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Abstract. Resources fluctuate in space and time, and animals routinely experience
temporally varying opportunities for resource intake, and variation in intake itself. We
investigate consequences of such variation in intake on growth and growth efficiency
(growth per unit intake) in juvenile hybrid striped bass. We observed, after statistically
accounting for the effects of total consumption and initial body size, that individuals re-
ceiving a low ration followed by a higher ration (the fluctuating ration) grew faster than
individuals receiving a temporally constant ration (the normal ration). To interpret this
increase in growth efficiency, we consider a set of alternative models representing different
physiological hypotheses of the growth process. Using a simple growth model, an analytical
result shows that the fluctuating ration as typically applied in experiments (a low ration
followed by a high ration), independent of any change in physiology, increases growth
efficiency relative to individuals on the normal ration. Growth efficiency increases because
cumulative maintenance costs are lower for individuals that stay small initially and then
grow rapidly in comparison to individuals that grow steadily. Further, a statistical analysis
of alternative models inferred that fish receiving a variable ration show higher assimilation
and/or conversion efficiencies of food and lower mass-specific maintenance costs. Our
analysis suggests that the lower cumulative maintenance costs incurred over a time interval
with low consumption followed by high consumption act in association with higher assim-
ilation-conversion efficiencies, and lower overall mass-specific maintenance costs to in-
crease growth efficiency in hybrid striped bass.

Key words: bioenergetics; compensatory growth; energy budget model; experiment; hybrid
striped bass.

INTRODUCTION

Individuals in natural populations face the challenge
of obtaining and using resources that may fluctuate
considerably in space and time, and understanding how
individuals locate and exploit such resources is a basic
issue in behavioral and evolutionary ecology. A related
area, of interest in ecophysiology and life history evo-
lution, explores the consequences of temporal variation
in consumption that arises from such spatial and tem-
poral variation in resource availability. In this paper,
we address the effects of variable food intake on growth
and growth efficiency in a juvenile fish.

In many experiments, food intake has been manip-
ulated to fluctuate in time, and the subsequent growth
responses of animals have been documented. A stan-
dard manipulation is to designate as the control group
a set of individuals receiving ad libitum rations during
the entire course of the experimental trial, and regard
as the treatment group a second set of individuals re-
ceiving a restricted ration during the first segment of
the trial followed by an ad libitum ration during the
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second segment of the trial. In many of these experi-
ments, the treatment group attains, by the end of the
experimental trial, the same, or nearly the same, body
size as the control group. The treatment group ap-
proaches or achieves the same body size, despite often
large periods of restricted feeding, by growing at an
increased rate relative to control individuals during the
ad libitum feeding segment, and these periods of ac-
celerated growth have been termed ‘‘compensatory
growth’’ (Wilson and Osbourn 1960, Jobling and Jo-
hansen 1999, Hornick et al. 2000, Ali et al. 2003).
Compensatory growth has been observed in numerous
studies with birds and mammals (Wilson and Osbourn
1960, Hornick et al. 2000), as well as fish (Ali et al.
2003). Compensatory growth that leads to the same
body size as controls can be termed ‘‘catch-up’’ growth,
and ‘‘overcompensation’’ refers to compensatory
growth that results in a larger body size than control
individuals.

While the existence per se of the phenomenon of
compensatory growth is important to animal produc-
tion, the study of the evolutionary and physiological
mechanisms underlying compensatory growth has also
received attention (Wilson and Osbourn 1960, Sibly
and Calow 1986, Jobling and Johansen 1999, Hornick
et al. 2000, Ali et al. 2003). In particular, previous
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research has shown that fishes fed ad libitum after a
period of restricted feeding exhibit an increase in con-
sumption, and that this hyperphagic response contrib-
utes to compensatory growth. However, it is less clear
whether individuals receiving a variable ration are
more efficient physiologically (i.e., grow faster per unit
body size per unit intake) relative to control individuals
over the entire course of a feeding cycle. In fishes, for
example, increases in growth efficiency during portions
of the feeding cycle have been observed in two species
(Russell and Wootton 1992, Zhu et al. 2001, 2003),
while such results in other species have been absent,
or ambiguous (Miglavs and Jobling 1989a, b, Hayward
et al. 1997, Gaylord and Gatlin 2001, Gaylord et al.
2001, Xie et al. 2001, Nikki et al. 2004). Empirical
studies that identify the physiological mechanisms that
may underlie any changes in growth efficiency are lack-
ing.

Previous studies have modeled the process of com-
pensatory growth, emphasizing mammals (Kyriazakis
and Emmans 1992) and fish (Broekhuizen et al. 1994,
Whitledge et al. 1998, Jones et al. 2002, Gurney et al.
2003). This previous theoretical work (Broekhuizen et
al. 1994, Whitledge et al. 1998, Jones et al. 2002, Gur-
ney et al. 2003) has focused on modeling consumption
(e.g., the phenomenon of hyperphagia) and/or resource
allocation as a function of energetic state. Missing from
these earlier modeling studies is a statistical assess-
ment, using experimental data, of alternative models
representing alternative biological hypotheses of the
physiological processes that drive growth metabolism
in response to variable feeding schedules. Specifically,
modeling approaches have not yet been applied in con-
cert with experimental data to address how feeding
regime affects growth efficiency via changes in phys-
iology, an area of research that is of interest in both
animal production and evolutionary ecology (Wilson
and Osbourn 1960, Jobling and Johansen 1999, Hor-
nick et al. 2000, Ali et al. 2003).

In the present study, we propose, a priori, a set of
alternative models representing biological hypotheses
concerning growth metabolism, and assess these mod-
els using experimental data (Akaike 1974, Schwarz
1978, Hilborn and Mangel 1997, Burnham and An-
derson 2002). Thus, we extend previous work on
growth energetics in two principal directions. First, by
accounting for total per capita food consumption over
the course of the experiment and initial body size as
statistical covariates, we test whether individuals ex-
periencing fluctuating food availability that varies from
low to high grow more efficiently over the entire ex-
perimental period than individuals experiencing con-
stant food availability. Second, by mathematical anal-
ysis and statistically fitting alternative growth models
to our experimental data, we ask whether the growth
responses exhibited by hybrid striped bass in our ex-
periment can be attributed to the variable feeding
schedule without changes in physiology, changes in

assimilation-conversion efficiency, alterations in main-
tenance costs, or some combination thereof. Our results
offer new insights into the mechanisms associated with
compensatory growth, and how organisms may respond
physiologically to fluctuating resource availabilities.

