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ABSTRACT

The trade-off in the allocation of resources between skeletal growth and the storage of reserves
has received little attention, despite relevance to all growing organisms. We explored this
trade-off by manipulating food availability for juvenile Atlantic salmon, Salmo salar, so as to
create the same reduction in growth and loss of energy reserves at different times of the year.
The fish showed seasonal differences in their responses to the nutritional deficit when food was
restored. In winter, fish restored lipid reserves, but their growth in length over the recovery
period was negligible. In summer, fish allocated resources to growth in length as well as the
restoration of lipid reserves; moreover, this skeletal growth was significantly faster than that
of control fish that had received food ad libitum throughout. We demonstrate that current
physiological and energetic models of animal growth cannot account for such seasonal
variation in compensatory growth and allocation patterns, and the regulation of growth and
energy reserves is a dynamic and state-dependent process. We then predict – on the basis of
expected effects on fitness – how somatic allocation and catch-up growth should vary over time
and in contrasting environments.
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INTRODUCTION

Resource allocation is most often studied as the trade-off between gonads and soma.
Observed patterns in this case are complex and depend on factors such as the effect of body
size on mortality and reproductive success (Vance, 1992; Perrin and Sibly, 1993; Gurney and
Middleton, 1996). A more neglected allocation process, but one that is equally important, is
the partitioning of resources between somatic growth, in terms of increase in skeletal size,
and the deposition of easily mobilized nutritional reserves. Investment in growth may lead
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to benefits of increased future reproductive success and survival, but organisms generally
maintain a minimum investment in reserves to prevent starvation and survive periods of
adversity (Tveiten et al., 1996) or for production of gonads at a later date (Reznick and
Yang, 1993; Doughty and Shine, 1998). Therefore, there is a trade-off between growth and
energetic reserves that may vary with the harshness of the environmental conditions (Lesage
et al., 2001; Post and Parkinson, 2001).

Many species experience natural fluctuations in rates of food intake, and periods of food
shortage or interrupted foraging lead to decreases in growth rate and depletion of energy
stores. When food availability subsequently improves, animals usually respond by display-
ing increased consumption and growth rates, typically referred to as compensatory or
catch-up growth (Weatherley and Gill, 1981; Ashworth, 1986; Schew and Ricklefs, 1998).
The pattern of compensation is variable, with catch-up growth sometimes being restricted
to restoration of lost reserves (Miglavs and Jobling, 1989), whereas in other circumstanes
growth rates are elevated to the extent that the animal recovers body size in terms of length
and/or mass (Hayward et al., 1997; Nicieza and Metcalfe, 1997). There are at least three
alternative hypotheses to explain this diversity in compensatory response:

1. Nutritional state hypothesis: there is a fixed response to a given nutritional deficit,
independent of season (Broekhuizen et al., 1994).

2. Physiological constraint hypothesis: the environment imposes physiological constraints
on performance so that contrasting compensatory responses occur in different seasons
or under different environmental conditions. For instance, the extent to which
growth rate can be enhanced may be temperature-dependent (P. Abrams, personal
communication).

3. Facultative response hypothesis: animals have evolved compensatory responses that
maximize their long-term fitness, and the response therefore varies according to the life
stage and nutritional state of the organism and the time of year, in a facultative manner
(sensu Clark and Mangel, 2000).

We allow these hypotheses to compete by presenting novel data on the contrasting
resource allocation patterns of juvenile Atlantic salmon, Salmo salar, subjected to the same
experimental reduction in nutritional reserves in summer and in winter. The nutritional
state hypothesis would predict a similar response in both seasons, whereas the other two
hypotheses would predict seasonally dependent responses. However, in the case of the
physiological constraint hypothesis, this seasonal effect would arise because the fish were
incapable of exhibiting the same resource allocation in the two seasons, while the facultative
response hypothesis would predict that this allocation was flexible. The data are inconsistent
with the first two hypotheses, thus demonstrating that somatic allocation is a dynamic,
state-dependent process. This allows novel general predictions of the patterns of allocation
and growth compensation to be expected in contrasting environments.

