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Abstract Most fish species are regularly subjected to
periods of starvation during which a reduction of energy
turnover might be favourable for the animal. This reduc-
tion of energy flux may be achieved by changes in ther-
mal behaviour and/or swimming activity. We investigat-
ed such behavioural changes during starvation and sub-
sequent refeeding in roach, Rutilus rutilus, with respect
to energetic benefits and growth maximisation. Roach,
acclimated to a wide range of temperatures (4, 12, 20,
24, 27 and 30 °C), were fed to excess, subjected to
3 weeks of starvation and subsequently refed in order to
determine the temperature dependence of feeding rates,
growth rates and conversion efficiency (K;) under con-
trol conditions and during compensatory growth. When
exposed to a thermal gradient, control animals preferen-
tially selected a temperature of 26.8+0.9 °C, which isin
the range of the optimal temperatures for feeding,
growth and conversion efficiency. Starving fish showed
adistinct circadian pattern of the mean selected tempera-
ture (MST). They migrated to cooler water in the dark
(MST44=22.8+1.1 °C) but returned to warmer water
during daytime. This behaviour may be regarded as a
trade-off between the potentially higher food density in
warmer water areas and the energetic benefit of selecting
cooler water patches. The circadian pattern of MST was
gradually abandoned upon refeeding and control values
were reached again after 3 weeks. Energetically more ef-
fective than behavioural hypothermia was the reduction
of swimming activity. During starvation, activity peaks
were dightly lower than under control conditions and
mean daily activity decreased by about 50%. Swimming
velocity, however, was not affected by feeding regime.
After a period of starvation fish showed compensatory
growth at all temperatures, even below 12 °C, where
these animals normally do not grow. This suggests that
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Introduction

Due to seasonal variations of food supply in the aquatic
environment, many fish species are regularly subjected
to periods of starvation during which they have to rely
on body reserves. In order to survive extended bouts of
starvation the organism has to spare body resources by
reducing total energy turnover (Wieser et al. 1992; Yang
and Somero 1993). The reduction of total energy flux
leads to a redistribution of the available energy between
energy-consuming processes. The energy is mainly chan-
nelled into maintenance functions while other processes
(such as growth) are down-regulated or even arrested.
Behavioural changes may also contribute to the re-
duction of the overall energy requirement. For example,
some fish reduce swimming activity during starvation
(Beamish 1964). A genera reduction of all energy-con-
suming processes can be achieved by a decrease of body
temperature (behavioural hypothermia). In an ectother-
mic organism, body temperature is generally very close
to that of the ambient medium. Fish can detect and re-
spond to temperature differences as small as 0.03 °C
(Murray 1971). When exposed to thermal gradients they
are able to regulate body temperature by seeking warmer
or cooler water areas (behavioural thermoregulation).
The maximum power principle suggests that in a natural
aquatic system fish should select thermal habitats where
“surplus power” is maximised, i.e. maximum energy is
available for growth processes (Crowder and Magnuson
1983; Bryan et a. 1990). The optimum temperature for
growth (T,,) of fish is greatly dependent on food avail-
ability. If food is limited, T, decreases, because low
temperatures are correlated with low metabolic rates and,



therefore, less energy is expended on maintenance pro-
cesses (Jobling 1994). In consequence, a greater percent-
age of the assimilated energy is available for growth pro-
cesses. If the fish tries to optimise the net energy gain
(="surplus power”), it seems logical that the preferred
temperature (T,¢) Of a given species decreases at a low-
er ration level. However, the results given in the litera-
ture are not consistent. Most studies revealed the expect-
ed decrease, but some examples can be found where T«
increases during starvation (Javaid and Anderson 1967;
Boltz et al. 1987; Morgan and Metcalf 2001). This indi-
cates that processes other than energetic optimisation
may play arolein determining T .

When refed after along perlod of starvation many spe-
cies show increased growth rates when compared to con-
trol fish (compensatory growth, Wieser et al. 1992).
However, it is not known whether behavioural changes
exhibited during starvation in order to reduce energy con-
sumption (behavioural hypothermia and hypoactivity) are
sustained during the period of compensatory growth.

