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Improvement of Bioenergetics Model Predictions for
Fish Undergoing Compensatory Growth

GREGORY W. WHITLEDGE,*! PRZEMYSLAW G. BAJER,
AND ROBERT S. HAYWARD

Department of Fisheries and Wildlife Sciences, 302 Anheuser-Busch Natural Resources Building,
University of Missouri, Columbia, Missouri 65211-7240, USA

Abstract.—A previous evaluation of a bioenergetics
model applied to juvenile hybrid sunfish (F; hybrid of
female green sunfish Lepomis cyanellus X male bluegill
L. macrochirus) undergoing compensatory growth (CG)
indicated that the model substantially overestimated
growth and underestimated cumulative consumption.
This result suggested that fish bioenergetics models
might not adequately account for physiological shifts
that occur during CG. However, we demonstrate that
application of a recently developed procedure for cor-
recting consumption- and growth-rate-dependent sys-
tematic errors common among bioenergetics models ne-
gates much of the predictive error that had been attri-
buted to the physiological complexities of CG. Correc-
tion equations for estimating the model-relative growth
rate error (predicted less observed; g - g% - d-%) from
the observed mean daily consumptionrate (g - g*-d?%)
and the consumption rate error (predicted | ess observed;
g-g?t-d?) from the observed relative growth rate (g
- gt - d*) were derived by applying linear regression
analysis to data from individual hybrid sunfish not un-
dergoing CG. These independently generated correction
eguations significantly improved model predictions of
growth and cumulative consumption for three groups of
fish undergoing CG at one temperature near their growth
optimum. The findings indicate that the high consump-
tion and growth rates characteristic of fish undergoing
CG merely amplify the consumption- and growth-rate-
dependent errors inherent in bioenergetics models and
that model predictions for fish undergoing CG can be
significantly improved through application of the cor-
rection procedure.

Bioenergetics models have been constructed for
at least 25 fish species and have been used with
increasing frequency during recent years by fish-
eries scientists and managers to address a diverse
array of issues (Hanson et al. 1997). One criticism
of these models during the past decade has been
ascarcity of independent eval uations of model per-
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formance (Ney 1993). However, several laboratory
evaluations of fish bioenergetics models have been
published during the past 8 years (e.g., Whitledge
and Hayward 1997; Whitledge et al. 1998, 2003;
Madenjian and O’Connor 1999; Chipps et al.
2000; Madenjian et al. 2000, 2004; Bajer et al.
2003) that have provided substantial new insights
into model strengths and weaknesses. A recent
analysis of data from laboratory evaluations of
seven bioenergetics models (Bajer et al. 2004b)
found that model errors for predicting fish growth
rates were strongly correlated with observed mean
daily food consumption rates. Significant associ-
ations between mean daily consumption and
growth rate prediction errors have been reported
for two additional models (Cui and Wootton 1989;
Chipps et a. 2000), suggesting that consumption-
dependent errors could be widespread among fish
bioenergetics models.

A regression-based approach has recently been
developed to correct bioenergetics model predic-
tions for consumption-dependent and other sys-
tematic errors (Bajer et al. 2004a). This procedure
uses empirically derived relationships between
model prediction errors and model input variables
(e.g., mean daily food consumption) to adjust mod-
el predictions of growth or consumption based on
known values of those model input variables dur-
ing a given time interval. Application of this cor-
rection approach significantly improved growth
and consumption predictions of a bioenergetics
model for white crappie Pomoxis annularis (Bajer
et al. 2004a). One of the principle advantages of
this procedure is that model predictions can be
substantially improved without resorting to the
time-consuming and labor-intensive process of
collecting additional laboratory data required to
refine model parameter values or equations.