METHODS

Experiments were conducted in summer (July to September 1995) and winter (October 1994
to January 1995). Fish were underyearling full-sib offspring of sea-run adults caught in the
River Almond, Perthshire, UK. They were reared on commercial pelleted salmon food
provided to excess by automatic feeders dispensing a trickle of food every 20 min, and were
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kept in conditions of ambient photoperiod and temperature at the University Field Station,
Loch Lomond, both before and during the experiments.

We used a non-destructive method of estimating the lipid content of experimental fish
from morphometric measurements, as has been used successfully in other studies (Simpson
et al., 1992; Adams et al., 1995; Bull et al., 1996), since it was essential to monitor changes in
lipid content over time in individual fish. This method is based on relationships between
morphometric measurements and body fat content, as determined in separate samples
of fish that are subjected to a range of morphometric measurements before being killed to
allow determination of whole body lipid content using solvent extraction (Simpson et al.,
1992). Fat content is reported as either the percentage of body mass (%F) or the mass of fat
(F) per fish, depending on the analysis (e.g. percentages are used when comparing fish of
different sizes, whereas mass of fat is used when calculating the changes in fat reserves
within the same fish over time). For the summer experiment, the calibration equation to
predict fat was based on 28 fish sampled on 20 July from the same stock population and
selected to cover a broad size distribution. Half of these fish had been deprived of food
over the preceding 2 weeks to generate a wide range of lipid levels. The range of body sizes
and fat (as a percentage of body wet weight) was similar between these calibration fish
(33–58 mm fork length, 0.4–5.4% fat) and the experimental fish in the summer experiment
(30–70 mm, estimated 0–5.6% fat). Percentage fat in the calibration fish was best predicted
by a combination of fork length (l), body mass (m) and body widths at the leading edges of
the dorsal (wd), pelvic (wp) and anal fins (wa) (all body widths being measured to the nearest
0.1 mm and standardized for body length; Simpson et al., 1992):

%F = 0.455l − 5.34m + 1.791wd + 3.589wp − 4.699wa − 16.422 (1)

(r2 = 0.726, n = 28, P < 0.001)

A separate sample of 55 fish from the stock population was used to produce a calibration
equation for the winter experiment, since there appear to be seasonal changes in body
proportions (Simpson et al., 1992). These fish were sampled on 27 November (n = 35) and
17 January (n = 20), with approximately half of the fish having previously been subjected to
3 weeks of food deprivation to broaden the distribution of fat levels. Again there was a good
overlap between the size and fat ranges of these calibration fish and the corresponding
ranges for fish subsequently used in the winter experiment (calibration fish: length = 49–74
mm, fat = 1.6–7.2%; experimental fish: length = 55–71 mm, estimated fat = 0–7.6%). The
equation that best predicted total body fat in winter was:

F = 0.09776m − 0.00413l + 6.11wd + 10.9wp − 7.93wa − 0.125 (2)

(r2 = 0.637, n = 55, P < 0.001)

At the start of each experiment (summer: 3 July; winter: 19 October), fish (n = 40 in
summer, 34 in winter) were taken at random from the holding tank and given a unique
combination of alcian blue dyemarks to allow individual identification. They were weighed
to the nearest 0.1 g and the appropriate morphometric measurements were taken to enable
their total lipid content to be estimated. These experimental fish were maintained in a 1 m
diameter holding tank and fed to excess. At the start of each manipulation (summer:
12 July; winter: 24 October), half of the fish were randomly allocated to the deprived group
and moved to a separate tank where they were deprived of food for a period of time
(summer: 30 days; winter: 42 days) that was sufficient to produce a temporary reduction
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in body fat (Weatherley and Gill, 1981; Metcalfe and Thorpe, 1992). The duration of the
deprivation period differed between seasons so as to achieve approximately the same
reduction in percentage body fat (%F) despite different water temperatures (summer:
mean = 18.2�C, range 16.4–21.6�C; winter: mean = 8.4�C, range 6.0–9.1�C).