In this study we investigated whether behavioural
changes play atole in the optimisation of energy utilisat-
ion during energetic stress in roach. To this end, we de-
termined temperature preference and swimming activity
of roach under feeding, starvation and refeeding condi-
tions. In a second set of experiments we determined the
effects of temperature on growth and feeding rates in
control and refed fish.

Materials and methods

Thermal gradient

Juvenile roach were collected during summer from Lake Mueggel -
see, Germany. Fish were acclimated to 28 °C for several weeks
prior to the experiment. Previous measurements had shown that
the T, Of juvenile roach lies around 28 °C (Staaks 1996). The
photoperlod was kept constant 12 h L:12 h D throughout the accli-
mation period and the experiments.

For determination of the thermal preference, 10 fish [mean
body mass (bm)=8.6+1.0 g] were placed in a 600 | aquarium with
a horizontal thermal gradient from 21 °C to 33 °C in steps of 3 °C
as described by Staaks (1996). In brief, the aquarium was partially
divided into five interconnected compartments (dimensions:
50x50x50 cm) by plastic panels. Fish were allowed to distribute
freely between compartments through gaps in these walls. Each
compartment was thermostatted by a cooling system and electric
heaters regulated by PT100 thermometers. The movements of the
fish were recorded by avertical array of eight infrared transmitters
in each compartment.

The mean selected temperature (MST) was calcul ated as:

MST = <<§D1><T1> + (iDzXTz)
tl t1
+ <i1)5><T5)> /¥ Diotal (1)
11

where D, isthe duration of all infrared impulses in compartment 1
and T, is temperature in compartment 1. All sums were calculated
over periods of 1 h. 2

Activity (arbitrary units) was calculated as: Z impulses in all
compartments.
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Swimming velocity was estimated according to the formula:

12

> impulses in all compartments
_ ¢l 2
== )

Y duration of all impulses [s]
t1

Velocity [arbitrary units]

For these estimations, no distinction was made between active
swimming and passive drift. If we assume fish are passing the
transmitters horizontally and vertical movements can be neglect-
ed, the duration of one impulse equals the time a fish takes to
swim one body length (BL). So these measurements can be con-
sidered as an approximation of swimming velocity in BLs.

Photoperiod was kept constant at 12 h light from
0900-2100 hours. Fish were fed at 1000 hours each day with liv-
ing chironomid larvae (20% bm) from day 1 to 26, then starved
for 3 weeks from day 27 to day 47 before the feeding regime was
resumed for additional 5 weeks (days 48-85).

Growth experiments

Fish (mean body mass=7.2+3.0 g) were kept in thermostatted 200 |
aquariaat 4, 12, 20, 24, 27, 30 and 33 °C. Each aquarium was sub-
divided into four compartments by gauze walls, each compartment
containing two fish. Feeding rates were determined for each pair of
fish, while growth rates were determined for each fish individually.
Animals were acclimated to final temperatures and the experimen-
tal set up for at least 6 weeks prior to experimentation.

Fish were fed to excess with preweighed living chironomid lar-
vae each morning. Excess of food was removed and weighed the
following day. After a 2-week period of feeding, fish were starved
for 3 weeks and refed to excess for an additional 3 weeks. During
the experiment fish were weighed once a week. Specific growth
rates (SGR) were calculated as:

SGR [% bm day~"] = 100+ 1110 0 A3)
1=t
where m,, is the fish mass at time x. Growth rates of fish during
the first week of refeeding were corrected for the weight of gut
contents, since animals had empty guts at t, but full guts at t;. Fish
were killed at the end of the experiments and gut content was de-
termined to be 1.18, 1.39, 0.79, 0.60, 0.57 and 0.52% bm in ad lib-
itum fed fish at 4, 12, 20, 24, 27 and 30 °C, respectively.
Conversion efficiency K; was calculated according to the formula:

K [%] — spec.lﬁc grovyth rate . @
specific feeding rate

Statistics

Statistical significance was tested at the P<0.05 level using analy-
sis of variance (one factor ANOVA, temperature=factor) and
Tukey’s post hoc test. All data are given as meanstSD.