A previously published laboratory evaluation of
a bioenergetics model applied to juvenile hybrid
sunfish (F; hybrid of female green sunfish Lepomis
cyanellus X male bluegill L. macrochirus, Whit-
ledge et al. 1998) indicated that the model fared
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well in predicting growth of fish fed ad libitum
daily but significantly overestimated growth and
underestimated cumulative consumption when ap-
plied to fish undergoing compensatory growth
(CG); the magnitude of model error was positively
related to the vigor of the CG response. Compen-
satory growth refers to an organism’s capacity to
grow at an accelerated rate after a period of food
shortage or reproductive weight loss and can in-
volve increases in food consumption rate (hyper-
phagia) and growth efficiency (Jobling 1994).
Mechanisms responsible for model errorswere un-
known but were suspected to involve complex
physiological responses particular to CG that were
not accommodated by the bioenergetics model.
However, a reexamination of data from Whitledge
et al. (1998) discovered a significant positive cor-
relation between mean daily food consumption
rate and model growth prediction error that closely
resembled model growth error—consumption rate
relationships observed in other bioenergetics mod-
els (Bajer et al. 2004b). This suggests that error
sources for growth predictions in the presence of
CG were similar to those responsible for growth
prediction errors under non-CG conditions and that
model growth and consumption predictionsfor fish
undergoing CG could potentially beimproved with
the regression-based correction approach of Bajer
et al. (2004a). The objectives of this study were
to evaluate whether consumption-dependent errors
discovered in recent evaluations of bioenergetics
models were responsible for poor growth predic-
tionsfor hybrid sunfish undergoing CG (Whitledge
et al. 1998) and to determine the extent to which
application of the recently developed model-
correcting procedure (Bajer et al. 2004a) could im-
prove bioenergetics model growth and consump-
tion predictions for juvenile hybrid sunfish that
exhibited strong CG responses.

Methods

Compensatory growth experiment and previous
model evaluation data.—Individual growth and
daily food consumption datafor 21 juvenile hybrid
sunfish (initial live weight, 9.3-18.8 g) undergoing
CG at 24 + 1°C were obtained from Hayward et
al. (1997). Each fish was fed mealworms Tenebrio
molitor and subjected to one of three repeating no-
feed and refeed regimes; no-feed periods were
fixed at 2, 4, or 14 d (groups designated as D2,
D4, and D14, respectively). Bioenergetics model
predictions of final weights (g) and cumulative
consumption (g) and model errors (%) for pre-
dicting final weights and cumulative consumption

for individual fish in the Hayward et al. (1997)
study were obtained from Whitledge et al. (1998).

Derivation of correction equations.—Equations
relating model relative growth rate error (RGRg,;
predicted less observed relative growth rates; g -
g initial weight=1 - d-1) to observed mean daily
consumption rate (g of food consumed - g initial
weight-1 - d-1) and model consumption rate error
(CRgy; predicted less observed consumption rates;
g-g?t-d?) to observed relative growth rate (g
- gt - d?') were constructed to correct bioener-
getics model growth and consumption predictions
for hybrid sunfish undergoing CG. Data used to
develop correction equations were independent of
those on which corrections were applied. Con-
sumption and growth data for deriving correction
equations were obtained from 50 individually held
hybrid sunfish (8.2—-35.6 g wet weight) that were
fed mealworms ad libitum daily at either 22°C or
24°C and were not undergoing CG (Hayward et al.
1997, 2000; G. W. Whitledge, unpublished data).
Data from fish that exhibited CG were not used in
the derivation of correction equations to test
whether model prediction errors for hybrid sunfish
undergoing CG could be significantly reduced
solely by accounting for consumption- and growth
rate-dependent errors that appear common among
bioenergetics models (Bajer et al. 2004b). Thus,
correction equations did not account for model er-
rors associated with complex physiological chang-
es particular to the CG response.