METHODS

Experimental study

We conducted a 120-d feeding and growth experi-
ment with 16 juvenile hybrid striped bass (female white
bass, Morone chrysops, crossed with male striped bass,
Morone saxatilis; see Plate 1). The fish were housed
individually in 130-L tanks within a freshwater culture
system equipped with biological and ultraviolet filtra-
tion. Water temperature was maintained at 25.438 6
0.558C (mean 6 SD), and the photoperiod was 12 h
light : 12 h dark. Fish were acclimated to the individ-
ual-tank system with daily ad libitum feeding for two
weeks using a floating, pelleted fish food (Zeigler Sil-
ver floating 5 mm pellets, #316540-36-44, Zeigler
Bros. Inc., Gardners, Pennsylvania, USA). After ac-
climation, eight fish were randomly assigned to one of
two groups. Total lengths (95.69 6 5.76 mm) and wet
masses (9.32 6 1.54 g) were measured with individuals
sedated in a buffered solution of quinaldine sulfate.

Individuals in one group received the normal ration
and were fed ad libitum on a daily basis over the course
of the experiment, excluding periods when body size
measurements were taken. The ad libitum feeding pro-
ceeded by providing an individual fish one pellet at a
time until feeding ceased for 2 min, and then recording
the number of pellets consumed. Individuals in the sec-
ond group received a fluctuating ration over the du-
ration of the experiment. During the time intervals 1–
27 d and 56–83 d, the ‘‘maintenance periods’’ (ap-
proximately the first and third months of the four-month
experiment), individuals in the fluctuating-ration group
received a maintenance diet consisting of one ad li-
bitum feeding per week. During the time intervals 28–
55 d and 84–120 d, the ad libitum periods (approxi-
mately the second and fourth months of the experi-
ment), individuals in the fluctuating-ration group re-
ceived a daily ad libitum feeding, identical to individ-
uals in the normal ration group. Measurements of total
length and wet mass were taken on days 0, 27, 55, 83,
and 120, and fish from both groups were not fed during
the 36 hours preceding measurements. At the end of
the experiment, five fish drawn randomly from each
treatment group were assayed, by a certified commer-
cial laboratory, for body composition in terms of per-
cent lipid, percent protein (Kjeldahl), and percent wa-
ter, and a multivariate general linear model was used
to test for the effect of treatment on body composition
using total length on day 120 as a covariate.

Assessment of growth efficiency

We tested whether fish receiving the fluctuating ra-
tion grew faster over the course of the 120-d experiment
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PLATE 1. Hybrid striped bass (female Morone chrysops crossed with male Morone saxatilis). Photo credit: M. E. Picha.

than fish of the same initial body size that consumed
an equal amount of food under the normal ration. To
make use of both of our body size measurements, we
fit a statistical model to both wet mass and total length
data simultaneously. Specifically, we assume that our
measurement of wet mass on day 120, So(120), is de-
scribed by a normal distribution with mean

Om 5 b S (0) 1 b C (120)S S C O (1)

and variance , where So(0) is observed wet mass on2sS

day 0 (the superscript o denotes empirically observed
quantities, which must be distinguished from model
solutions discussed in the next section), Co(120) is ob-
served total consumption after 120 days, bS is a pa-
rameter that models the effect of initial wet mass on
growth, and bC is a parameter that models the effect
of total consumption on growth. The parameter bS can
be interpreted as a mass-specific maintenance cost over
a finite time interval (units: mass lost per initial body
mass), and the parameter bC can be interpreted as a
growth efficiency over a given time interval (units:
mass gained per mass consumed). Eq. 1 is the mean
response in an ANCOVA model having dependent var-
iable So(120), covariates So(0) and Co(120), and zero
intercept. We assume that total length on day 120,
Lo(120), is related to wet mass via a power law of the
form L 5 aSb. Accordingly, Lo(120) is assumed to have
a lognormal distribution with parameters

m 5 ln(a) 1 b ln[m ]L S

o o5 ln(a) 1 b ln[b S (0) 1 b C (120)] (2)S C

and , where a and b are parameters for the power2sL

law relating length to mass, and ln denotes the natural
logarithm. Eq. 2 is the mean response in an ANCOVA-
type model obtained for natural log-transformed length
data having dependent variable ln[Lo(120)], intercept
ln(a) and covariates So(0) and Co(120) acting through
the function b ln[bSSo(0) 1 bCCo(120)]. Under this
model, the mean of ln [Lo(120)] is

o oE{ln[L (120)]} 5 ln(a) 1 b ln{E [S (120)]}

oø ln(a) 1 bE{ln[S (120)]} (3)

where E denotes the operation of calculating a mean
assuming very large sample size (i.e., E denotes ex-
pection, Casella and Berger 1990). We note that the
last term in Eq. 3 can be obtained using a Taylor series
approximation for computing the expectation
E{ln[So(120)]}, and our numerical calculations for our
particular data set suggest that this is a reasonable ap-
proximation. Hence, this model for length produces
essentially the same mean value for ln[length] as the
standard power law model that regresses ln[length] on
ln[mass]. Accordingly, we construct a bivariate distri-
bution for mass and length on day 120 by taking the
product of the normal density for So(120), and the log-
normal density for Lo(120), essentially fitting two AN-
COVAs with shared parameters (bS and bC) simulta-
neously. The likelihood for a pair of body size obser-
vations from a single fish, [So(120), Lo(120)], is then

o 2 o 2[S (120) 2 m ] {ln[L (120)] 2 m }S Lexp 2 exp 2
2 25 6 [ ]2s 2sS L

·
2 o 2Ï2ps L (120)Ï2psS L
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and the overall likelihood is the product of these terms
taken over all 16 individuals (2 treatments 3 8 indi-
viduals 5 16). This approach allows for both length
and mass to be interpreted simultaneously in terms of
the parameters of interest, bS, bC, a, and b, and the
effects of the experimental treatments on these param-
eters.