The other half of the fish, maintained on an excess feeding regime, were used as a control
group. At the end of the deprivation period (summer: 11 August; winter: 5 December), fish
in both treatment groups were weighed and measured for body length and estimation
of percent fat. They were then fed to excess on bloodworms, Chironomidae spp., and pellets
until the end of the experiment approximately 5 weeks later (summer: 13 September; winter:
10 January), when they were re-measured. This 5 week period was chosen, since previous
work had indicated that most of the compensatory growth would have occurred by this
point (Miglavs and Jobling, 1989; Metcalfe and Thorpe, 1992; Bull et al., 1996).

Juvenile salmon show flexibility in the age at which they undergo the smolt transform-
ation and migrate to sea (Metcalfe and Thorpe, 1990). Fish reared in favourable environ-
ments in the UK usually migrate at age 1 or 2 and by their first winter can be reliably
classified into smolt groups on the basis of body length (Thorpe, 1977). Since fish in the
different smolt age categories exhibit different patterns of growth (Metcalfe et al., 1988),
subsequent statistical analyses were restricted to fish that would migrate to sea aged 2 (and
so would be resident in fresh water for at least a further year after the end of either
experiment) by eliminating two fish that were identified as potential age 1 migrants at the
end of the summer experiment. On average, 4 fish died in each deprived group and 3.5 in
each control group over the course of the experiment.

Skeletal growth was defined as an increase in body length, and growth rates were cal-
culated as specific growth rates (percent increase per day) in fork length:

(100[ln(L2) − ln(L1)]/(t2 − t1)

where Lx is the fork length at time tx. Specific rates of change of body fat reserves (% change
in grams of fat per day) were calculated in a similar manner; these were approximately
normally distributed. All P-values reported are for two-tailed tests.

RESULTS

There was no difference in the condition, measured as either fork length or estimated
fat reserves (expressed as percent of body weight), of the control and deprived fish at
the start of the experiments (summer fork length: t23 = 1.46, ..; fat: t23 = 0.11, ..; winter
fork length: t24 = 1.16, ..; fat: t29 = 0.52, ..). The period of food deprivation had the
desired effect of reducing the fat of the fish used in both experiments to a similar extent
(Fig.1): a two-way analysis of variance (ANOVA) of percent fat at the end of the depriv-
ation period in relation to experiment (winter vs summer) and treatment (control vs
deprived) showed that the effect of treatment was highly significant (F1,50 = 97.20,
P < 0.001), but there was no difference between the experiments (F1,50 = 0.32, P = 0.57) and
there was no significant experiment by treatment interaction (F1,50 = 0.13, P = 0.72).

The deprived fish were therefore assumed to have similar nutritional reserves at the end
of the period of food deprivation in both seasons. They responded by increasing their
fat stores over the following 5 weeks, whereas control fish showed a tendency to lose fat over
the same period (Fig. 2a). A two-way ANOVA showed that the specific rate of change of
fat reserves during the post-deprivation period was influenced by treatment (deprived vs
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control: F1,50 = 57.30, P < 0.001), but not by season (summer vs winter: F1,50 = 0.02, P = 0.90)
and there was no interaction between treatment and season (F1,50 = 1.66, P = 0.20). Fish thus
appeared to show a similar compensatory response to fat depletion in winter as in summer.

However, their compensatory response in skeletal (length) growth was quite different. In
summer, the specific growth rate in fork length of the deprived fish was on average 68%
higher than that of controls, indicating a pronounced compensatory response, whereas in
winter deprived fish grew no faster than controls (Fig. 2b). An ANOVA of specific growth
rates in fork length showed highly significant effects of both season (F1,52 = 568.02,
P < 0.001) and treatment (F1,52 = 49.43, P < 0.001). More importantly, the response to the
treatment differed between seasons (interaction between season and treatment: F1,52 = 43.92,
P < 0.001).

DISCUSSION

The period of food deprivation created the same decline in fat reserves in summer or winter.
The nutritional state hypothesis of compensation, exemplified by the model of Broekhuizen
et al. (1994), would therefore predict that, on being given free access to food again, the fish
would make the same relative allocation of resources to reserves and body growth in both
seasons. However, while the pattern of fat restoration was almost identical, fish showed
completely different responses in terms of skeletal growth, with previously deprived fish in
summer exhibiting marked acceleration of length growth rates, whereas in winter they grew
in length no faster than controls.