Body weight changes (g) and cumulative con-
sumption (g) for individually held hybrid sunfish
not undergoing CG that were used to develop cor-
rection equations were predicted with Bioener-
getics 3.0 (Hanson et al. 1997). Physiological pa-
rameters, predator and prey energy densities, and
activity (ACT) values were identical to those used
in the previous model evaluation for hybrid sunfish
(Whitledge et al. 1998). Least-squares linear re-
gression was applied to relate model RGR,, to
observed mean daily consumption rate and model
CR,, to observed relative growth rate for individ-
ual fish. Significant associations between model
RGR,,, and mean daily consumption rate (r?2 =
0.91, P < 0.001) and between model CR,,, and
mean relative growth rate (r> = 0.86, P < 0.001)
were detected. The resulting regression models
(RGR,,; = 0.7757 X mean daily consumption —
0.0098; CR,,, =—0.8853 X mean relative growth
rate + 0.0032) were subsequently used to correct
model growth and consumption predictionsfor fish
undergoing CG.

Bioenergetics modeling and application of cor-



NOTE 51

rection equations.—Body weight changes (g) and
cumulative food consumption (g) were predicted
for individual hybrid sunfish in each of the three
groups (D2, D4, and D14) that exhibited CG with
Bioenergetics 3.0 (Hanson et al. 1997). Physio-
logical parameters, predator and prey energy den-
sities, and ACT values were identical to those used
in the previous model evaluation for hybrid sunfish
(Whitledge et al. 1998). Using observed val ues of
cumulative food consumption (g), water temper-
ature (°C), and initial body weight (g), body weight
change (g) was predicted for individual fish during
each no-feed and refeed period. Predicted body
weights at the end of a given no-feed or refeed
period served as initial weights for growth simu-
lations in the following no-feed or refeed period.
Using observed water temperature (°C) and weekly
changes in body weight (g), cumulative food con-
sumption (g) was predicted for individual fish.

The equation for predicting model RGR,,, was
applied to adjust model predictions of body weight
change for individual fish during each no-feed or
refeed period. Observed values of mean daily con-
sumption rate (g of food consumed - g initial
weight=* - d-1) for individual fish during each no-
feed or refeed period were entered into the cor-
rection equation to estimate the model’s RGR,,,
for each fish. Estimates of RGR,,, were then sub-
tracted from predicted RGRs for each fish during
each no-feed or refeed period to obtain adjusted
values for RGR. Adjusted RGR values were mul-
tiplied by initial fish weight for a given no-feed
or refeed period and number of days during that
same no-feed or refeed period to obtain corrected
predictions of individual fish weights at the end of
each no-feed or refeed period. In the model-
correcting process, corrected predictions of indi-
vidual fish body weights at the end of a given no-
feed or refeed period served as initial weights for
growth simulations in the following no-feed or re-
feed period.

The equation for predicting model CR,, was
used to adjust model predictions of cumulative
consumption throughout the 105-d experiment.
Observed values of relative growth rate (g weight
change - g mean body weight-1 - d-1) for individual
fish during each week of the experiment were en-
tered into the correction equation to estimate the
model’s CR,, (g - g~ - d~1) for each fish. Estimates
of CR,,, were then subtracted from predicted food
consumption rates (CR) for each fish during each
week of the experiment to obtain adjusted values
for CR. Adjusted CR values were multiplied by
mean fish weight and then by 7 d to obtain cor-

rected predictions of cumulative consumption by
individual fish at the end of each week of the ex-
periment. Corrected predictions of cumulative
consumption during each week were then summed
throughout the entire experiment to obtain overall
cumulative consumption estimates for individual
fish.

Analytical procedures—The relative perfor-
mance of corrected (this study) and uncorrected
(Whitledge et al. 1998) models applied to hybrid
sunfish undergoing CG was assessed with each
model’s error (%) for predicting fish weights and
cumulative consumption on the final day of the
experiment (day 105). Mean percent errors for pre-
dicting final weights and cumulative consumption for
individual fish in each treatment group were calcu-
lated for corrected and uncorrected models as

Error (%) = 100 - (PRED — OBS) - OBS %,

where PRED is the predicted value of fish final
weight (g) or cumulative consumption (g) and
OBS is the corresponding observed value. Inter-
model differences in mean percent errors for pre-
dicting final weights and cumulative consumption
in each treatment group were assessed with paired
t-tests.

