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Estimation of Bioenergetics Parameters for Rainbow Trout (Oncorhynchus
mykiss) Using Capture-Recapture Data with Comparison to Estimates

from a Laboratory-Based Model
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Abstract: Bioenergetics models provide estimates of growth and consumption in fish and other animals. These estimates
can then be used to infer metabolic and population-level consequences of various natural or human-induced environ-
mental perturbations to fish populations. Most existing models utilize parameter values and functions derived from labora-
tory experiments on similar, closely related populations or species. However, the use of parameters from other species has
long been criticized and recent work suggests that certain metabolic rates can vary substantially between closely related
species and geographically separated populations of the same species. We evaluate a new model framework (termed the
general bioenergetics model) which estimates bioenergetics parameters from length-increment and length-at-age data
taken from the same population being modelled. Estimates of growth and consumption from this general model are com-
pared with the commonly used “Wisconsin” bioenergetics model in terms of model fit and predictions resulting from
simulated climate warming. Growth estimates using the general bioenergetics model were slightly higher than that of the
Wisconsin model but consumption estimates were similar. Both models made similar predictions about effect of climate
warming, although there was a consistent difference between model estimates of growth. The findings of this study add
weight to the notion that metabolic information through bioenergetics models can be estimated from the population, al-

though further validation should be conducted.
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INTRODUCTION

Bioenergetics models essentially partition consumed food
into various fates: somatic and reproductive tissue growth,
respiration, egestion and excretion [1, 2]. These models have
been widely used for fish populations [3]. Bioenergetics
models typically take information about environmental con-
ditions (i.e. temperature), physiology and consumption or
growth and are used to infer unseen consumption from ob-
served size at age, or to predict size at age from estimates of
consumption. Estimated lifetime growth and consumption
can in turn be used to explain or infer population mortality
and growth rates, nutrient flows, and contaminant accumula-
tion rates [1]. Bioenergetics models as applied to fish are
commonly used by managers, researchers and policy makers
to predict population and ecosystem impacts of various ac-
tions such as stocking, harvest, fishing regulation changes,
climate change and pollution [4-10].

Several bioenergetics model formulations exist, however
the most common are based on Winberg [11] due mostly to
its use in the widely available and user-friendly “Wisconsin”
model [1]. Bioenergetics models generally and the Wiscon-
sin model specifically have been extensively tested using
laboratory [12-14] and field experiments [15-17] as well as
by combining several different methods such as growth and
contaminant concentrations [18]. However, as with all
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models, there are misgivings about bioenergetics models
related to parameter uncertainty [2, 19] and model structure
[12, 20, 21]. One drawback of these models is the use of
laboratory estimates from other populations or closely re-
lated species as parameter inputs for use in estimating
growth and consumption of a population of interest [2]. This
parameter “borrowing” largely occurs due to the large hum-
ber of parameters necessary for most bioenergetics models
(12-30+; [22]), which make it extremely difficult to estimate
all necessary parameters using laboratory techniques on the
same population eventually being modelled. In most circum-
stances, estimating these parameters in the field is often pro-
hibitively expensive or logistically intractable [15, 23].

When borrowing parameters from other populations or
species, it is assumed that there is little variation in parame-
ter values due to genotypic or phenotypic differences be-
tween individuals or populations. Recent research on popula-
tions of Atlantic silversides (Menidia menidia) from spatially
distinct regions showed that several of the physiological
rates used in bioenergetics models varied significantly [24].
Even within a population there can be substantial variation in
key parameters, which has been shown to result in a wide
range of consumption and respiration rates [25]. There is an
obvious need to either validate parameter borrowing and
choice of parameter estimates in bioenergetics models [26]
or put more emphasis on laboratory and field estimates of
species- and regional-specific parameter estimates. Clearly,
having a model parameterized by the specific population
being modelled would be ideal, particularly if parameter
estimates are derived from field observations so as to avoid
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issues of differences between field and laboratory behaviour
and performance.

A further drawback to most existing bioenergetics mod-
els is the lack of admitted uncertainty in both parameter val-
ues and model outputs. Some researchers perform sensitivity
analyses [3, 27], but rarely is parameter uncertainty incorpo-
rated into model estimates. If the model is sensitive to sev-
eral parameters [28], small population-specific differences in
parameter values may result in cumulatively large errors in
model predictions and estimates of growth and consumption,
which could lead to misleading recommendations.

