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An energetics model is implemented for lake trout, Salvelinus rzarnaycush, and applied 
to the Lake Michigan population. It includes an egestion function allowing any proportional 
mix of fish and invertebrates in the diet, a growth model accounting for both ontogenetis and 
seasonal changes in energy-density of predator and prey, a model for typical in situ swimming 
speed, and reproductive energy losses due to gametes shed. Gross conversion efficiency of 
energy by lake trout over their life (21 .$%) is about twice the efficiency of converting biomass 
to growth because they store large amounts of high-energy fats. Highest conversion effi- 
ciencies are obtained by relatively fast-growing individuals, and over half the annual energy 
assimilated by older age-classes may be shed as gametes. Sensitivity analysis indicates a 
general robustness of the model, especially for estimating consumption by fitting a known 
growth curve. Largest sensitivities were for the intercept and weight dependence coeffi- 
cients of metabolism. Population biomass and associated predatory impact of a given cohort 
increase steadily for about 3.5 yr then decline steadily after fishing mortality becomes 
important in the fourth year in the lake. This slow response time precludes manipulation 
of lake trout stocking densities as a means to control short-term prey fluctuations. Predation 
by lake trout on alewife, Alosa pseudoharengus, has been increasing steadily since 1965 to 
about $ 400 t yr- ' , and is projected to rise to almost 12 000 t . yr - ' by 1990. 
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On a ClaborC un modkle de I'CnergCtique A I'intention du touladi, Salvelinus namcqcush, 
que l'on a appliquk 21 la population du lac Michigan. Le modkle inclut une fonction d'egestion 
permettant d'introduire dans le dgime alimentaire un milange proportionnel de poissons et 
d'invertCbrCs, un modkle de croissance qui tient compte des changements a la fois onto- 
gCniques et saisonniers de l'energie et de la densit6 du predateur et de la proie, un modkle de 
vitesse de nage in situ typique et, enfin, la perte d'tnergie reproductrice par suite de la mise 
en liberti de gamhtes. Comme le touladi emmagasine de grandes quantitCs de graisse de haute 
Cnergie, le rendement nutritif brut durant toute la vie du touladi (2 1.8 96) est environ le double 
de celui de conversion de la biomasse en croissance. On obtient des rendements maxima avec 
des individus a croissance relativement rapide, et plus de la moitiC de l'knergie accumulie par 
Bes poisssns plus &is peut &re libCree sous forme de gametes. D'aprks une analyse de 
sensibilitk, 1e modkle est genCralement solide, surtout lorsqu'il s'agit d'estimer la con- 
sommation en adaptant une courbe de croissance connue. Les sensibilitks les plus importantes 
touchent 1'ordonnCe a l'origine et les coefficients de mitabolisme dipendant du poids. 
La biomasse de la population et l'impact de prkdation qui lui est associk d'une cohorte 
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donnke augmente r6gulikrement pendant environ 3,5 ans, pour ensuite diminuer de m&me une 
Cois que la mortalit6 par +cAe est devenue importante dans le lac pendant la quatrikme annCe. 
A cause de cette lente rkponse, on ne p u t  manipuler Ia densitt des peuplements de touladis 
d'un lac comme moyen de contrdle h court terme des tluctuations des proies. La predation 
du touladi sur le gaspaseau, Alosa pseudoharengus, a augment6 rt5gulikrement depuis 1965 
pour atteindre environ 8 400 tm-an-'  et on prkvoit qu'en 1990, elle aura atteint presque 
12 008 tn~ean- ' .  
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THE lake trout (or cham), Salveliraus imrnaycush, has his- 
torically been a dominant top predator as well as an important 
component of the commercial catch in Lake Michigan. 
Extinction of wild populations in the mid-1950s and reestab- 
lishment of a hatchery-dependent (nonreproducing) lake trout 
population by the early 1970s is well-known (Smith 1968; 
Wells and McLain 1973: Rybicki and Keller 1978). The 
existing population supports an important sport fishery. Man- 
agers are being pressed by public enthusiasm to increase 
salmonid stocking densities, but increases cannot continue 
indefinitely because salmonid production in Lake Michigan 
must necessarily be limited by available production sf forage 
organisms. 