Results and Discussion

Application of the regression-based correction
procedure (Bajer et al. 2004a) substantially im-
proved bioenergetics model predictions of hybrid
sunfish final weights under three feeding regimes
that elicited moderate to strong CG at a near-
optimum temperature for growth. Mean percent
errors for predicting final weights of fish in each
treatment group were significantly lower (five- to
eightfold lower) for the corrected model compared
with the uncorrected model (paired t-tests, P <
0.05; Table 1). Substantial improvement in model
growth prediction ability was observed even in the
treatment group (D2) that exhibited the most vig-
orous CG response and displayed significant
growth overcompensation (growth in excess of
control fish fed ad libitum daily). Thus, capacity
for the correction approach to extend the range of
conditions for which bioenergetics models can
yield accurate growth predictionswas clearly dem-
onstrated.

The mean weights of fish in group D14 predicted
by the corrected model tracked the trajectory of
observed mean fish weights more closely than the
predictions of the uncorrected model (Figure 1).
Mean weights predicted by the corrected model on
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TaBLE 1.—Mean observed final weights (FW; g) and cumulative consumption (CC; g) of hybrid sunfish from groups
D2, D4, and D14 (Hayward et a. 1997) and mean final weights (FWp; g) and cumulative consumption (CCp; g) of
fish in the same groups predicted by the uncorrected bluegill bioenergetics model (Whitledge et al. 1998) and the
corrected bioenergetics model. Mean percent errors for predicting final weights and cumulative consumption for fish in
each group are shown for the corrected and uncorrected models. Asterisks indicate significantly lower mean percent
errors among corrected and uncorrected models within each group (paired t-tests; P < 0.05) and n = 7 fish/group.

Values in parentheses are SEs.

Treat Observed Uncorrected model Corrected model

ment Mean % Mean % Mean % Mean %
group FwW CcC FWp  error (SE) CCp error (SE) FWp error (SE) CCp error (SE)
D2 32.7 (5.0) 48.7 (9.8 446 (9.6) 37(6.8) 36.7(5.1) 25(3.5) 34.1(56) 4.3* (23) 455(7.9) 56* (1.6)
D4 26.0 (44) 359(9.2) 322 (88) 24(6.2) 297 (46) 18(3.8 269 (41) 35* (26) 34.0(6.9) 50* (1.9
D14 26.8(3.3) 388 (5.7) 345(55) 29(45 30735 21(30 253 (33) 56* (1.5 36.0(52) 7.2* (1.0

the first and last days of each of the three no-feed
and refeed periods in group D14 were within 1 SE
of observed mean weights on four of six dates and
were never more than 15% different from observed
values. In contrast, mean weights predicted by the
uncorrected model on these dates differed from
observed mean weights by as much as 41% and
were never within 1 SE of mean observed weights.
Although the uncorrected model underestimated
growth (overestimated weight loss) during periods
of food deprivation, the magnitude of this error
(44.7 J - g - d-1) was much lower than the rate
at which the model overestimated positive growth
rates during ad libitum feeding periods (up to
2085 J - gt - d1). Thus, even the uncorrected

35 —

7 /A /

Weight (g)

L e L R R B B

40 60 80 100 120
Experiment day

FiGure 1.—Mean observed weights (g; =SE) of hy-
brid sunfish in group D14 at the beginning and end of
each no-feed and refeed cycle (circles) and the corre-
sponding mean weights predicted by the corrected (solid
diamonds) and uncorrected (open diamonds) bioener-
getics models.

model’s tendency to underestimate growth during
food deprivation did little to offset the substantial
consumption rate-dependent errors that accrued in
the presence of hyperphagia associated with CG.
Predicted weights for groups D2 and D4 at the
beginning and end of the no-feed and refeed pe-
riods could not be similarly evaluated, as weighing
dates did not coincide with the beginning and end
of the no-feed and refeed periods in these groups
as they did in group D14.