Results
Mortality
There was no mortality in any experimental group except

at 33 °C, at which temperature all fish died during the
acclimation period or the early phase of the experiment.

Behavioural changes during starvation and refeeding

Roach preferentially selected water with a temperature
of 27 °C (MST=26.8£0.94) under control conditions
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Fig. 1 a Mean selected temper- a)
ature of 10 roach, Rutilus rut-

ilus, during light (open sym-
bols) and dark periods (filled
symbols). Values are given as
mean=SD of twelve 1-h inter-
vals. b Relative abundance of
roach in each compartment of
the thermal gradient during 6
representative days of the con-
trol, starvation and refeeding
periods (days 1722, days
41-46 and days 8186, respec-
tively). Open bars light period,
black bars dark period. Num-
bers denote significantly differ-
ent groups
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(Fig. 1a). The preference for 27 °C was very distinct
since the relative abundance at that temperature was as
high as 85+7% under control conditions. Only at night
did fish make occasional excursions into water of 24 °C
and 30 °C (Fig. 1b). There was no clear diurnal pattern
of the mean selected temperature and MST varied max-
imally about 3 °C within 24 h (Fig. 2a).

As soon as feeding was stopped, the animals started
to select cooler water areas during the dark period.
MST 4 gradually declined until it reached a value of
22.8+1.1 °C after 3 weeks of fasting (Fig. 1a, b). After
refeeding, MST 4, displayed a mirror image of that dur-
ing fasting, reaching control values after 3 weeks.
MST)g did not change significantly during the whole
experiment. Due to the decrease of MST . fish showed
avery distinct circadian pattern of MST during the fast-
ing period (Fig. 2b). As soon as the light was turned off
the animal's selected cooler water and within a few hours

Temperature (°C})

MST dropped by 5 °C. After a recovery period of
3 weeks this pattern had disappeared again and MST
showed only a small circadian variation (Fig. 2c).

Swimming activity of the fish showed no clear circa-
dian rhythm (Fig. 2d—f). Activity peaked when light was
switched on and off. These peaks were dlightly lower
during starvation (Fig. 2b) and mean daily activity de-
creased (Fig. 3). Refeeding resulted in an immediate in-
crease of the mean activity by a factor of 2 (Fig. 3).
Swimming velocity was similar during day and night and
was not affected by feeding regime (Fig. 4a). Fish
showed lowest swimming speeds at their T, (27 °C un-
der control conditions and refeeding, 21-27 °C during
dark period in fasting fish). Swimming speed increased
with increasing deviation of the ambient temperature
from T, and was highest at 33 °C (Fig. 4b).
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Fig. 2 Circadian patterns of mean selected temperature (a—) and
swimming activity (d—f) of 10 roach during control conditions,
starvation and refeeding

Temperature effects on feeding and growth rates

Feeding rates of control animals increased with ambient
temperature and reached a maximum vaue of
29.0+£7.4%bm at 20 °C. At higher temperatures feeding
rates dropped and levelled off at about 17% (Fig. 5). Al-
though feeding at low rates, fish did not grow at temper-
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atures of 12 °C and lower. Growth rates showed a broad
maximum between 20 °C and 27 °C, thus T, for growth
may be slightly higher than T, for feeding (Fig. 6a). K;
values of control fish showed a similar temperature de-
pendence as growth rates (Fig. 8).