An alternative to the commonly used approach of using
laboratory-derived estimates of parameters to infer growth
and consumption from populations in the field is to directly
estimate bioenergetics parameters from commonly collected
field measurements on growth increments. Walters and
Essington [29] have adapted a bioenergetics formulation
from Paloheimo and Dickie [30] and incorporated it into a
Fabens [30] growth model so it can be fit to length-
increment data common in mark-recapture studies. These
data include length at marking, length at recapture and the
time interval between the two events. The model can also be
jointly fit to length-at-age data. By estimating parameters
directly from field data, there is no need to use unrelated
laboratory-based parameter estimates except where parame-
ter effects are confounded in the data. Furthermore, includ-
ing prior estimates for each parameter along with uncertainty
about those prior estimates allows for calculation of a Bayes
posterior probability distribution for each parameter, an ex-
cellent way to demonstrate parameter uncertainty.

We evaluate the ability of the bioenergetics model for-
mulated in Walters and Essington [29], which will be re-
ferred to as the general bioenergetics model, to estimate bio-
energetics parameters of a fish population in the field. We
also estimate growth and consumption using the popular
“Wisconsin” bioenergetics model (Fish Bioenergetics 3.0:
[1]), which is largely parameterized using laboratory-based
estimates of parameters from the same species or closely-
related species [16]. Estimates of growth and consumption
from the two model-types are compared and the strengths
and weaknesses of the field- and laboratory-based models
are discussed. To compare predictive abilities, growth and
consumption are estimated using each model given warming
of water temperatures as would be seen under climate
change. Doing so is not meant to provide an accurate esti-
mate of climate change effets, but is used merely as a means
of comparing respective predictions from each model. Fi-
nally, the merits of each model-type are discussed in light of
current and future uses of bioenergetics models.

METHODS
Data Collection

Bioenergetics parameters were estimated for rainbow
trout (O. mykiss) in Cabin Lake, Alberta, Canada. Cabin
Lake is a 32 ha reservoir approximately two km northwest of
the town of Jasper, AB in Jasper National Park. The lake is
at 1,217 m elevation and experiences mean annual water
temperatures of 8°C and a maximum summer temperature of
18°C. Complete details of Cabin Lake and the history of this
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population in the lake can be found in van Poorten and Post
[31].

Rainbow trout were sampled between May 2000 and Oc-
tober 2002. In 2000, fish were sampled live using various
means: fyke and trap nets, boat mounted electrofisher and
angling. In 2001, fish were live-captured exclusively using
fyke nets. Each fish captured was anaesthetized and had fork
length and weight recorded. Fish with fork length of 150 mm
or greater were tagged using an individually coded spaghetti
tag. Recaptured fish were measured, weighed and identified
by tag code.

Rainbow trout were also lethally sampled using gillnets
in the autumn of all three years. Nets were set mid-day and
allowed to fish for approximately 20 hours. On each night,
one pelagic and one benthic net was set, where one net con-
sists of one panel each of stretched-mesh sizes 25, 32, 38,
51, 64, 76 and 89 mm. This combination of nets has been
shown to be size-selective for fish below 120 mm and
largely non-selective for larger fish [32]. Fish captured in
gillnets were sampled as above, except otoliths were also
removed from all fish for later aging.

Water temperature in the lake was measured using an
automated temperature logger deployed at one meter from
the surface on the south end of the lake. Temperature was
recorded each hour from July 23, 2000 to October 19, 2002.
Although water temperature measured near the surface is
unlikely to represent the temperatures experienced by indi-
vidual fish, we assume that the trend in surface temperature
is indicative of the trend in temperatures utilized by rainbow
trout in the lake.

Bioenergetics Modeling

Data was fit using the general bioenergetics model pre-
sented in Walters and Essington [29]. Specifically, the model
incorporated temperature dependence of consumption and
metabolism and accounted for dynamic changes in condition
factor throughout the year (referred to as the seasonal repro-
duction, skeletal allocation model; SRSA). Exact formula-
tion of the model and the likelihood function used to fit the
model to the data can be found in Walters and Essington
[29]. Parameter estimation using the general bioenergetics
model was performed in Visual Basic 6.