We use the bivariate model just described to test two
main hypotheses. First, we assess treatment effects on
the growth responses to the covariates initial body size
and total consumption by testing for treatment effects
on the parameters bS and bC (i.e., we test for hetero-
geneity of slopes across treatments). Second, we ask
if mass and length respond differently to the treatments
by testing whether the power law parameters a and b
depend on treatment. For example, fluctuating-ration
fish may add length at the expense of mass, and hence
appear thin relative to normal-ration fish, or vice versa.
We assess these hypotheses statistically by fitting the
bivariate model to our length and mass data using max-
imum likelihood. We employ a standard backward
elimination scheme, as in PROC REG in SAS (SAS
2001), to identify the significant independent variables
in our model, allowing the parameters bS, bC, a, and b
to depend on treatment. We computed test statistics
using likelihood ratios, and assess these test statistics
using Chi-squared distributions (Casella and Berger
1990).

Assessment of alternative growth models

The bivariate model described above allows a sum-
mary analysis of growth over the 120-d duration of the
experiment; it does not explore the additional infor-
mation available from our measurements of body size
and daily per capita consumption measurements. Ac-
cordingly, we analyzed and fit a set of simple growth
models to our measurements of wet mass, taking into
account our daily measurements of per capita con-
sumption.

We model the physiological change of a single state
variable, wet mass (e.g., Kitchell et al. 1977, Rice et
al. 1983, Kyriazakis and Emmans 1997, Whitledge et
al. 1998, West et al. 2001, Skalski and Gilliam 2002,
Ricklefs 2003). The change in total wet mass, S(t), can
be written as a static mass budget model (cf. dynamic
energy budget models, Kooijman 2000):

dS
5 kI(t) 2 vS(t) (4)

dt

where the k is the assimilation-conversion efficiency,
I(t) is consumption (assumed to be a known function
of time, either from empirical data, or a model of the
consumption process) and v is a mass-specific main-
tenance rate. The parameter k is an instantaneous mea-
sure of growth efficiency (analogous to the finite rate
bC, units: mass gained per mass consumed) and v is
an instantaneous mass-specific metabolic rate of a fast-
ing animal (analogous to the finite rate bS, units: mass

lost per body mass per time). We refer to Eq. 4 as Model
0, our null mass budget model.

We developed several simple extensions of our null
model, Eq. 4, with each extension representing a phys-
iological hypothesis, and assessed via statistical model
fitting the ability of each model to predict fish growth
in our feeding experiment. A fundamental issue in stud-
ies of compensatory growth is whether physiological
changes, beyond hyperphagia, underlie the compen-
satory response. Model 1, a four-parameter model, rep-
resents a form of this hypothesis by assuming that the
normal and fluctuating-ration groups have different
physiologies by extending Model 0 to have physiolog-
ical parameters k and v specific to each treatment
group. The parameters are (k, v) 5 (kn, vn) for fish
receiving the normal ration and (k, v) 5 (kf, vf) for
fish receiving the fluctuating ration. A further elabo-
ration on this idea, Model 2, posits that the physiology
of the fish receiving the fluctuating ration not only dif-
fers from the normal ration group, but also depends on
whether the current feeding schedule is the ad libitum
period (one ad libitum feeding per day) or the main-
tenance period (one ad libitum feeding per week). Ac-
cordingly, Model 2 assumes that (k, v) 5 (kn, vn) for
fish receiving the normal ration, (k, v) 5 (kfl, vfl) for
fish in the maintenance period under the fluctuating
ration regime (the subscript 1 symbolizes low feeding),
and (k, v) 5 (kfh, vfh) for fish in the ad libitum period
under the fluctuating ration regime (the subscript h
symbolizes high feeding).

Models 0, 1, and 2 are isometric in the sense that
the parameter v does not depend on body size, and
therefore does not change as an individual grows. In
this regard, Models 0, 1, and 2 represent a departure
from many existing mass budget models that often rep-
resent this kind of physiological parameter as an al-
lometric, or nonlinear, function of body size, usually
by means of a power function (e.g., Kitchell et al. 1977,
Rice et al. 1983, Kyriazakis and Emmans 1992, Broek-
huizen et al. 1994, Jones et al. 2002). Accordingly, we
consider allometric versions of Models 0, 1, and 2,
where the parameter v is allowed to vary as a power
function of body size. Model 0A is an allometric ver-
sion of Model 0 with (k, v(S)) 5 (k, v0 ), yieldingv1S
three parameters (k, v0, v1). Model 1A is an allometric
version of Model 1 with (kn, vn(S)) 5 (kn, vn0 ) andvn1S
(kf, vf(S)) 5 (kf, vf0 ), yielding six parameters (kn,vf1S
vn0, vn1, kf, vf0, vf1). Model 2A is an allometric version
of Model 2 with (kn, vn(S)) 5 (kn, vn0 ), (kfl, vfl(S))vn1S
5 (kfl, vfl0 ), and (kfh, vfh(S)) 5 (kfh, vfh0 ), yield-v vfl1 fh1S S
ing nine parameters (kn, vn0, vn1, kfl, vfl0, vfl1, kfh, vfh0,
vfh1). Consumption is often not measured in growth
studies, and is frequently modeled as an allometric
function of body size (e.g., Kitchell et al. 1977, Rice
et al. 1983, Kyriazakis and Emmans 1992, Broekhuizen
et al. 1994, Jones et al. 2002, Gurney et al. 2003).
However, consumption, obviously, is a strong predictor
of growth, but varies considerably among individuals
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FIG. 1. Wet mass (mean 6 SE) of juvenile hybrid striped
bass receiving normal and fluctuating rations during a 120-d
feeding and growth experiment.

(e.g., Miglavs and Jobling 1989a, Russell and Wootton
1992, Whitledge et al. 1998, Nikki et al. 2004). Because
our focus is on growth efficiency based on empirically
measured consumption, and we have daily measures of
consumption, we treat consumption as a covariate (i.e.,
a known input into the model) rather than attempt to
predict it as a dependent variable, as has been done in
studies that lack detailed consumption data (e.g., Kitch-
ell et al. 1977, Rice et al. 1983, Broekhuizen et al.
1994, Jones et al. 2002, Gurney et al. 2003).