When provided with excess food after a 3-week peri-
od of starvation all fish fed about twice as much as con-
trol fish, but after 1-2 weeks feeding rates returned to
control levels (Fig. 5). Interestingly, fish showed com-
pensatory growth during the first week of refeeding at all
temperatures, even below 12 °C, where they did not
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Fig. 4 aMean velocity of

10 roach during light (open
symbols) and dark periods
(filled symbols). Values are giv-
en as mean+SD of twelve 1-h
intervals. b Swimming velocity
of roach in each compartment
of the thermal gradient during
6 representative days of the
control, starvation and refeed-
ing periods (days 17-22, days
41-46 and days 81-86, respec-
tively). Open bars Light peri-
od, black bars dark period.
Numbers denote significantly
different groups
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Fig. 5 Feeding rates of roach under control conditions (black bar)
and during the 1st, 2nd and 3rd week of refeeding after a 3-week
period of starvation (shaded bars) at different temperatures. Val-
ues are given as mean+SD, n=4. * denotes a significant difference
with the group at 20 °C; # denotes a significant difference with the
control group at the same temperature
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grow under control conditions (Fig. 6). Compensatory
growth was highest at 20 °C. This may indicate that nor-
mal growth processes and compensatory growth may
have dlightly different temperature optima. Growth rates
returned to control levels after 1-2 weeks (Fig. 7). K;
values were increased during compensatory growth at all
temperatures except 27 °C (Fig. 8).

Discussion
Temperature preference

When fed ad libitum, roach preferentially selected atem-
perature of 26.8+0.9 °C. This temperature can be consid-
ered the final temperature preference of roach since fish
were kept under control conditions for 26 days until
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Fig. 8 Growth efficiency (K;) under control conditions and during
the 1st, 2nd and 3rd week of refeeding after a 3-week period of
starvation at different temperatures. Values are given as mean+SD,
n=4. # denotes a significant difference with the control group at
the same temperature

treatment started. The preferred temperature of roach lies
at the high end of the optimal temperature range for
growth (2027 °C). This complies with the maximum
power principle, which predicts that fish select thermal
habitats where maximum energy is available for growth
processes (Bryan et al. (1990). Jobling (1981) found a
close correlation between MST and T, for growth when
comparing these parameters in 19 diﬁPerent fish species,
supporting the view that MST is mainly determined by
the optimisation of growth processes. It is surprising,
however, that the preference of 27 °C is very distinct
(85% relative abundance at that temperature) while the
Tt fOr growth covers a broad range between 20 °C and
2f°C. This indicated that processes other than growth
maximisation contribute to the determination of T (see
below).

During 3 weeks of starvation MST decreased gradual-
ly down to 22.8+1.8 °C during dark periods, while it re-
mained at high values during daytime. A decrease in
body temperature is correlated with a decrease in meta-
bolic rate and, therefore, a reduction of energy expendi-
ture. In acclimated fish the rate of weight loss was
0.54+0.09% bm day-1 at 27 °C compared to 0.47+0.07%
bm day-1 at 24 °C (data not shown). This corresponds to
a Qo value of 1.58, which is in agreement with the Q
for routine metabolic rate of roach in this temperature
range (Koch et al. 1992). Based on a Q,, of 1.58 a drop
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of MST from 26.8 °C to 22.8 °C would induce a reduc-
tion of weight loss by 17%. Taking into account that the
MST is reduced only during the dark period, the mean
reduction of weight loss can be estimated to 8.5%. Thus,
behavioural hypothermia creates energetic advantages.
However, the selection of cooler water may also have
detrimental effects for the animal, which may explain
why behavioural hypothermiais restricted to the dark pe-
riod in roach (see below).