Results indicate that systematic errors associ-
ated with food consumption rate and periods of
reduced resting metabolism discovered in recent
evaluations of several bioenergetics models
(Chipps et al. 2000; Bajer et al. 2004b) were re-
sponsible for poor model growth predictions for
hybrid sunfish undergoing CG reported by Whit-
ledge et al. (1998). Fish bioenergetics models typ-
ically underestimate growth at relatively low ra-
tions, perform best at moderate rations, and in-
creasingly overestimate growth at relatively high
consumption rates (Bajer et al. 2004b). Significant
improvement in model growth prediction accuracy
for fish undergoing CG was accomplished with an
error-correcting equation developed from fish that
were not in the CG state. This suggests that sub-
stantial growth overestimation reported by Whit-
ledge et al. (1998) was primarily a result of con-
sumption-dependent errorsinherent within the bio-
energetics model (Bajer et al. 2004b) that were
merely amplified during hyperphagic episodes
rather than the model’s inability to accommodate
more complex physiological changes particular to
the CG response.

Application of the regression-based model-
correcting procedure also significantly improved
bioenergetics model predictions of cumulative
consumption by hybrid sunfish in all groups that
exhibited CG. Mean percent errors for predicting
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cumulative consumption for fish in each treatment
group were significantly lower (three- to fivefold
lower) for the corrected model compared with the
uncorrected model (paired t-tests, P < 0.05; Table
1). Results indicate that substantial improvements
in bioenergetics model predictions of consumptive
demand by fish feeding and growing at high rates
characteristic of CG are possible over periods of
weeks to months upon application of the model
correction procedure. However, it is unlikely that
even corrected bioenergetics models will be ca-
pable of tracking the pronounced day-to-day
changesin food consumption that are typically ob-
served during hyperphagia (Whitledge and Hay-
ward 1997).

Increased accuracy of growth and consumption
predictions for fish undergoing CG has potential
significance for bioenergetics model applications
in aquaculture settings. Compensatory growth
continues to be of considerable interest as a meth-
od for increasing fish growth rates, improving feed
conversion efficiency, decreasing waste produc-
tion, and employing more convenient feeding
schedules (Chatakondi and Yant 2001; Nikki et al.
2004; Tian and Qin 2004). Optimal use of bio-
energetics models in culture settings (Knights
1985) will probably require that models have the
capacity to accurately forecast fish growth rates
under feeding regimes designed to elicit and max-
imize CG.

Theability to accurately predict growth and con-
sumption for fish undergoing CG is also of poten-
tial importance to field applications of bioener-
getics models. The extent to which CG responses
are manifested in noncaptive fish is unknown, al-
though CG capacity is present in avariety of fresh-
water and marine species representing at least
eight families (Tian and Qin 2004), as few as 2 d
of food deprivation are needed to elicit vigorous
CG (Hayward et al. 1997), and compl ete cessation
of feeding is not required to trigger CG (Miglavs
and Jobling 1989; Russell and Wootton 1992; Bull
and Metcalfe 1997; Whitledge, unpublished data).
Periods of submaintenance feeding that could trig-
ger CG have been documented for fish in avariety
of environments; subsequent periods of substan-
tially increased feeding rates and high day-to-day
variation in food consumption that would be ex-
pected in the presence of CG have also been noted
(Hayward and Margraf 1987; Weiland and Hay-
ward 1997; Whitledge and Hayward 2000). Ap-
plication of the bioenergetics model correction
procedure is suggested when submaintenance
feeding conditions juxtaposed with periods of rel-

atively high prey availability are known or sus-
pected to be occurring. Such conditions would
yield substantial modeling error if the correction
procedure is not applied. We anticipate that new
equationswill need to be devel oped when applying
this correction procedure to bioenergetics model
simulations for fish exhibiting CG under condi-
tions distinct from those described in this paper
(different species, fish sizes, or temperatures).
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