Given this set of models and their underlying hy-
potheses, we fit model predictions of growth to our
experimental data. We have five observations of wet
mass for each individual fish, So(0), So(27), So(55),
So(83), and So(120), providing four time intervals dur-
ing which growth can be modeled and predicted, yield-
ing 64 observations (including repeated measures of
individuals) of changes in body size (eight replicate
fish 3 two treatments 3 four time intervals). We pre-
dicted the final body size for each interval using the
observed initial body size for that interval as the initial
condition in the differential equations. A model solu-
tion of this form can be represented as S(ti11, So(ti)),
where ti11 is the time at the end point of the ith interval,
ti is the time at the beginning point of the ith interval,
and So(ti) is the observed body size at the beginning
point of the ith interval. The isometric models (Models
0, 1, and 2) are linear and can be solved analytically.
However, the allometric models are nonlinear and must
be solved numerically. We approximated solutions to
the differential equations for all models using Euler’s
method with a fixed time step of one day (Kincaid and
Cheney 1996). We fit the models by maximum likeli-
hood, representing So(ti11) as having a normal distri-
bution with mean S(ti11, So(ti)) and constant variance.
Hence, the likelihood for the wet mass data from one
fish over the four time intervals is the following:

o o 2[S (t ) 2 S(t , S (t ))]i11 i11 iexp 2
25 64 2sP

2i51 Ï2ps

where s2 is the variance and the overall likelihood is
the product of the individual likelihoods taken over all
16 individuals. This statistical approach models the
times series of wet mass observations for each indi-
vidual using a process error model where observations
at time ti11 are conditional on observations at time ti

(see Hilborn and Mangel 1997).
We used the model selection criterion of Schwarz

(1978), the Bayesion Information Criterion (BIC), to
make our statistical inferences by computing BIC dif-
ferences (Burnham and Anderson 2002). Smaller val-
ues of the BIC for a particular model i relative to the
BIC value for an alternative model j lead to the infer-
ence that model i provides a better description of the
data than model j. The BIC takes both goodness-of-fit
(via the likelihood) and model parsimony (via number
of parameters) into account, decreasing as the likeli-
hood increases, and increasing as the number of model
parameters increases.

RESULTS

Assessment of growth efficiency

The hybrid striped bass demonstrated what could be
considered, in the context of compensatory growth
studies in fish, the canonical growth response. Individ-
uals receiving the normal ration grew at a rate that
decreased over time, whereas individuals receiving the
fluctuating ration illustrated a step-like response that
was associated with their variable feeding schedule
(Fig. 1). The average body sizes, measured as mean
wet mass, did not differ between the treatment groups
at the beginning (t 5 0.19, df 5 15, P 5 0.85) and end
(t 5 0.73, df 5 15, P 5 0.47) of the experiment ac-
cording to a t test. No difference was detected in the
final body composition of the fish between the two
treatments (Wilks’ L 5 0.80, P 5 0.89). Evaluated at
the mean of the covariate (total length 5 137 mm),
body composition (mean 6 SE) for fish receiving the
normal ration was 16.43 6 0.55% protein, 4.28 6
0.70% fat, and 74.02 6 0.44% water, while fish in the
fluctuating ration treatment were 17.20 6 0.54% pro-
tein, 3.54 6 0.69% fat, and 74.20 6 0.43% water.

Treating initial wet mass and total consumption (i.e.,
total absolute consumption over the 120-d experiment)
as covariates in a bivariate statistical model, the back-
ward model selection procedure selected a model which
predicts that fish receiving the fluctuating ration grow
faster, on a given total intake, than fish receiving the
normal ration. In particular, the parameter bS is sig-
nificantly different from zero (x2 5 30.28, P , 0.001)
but does not differ across treatments (x2 5 0.17, P 5
0.682), while the parameter bC is different from zero
(x2 5 87.66, P , 0.001) and differs across treatments
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(x2 5 10.47, P 5 0.001). Accordingly, fish receiving
the fluctuating ration showed a stronger response to
total consumption than fish receiving the normal ration,
and these individuals have, on average, a higher growth
efficiency in the sense of more mass gained at any given
initial body size and level of total consumption (Fig.
2A, the slopes are growth efficiencies). Thus, the order
per se in which food is consumed, holding total quantity
fixed, affects growth, with fish fed at low levels fol-
lowed by high levels growing more than individuals
fed at a constant intermediate level.

We found no evidence that the power law relation-
ship relating length to mass depends on treatment by
acting on the parameters a (x2 5 1.62, P 5 0.203) and
b (x2 5 0.05, P 5 0.819) individually, or jointly (x2

5 1.75, P 5 0.417). Instead, the fish in the two treat-
ment groups gained total length and mass in similar
proportions by the end of the 120-d experiment (Fig.
2B).

Analysis and statistical fitting of alternative
growth models

The results from the application of the bivariate mod-
el indicate that, with ‘‘all else equal’’ (i.e., initial body
size, total food consumption), fish receiving the fluc-
tuating ration grow faster, and are thus in some sense
more efficient physiologically than fish receiving the
normal ration. Without any additional data analysis, we
can gain some insight as to how fish might achieve
higher growth on a variable ration without any asso-
ciated change in physiology. We proceed by first con-
sidering a hypothetical experiment in which two fish,
labeled Fish 1 and Fish 2, both of initial size S0 grow
according to Model 0 (the isometric model in which
physiological parameters do not differ across treat-
ments) and consume C grams of food during a period
of duration T. Fish 1 consumes a constant quantity each
day, so that I(t) 5 C/T, while Fish 2 has variable
consumption, not feeding during the first half of the
period, followed by high feeding during the second
half of the period so that I(t) 5 0 for 0 # t # T/2 and
I(t) 5 2C/T for t/2 , t # T. Since k and v are constants,
Model 0 predicts body sizes at time T given by the
solutions

kC
2vT 2vTS(T ) 5 S e 1 (1 2 e )0 vT

for Fish 1, and

2kC
2vT 2vT/2S(T ) 5 S e 1 (1 2 e )0 vT

for Fish 2. Growth over a period of duration T is S(T)
2 S0, and the difference in growth between Fish 2 and
Fish 1 (Fish 2 growth minus Fish 1 growth) is:

kC
2vT/2 2vT[2(1 2 e ) 2 (1 2 e )]

vT

kC
2vT 2vT/25 (e 2 2e 1 1)

vT

kC
2vT/2 25 (e 2 1) . 0 (5)

vT

(i.e., a positive number), thus showing that the growth
of Fish 2 is always greater than the growth of Fish 1
for any 0 , T. This result shows that a fluctuating
consumption regime per se, in the form of a low feeding
period followed by a high feeding period, independent
of any change in physiology, results in an increase in
growth efficiency over a finite time period. The increase
in growth occurs because individuals on the variable
ration are smaller for most of the period (because they
add mass only during the second half of the period),
and hence incur lower cumulative maintenance costs
over the period (since maintenance costs increase with
body size). This analysis provides one mechanism that
may underlie increases in growth efficiency such as
those observed in our experiments (Fig. 2A). This
mechanism seems not to have been considered in pre-
vious work.