This study uses bioenergetics modeling to address a funda- 
mental management question: "What are the forage require- 
ments of existing and projected future lake trout populations 
in Lake Michigan?' It brings together subsets of data from 
studies conducted at the Great Lakes Fishery Laboratory 
(GLFL. USFWS) (D. Rottiers and associates, unpublished 
data summarized in Resemh Completion Reports; G .  Eck, 
personal communication, GLFL, Ann Arbor, MI), avail- 
able literature, and newly developed energetics theory. The 
approach begins with a mass-balance equation (Winberg 
1956; Warren and Davis 1967; Kitchell et al, 1977; Webb 
1978), and is the latest in a series (e.g. KitchelI et al. 1974; 
Kitchell et al. 1977; Weininger 1978; Breck and Kitchell 
1979; Kitchell and Breck 1980). New functions are developed 
for egestion, swimming speed and growth with ontogenetic 
and seasonal changes in energy density of predator and prey. 

Qur objective is to reconstruct food consumption from 
observed growth rather than to predict growth. Observed 
growth in Lake Michigan results from consumption integrated 
over time. The summation of daily growth, metabolism, and 
waste losses provides an estimate of daily consumption for the 
average individual lake trout. Given the existing data base 
on the energetics of lake trout, we believe the energetics 
approach may be the most cost-effective and perhaps the most 
accurate of available methods (Mann 1978) for estimating 
annual forage needs of the trout. Forage requirements of the 
average individual are extended to the entire population using 
a population model with mortality rate estimates from Rybicki 
and Keller (1978). Absence of natural reproduction in the 
Lake Michigan population simplifies population biomass 
estimates, since known recruitments come from hatcheries. 

Components of the Energetics Model 

ENERGETICS BALANCE AND MAXIMUM CONSUMPTION 

Our energetics model is based on the assumption that the 
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sole energy source for an animal is its food (C, consumption), 
and that all energy taken in must be used (19, metabolism; 
SDA, specific dynamic action), lost (F, egestion; E ,  excre- 
tion), or accumulated (All, growth). These components form 
the energetics balance: 

All components can be converted between mass and energy 
units. In the remainder of this section the relationship of these 
components to their controlling variables are developed. 

Growth must necessarily be less than or equal to that attain- 
able at maximum consumption. In modeling simulations, 
laboratory estimates of maximum consumption are adjusted 
downward until the model fits observed grswth (see below). 
Ad libitum weight-specific consumption C,,,, (g . g-'  d - I ) ,  

increases exponentiaily with increasing temperature at low 
temperatures, reaches a maximum level at some optimum 
temperature, and'decreases at temperatures greater than opti- 
mum (Brett et al. 1969; Edsall et al. 1974; Elliott 1975a, b). 
For Bow temperatures, C,,, can be represented as a negative 
power function of weight (Brett 1971a; Kerr 197 1 ; Elliott 
1976b), and an exponential function of temperature (Elliott 
1976b): 

where, W = fish weight, g 
T = temperature, "C 

and a ,  b, q = empirical constants. 
This simple model differs from our previous work (Kitchell 
et al. 1977) but may be appropriate for the temperature range 
which a lake trout typically occupies of its own volition. 

The parameters of eq. ( I )  can be estimated from a series of 
laboratory studies conducted in 1970 and 1972 at the Great 
Lakes Fishery Laboratory (GLFL), Ann Arbor (D. Rottiers, 
B. O'Conner, and T. Edsall, unpublished data), using lake 
trout obtained as fingerlings from the Jordan River National 
Fish Hatchery. Fish of three initial size-classes (about 40, 
258, and 1200 g) were held in tanks at 12"C, and fish of the 
smallest size-class were held at eight temperatures (3.5, 
5.0, 7.8, 10.0, 12.0, 15.0, 18.0, and 20.0°C). Ail fish for a 
particular experimental condition were grouped in a single 
tank. All fish were fed excess rations s f  freshly thawed pieces 
of alewife (Alosa pseudohareragus) twice daily throughout the 
12-wk experiment, with the exception of one 2-wk period. 
During this 2-wk period, insufficient supplies of alewife 
made it necessary to feed some groups of fish (at 5, 7, 10, 
15, and 1 $"C in 1970) with dry fish pellets. A11 data from this 
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exceptional 2-wk interval were omitted. Uneaten food was 
recovered and its weight subtracted from the original amount 
fed to determine the daily food consumption. 