Daily consumption per gram body weight can be esti-
mated using

d
C, = HW, fc(Tt) Q)
W, -e-365

where e is growth efficiency, calculated as

E
e=a, (1_ SDA)% pdigest ' (2)

pred

Here, a. is the assimilation efficiency, SDA is the specific
dynamic action, Eyrey and Epreq are the energy densities of
prey and rainbow trout, respectively (Table 2) and pgiges: is
the proportion of the consumed prey that is digestable (0.9,
[33]). Note that the fitted H parameter is not the laboratory
maximum feeding rate per W" at temperature T, but rather
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Table 1. Parameters Used in General Bioenergetics Model. Median Posterior Parameter Estimates are Shown with Uniform Prior

Distribution Bounds Shown in Parentheses
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Parameter Description Me.dian Value Units
(Prior Bounds)

a Intercept coefficient of length-weight relationship 1.0e® gmm®

b Power coefficient of length-weight relationship 3.0 -

H Net food consumption rate per W™ 6.85 (1.86 —18.61) ggtyr?
m Standard metabolic rate per W™ 0.92 (0.29 - 2.89) ggtyr?

d Food consumption power parameter 0.75 (0.5-1.0) -

n Metabolism power parameter 1.03 (0.95-1.05) -
Q. Proportional increase in feeding rate per 10°C temperature increase 3.06 (1.0-10.) -
Qnm Proportional increase in metabolism per 10°C temperature increase 2.00 (1.90-2.10) -

6 Slope parameter for decreasing allocation to structural tissue as Wy/W varies around f*, 0.2 (0.199 - 0.20) -

g Steepness parameter for decrease in feeding at high temperatures 0.25 °oct
T Water temperature at which feeding drops by half 24 °C

Trmax Maximum water temperature 17.1 °C

Trmean Value at inflection point of temperature sine wave 4.8 °C

Tuwinter Mean winter temperature 3.2 oC
Ta Offset for temperature sine wave 0.67 Year
CV. Coefficient of variation of individual maximum body lengths 0.4 mm?
o Measurement variance for L; and L, 64.0 mm?
ae Assimilation efficiency 0.8

a Intercept of the allometric energy density function 5763 Jg*
B Slope of the allometric energy density function 0.9862

the product of that maximum rate times the proportion of
maximum achieved at time-t (called “p” in the Wisconsin
model); variation in field “p” with fish body size and tem-
perature is assumed to be captured in the weight and tem-
perature dependence functions, hence these functions include
both physiological (laboratory maximum) and ecological
(food availability) effects. With no direct estimate of e, we
assumed an assimilation efficiency of 0.8 [34], and a SDA of
0.2. Therefore growth efficiency is estimated as

e=08- (1— 0.2)261%[) ‘0.9=0.24. ED is the mass-

specific energy density, defined as ED = o + ﬁWt, where a

and g are defined in [33].

The full model was fit to data on length at capture and
recapture and intervening time interval, as well as data on
length-at-age (complete details of the model and likelihood
functions used for fitting are described in Walters and
Essington [29]). For each fish that was tagged and subse-
quently recaptured, only the first and final recapture events
were used in parameter estimation, so that each fish was only
used once. All fish aged from fall sampling in each of 2000
to 2002 were used in parameter estimation.

When fitting the general bioenergetics model to the tag-
recapture data to estimate parameters, we initially attempted
to estimate all of the following parameters: H, d, m, n, Q,,
Qm, 6 (see Table 1). However, as noted in Walters and
Essington [29] it is typically not possible to estimate both d
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Table 2. Parameters Used in Wisconsin Bioenergetics Model. Structures of the Indicated Equations can be Found in Hansen et al. [1]