Literature data on the effect of starvation on tempera-
ture preference are not consistent, but the majority of
studies showed at least a minor decrease of MST during
starvation or low ration feeding. However, in most stud-
ies published so far, fish were not kept in a thermal gra-
dient and observed continuously over the whole experi-
mental period. Rather, fish were placed in the gradient
for 2-3 days and the selected temperature was deter-
mined by visual observation only during daytime. With
such an experimental design gradual shifts or circadian
fluctuations of MST cannot be detected. Morgan (1993)
kept American plaice (Hippoglossoides platessoides) on
low rations for 10 weeks followed by 4 weeks of starva-
tion. At the end of the treatment, fish were placed in a
thermal gradient for 48-96 h and the positions of the fish
were recorded once in 24 h. The author determined a
drop of MST by 0.8 °C. Visual observations of walleye
pollock (Theragra chalcogramma) revealed a decrease
of MST by 34 °C after 3054 days of starvation
(Sogard and Olla 1996). Lake charr (Salvelinus na-
maycush) fed on low rations for 2 weeks shifted their
MST by 3.4 °C (Mac 1985, determined in a shuttle box
system). A comparative study on different salmonids
showed a decrease of MST about 2—4 °C in fasted brook
and rainbow trout (Javaid and Anderson 1967). In con-
trast, Atlantic salmon (Salmo salar) showed a significant
increase of MST during 3 weeks of starvation (Javaid
and Anderson 1967). This surprising result was verified
in a recent study by Morgan and Metcalfe (2001). The
authors speculate that Atlantic salmon increases MST
during starvation in order to optimise foraging behaviour
since this species shows much better swimming abilities,
e.g. position holding ability and acceleration during burst
swimming, at higher temperatures. This may be one of
the reasons why roach maintain a high MST during day-
time, when these fish normally feed. Unfortunately there
are no literature data available on the T, for swimming
abilities in roach. Another explanation for the high MST
maintained during daytime in starving roach may arise
from the behavioural energetics hypothesis. According
to Crowder and Magnuson (1983) fish choose the habitat
that provides optimal bioenergetic benefits (i.e. maxi-
mum surplus power), based on integration of food and
temperature distributions. This means that the optimal
habitat is determined by the integration of the T, of
growth processes and the availability of food. However,
several studies suggest that some fish are not able to in-
tegrate temperature and food availability during their de-
cision-making in habitat choice, but “automatically” cor-
relate high temperature with high food availability

(Wildhaber and Crowder 1990; Krause et a. 1998). This
behaviour may have evolved since in freshwater lakes
patches with higher temperatures (e.g. the littoral zone
and surface water) are often correlated with higher
plankton densities (Wildhaber and Crowder 1990).
Therefore, planktivorous fish, like roach, may have shift-
ed their MST to higher values in order to optimise feed-
ing success.

Thus, roach may follow different strategies during
light and dark periods. During light, the fish optimises
feeding success by selecting higher temperatures where
expected food abundance is high and swimming abilities
are maximised. At night, however, energetic parameters
dominate temperature selection behaviour, the fish
choosing cooler water, where energy expenditure is re-
duced.

In our experiments, fish decreased their swimming
speed once they reached their T, which is a further
contribution to energy conservation (Fig. 4b). Bryan et
al. (1990) proposed that “fish swim through a thermal
gradient at velocities proportional to the derivative of
metabolic scope with respect to temperature (dPm/dT)”.
According to this hypothesis swimming speed is zero at
the temperature where metabolic scope is maxima and
increases with a progressing decrease of metabolic
scope. We indeed found in our experiments that swim-
ming speed was lowest at T, and increases with in-
creasing deviation of the ambient temperature from T ..

Effects of starvation on swimming activity

Besides behavioura hypothermia the reduction of swim-
ming activity is a potential strategy to reduce energy ex-
penditure during starvation. Mendez and Wieser (1993)
proposed three phases in the sequence of behavioural re-
sponses to starvation, namely stress, transition, and ad-
aptation. During the initial stress phase, fish may react to
food deprivation by hyperactivity, reflecting increased
food searching behaviour. This phase is only short (about
24 h) and is followed by the subsequent transition phase
where the fish gradually reduce swimming activity and,
therefore, routine oxygen consumption. Activity and me-
tabolism is maintained at the low level during the adap-
tation phase until fish are refed. In our experiments the
overall swimming activity of roach did not show a clear
response to food deprivation. Aninitial increase of activ-
ity did not occur. According to Mendez and Wieser
(1993), this behaviour is more pronounced in young fish.
During the whole period of starvation, the activity level
of roach was dlightly decreased (Fig. 3), due to a reduc-
tion of peak activity at dawn and dusk (Fig. 2, and
shown by the reduction of error bars of activity levels
during the starvation period in Fig. 3). Swimming activi-
ty increased about 2-fold immediately upon refeeding,
showing a similar circadian pattern as under control con-
ditions. Overall, a reduction of swimming activity appar-
ently contributes to the reduction of energy expenditure
in starving roach. The energetic costs of routine swim-