Weight dependence of C,,,,, was evaluated using the three 
size-groups studied at 82°C. In these tanks, consumption and 
growth of the fish declined noticeably in the latter part of the 
experiment, suggesting that the fish were stressed in some 
way. Esti~nates of maximum consumption were made using 
the four highest values for each group. This approach is com- 
parable to that used by Brett (197 1 a) for estimating C,,,;,, of 
sockeye salmon, Oncorhvnc.hus nerka. 

The natural logarithm of the weekly average of daily 
observations for C,,,,, (g g ' * d ' )  for each tank of fish was 
regressed against the natural logarithm of average individual 
fish weight for the tank. The resulting regression equation 
for fish at 12°C: 

may not have been sufficient for the trout to attain their 
absolute upper limit. We chose not to use multiple regression 
for analysis of the consumption data because the experimental 
design was not fully crossed. 

STANDARD AND ACTIVE METABOLISM 

That part of a fish's consutned energy that is used to assim- 
ilatc the remainder is called the heat increment (Niimi and 
Beamish 1973) or the specific dynamic action, SDA. Beamish 
(1974) found SDA to be 17% of assimilated or usable con- 
sumption (C-F) for fish on a piscivorous diet, and this pro- 
portion was relatively independent of temperature and ration 
size. Kitchell et al. ( 1977) modeled SDA as a (smaller) pro- 
portion of total consumption; this may lead to small errors 
when diet shifts from invertebrates to fish or a mixture. Here 
we assume SDA is a constant proportion of C-F: 

(2) log,. C ,,,;,, = - 1.503 - 8.307 log,. W ,  
SDA - 0.17.(C-F). 

fit the data closely ( r  ' = 0.99). The weight dependence coef- 
ficient, h - -0.307, falls between Elliott's (1976b) esti- 
mates of -0.241 for brown trout, Sstlmo truttsl, at 12OC and 
the value -0.35 which was estimated for sockeye salmon at 
B 5°C (analysis of data in Brett 197 1 a). It is within the range 
(-0.302 to -0.335) found by Niirni and Beamish (1973) for 
largemouth bass, Micropterus snlmoidcs. 

The temperature dependence of C,,,;,, was evaluated for 
temperatures up to and including 1O0C, because this is the 
range of temperatures typically occupied by lake trout In 
Lake Michigan. The weekly average of daily C,,,,, sbser- 
vations for each tank was adjusted to equivalent consumption 
for a 50-g fish using the weight dependence exponent, 
-0.307. The natural logarithms of these values were 
regmssed on average weekly temperature for each tank. The 
following regression equation provided a g o d  fit (r" (078, 
P < 0.001. n - 75. 50-g fish). 

Residuals from this regression and the previous one were 
evenly scattered about the regression lines, indicating ho- 
mogeneous variance for both regressions. 

Solving each of the two regression equations given above 
for C,,,,,, at 12°C rind 50 g revealed that the equation for 
temperature dependence (3) gives an estimate 15% higher 
than that from the weight dependence equation (2). Because 
the weight dependence relationship was derived from a rela- 
tively small data set (la = 12), we chose to use the weight 
dependence slope in combination with the intercept and slope 
frorn the temperature dependence function. The intercept in 
g e g  ' - d - '  for the combined functions will be: 

The complete model for C,,,,, in g . g ' . d ' is therefore: 

The intercept shc~uld be considered a conservative first 
approximation because the twice-per-day feeding schedule 

A general model for total daily metabolism, R,! in g 0 2 . d - '  
(5), of a salmonid (excluding SDA) was obtained by merging 
functions for weight and temperature dependence of standard 
metabolism with that for swimming speed dependence of 
metabolism (Stewart 1988): 

where, U = swimming speed, cm * s- ' 
and, a, p, p, v = empirical constants. 

