbles for lipid extraction. Neutral lipids were removed in a modified Soxhlet extraction procedure using petroleum ether as the solvent.
The remaining tissue was burned at 600°C for determination of ash weight. Homogeneous standards were
run with halibut samples during all stages of compositional analysis to ensure temporal stability in laboratory procedures.
Statistical analysis of compositional differences between the delayed and control treatments and between dominant and subordinate fish was conducted
with 2-way ANCOVA of lipid mass using body length
as the covariate. Lipid mass and body length were logtransformed prior to analysis.
Behavioral observations. Measurements of halibut
activity were made by direct observation at the time of
feeding and by video-recording from cameras placed
directly above the tanks. Direct observations of feeding
responsiveness of juvenile halibut (Stoner 2003, Hurst
2004) began in Week 8 of the temperature phase. Each
tank was observed for 60 s following the addition of
food, and the time of the first feeding strike was
recorded (n = 210 observations in control treatment,
n = 264 in delayed treatment). Weekly averages of the
time to the first feeding strike were used to describe the
effect of thermal history on feeding behavior.
Video-recordings of halibut behavior were made
during the last 9 wk of both treatments, when temperatures were 10°C. We videotaped 6 and 5 tanks of the
delayed and control treatments, respectively, from
above for 15 min h–1 for 2 consecutive days. Of the 2
filming days, 1 included feeding (at approximately
12:00 h) followed by an additional 30 min period of
video-recording. On nights of video monitoring, a dim
red light was used to allow observations. The same
5 min period from each hour was selected for analysis.
Halibut remain motionless on the sediment surface for
extended periods, with activity composed primarily of
distinct saltatory movements, providing straightforward activity metrics. The number of fish moving (0, 1
or 2) and the activity score (total count of fish movements) during the 5 min period were used as measures
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of activity level. The 48 hourly observations of each
tank were averaged over 6 intervals (2 light and 1 dark
period d–1). Behavioral observations could not always
be reliably attributed to dominant and subordinate
fish, and were therefore pooled for analyses. Because
of heterogeneity of variances among groups and the
interaction between temperature treatment and time,
non-parametric Mann-Whitney U-tests were used to
determine differences in activity between thermal
history treatments for each time interval.

RESULTS
Growth rate
There were no mortalities among experimental fish,
and all fish achieved significant growth during the
experiment. As expected, specific growth rates of juvenile halibut were significantly affected by temperature
treatment (Fig. 2; 2-way ANOVA, df = 1.36, p < 0.01);
growth at 2°C was less than 25% of growth at 10°C.
Specific growth rate was not affected by fish rank
(p = 0.25). Growth in length was significantly affected
by both temperature treatment and fish rank (p < 0.05).
There were no significant interaction effects between
temperature treatment and fish rank (p > 0.05) on
growth in length or mass.
Specific growth rates during the compensation phase
were significantly affected by temperature treatment
and fish rank (2-way ANOVA, df = 1.36, p < 0.05)
but not by their interaction (p = 0.55). Compensatory
growth of halibut following exposure to low temperatures was evident, as fish previously reared at 2°C
(delayed treatment) grew in weight an average of 20%
faster than similarly sized control fish. There was no
significant interaction effect between temperature
treatment and fish rank on length growth (p = 0.17).
Growth in length was 16% greater among delayed fish
than among control fish (p < 0.01), and 22% greater
among dominant fish than subordinate fish (p < 0.01).

tween treatments are illustrated in the adjusted mean
lipid mass of a 120 mm SL fish (Fig. 3).
Lipid levels were 19% higher among the subordinate fish than the dominant fish (2-way ANCOVA,
df = 1.34, p < 0.01) and 14% higher among controls
than growth delayed fish (p < 0.01).

Activity patterns
The feeding responsiveness of juvenile halibut was
strongly dependent on water temperature (Fig. 4). In
the 10°C control tanks, the first feeding strike always
occurred within 60 s of the addition of food, averaging
5.5 ± 6.7 (SE) s. At 2°C a feeding strike was observed in
the first 60 s only 39% of the time. Following the
increase to 10°C, the fraction of feeding responses
among delayed fish initiated within 60 s increased
immediately to 90%, reaching 100% 5 wk after tem-

a

b

Energy reserves
Lipid energy reserves in juvenile halibut, measured
at the end of the experiment, were significantly
affected by body length, fish rank and thermal history.
The coefficients relating lipid mass to body length
were homogeneous among dominant and subordinate
fish and temperature treatments (p = 0.488). Lipid
levels were significantly higher among the subordinate fish than the dominant fish (2-way ANCOVA,
df = 1.34, p < 0.01) and higher among control than
growth delayed fish (p < 0.01). These differences be-