The difference in growth indicated in Eq. 5 is a uni-
modal function of the v and T, reaching its maximum
when vT ø 2.51 (notice that v and T always occur via
the product vT). Hence, assuming that the experimental
duration T is not very large, the growth difference pre-
dicted by Eq. 5 will be an increasing function of v for
most biologically realistic values of v. For example,
in a 60-d experiment, the growth difference increases
until the maintenance rate reaches about 4% per day
(vT 5 0.04 3 60 ø 2.5). The implication is that, all
else equal, the effect of a variable ration per se, in the
form of a low feeding period followed by a high feeding
period, should be larger for species and life stages (e.g.,
juveniles) with higher mass-specific maintenance costs.

The mechanism just described does not invoke any
change in physiology to achieve a change in growth
efficiency. We now explore models that include chang-
es in physiological rates. Considering all six alternative
models, the best model according to the BIC criterion
is Model 2, followed by Model 1 (Table 1). These re-
sults support the inference that the fluctuating ration is
having an effect on the physiological parameters k (the
assimilation-conversion efficiency) and v (the mass-
specific maintenance cost). Model 2 predicts isometric
maintenance costs and alterations in physiology asso-
ciated with the two feeding periods (maintenance and
ad libitum) in the fluctuating ration. Specifically, fish
receiving the fluctuating ration grew more efficiently
in response to increasing consumption during ad libi-
tum periods than during maintenance periods, and grew
more efficiently than fish receiving the normal ration
(as indicated by the different slopes in Fig. 3A, which
are interpretable as growth efficiencies). Further, fish
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FIG. 2. (A) Partial residual growth of juvenile hybrid
striped bass receiving normal (solid circles, solid line) and
fluctuating (open circles, dot-dash line) rations as a function
of total consumption over the 120-d experiment. The symbols
denote partial residual growth for each fish, computed as ob-
served growth minus the predicted linear effect of initial body
size. The lines denote predicted partial residual growth. Both
regression lines have zero intercept, but they have signifi-
cantly different values for the slope parameter bC, indicating
that fish receiving the fluctuating ration grew more efficiently
than fish receiving the normal ration. (B) The total lengths
and wet masses of hybrid striped bass at the end of the 120-
d experiment in the form of a length–mass curve. Open circles
represent the fluctuating ration; solid circles represent the
normal ration. The line denotes the maximum likelihood pow-
er law parameterized with estimates of a and b.

TABLE 1. Values of the standardized Bayesian Information
Criterion (DBIC) for the six alternative mass-budget mod-
els describing growth in the feeding experiment with hybrid
striped bass.

Model
version

No.
parameters DBIC

Evidence
ratio Model rank

Isometric models
0 2 10.97 241 4
1 4 3.56 6 2
2 6 0 1 1

Allometric models
0A 3 13.39 808 6
1A 6 10.13 158 3
2A 9 11.19 269 5

Notes: The DBIC values have been computed by substract-
ing the BIC value for Model 2, the best-fitting model with
the smallest value of the BIC, from the BIC values for each
of the six models. The model version column indicates the
model fit to the experimental data, the parameters column
denotes the number of physiological parameters employed in
each model, the evidence ratio for each model relative to
Model 2 is calculated following Burnham and Anderson
(2002), and the model rank column denotes the rank of the
fit of the model by the BIC.

receiving the fluctuating ration lost less mass as a func-
tion of body size (mass loss that can be attributed to
maintenance costs) during ad libitum periods than dur-
ing maintenance periods, and they also lost less mass
than fish receiving the normal ration (as indicated by
the different slopes in Fig. 3B, which are interpretable
as mass-specific maintenance costs over a finite time
interval). The best-fit parameter estimates for Model 2
predict precisely these results (Table 2). In particular,
mass-specific maintenance (the v’s) declines during the
ad libitum periods on the fluctuating ration, and in-
creases during maintenance periods, relative to fish on
the normal ration, thereby producing the body size ef-
fect in Fig. 3B. Assimilation-conversion efficiency (the
k’s) increases during the ad libitum periods under the
fluctuating ration relative to the normal ration, thereby,
in concert with the changes in v, producing the con-

sumption effect in Fig. 3A. The parameter k in Model
2 is estimated to be small during maintenance periods,
but because consumption is low during these periods
the small k has a weak effect on overall growth. Models
involving allometric maintenance costs generally per-
formed poorly, and, overall, there is little evidence for
a nonlinear relationship between growth and body size
(Fig. 3B), as would be predicted by an allometric model
of maintenance costs. Accordingly, our inference is that
maintenance costs are well-described by an isometric
model over the range of body sizes that we studied (9–
40 g).

The model selection results and the data in Fig. 3
indicate that growth physiology is altered by feeding
regime. However, as just illustrated with Eq. 5, the
feeding regime per se also affects growth efficiency
over the time scale of the entire experiment even in
the absence of any associated change in physiology.
We can roughly partition the cause of this increase in
growth between these two causative processes as fol-
lows. Averaging over all individuals, the mean total
consumption over the 120-d experiment was about 18.3
g. At this level of total consumption, the linear model
in Fig. 2A predicts a growth increase of about 2.3 g.
The effect of the fluctuating ration per se can be cal-
culated using Model 0, which predicts no alteration in
physiology, to predict the growth of individuals feeding
on the fluctuating and normal rations. Employing av-
erage consumption schedules for the two treatments,
Model 0 predicts a difference in growth of about 1.3
g, or about one-half of the 2.3-g effect, for individuals
with total consumption equal to 18.3 g. The joint effects
of the fluctuating ration per se and alterations in phys-
iology can be calculated using Model 2. For individuals
with total consumption equal to 18.3 g, Model 2 pre-
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FIG. 3. Comparison of fish growth during
maintenance and ad libitum periods on the fluc-
tuating vs. normal ration over four ;1-mo in-
tervals during which growth was measured. Par-
tial residual growth is plotted against total con-
sumption and initial body size; lines denote the
best-fit predictions from Model 2. (A) The con-
sumption effect (growth minus the predicted
linear effect of body size) shows that the fluc-
tuating ration affects physiology. As in Fig. 2A,
for a given level of total consumption, fish on
the fluctuating ration during ad libitum periods
grew more efficiently in response to intake than
fish on the normal ration, but there was no ev-
idence of such increased growth efficiency dur-
ing maintenance periods. (B) The body size ef-
fect (growth minus the predicted linear effect
of total consumption) also shows that the fluc-
tuating ration affects physiology. For fish on the
fluctuating ration during ad libitum periods, the
penalty for larger body size, in terms of mass
lost, was ameliorated relative to fish on the nor-
mal ration; during maintenance periods, those
fish showed no such amelioration. Actual fits of
the model to the data are more accurate than
those portrayed here because statistical fitting
accounts for among-individual variation in dai-
ly consumption (two individuals may consume
the same total amount of food but have different
daily consumption patterns) that cannot be de-
picted in this two-dimensional graph.