An extensive study of lake trout mctabolism as a function 
of weight, temperature, and swimming speed has been con- 
ducted at the GLFL using a flow-through tunnel respirorneter 
(D. V. Rottiers, unpublished data; Bell and Terhume 1970). 
Fingerlings from the Jordan River National Fish Hatchery 
were reared to appropriate sizes at GLFL. A total of 578 
observations (Table I )  were available for lake trout ranging 
from 20 to 1800 g, and at temperatures of 3.5, 5, 7, 10, and 
15°C. The metabolic rates of fish were measured at swimming 
speeds of 0.6 to 3.0 body lengths (bl) - s- ' . Individual fish 
were used in most experiments although small fish were run 
in groups of three and very small fish in groups of 20, to 
provide measurable metabolic rates. Additional observations 
at 88°C were omitted because they appeared to be above the 
range of constant exponential increase of metabolism with 
temperature. 

Lake trout were fasted and exercised ( B 0- 15 cm . s I )  for 
48 h then weighed and moved to the respirometer where they 
were forced to swim. Oxygen consumption was measured 
continuously during the 24 h the fish were in the respirometer. 
During the last 8 h of each test the swimming speed was 
increased in stepwise fashion ( 10 cm s ' at 90-min intervals) 
from the initial speed of I0 or 20 cm . s- ' to the final speed of 
50 or 60 cm . s I. The O2 level in the respirometer was main- 
tained above 70% saturation (by regulating exchange rate) so 
that rate of consumption by the fish was reasonably indepen- 
dent of oxygen level (based on analysis of data in Gibson and 
Fry 1954). 

Oxygen was measured using a YSI model 54 oxygen meter 
that was calibrated daily using the Alsterberg modification of 
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TABLE I .  Number sf observations for metabolism of lake trout, Salvelinus nanaqcush (at various fish 
weights, swimming speeds and temperatures), that were used for multiple regression analysis (D. V.  
Wottiers, unpublished data). 

Weight Swimming Temperature ("C) 
range speed 

(g) (cm . s- ') 3.5 5 7 10 15 Totals 

Totals 

the Winkler method. Background oxygen consumption rarely 
exceeded 0.1 mg-L-' and was checked weekly by running 
the appardtus without fish. Data were corrected whenever 
background level exceeded 0.  B mg L I .  Flow rates were 
controlled by varying pump speed. 

The metabolism data were analyzed using multiple linear 
regression to estimate the parameters a, p, p, and V .  The least 
squares solution for the general model presented above 
(Rti in g 0 2 - d -  ', linearized by log,. transformation) was: 

(6)  log,. Rc: = log,. 0.00463 + 0.705 log,. W 

-I- 0.059T C 0.0232U. 

This model fit the data very well (R' = 0.94, P < 0.001). 
Examination of residual plots indicated hornogcneous vari- 
ance for each of the predictor variables. 

The value 13560 J-g  I O2 (3240 caleg ' OL or 
4.63 caB . mL ' 0,) is an appropriate oxycalorific coefficient 
for converting oxygen respired to energy utilized for a sa%m- 
onid (Elliott and Davidson 1975; Elliott I976b). For lake trout 

with 6280 J . g  ' (1500 cal-g  I )  wet weight, the model for 
metabolism, R1. (6), can be converted to weight-specific 
metabolism by changing P to - 1 and correcting the 
intercept, a = 0.00463, for relative energy density of oxygen 
and fish. Thus, 

and the complete model for W,, in terms of gram equivalents 
(or g - g - ' * d  ' )  becomes: 

In the context of the growth model developed below. 
energy density, Q ,  of both the predator and its principal forage 
may vary seasonally and ontogenetically; a is therefore vari- 
able. We begin each simulation with ob = 0.00463. This value 
is corrected each day for the relative Q's of oxygen and the 
food being eaten. Daijy specific metabolism is then computed 
in terms of gram equivalents of the day's forage and can be 
entered into the mass-balance equation along with daily spe- 
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cific consumption and other components of the energy budget 
(all expressed in food equivalents per gram fish weight per 
day). Daily specific growth rate for the average individual 
fish is therefore computed initially in terms of gram food 
equivalents per gram body weight per day. To estimate the 
total growth increment for a given time step, wc corrected the 
growth estimate in food terms for relative Q9s of food and fish 
(see Model Development). 