The physiological constraint hypothesis would interpret this as being due to a change in
the constraints acting on the animal, the fish being physiologically incapable of increasing
their skeletal growth rate in winter, perhaps because of lower temperatures. The low growth
rate of both control and experimental fish in winter might initially seem to support this
hypothesis. However, this low growth rate is partly a consequence of the life-history strategy
that they are adopting (i.e. deferred seaward migration), since fish adopting this strategy
have a much suppressed appetite over winter (Metcalfe et al., 1986; Metcalfe and Thorpe,
1992). In contrast, their siblings that are adopting the alternative strategy of early migration
show no appetite suppression in winter (apart from that imposed by decreased temperature)
and so grow some 3–5 times faster than deferred migrants under exactly the same environ-
mental conditions (Higgins and Talbot, 1985; Kristinsson et al., 1985; Nicieza et al., 1994).

Fig. 1. Fat content of juvenile Atlantic salmon at the end of the period of food manipulation in
the summer and winter experiments (mean ± standard error). White bars = control fish, shaded
bars = deprived fish; n = 11–15 fish per group.
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These differences in appetite and growth are linked to different selection pressures: deferred
migrants minimize the risk of predation by reducing foraging activity (Bull et al., 1996),
while survival rates in migrants are positively correlated with body size at the time of
migration (Lundqvist et al., 1994). Since fish that switch from the deferred to the early
migration strategy in mid-winter also change their length growth rate accordingly (Duston
and Saunders, 1997), it is unlikely that there is any physiological constraint that would
have prevented the previously deprived early migrant fish in the winter experiment from
increasing their skeletal growth rate.

This lack of fit between the data and the first two hypotheses suggests that we need to
explore the implications of the facultative response hypothesis. Skeletal growth rates are
generally maintained at sub-maximal levels (Arendt, 1997), and levels of nutritional
reserves are regulated at fixed (Kennedy, 1953; Weigle, 1994) or sliding set-points
(Mrosovsky, 1990; Bull et al., 1996). However, previous theories of growth or resource
allocation have not considered the relationship between these two processes, leading to
mismatches between data and theory. For instance, conventional growth models based on
bioenergetics are poor at predicting patterns of compensatory growth (Whitledge et al.,
1998). Conversely, the only mathematical model of compensatory growth (Broekhuizen
et al., 1994) assumes that compensation is based on the restoration of a target ratio of

Fig. 2. Daily percentage changes in (a) percent fat and (b) fork length in juvenile Atlantic salmon in
the 5 weeks after the period of food manipulation in the summer and winter experiments (mean
± standard error). White bars = control fish, shaded bars = deprived fish; n = 11–15 fish per group.
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energetic reserves to structural tissues, and so cannot explain either why skeletal growth
rates may be accelerated in compensating fish, or why such ‘catch-up’ skeletal growth should
continue after depleted energetic reserves have been restored (Xie et al., 2001). Jobling and
Johansen (1999) suggested that a feedback system in which appetite was regulated by the
ratio of lipid to lean body mass (the lipostat, sensu Kennedy, 1953) could still generate
differences in skeletal growth rates if the rate of lipid restoration was variable (leading
to over- or undershooting compensation). However, this model still cannot explain
why animals that are experimentally manipulated, so that they are small for their age or
time of year but otherwise well nourished (and hence with normal energy to structural
tissue ratios), subsequently show elevated ‘catch-up’ skeletal growth rates (Mortensen
and Damsgård, 1993; Leimar, 1996; Nicieza and Metcalfe, 1997; Gotthard, 1998). Nor can
any of the models explain the seasonal variation in response observed in the present
study.