TABLE 2. Maximum-likelihood parameter estimates for the isometric growth models, Models
0, 1, and 2, and the allometric growth models, Models 0A, 1A, and 2A.

Model Normal ration

Fluctuating ration

Maintenance periods Ad libitum periods

Isometric models: (k̂, )v̂
0 (1.32, 0.0040) (1.32, 0.0040) (1.32, 0.0040)
1 (1.10, 0.0027) (1.52, 0.0053) (1.52, 0.0053)
2 (1.10, 0.0027) (0.67, 0.0035) (1.20, 0.0010)

Allometric models: ( , 0, 1)k̂ v̂ v̂
0A (1.33, 0.0086, 0.24) (1.33, 0.0086, 0.24) (1.33, 0.0086, 0.24)
1A (1.11, 0.0036, 0.09) (1.49, 0.0125, 0.32) (1.49, 0.0125, 0.32)
2A (1.11, 0.0036, 0.09) (0.66, 0.0034, 0.00) (1.24, 0.0266, 0.98)

Notes: The isometric parameters are k, the assimilation-conversion efficiency; and v, the
mass-specific maintenance rate. The allometric parameters are k, the assimilation-conversion
efficiency; v0, the allometric constant for maintenance rate; and v1, the allometric exponent
for maintenance rate. In the allometric model, the maintenance cost per unit time for an in-
dividual with mass S is .12v1v S0

dicts a difference in growth of about 2.8 g, which cor-
responds approximately to the observed effect of 2.3
g. Hence, the fluctuating ration per se, in the absence
of any associated change in physiology, can account
for about half of the observed increase in growth, and
the joint effects of the fluctuating ration per se and
alterations in physiology can account for the entire ob-
served increase in growth.

DISCUSSION

Our study integrates a feeding and growth experi-
ment using hybrid striped bass with model fitting and
analysis to explore the mechanisms underlying their
growth on a variable feeding schedule that induces
compensatory growth. Analysis with a bivariate model
indicates that, after statistically accounting for the lin-
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ear effects of total consumption and initial body size,
individuals receiving a ration that alternates between
weekly and daily ad libitum feedings (the fluctuating
ration) grow faster than individuals receiving daily ad
libitum feedings (the normal ration). Thus, for a given
initial body size and total consumption, fish receiving
the fluctuating ration grow faster than fish receiving
the normal ration, and, in this sense, grow more effi-
ciently. Our model fitting and analysis indicate that the
positive effect of the fluctuating ration on growth is
attributable to both the effect of the consumption
schedule per se on cumulative maintenance costs, and
an associated change in physiology characterized by
an increase in assimilation-conversion efficiency and
decrease in mass-specific maintenance costs during the
ad libitum periods.

Measurements of individual consumption rates are
needed to estimate growth efficiencies, and, relative to
the number of compensatory growth studies published
on fish, few studies report such measurements (Ali et
al. 2003). Among studies that report growth efficien-
cies, the results are mixed, with some reporting periods
of increased growth efficiencies for fish receiving a
variable ration (Russell and Wootton 1992, Zhu et al.
2001, 2003), and others reporting little difference
among feeding treatments (Miglavs and Jobling
1989a, b, Hayward et al. 1997, Gaylord and Gatlin
2001, Gaylord et al. 2001, Xie et al. 2001, Nikki et al.
2004). Growth efficiencies are typically calculated for
a set of specific time intervals corresponding to changes
in feeding regime, as in Fig. 3A. However, we are not
aware of any study that has reported, for a given initial
body size and total consumption, an increase in growth
over the entire duration of a study that can be attributed
to a variable feeding regime, as in Fig. 2A. Moreover,
while there is some evidence in the literature for in-
creased growth efficiencies during some portions of a
feeding cycle in fish receiving variable rations, tests
among putative mechanisms underlying any increases
in growth efficiency have been lacking.

Our mathematical analysis shows that a variable ra-
tion per se, without any associated change in physi-
ology, can lead to higher overall growth efficiency
through a savings in maintenance costs when a low
feeding period is followed by a high feeding period.
Fish receiving a variable ration that begins with low
food intake and ends with high food intake are smaller
during a larger portion of a given time interval than
fish receiving the same total amount of food as a con-
stant daily ration. Consequently, fish on the variable
ration incur lower cumulative maintenance costs during
a given time interval (because maintenance costs are
proportional to body size), and, because they eat the
same total quantity of food, grow larger. The results of
Muller and Nisbet (2000) show that the changes in
growth efficiency discussed here can have important
population-level implications, and our analytical re-
sults and data analysis corroborate and complement

their numerical simulations. Finally, an important pre-
diction that follows from our mathematical analysis is
that, all else equal, the effect of a variable ration per
se should be larger for species and life stages with
higher maintenance costs, an idea that seems not to
have been recognized and warrants empirical assess-
ment.