Parameter Description Value Units
Consumption Equation 3
CA Intercept of the allometric mass function 0.628* ggtd?
CB Slope of the allometric mass function -0.3°
CQ Temperature for CK; 35° °C
CTO Temperature for 0.98 of Cmax on increasing curve 25° °C
CT™M Temperature for 0.98 of Cmax on decreasing curve 225" °C
CTL Temperature for CK, 243" °C
CKy Proportion of Cmax at lower temperature threshold 0.2°
CK, Proportion of Cmax at upper temperature threshold 0.2°
Respiration Equation 2
RA Intercept for the allometric mass function 0.013° g0,gtd?
RB Slope of the allometric mass function -0.217°¢
RQ approximates Qo 2.2° °ect
RTO Constant swimming speed at reference metabolism 22° scm?
RTM Maximum (lethal) water temperature 26"
RTL Cutoff temperature at which activity relationship changes o° °C
RK;, Swimming speed intercept above RTL 0° cms?t
RK,4 Mass-dependence for swimming speeds 0.13¢
ACT Intercept for the swimming speed-water temperature function below RTL 1.3° cms?
BACT Temperature-dependence coefficient for swimming seed-water temperature function below RTL 0.0405° °ect
SDA Proportion of assimilated energy lost to specific dynamic action 0.172°
Egestion/Excretion Equation 3
FA Intercept of proportion of consumed energy egested versus water temperature and ration 0.2129
FB Coefficient of temperature dependence of egestion -0.222°
FG Coefficient for P-value of egestion 0.631°
UA Intercept of proportion of consumed energy excreted versus water temperature and ration 0.0314°
UB Coefficient of temperature dependence of excretion 0.58°¢
uG Coefficient for P-value of excretion -0.299°¢
Predator Energy Density Equation 2
Epred Energy density of predator 5763" Jg*
o intercept of allometric mass function 5763' Jg*
i slope of allometric mass function 0.9862'
Eprey Constant energy density of prey 2659" Jg*

2 [40], as cited in [33] ° [19]; © [41, 42] as cited in [33]; * [15] as cited in [33]; °[43, 44] as cited in [33]; [33]; °[45] as cited in [33]; " [39]; ' [1]
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and n, nor Q. and Qy, simultaneously. Initial estimation trials
confirmed this, so final trials were performed with the uni-
form priors on both n and Qp, having a limited range (Table
1), i.e. with strong assumptions about size and temperature
dependency of metabolic rates. Prior limits were chosen
based on findings of n and Qp, from Essington et al. [34] and
Clarke and Johnston [35], respectively. Additionally, 6 was
difficult to estimate, therefore a limited prior was applied to
it, similar to that used in Jones et al. [36]. A further simplifi-
cation involves setting Ty, and g (water temperature at which
feeding drops by half and the rate at which feeding declines
as temperatures approach Ty, respectively) much higher than
would be observed. As noted in Walters and Essington [29],
it is reasonable to assume that temperature never exceeds the
optimal for growth, since observed water temperatures are
far below this limit. This allows for a reduction in the num-
ber of estimated parameters.

Uniform prior distributions were used for each parame-
ter. The posterior density functions were estimated using a
Markov-chain Monte Carlo (MCMC) routine [37]. Bounds
on the priors for free-ranging parameters were arbitrarily set
at 0.3 and 3.0 times the maximum likelihood estimate of
each parameter (Table 1). Four MCMC chains were run with
different initial values for 500,000 iterations, with a burn-in
of 2,000 iterations and further thinned to leave 8,000 sam-
ples from each chain. To test for convergence, trace dia-
grams were visually inspected and the Gelman-Rubin con-
vergence diagnostics were used [37].

Consumption estimated from the general bioenergetics
model was compared with that from Bioenergetics 3.0 (re-
ferred to as the Wisconsin model; model derivation and de-
scription are given in Hansen et al. [1]). Observations of
temperature and weight-at-age were input with established
parameter values to estimate consumption and growth at
each time-step. Parameters for consumption and respiration
of rainbow trout were taken from Railsback and Rose [19]
and all other parameters are for steelhead from Rand et al.
[33]. Mean weight-at-age was obtained from aged fish in the
fall sampling in 2000 through 2002 and were fit to a von
Bertalanffy growth in weight model. Estimated von Berta-
lanffy-derived mean weight-at-age was used instead of mean
observed weight-at-age because younger ages were not pre-
sent in sampling gear. Energy density values for rainbow
trout and prey were used as model inputs. Rainbow trout
energy density was set at 5,861 J/g wet weight [38] and prey
caloric density was assumed to be a constant 2,659 J/g wet
weight [39]. Prey of rainbow trout in Cabin Lake entirely
consists of terrestrial and aquatic invertebrates, most com-
monly dipterans, chironomids and amphipods (C.J.
MacKenzie, Simon Fraser University, Burnaby, BC, and
B.T. van Poorten, unpublished data), which are assumed to
be 90% digestible [19]. All parameters used in the Wisconsin
bioenergetics model are shown in Table 2.