The view that allocation is both dynamic and state dependent overcomes these limitations
by considering the long-term consequences of both different rates of resource acquisition
and patterns of allocation (Clark and Mangel, 2000). A strong qualitative prediction,
supported by the experimental results, is that fish experiencing a temporary food shortage in
summer should subsequently compensate for ‘lost’ skeletal growth as well as restore
depleted reserves. This relates to the effects of body size on fitness later in the year. In small
well-nourished salmonids, the mean and maximum recorded percentage fat values are
higher in larger fish (Elliott, 1976; Simpson et al., 1992; Post and Parkinson, 2001), indi-
cating that they are able to store proportionally more reserves. As a result, they tolerate
starvation better (Ludsin and DeVries, 1997) and generally end the winter in better con-
dition (Ludsin and DeVries, 1997; Berg and Bremset, 1998). This is probably the most
important reason for the widespread finding of body length-dependent overwinter survival
of juvenile fish (Smith and Griffith, 1994; Meyer and Griffith, 1997). Therefore, there may
be a strong selection pressure for fish to attain a large skeletal size before the onset of winter
(so that they can carry more fat; Post and Parkinson, 2001), leading to catch-up growth in
individuals that have fallen behind the expected growth trajectory.

Although compensatory growth usually involves an increase in food intake rate, an
elevation in skeletal growth rates may still result in reduced resources allocated to other
needs. For instance, fast-growing animals have been shown to reduce their rate of protein
degradation and, therefore, their investment in body maintenance (Samuels and Baracos,
1995; Morgan et al., 2000). Compensatory growth is also associated with a variety of
longer-term costs (Metcalfe and Monaghan, 2001), and salmonids with elevated growth
rates have been shown to be more prone to muscle damage (Christiansen et al., 1992),
coronary arterial lesions (Saunders et al., 1992) and subsequent reduction in fat deposition
and sexual maturation rates (Morgan and Metcalfe, 2001). Compensatory responses can,
therefore, be costly and we should only expect to see them when the costs of not compensat-
ing are still higher. For example, in the present study, the fish compensated for lost length
only in summer. This is likely to be a consequence of two factors. First, food deprivation
does not result in as much ‘lost growth’ in winter as in summer, because delayed migrant
salmon are not normally growing much at this time anyway. Second, the predation risk
associated with attempting to increase food acquisition rates (Martel and Dill, 1995;
Damsgård and Dill, 1998) is higher in winter than summer, due to lower temperatures and
levels of food availability. In effect, the fish’s pattern of feeding and resource allocation after
a period of food shortage is thus likely to be adapted to take account of both (1) the
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discrepancy between its current state and that expected for the time of year and (2) the
relative cost of restoring any deficit.

Several general predictions emerge from this framework. First, individuals that are
skeletally larger or in better nutritional condition should compensate less for any period of
poor food availability, regardless of time of year, due to the smaller discrepancy between
actual and expected state. Second, the strength of compensatory responses should vary
with latitude and altitude (i.e. degree of seasonality). Animals living at high latitudes or
altitudes should respond most strongly and rapidly to any temporary periods of food
shortage during their brief season of growth, because the relative extent of lost growth and
the costs of not having restored lost reserves or body growth by the onset of winter will
be higher.

A third prediction is that animals should show a stronger compensatory response the
closer they appear to be (as judged by seasonal cues such as photoperiod) to the end of the
favourable period for growth. In the case of animals growing in a temperate environment,
a period of food shortage in late summer should induce a stronger and more rapid com-
pensation than the equivalent shortage in spring, due to the reduced time available to
restore lost reserves and body size before the onset of poorer feeding conditions. This
situation is analogous to that faced by animals undergoing a period of growth prior to a
seasonally dependent life-history event such as metamorphosis, sexual reproduction or
migration, when they must trade off the costs of growth with the subsequent advantages of
having attained a greater final body size or nutrient store. Animals born later in the season
should grow faster (Abrams et al., 1996), a prediction upheld by work on insect larval
growth rates (Leimar, 1996; Gotthard, 1998). However, the model of Abrams et al. (1996)
does not investigate the potential effects of variation in food supply during the period of
growth.

Smith-Gill (1983) distinguished between adaptive phenotypic responses by animals to
changes in their environment (‘developmental conversion’) and environmentally imposed
phenotypic variation that did not involve any adaptive flexible response (‘phenotypic
modulation’). Schew and Ricklefs (1998) noted that it is often difficult to tell which process
is at work when changes in food availability affect growth rates – are the observed patterns
of growth simply fixed by physiological constraints, or are they an adaptive and flexible
response? There is a clear need for an experimental approach such as the one described here
to disentangle these explanations.
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