In terms of physiology, our results also imply that
the fluctuating ration induces a change in physiology
that increases overall growth efficiency. Specifically,
assimilation-conversion efficiency (the parameter k) in-
creases during the ad libitum periods of the fluctuating
ration, and mass-specific maintenance costs (the pa-
rameter v) decrease during these same periods. Al-
though previous studies have speculated that increases
in growth efficiency are driven by reduced maintenance
costs (Russell and Wootton 1992, Zhu et al. 2001,
2003), our results attribute increases to both an increase
in assimilation-conversion efficiency and a decrease in
maintenance costs for fish on a fluctuating ration. Pre-
vious studies indicate that respiration rate declines dur-
ing periods of complete food deprivation (e.g., Wieser
et al. 1992, O’Connor et al. 2000, Ali et al. 2003),
perhaps indicating lower maintenance costs, the ab-
sence of respiration associated with processing food
(i.e., specific dynamic action, or cost of growth; Wieser
1994), and/or reduced activity. One study (Wieser et
al. 1992) suggests that respiration rates rapidly return
to normal levels after re-feeding is initiated. Our ob-
servation of higher maintenance costs during mainte-
nance periods of the fluctuating ration differs from
these food deprivation studies, but is consistent with
the idea of an initial increase in respiration associated
with the stress of suddenly lacking a consistent source
of food (Wieser et al. 1992, Ali et al. 2003), e.g., in-
creased searching for food. We are not aware of any
studies that directly measure (e.g., using labeled feed)
assimilation-conversion efficiencies on fish receiving
variable rations. Wieser (1994) discusses some evi-
dence in endotherms that metabolic efficiencies in-
crease for animals on a restricted feeding schedule, but
noted that such evidence is lacking in ectotherms. De-
tailed information on the growth and respiration re-
sponses of animals to different feeding schedules (Ali
et al. 2003), including responses to manipulations of
both feed quantity and nutritional composition, is pres-
ently lacking and is needed to assess these ideas.

While there are many studies of mass and energy
budget models, few have been directed towards the
phenomenon of compensatory growth. These models
(Broekhuizen et al. 1994, Jones et al. 2002, Gurney et
al. 2003) focus on changes in body composition by
partitioning the body into two components, reserve
weight and structural weight. An interesting compari-
son between these earlier models and our present re-
sults involves the specification of consumption (the
term I(t) in Eq. 4). Our theoretical result given in Eq.
5, along with our model fitting and the data in Fig. 2A,
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shows that the effect of the fluctuating ration, without
any change in physiology, is sufficient to produce high-
er growth relative to individuals on the normal ration
(termed overcompensation) when individuals receiving
the fluctuating ration consume the same total quantity
of food as individuals receiving the normal ration. On
average, individuals receiving the fluctuating ration
consumed less than individuals receiving the normal
ration, so we did not observe overcompensation at the
population-level average, as depicted in Fig. 1. How-
ever, several individuals receiving the fluctuating ration
consumed more food than individuals receiving the
normal ration (Fig. 2A). Because there is substantial
phenotypic variance in consumption in our data set and
many others (e.g., Miglavs and Jobling 1989a, Russell
and Wootton 1992, Whitledge et al. 1998, Nikki et al.
2004), we can not rule out the possibility that popu-
lation genetic forces, including natural and/or artificial
selection, genetic drift, and mutation, could act to pro-
duce a population that exhibits growth overcompen-
sation due to hyperphagia acting alone. In contrast, the
hyperphagic response assumed by Gurney et al. (2003)
leads to overcompensation only in the presence of as-
sociated changes in resource allocation. However, by
our statistical model fitting, we detect changes in phys-
iology that work in association with hyperphagia to
further increase growth efficiency for fish on the fluc-
tuating ration. Whether the changes in physiology that
we infer are associated with the resource allocation
mechanisms portrayed in previous models (Broek-
huizen et al. 1994, Jones et al. 2002, Gurney et al.
2003) is unknown and worthy of investigation.

More generally, it remains to be seen whether the
mathematical rules underlying hyperphagia and re-
source allocation employed in models (Broekhuizen et
al. 1994, Jones et al. 2002, Gurney et al. 2003) are
better descriptions of empirical data than some other
alternative hypotheses. An interesting prospect for fu-
ture work is to test the mathematical forms for hyper-
phagic response and resource allocation posited in
these studies against alternatives derived from life his-
tory theory (e.g., Sibly and Calow 1986, Shertzer and
Ellner 2002). Indeed, Shertzer and Ellner (2002) show
that individuals with allocation strategies that depend
on structural and reserve components jointly have high-
er fitness than individuals with allocation strategies that
depend on structural or reserve components either in-
dividually, or via their ratio. In comparison, the allo-
cation mechanisms assumed in existing compensatory
growth models assume that the allocation strategy de-
pends solely on structural components (Gurney et al.
2003), or on the ratio of structural and reserve com-
ponents (Broekhuizen et al. 1994, Jones et al. 2002).
Further, while many studies often show that temporal
variation in environmental conditions has negative im-
pacts on populations (e.g., Muller and Nisbet 2000,
Shertzer and Ellner 2002), our results give an example
in which fish can grow more efficiently with a variable

food supply. The relevance of these results to growth
physiology, life history evolution, ecology and animal
production is intriguing, and should be a focus of future
work.

ACKNOWLEDGMENTS

This research was funded by grants ES 07329 from the
U.S. National Institutes of Health (G. T. Skalski), DEB 01-
08439 (J. F. Gilliam) and IBN 02-15205 (R. J. Borski) from
the U.S. National Science Foundation, 34368-13072 and
34368-11910 from the U.S. Department of Agriculture (R. J.
Borski), and NA16RG2251 and 02-AM-03 from the Sea
Grant College Program (R. J. Borski). Carolina Fisheries of
Aurora, North Carolina provided research animals. We thank
K. McCann, N. Metcalfe, L. Rowe, and K. Shertzer for com-
ments on an earlier version of the manuscript.

LITERATURE CITED

Akaike, H. 1974. A new look at statistical model selection.
IEEE Transactions on Automatic Control 19:716–723.

Ali, M., A. Nicieza, and R. J. Wootton. 2003. Compensatory
growth in fishes: a response to growth depression. Fish and
Fisheries 4:147–190.

Broekhuizen, N., W. S. C. Gurney, A. Jones, and A. D. Bry-
ant. 1994. Modelling compensatory growth. Functional
Ecology 8:770–782.

Burnham, K. P., and D. R. Anderson. 2002. Model selection
and multimodel inference: a practical information-theoretic
approach. Springer-Verlag, New York, New York, USA.

Casella, G., and R. L. Berger. 1990. Statistical inference.
Wadsworth Publishing, Belmont, California, USA.

Gaylord, T. G., and D. M. Gatlin. 2001. Dietary protein and
energy modifications to maximize compensatory growth of
channel catfish (Ictalurus punctatus). Aquaculture 194:
337–348.