Temperature was used in both models to scale consump-
tion and metabolism according by Q10 coefficients. Tem-
perature in Cabin Lake was assumed to follow the same an-
nual cycle throughout the lifetime of all fish in the lake. To
this end, a water temperature model was fit to the time-series
of measured temperatures from Cabin Lake (Fig. 1). The
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temperature model is based on a sine-wave with a minimum
winter temperature and took the form

T, = max [T vinter > Tonean (D pax = Topean ) SN ((t +1, )) . 2n] (3)

where Ty is the temperature at time t, t, is an offset in the sine
wave to ensure the peak coincided with summer tempera-
tures, and Tmax, Tmin, @Nd Tyinter are the minimum and maxi-
mum temperatures of the sine wave and mean winter tem-
perature, respectively.

Both the general and Wisconsin bioenergetics models re-
quire information on timing of maturity and proportion of
mass devoted to reproduction. Mean mass-at-maturity, used
in the general model, was estimated by fitting a logistic
model to the proportion of mature fish for each 10 mm size
bin captured in fall sampling. Mean age-at-maturity, used in
the Wisconsin model, was estimated by fitting a logistic
model to the proportion of mature fish for each age-class
captured in the fall sampling. Mass- and age-at-maturity
were estimated as the mass or age at which 50% of individu-
als are mature. It was assumed that 15% of available body
mass is lost during spawning [46]. Spawning date for the
population was set as June 1 (B. van Poorten, unpublished
data), hatch date was set as July 15 and length at hatch was
set as 18 mm [47]. All parameter values used in the general
bioenergetics model are shown in Table 1.

Evaluating Growth Predictions with Climate Change

Bioenergetics models are commonly used to predict im-
pacts of changes in species composition or temperature re-
gimes on fish growth, mortality, consumption or nutrient
cycling (see [1, 12] for examples). To compare the general
and Wisconsin bioenergetics models, we examined simu-
lated impacts of climate change on rainbow trout growth
using both the general and Wisconsin bioenergetics models.
To do so, we increased water temperatures input into each
model. Doing so is not meant to be an accurate prediction of
climate change impacts, but simply a means of comparing
simulated outcomes of the two models. In each model, the
parameters Tpin and Tmax in Equation 3 were increased by a
value of 3 (Fig. 1). This results in an increase of mean annual
water temperature of 1.7°C and an increase in the number of
ice-free days from 197 to 226. The daily temperature calcu-
lated using Equation 3 was then applied to both bioenerget-
ics models to examine the predictions made by each model.

To estimate size-at-age and consumption using the gen-
eral bioenergetics model assuming a temperature increase
expected with climate change, the posterior distribution of
parameter estimates based on the observed data in Cabin
Lake were resampled 5,000 times. The resampled parameter
estimates in association with the climate warming annual
temperature cycle provided the size-at-age and consumption
for rainbow trout in Cabin Lake. Using the Wisconsin
model, simulations were repeated with the warmed annual
temperature cycle assuming the proportion of maximum
feeding estimated above. These model simulations assume
that prey availability increases at the same rate as maximum
potential consumption.
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Fig. (1). Observed temperature in Cabin Lake, Alberta between July 2000 and September 2002 (light dots). Solid line represents fitted tem-
perature model used in both bioenergetics estimates of growth and consumption. Dashed line represents theoretical temperature model under
climate change used in both bioenergetics simulations of growth and consumption under climate change.

RESULTS

In total, 668 rainbow trout from Cabin Lake were cap-
tured and later recaptured. Of these, five records were re-
moved due to obvious misidentification of fish or measure-
ment errors (length decrease of >10 mm) and five were re-
moved because fish were recaptured in the same day. Of the
remaining 658 length-increment records, 425 were measured
within the same year, 230 were measured over one winter
and three were measured over two winters. Additionally, 520
rainbow trout were captured and aged in the fall sampling in
2000 to 2002.

The general bioenergetics model was fit to length incre-
ment and length-at-age data to estimate bioenergetics pa-
rameters of the Cabin Lake population between 2000 and
2002. Prior limits to the metabolism power parameter (n),
the Qo parameter related to metabolism Qp, and 6 (the rate
at which tissue is diverted to structural tissue as weight at
length approaches normal) were intentionally set with a nar-
row range because parameter effects were confounded in the
data. All other prior distributions were uninformative and
yet, most posteriors were well defined indicating that data
were informative about the values of the parameters allowed
to freely vary (Fig. 2).