Fig. 2. Hippoglossus stenolepis. Specific growth rates of juveniles in (a) temperature phase and (b) compensation phase.
Each bar represents mean (+ SE) growth rate of 10 halibut
in each treatment-rank group
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Fig. 3. Hippoglossus stenolepis. Lipid energy reserves in juveniles measured at end of growth experiment. Values are
mean (+ SE) lipid mass of each group adjusted to 120 mm
standard length fish

perature change. Strike times of the delayed fish during the final 9 wk of the compensation phase were
4.3 ± 4.8 (SE) s, not significantly different than those
observed for control fish throughout the experiment
(ANOVA, df = 1.298, p = 0.123).
Activity levels of juvenile halibut were affected by
growth history, light level and time since feeding
(Fig. 5). Activity levels at night (number of fish moving
and activity score) were low and independent of
experimental treatment and time since feeding (MannWhitney U-test, p > 0.10). Daytime activity immedi-

Fig. 4. Hippoglossus stenolepis. Time to first feeding strike of
juveniles reared continuously at 10°C (Control), or reared initially at 2°C and then at 10°C (Delayed). Data for temperature
and compensation phases are separated by line breaks at
Week 12. Values are weekly means (± SE). Maximum value of
60 s was assigned when feeding was not initiated within
1 min of food introduction
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Fig. 5. Hippoglossus stenolepis. Activity score of juveniles
at 10°C relative to feeding time. Values are means (± SE).
d: delayed treatment (halibut previously reared at 2°C);
s: controls (continuously reared at 10°C). ns: non significant

ately following feeding was also low and did not differ
between treatments (p > 0.10). Beginning with the
morning following feeding, daytime activity increased
with time since feeding in both treatments. Activity
levels among growth compensating halibut (delayed
treatment) were consistently greater (2 to 3 times,
p < 0.10) than among the controls.

DISCUSSION
The importance of temperature in regulating the
growth rates of ectotherms is well known. Cohorts of
juvenile fish encountering elevated temperatures can
achieve rapid growth, provided sufficient prey resources are available and temperatures do not exceed
the species’ optimum (King et al. 1999, Sogard & Olla
2001). Laboratory measurements of growth rate are
most commonly conducted under constant temperatures, and bioenergetic models of growth based on
such experiments assume that thermal and growth
histories are not important components of growth rate
variation. Here, we have demonstrated that juvenile
halibut exposed to a thermally induced reduction in
growth exhibited elevated growth rates relative to
controls upon re-acclimation to higher temperatures.
This compensatory growth was associated with a
reduced level of lipid storage and was accompanied by
an increase in daytime activity levels.
Despite its importance as a resource species, there
are few laboratory-based estimates of growth potential
for juvenile Pacific halibut. However, a retrospective
analysis of growth rates suggests that thermal variation plays an important role in regulating the growth of
wild halibut (Hagen & Quinn 1991). Growth rates esti-
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mated from otoliths during the first 2 yr of life were
positively correlated with Gulf of Alaska water temperatures. In the temperature phase of this experiment, the specific growth rates of juvenile halibut were
4 times greater at 10°C than at 2°C. The high energy
content of the diet used in this experiment may
account for the higher growth rates observed here
compared to previous observations (Paul et al. 1994,
Moles & Scott 2002).
Juvenile halibut exposed to low temperatures displayed considerable capacity for compensatory growth
(20% increase over controls). However, complete compensation, achieving similar body sizes, would have
been accomplished only after an extended period, if
ever. Following 12 wk of growth, fish reared at 10°C
were 2.4 times larger (in mass) than fish reared at 2°C.
Assuming maintenance of the observed growth rate
differences, the delayed fish would have caught up in
body mass with the control fish 35 wk after the temperature change back to 10°C. Whether the elevated
growth rates could be maintained for this duration
is unknown. Such a delay in body size recovery was
also observed in juvenile Atlantic salmon Salmo salar,
which required 20 wk to overcome 3 wk of an 8°C
temperature reduction (Maclean & Metcalfe 2001).
Elevated feeding is the most commonly observed
mechanism for increasing growth (Ali et al. 2003). Although consumption rates were not routinely measured
in this experiment, estimates based on the number of
feeding strikes observed in video-recordings during the
compensation phase were 61% higher among delayed
fish than controls. In addition, compensatory growth
may also be accomplished through other changes in the
energy budget, including increased growth efficiency
(Hayward et al. 1997) or reduced metabolic expenditures (Sogard & Olla 2002). The present work suggests
that compensatory growth in juvenile halibut may have
been accomplished in part by reducing energy allocation to lipid storage. Size-specific lipid levels in juvenile
halibut recovering from a thermally induced growth reduction were 14% lower than in fish reared in constant
warm conditions. While this observation could be the
direct result of the low temperature exposure, additional data (Hurst 2004) indicates that delayed halibut
would have begun the compensation phase with higher
storage levels than controls. Dry liver mass of juvenile
Pacific halibut reared under similar conditions for 6 to
12 wk at 2°C was 17% higher than in fish reared at
10°C. Because the liver is a primary site for lipid storage
in fishes including halibut (Haug et al. 1988), relative
liver weight (hepatosomatic index) is generally presumed to reflect greater energy reserves. Maintenance
of higher storage levels at low temperatures has been
observed in another flatfish, juvenile turbot Scopthalmus maximus (Burel et al. 1996, Van Ham et al. 2003).