Gaylord, T. G., D. S. MacKenzie, and D. M. Gatlin. 2001.
Growth performance, body composition, and plasm thyroid
status of channel catfish (Ictalurus punctatus) in response
to short-term feed deprivation and refeeding. Fish Physi-
ology and Biochemistry 24:73–79.

Gurney, W. S. C., W. Jones, A. R. Veitch, and R. M. Nisbet.
2003. Resource allocation, hyperphagia, and compensatory
growth in juveniles. Ecology 84:2777–2787.

Hayward, R. S., D. B. Noltie, and N. Wang. 1997. Use of
compensatory growth to double hybrid sunfish growth
rates. Transactions of the American Fisheries Society 126:
316–322.

Hilborn, R., and M. Mangel. 1997. The ecological detective:
confronting models with data. Princeton University Press,
Princeton, New Jersey, USA.

Hornick, J. L., C. Van Eenaeme, O. Gérard, I. Dufrasne, and
L. Istasse. 2000. Mechanisms of reduced and compensa-
tory growth. Domestic Animal Endocrinology 19:121–132.

Jobling, M., and S. J. S. Johansen. 1999. The lipostat, hy-
perphagia and catch-up growth. Aquaculture Research 30:
473–478.

Jones, W., W. S. C. Gurney, D. C. Speirs, P. J. Bacon, and
A. F. Youngson. 2002. Seasonal patterns of growth, ex-
penditure and assimilation in juvenile Atlantic salmon.
Journal of Animal Ecology 71:916–924.

Kincaid, D., and W. Cheney. 1996. Numerical analysis.
Brooks/Cole Publishing, Pacific Grove, California, USA.

Kitchell, J. F., D. J. Stewart, and D. Weininger. 1977. Ap-
plications of a bioenergetic model to yellow perch (Perca
flavescens) and walleye (Stizostedion vitreum vitreum).
Journal of the Fisheries Research Board of Canada 34:
1922–1935.

Kooijman, S. A. L. M. 2000. Dynamic energy and mass bud-
gets in biological systems. Cambridge University Press,
Cambridge, UK.



1462 GARRICK T. SKALSKI ET AL. Ecology, Vol. 86, No. 6

Kyriazakis, I., and G. C. Emmans. 1992. The growth of mam-
mals following a period of nutritional limitation. Journal
of Theoretical Biology 156:485–498.

Miglavs, I., and M. Jobling. 1989a. Effects of feeding regime
on food consumption, growth rates, and tissue nucleic acids
in juvenile Arctic charr, Salvelinus alpinus, with particular
respect to compensatory growth. Journal of Fish Biology
34:947–957.

Miglavs, I., and M. Jobling. 1989b. The effects of feeding
regime on proximate body composition and patterns of en-
ergy deposition in juvenile Arctic charr, Salvelinus alpinus.
Journal of Fish Biology 35:1–11.

Muller, E. B., and R. M. Nisbet. 2000. Survival and pro-
duction in variable resource environments. Bulletin of
Mathematical Biology 62:1163–1189.

Nikki, J., J. Pirhonen, M. Jobling, and J. Karjalainen. 2004.
Compensatory growth in juvenile rainbow trout, Oncor-
hynchus mykiss, held individually. Aquaculture 235:285–
296.

O’Connor, K. I., A. C. Taylor, and N. B. Metcalfe. 2000. The
stability of standard metabolic rate during a period of food
deprivation in juvenile Atlantic salmon. Journal of Fish
Biology 57:41–51.

Rice, J. A., J. E. Breck, S. M. Bartell, and J. F. Kitchell. 1983.
Evaluating the constraints of temperature, activity and con-
sumption on growth of largemouth bass. Environmental
Biology of Fishes 9:263–275.

Ricklefs, R. E. 2003. Is rate of ontogenetic growth con-
strained by resource supply or tissue growth potential? A
comment on West et al.’s model. Functional Ecology 17:
384–393.

Russell, N. R., and R. J. Wootton. 1992. Appetite and growth
compensation in the European minnow, Phoxinus phoxinus
(Cyprinidae), following short periods of food restriction.
Environmental Biology of Fishes 34:277–285.

SAS. 2001. SAS version 8.02. SAS Institute, Cary, North
Carolina, USA.

Schwarz, G. 1978. Estimating the dimension of a model.
Annals of Statistics 6:461–464.

Shertzer, K. W., and S. P. Ellner. 2002. State-dependent en-
ergy allocation in variable environments: life history evo-
lution of a rotifer. Ecology 83:2181–2193.

Sibly, R. M., and P. Calow. 1986. Physiological ecology of
animals: an evolutionary approach. Blackwell Scientific
Publications, Oxford, UK.

Skalski, G. T., and J. F. Gilliam. 2002. Feeding under pre-
dation hazard: testing models of adaptive behavior with
stream fish. American Naturalist 160:158–172.

West, G. B., J. H. Brown, and B. J. Enquist. 2001. A general
model for ontogenetic growth. Nature 413:628–631.

Whitledge, G. W., R. S. Hayward, D. B. Noltie, and N. Wang.
1998. Testing bioeneretics models under feeding regimes
that elicit compensatory growth. Transactions of the Amer-
ican Fisheries Society 127:740–746.

Wieser, W. 1994. Cost of growth in cells and organisms:
general rules and comparative aspects. Biological Review
68:1–33.

Wieser, W., G. Krumschnabel, and J. P. Ojwang-Okwor. 1992.
The energetics of starvation and growth after refeeding in
juveniles of three cyprinid species. Environmental Biology
of Fishes 33:63–71.

Wilson, P. N., and D. F. Osbourn. 1960. Compensatory
growth after undernutrition in birds and mammals. Bio-
logical Review 35:324–363.

Xie, S., X. Zhu, Y. Cui, R. J. Wootton, W. Lei, and Y. Yang.
2001. Compensatory growth in the gibel carp following
feed deprivation: temporal patterns in growth, nutrient de-
position, feed intake and body composition. Journal of Fish
Biology 58:999–1009.

Zhu, X., Y. Cui, M. Ali, and R. J. Wootton. 2001. Comparison
of compensatory growth responses of three-spined stick-
leback and minnow following similar food deprivation pro-
tocols. Journal of Fish Biology 58:1149–1165.

Zhu, X., L. Wu, Y. Cui, Y. Yang, and R. J. Wootton. 2003.
Compensatory growth response in three-spined stickleback
in relation to feed-deprivation protocols. Journal of Fish
Biology 62:195–205.