ming have been estimated to be 1-2 times the standard
metabolism (Ware 1975). Based on this assumption, are-
duction of swimming activity by 50% would correspond
to a reduction of the overal energy expenditure of
25-33%. Therefore, in our experiment, the energetic
benefit of reduced swimming activity is much more pro-
nounced than that of behavioural hypothermia. However,
not all species use the strategy of activity reduction dur-
ing starvation: Atlantic cod show the same level of
swimming activity under ad libitum feeding and starva-
tion (Bjornson 1993). Similarly, the burbot, Lota lota,
maintains high activity levels even during prolonged
starvation (PL.M. van Dijk, G. Staaks, |. Hardewig, un-
published results).

Our results suggest that roach, when subjected to star-
vation, remain in their normal microhabitat during day-
time but migrate to cooler water areas at night. This
strategy may be regarded as a trade-off between the po-
tentially higher food density in warmer water areas and
the energetic benefit of selecting cooler water patches.
More important than behavioural hypothermiais the en-
ergetic benefit of reduced swimming activity observed in
this species.

Compensatory growth

After 3 weeks of starvation fish showed increased
growth rates for 1-2 weeks. This compensatory growth
is partly fuelled by increased food uptake (Fig. 5). How-
ever, the high values of K; during the first week of re-
feeding indicate that food energy is more efficiently used
for growth under these conditions. Apparently, other en-
ergy-consuming processes remain depressed during this
phase in order to maximise growth rates. Our data show
that swimming activity goes back to control levels as
soon as food becomes available. Behavioural hypother-
mia, however, is maintained and only gradually returns
to control levels within 3 weeks of refeeding. This may
be a mechanism to save metabolic energy, which is then
channelled into growth.

Roach showed compensatory growth at al investigat-
ed temperatures, even below 12 °C, where control ani-
mals did not grow. This indicates that the critical temper-
ature for growth is lower in previously starved than
in control fish. Apparently, the growth curve is shifted
to lower temperatures during compensatory growth.
Accordingly, T, for compensatory growth is slightly
lower than T, for normal growth (Fig. 6). To our
knowledge, thisis the first study investigating the effects
of temperature on compensatory growth. The ecological
relevance of this shift is quite clear. During early winter
when water temperatures drop below 12° C, plankton
densities decline and food becomes scarce (Fig. 9). Un-
der these conditions, the animals rapidly enter a state of
non-growth and winter rest. In spring, however, both
phyto- and zooplankton starts to increase before water
temperature reaches 12 °C. Thus, plankton densities are
generally higher during spring than at a comparable tem-
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Muggelsee, Germany, averaged from 1978 to 1998. Data source:
Gerten and Adrian (2001) and D. Gerten and R. Adrian, personal
communication

perature during autumn and winter. After the winter fast,
when body reserves are depleted, it is crucial for the fish
to be able to feed and grow as soon as food becomes
available even at low water temperatures. The physiolog-
ical mechanisms underlying this shift in growth curve
are as yet unknown, but will be the subject of our future
investigations. To this end, we will have to determine
what is limiting growth below 12 °C in control animals.
Possible factors may be energy limitation due to reduced
food uptake, or adverse thermodynamic effects of low
temperature on biochemical reactions involved in growth
processes.

Acknowledgements We thank C. Schuhmacher for technical as-
sistance during the experiments. Thanks to A. Turck for the sup-
ply of roach. K. Schmidt offered generous help during the gradient
experiments which is gratefully acknowledged. The experiments
comply with German guidelines for animal care.