Smith et al. 41978) estimated temperature dependence of 
routine metabolism of juvenile lake trout 4 B -4 g) by direct 
calorimetry. The fish were placed in groups in the metabolic 
chamber, a modified bomb calorimeter, and changes in water 
temperature were measured. Results from experiments done 
at 6, 10, 15, and 18°C indicate exponentially increasing 
metabolism between 6 and 15°C with a leveling off of the rate 
of increase between 15 and 18°C. This pattern is in good 
agreement with our results, suggesting that perhaps Smith 
et al. were wrong to include the 18°C data in their regression. 
Assuming a mean weight of 2 g and a weight dependence 
coefficient of B = 0.705, least-squares regression estimate 
of daily metabolism (g 02 .d i ' )  for a 1 -g fish versus temper- 
ature over the range 6- 15°C was 0.8053 e0 "'"''(r ' = 0.99, 
n = 3, our analysis of data in Smith et al.). Values for both 
intercept, a - 0.0053, and temperature dependence coeffi- 
cient, p = 0.863, are higher than estimates derived above, 
but not markedly so. Since activity was not controlled or 
measured in experiments by Smith et a]., a relatively high 
value for a was to be expected. It is to some extent reassuring 
that results from the two studies are as close as they are, 
considering the radically different approaches used. 

To complete the model for metimbolism, we needed an esti- 
mate of in situ typical daily swimming speed. Optimum 
swimming speed, UOpT in cm-s- '  (7), for salmonids may 
vary as a positive power function of weight, and temperature 
dependence of Uamr over low temperatures might be repre- 
sented as an exponential function for a first approximation 
(Ware 1978; Stewart 1980). 

where, o, 6, 4 = empirical constants. 
There are no lake trout data available from which to esti- 

mate the temperature dependence coefficient, 4. As a 
working hypothesis, this parameter is set to 0.0405 
(Qlo = 1 . 9 ,  the value estimated by Stewart (1980) from pub- 
lished laboratory observations on temperature dependence of 
maximum swimming capacity in coho, Oneoahynchus kisutch 
(e.g. Griffiths and Alderdice 1972). 

Ware (1978) used hydrodynamics theory combined with 
considerations of visual acuity, food size, and concentration 
to estimate optimum foraging and cruising speeds for sockeye 
salmon. Weight dependence of swimming speed was about 
0.13 for both optima. Given the probable marked difference 
between the typical daily swimming behavior of planktiv- 
orous sockeye and epibenthic, piscivarous lake trout, we 
assumed that lake trout would have a lower weight depen- 
dence coefficient. We used 6 = 0.85 as a first hypothesis. (If 

0 2 4 0 2 4 

WEIGHT (kg)  

FIG. 1. Contour plots for (a) relationship for theoretical speed 
(UOPT, cm-s-I) of lake trout to weight and temperature; and 
(b) relationship of the ratio Rorrr /Rsrl, to weight and temperature for 
jake trout. 

Ware's value of 0.13 is used with a corresponding appropriate 
value for w, consumption estimates for the average individual 
would be about 2% lower over 9 yr of life in the lake.) 

Large lake trout have been tracked using ultrasonic tags 
in Lake Superior during the spawning season (R. Horrall, 
Laboratory of Limnology, University of Wisconsin, 
Madison, WI. personal communication). Six s f  the tagged 
fish were observed to swim; little or no movement was 
observed for others after tagging, indicating that either the 
tags fell off or the fish remained stationary. Analysis of tracks 
showing movement yielded an estimate of 0.46 b1.s ' or 
36 cm-s- '  for fish averaging 77.5 cm tatal Icngth. Fish of 
77.5 cm should weigh 5228 g based on a length-weight 
equation for lake trout from central Lake Michigan QRybicki 
and Keller 1978). The tracked fish had been displaced from 
their spawning reef, and thus may have moved faster than 
would be the case at other times of the year. As a working 
hypothesis, the swimming speed estimate was arbitrarily 
reduced 25% to 27 c m - s - '  to compensate for this possible 
bias. 