The general bioenergetics model was fit to length incre-
ment and length-at-age data in order to estimate a complete
growth trajectory for rainbow trout in the population (Fig. 3).
Comparing the estimated weight-at-age with observed
weight-at-age shows the model estimated weight-at-age well
despite the model being fit only to observed lengths.

Compared with the predicted size-at-age from the general
model, the Wisconsin model estimate was generally lower
(Fig. 4A), which is likely due to the weight-at-age estimated
using the von Bertalanffy model rather than both the size-at-
age and length-increment data. Additionally, the Wisconsin
model predicts that rainbow trout lose weight through the
winter after age-2, which the general model does not. Me-
dian consumption estimated using the general bioenergetics
model was similar to that estimated using the Wisconsin
bioenergetics model (Fig. 4B). Over the lifetime of a rain-
bow trout in Cabin Lake, the median consumption estimate
from the general bioenergetics model ranged from 75% to
141% that of the Wisconsin consumption estimate. Direct
estimates of consumption are not available for the rainbow
trout of Cabin Lake and so corroboration of either model is
not possible.
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(thin line) and the Wisconsin bioenergetics model (bold line). Dashed lines indicate Bayesian posterior 95% credible limits of general model

estimate.

When both models were used to estimate the impact in-
creased water temperatures will have on growth, both mod-
els predicted increases in size (Fig. 5A). The Wisconsin bio-
energetics model estimated an increase in end mass from 417
g to 518 g when simulated temperature in the lake increased
due to climate warming. In contrast, the general bioenerget-
ics model estimated the end mass increasing from 564 g to
787 g. The difference in growth is approximately propor-
tional to that observed with the fitted model. Median daily
estimated consumption from the general bioenergetics model
ranged from 67% to 147% the consumption estimated using
the Wisconsin model (Fig. 5B). This again is similar to the
difference in consumption rate estimates for the two models.

DISCUSSION

The general bioenergetics model was able to fit to length-
at-age and length-increment data to estimate growth and
consumption for rainbow trout in Cabin Lake. Laboratory
data may be used to provide prior probability distributions
for some parameters, and this was necessary in fitting the
general bioenergetics model to the relatively small Cabin
Lake data set. Our estimation used informative prior distri-
butions on only three parameters: the metabolism power pa-
rameter, n, the Qo parameter for metabolism, Qn, and the
steepness parameter () associated with the rate at which
consumed nutrients are allocated to metabolizeable tissue as

the ratio of metabolizeable to total weight decreases below
the optimum. While we had limited prior information avail-
able to apply to the model, future rainbow trout models can
incorporate our posterior probability distributions as prior
probability distributions, thereby further refining future
models for situations where data are relatively uninformative
[48]. Other datasets are likely to have varying success at
fitting more or fewer parameters [29] based on both the
quantity of data and the variability in temperature and feed-
ing environments throughout the lifetime of the fish.

Some parameters are not estimable and use of laboratory-
based estimates or reasonable approximations are necessary
to run the general bioenergetics model. These include the
parameters related to consumption and skeletal allocation.
While consumption parameters are not directly used in the
estimation procedure for key bioenergetics parameters, they
play a key role in estimating consumption and therefore have
implications for trophic interactions derived from model
outcomes. We have not directly estimated these parameters,
however it is advisable for future applications. Skeletal allo-
cation parameters are directly used during parameter estima-
tion in the general bioenergetics model and may influence
final parameter estimates. In populations such as the one
modelled here, changes in condition factor throughout the
lifetime of a fish are minimal. In other populations it will be
important to investigate the variability in condition factor
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over the life of a fish and those populations with consider-
able changes in condition factor should carefully examine
how skeletal allocation parameters affect other parameter
estimates.

Both the general and Wisconsin bioenergetics models
were able to reconstruct the growth history of Cabin Lake
rainbow trout using data from 2000 to 2002. Interestingly,
the growth estimate for the general model was higher than
that based on the Wisconsin model. This is partially due to
patterns in the length-increment data used in fitting the gen-
eral model, in addition to the size-at-age data used by both
models. Use of size-increment data in the general bioenerget-
ics model means that the model estimate of growth rate as a
function of size and temperature is more precisely defined
from the data than for the Wisconsin model, which is driven
by mean size-at-age data only.