Hence, the reduced storage levels of growth delayed
halibut appear to be the result of decreased allocation
of energy to reserves in favor of more rapid increases
in body length and mass during the period of growth
compensation.
The higher activity levels observed during compensatory growth indicate that reductions in metabolic
expenditures did not contribute to increased growth
rate. Following feeding to satiation, minimal levels of
activity were observed in both treatments during the
remainder of the daylight period and the following
night. On the subsequent day, when fish were not fed,
activity levels in the delayed treatment were significantly higher than in controls. The elevated activity
levels of fish undergoing compensatory growth are interpreted as increased prey searching activity. These
activity levels are similar to those observed in halibut maintained on sub-maximal rations (T. P. Hurst
unpubl. data), suggesting that delayed fish in the compensation phase might have achieved even higher
growth under a daily (rather than alternate days) feeding schedule. Interestingly, the increased activity of
growth compensating halibut did not translate into significantly faster strike times when food was made
available. Similar strike time measures have been used
successfully to reflect variation in feeding motivation
in both juvenile (5 to 13 cm, Hurst 2004) and subadult
halibut (40 cm, Stoner 2003). The rapidity (usually less
than 10 s) and similarity in strike times between
growth treatments during the compensation phase was
probably due to highly visible food being added
throughout the tank, so that searching was not necessary to encounter food.
Like other organisms, Pacific halibut engage in complex social interactions, displaying both social facilitation in feeding and size-based competition for prey
(Stoner & Ottmar 2004). While there is no evidence that
halibut establish persistent dominance hierarchies in
the wild, we observed differences in the growth and
behavior of juvenile halibut consistent with the presence of a dominant –subordinate relationship between
the 2 fish in each tank. Behavioral observations indicated that the larger fish generally initiated feeding before the smaller fish. Often the smaller fish did not begin feeding until feeding activity of the larger fish
ceased. Growth rates were higher among the dominant
fish throughout the experiment, with the difference in
growth increasing with increasing size disparity.
Counter to the general observation that fast growing
fish accumulate greater levels of energy reserves (Pedersen & Hislop 2001, Sogard & Spencer 2004), lipid levels
measured at the end of the experiment, corrected for
body size differences, were significantly higher among
subordinates than dominants in both delayed and control fish. There are 2 potential explanations for this.
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Based on observations of overwintering birds, Clark &
Ekman (1995) present a general model whereby variability in access to feeding opportunities, predation risk
and metabolic expenditures favor the maintenance of
higher energy stores in subordinate than in dominant individuals. Alternatively, reduced storage among the
faster-growing dominant fish may be analogous to the
reduced storage among fish undergoing compensatory
growth, with reduced energy storage representing a
general consequence of rapid growth in halibut.
Several models describing the triggering mechanism
for compensatory growth have focused on some form
of lipostatic regulation (Broekhuizen et al. 1994,
Johansen et al. 2001). These models incorporate variation in the mass of storage tissues relative to body size,
having been developed in response to numerous
experiments involving the starvation and re-feeding of
fishes. The growth spurt in the present experiment
apparently occurred in fish with high size-specific
energy reserves resulting from to previous rearing at
low temperatures, suggesting that alternative triggering mechanisms must also exist. The lack of seasonal
cues in the experiment, such as photoperiod changes,
suggests that the compensatory-growth response in
juvenile halibut was triggered directly by the thermal
or growth history of the fish. Furthermore, the results
provide empirical support for the suggestion that variation in energy storage levels observed in wild populations may be related to patterns of growth history (Post
& Parkinson 2001, Hurst & Conover 2003).
The ability to elevate feeding and growth rates in response to specific environmental and physiological situations has been taken as evidence that growth is strategically regulated to balance the benefits of larger body
size with the potential costs of growth (Abrams et al.
1996, Arendt 1997). Traditionally, exposure to predators
during foraging has been assumed to represent the major trade-off with growth (Sih 1987). As juvenile flatfish
use burial and crypsis as primary antipredator strategies,
the increased activity levels observed in growth compensating fish suggests that such a predation cost exists for
juvenile halibut. In addition, recent experimental work
on the evolution of growth rates in fishes has identified
several physiological costs of rapid growth in general,
and compensatory growth in particular. These include
reduced swimming speed (Billerbeck et al. 2001), increased vulnerability to predation (Lankford et al. 2001,
Munch & Conover 2003) and depressed immune system
function (Imsland et al. 2002). Our results indicate that a
reduction in size-specific energy reserves may represent
an additional consequence for some species of fish
engaging in compensatory growth.
This experiment has demonstrated the ecological
consequences of living in environments with strong
spatial or temporal variation in ocean temperatures.
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While the low temperature exposure was not lethal
to juvenile halibut, the consequent growth reduction
probably results in higher rates of size-dependent predation (Anderson 1988, Sogard 1997). Even with the
ability to compensate for periods of reduced growth,
delayed halibut face considerable obstacles to survival
and recruitment, as the estimated time to complete
compensation was at least 3 times the duration of the
growth reduction. Further, the increased foraging activity during the growth compensation period may result
in additional predation risk (Ryer et al. 2004). Finally,
the diversion of assimilated energy from lipid storage
to growth may increase vulnerability to starvation
during subsequent periods of prey scarcity.
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