References

Beamish FWH (1964) Influence of starvation on standard and rou-
tine oxygen consumption. Trans Am Fish Soc 93:103-107
Bjornsson B (1993) Swimming speed and swimming metabolism
of Atlantic cod (Gadus morhua) in relation to available food: a
laboratory study. Can J Fish Aquat Sci 50:2542-2551

Boltz JM, Siemien MJ, Stauffer JR Jr (1987) Influence of starva-
tion on the preferred temperature of Oreochromis mossamb-
icus (Peters). Arch Hydrobiol 110:143-146

Bryan JD, Kelsch SW, Neill WH (1990) The maximum power
principle in behavioural thermoregulation by fishes. Trans Am
Fish Soc 119:611-621

Crowder LB, Magnuson JJ (1983) Cost-benefit analysis of tem-
perature and food resource use: a synthesis with examples
from fishes. In: Asprey WP, Lusticl SL (eds.) Behavioral ener-
getics: the costs of survival in vertebrates. Ohio State Univer-
sity Press, Columbus, Ohio, pp 189-221

Gerten D, Adrian R (2001) Differences in the persistency of the
North Atlantic Oscillation signal among lakes. Limnol Ocean-
ogr 42:448-455

Javaid MY, Anderson JM (1967) Influence of starvation on select-
ed temperature of some samonids. J Fish Res Bd Can 24:
1515-1519



504

Jobling M (1981) Temperature tolerance and the final preferen-
dum — rapid methods for the assessment of optimum growth
temperatures. J Fish Biol 19:439-455

Jobling M (1994) Fish bioenergetics. Chapman and Hall, London

Koch F, Wieser W, Niederstétter H (1992) Interactive effects of
season and temperature on enzyme activities, tissue and whole
animal respiration in roach, Rutilus rutilus. Environ Biol Fish
33:73-85

Krause J, Staaks G, Mehner T (1998) Habitat choice in shoals of
roach as a function of water temperature and feeding rate. J
Fish Biol 53:377-386

Mac MJ (1985) Effects of ration size on preferred temperature of
lake charr Salvelinus namaycush. Environ Biol Fish 14:227—
231

Mendez G, Wieser W (1993) Metabolic responses to food depriva-
tion and refeeding in juveniles of Rutilus rutilus (Teleostei:
Cyprinidae). Environ Biol Fish 36:73-81

Morgan MJ (1993) Ration level and temperature preference of
American plaice. Mar Behav Physiol 24:117-122

Morgan 1J, Metcalfe NB (2001) The preferred temperature of
overwintering juvenile salmon is influenced by future energet-
ic requirements. Can J Fish Aquat Sci 58:762—768

Murray JM (1971) Temperature receptors. In: Hoar WS, Randall DJ
(eds) Fish physiology. Academic Press, New York, pp 121-133

Sogard SM, Olla BL (1996) Food deprivation affects vertical dis-
tribution and activity of a marine fish in a thermal gradient:
potential energy-conserving mechanisms. Mar Ecol Progr Ser
133:43-55

Staaks G. (1996) Experimental studies on temperature preference
behaviour of juvenile cyprinids. Limnologica 26:165-177

Ware DM (1975) Growth, metabolism and optimal swimming
speed of apelagic fish. JFish Res Bd Can 32:33-41

Wieser W, Krumschnabel G, Ojwang-Okwor, JP (1992) The ener-
getics of starvation and growth after refeeding in juveniles of
three cyprinid species. Environ Biol Fish 33:63-71

Wildhaber ML, Crowder LB (1990) Testing a bioenergetics-based
habitat choice model: bluegill (Lepomis machrochirus) re-
sponse to food availablilty and temperature. Can J Fish Aquat
Sci 46:1664-1671

Yang TH, Somero GN (1993) Effects of feeding and food depriva-
tion on oxygen consumption, muscle protein concentration and
activities of energy metabolism enzymes in muscle and brain of
shallow-living (Scorpaena guttata) and deep-living (Sebastolo-
bus alascanus) scorpaenid fishes. J Exp Biol 181:213-232