The Wisconsin model estimated an over-winter decline in
body mass, whereas the general bioenergetics model did not.
Observed weight-increment data from tagged fish suggest
that rainbow trout rarely lose weight over the winter between
observations in fall and the following spring (B. van Poorten,
unpublished data). Both of the models used here assume a
constant seasonal energy density in both predators and prey,
which is rarely, if ever, true. Seasonal changes in diet will
doubtlessly result in changes in energy consumption [49] and

predator energy density [50]. Additionally, as winter condi-
tions continue, mass may stay relatively constant while en-
ergy density declines due to an increase in water content and
decrease in whole-body energy density [51, 52]. These fac-
tors would help to reduce the discrepancy in over-winter loss
in body mass between the two models and would contribute
to a slight variation in estimates of over-winter consumption
in the general bioenergetics model.

The general bioenergetics consumption estimate was
similar to that of the Wisconsin model. Several studies have
shown that the Wisconsin model has difficulty estimating
consumption across a range of taxa [29]. Although no direct
study of rainbow trout has been made, consumption in sal-
monids is often overestimated in the Wisconsin model [53].
The Wisconsin model estimates consumption by multiplying
a laboratory-derived function of maximum consumption rate
at body size and temperature by a proportion (p-value) to
back-calculate observed growth. P-values estimated with our
Wisconsin model (range: 0.505-0.534) for age-1 to 7 were
higher than estimated in other models [19]. This may be due
to a number of factors, including temperature time series is
not indicative of what was actually experienced by most
trout in the population or prey and predator energy densities
being inaccurate and constant throughout the year, despite
this often not being true [49, 50, 54]. Corroboration of model
outcomes with field or laboratory estimates are important for
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bioenergetics models [3, 16, 18, 28] and the same holds true
for the general model. Future corroboration of various com-
ponents of the general bioenergetics model will be necessary
to further examine the utility of this new tool.

We recognize that simply increasing temperature is an
extreme oversimplification of potential effects of climate
change on freshwater fish [5, 55, 56]. It is widely recognized
that with increased water temperatures, there will not be a
simple proportional increase in biomass, but complex
changes in nutrient flows, behaviour, abundance of food or-
ganism populations, and species-specific differences in con-
sumption and activity, among many other complications [56-
59]. The purpose of the climate-change simulation was not to
make accurate predictions of potential impacts, but rather to
contrast the predictions of the two models that make more or
less use of field data from the study system. The relative
difference in growth and consumption predictions for the
two models does not appreciably change when the water is
warmed.

There are a large number of parameters that may be used
in bioenergetics models (e.g. 12-30+: [1, 2]), which can po-
tentially lead to more detailed estimates and the ability to
attribute expected changes in consumption and metabolic
rates into one of several specific bioenergetic rates or proc-
esses. However, Ney [22] demonstrated that similar results
can be gained with a simpler model structure. Using a model
of intermediate complexity, we have estimated similar
growth trajectories and are able to predict future outcomes
under a simple climate-warming scenario. Slight additions to
the general bioenergetics model could allow it to make addi-
tional predictions similar to those commonly made with the
Wisconsin model [1, 3, 28]. For example, contaminant con-
centrations, ecosystem models and management evaluations
could easily incorporate the general bioenergetics model
with minimal data needs. Furthermore, the Bayesian parame-
ter estimation allows uncertainty in parameter estimates to be
incorporated into management recommendations, in a deci-
sion analysis framework [60]. The Wisconsin model has a
long history of predicting and evaluating individual and
population responses to a wide variety of manipulations [3].
The ability of the general model to be fit to population-
specific data and incorporate parameter uncertainty should
make it a powerful new tool in the continued use of bioener-
getics models in fisheries research and management.

The purpose of this paper was not to reveal weaknesses
of one method or another but merely to compare estimates
and discuss possible reasons for any divergent estimates.
Qualitatively, it appears that both models evaluated here
provide similar outcomes. We recognize that bioenergetics
models in general are prone to inaccuracies [2, 53] due both
to parameter uncertainties and structural problems. The gen-
eral bioenergetics model of Walters and Essington [29] ad-
dresses one of these issues by estimating parameters directly
from field length increment and length-at-age data com-
monly collected in many population assessments. Overall,
the model proposed by Walters and Essington [29] provides
an alternative to the Wisconsin model, with estimation of at
least some parameter values directly from the population
being modelled, thereby providing a useful option for future
applications.

van Poorten and Walters
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