Using 27 cm s- b t  5220 g with 8 = 0.05 gives: 

Adding the temperature dependence term and correcting 
17.6 cm . s-- '  to 1 1.7 at OUC gives the fallowing completed 
model for typical in situ swimming speed of Bake trout in 
cm . s- ' : 

Total metabolism at typical in situ swimming s p e d  is defined 
as: 

Quation (8) indicates swimming speeds will range from 
1 1.7 cm . s- ' far I -g fish at 0°C to about 28 cm . s ' at 12OC 
for the largest lake trout found in Lake Michigan (Fig. la). 
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The increment in metabolism above standard metabolism 
(RsTn) due to activity, ROm/RSTD or eYU(~'",  ranges from 1.4 
at low temperature and small size to 1.9 at high temperature 
and large size (Fig. 1b). ROPT/RSTD may be two times higher 
for large rainbow than for lake trout; large sockeye may be up 
to three times higher than lake trout (Stewart 8980). This may 
be reasonable considering the relatively pelagic lifestyle of 
large rainbow and sockeye (Brett 1971b); lake trout on the 
other hand are more typically found on or near the bottom. 

Proportion of consumption excreted, E/C, may vary as a 
function of temperature and ration (Elliott B946a): 

where, P = ration, C ,,,,, /C, 
and E,  , e2, e3 = empirical constants. 
Parameter values reported by Elliott for brown trout eating 
amphipods were rl = 0.0252. ea = 0.58, and e, = -0.299. 
Proportion excreted therefore increases with increasing tem- 
perature and decreases with increasing ration. Since egested 
calories cannot be excreted, we modified the value for E ,  
to give an expression for egestion that was independent of 
fraction of ingested food that is indigestible. At the average 
values of 10°C and a ration ~f P = 0.5,  F/C = 0.144 from 
Elliott's equation, and proportion of food assimilated is 
(C-F)/C = 0.826. An approximate corrected value for el  is 
0.0259/0.826 = 0.03 84, and the revised equation for excre- 
tion of assimilated food is 

Daily specific excretion in grams food per gram body weight 
per day is obtained by multiplying both sides of the equation 
by C-F. 

EGESTION: A GENERAL MODEL FOR MIXED DIETS 

Proportion of consumption egested. F/C, may also vary as 
a function of temperatun: and ration (Brockson and Bugge 
1974; Elliott B876a; Caulton 1978). Elliott proposed 

where, f i ,  f2, f. = empirical constants. 
Elliott's parameter estimates for an invertebrate diet were 
fi = 0.282, f2 = -0.222, and 1. = 0.631. Hn contrast to 
excretion, proportion of consumption egested decreases (or 
assimilation efficiency increases) with increasing tempera- 
ture, and F/C increases with increasing ration. Unfortu- 
nately, a study comparable to that of Elliott (1976a) has never 
been done for a piscivorous fish or for one on a mixed 
fish- invertebrate diet. 

Weininger (1978) adjusted Elliott's parameter values to 
obtain a first approximation of a n~odel for egestion when 
eating only fish. This was done by lowering the value of the 
intercept, f,, by a proportion assumed to be indigestible 
chitin, then increasing the ration dependence coefficient. J;. 

These adjustments retain the general shape of the response 
surface defined by Elliott's model. Weininger's modification 
gave precise estimates of proportion egested at P = O and at 
P = 1 (the points used to revise j ; ) ,  but gave progressively 
larger e m r s  as P approaches 0.5. Rather than develop this 
model for the general case of a mixed fish-invertebrate diet, 
it was abandoned and the fo'ollowing model irnplernented. This 
new model retains the essence of Elliott's model (10, l B as 
well as Weiningcr's modification of it. 

The new modei starts with F/C' for an all invertebrate diet 
as computed directly from Elliott's ( I946a) model and param- 
eter estimates: 

This estimate is then adjusted for proportion of fish in the diet. 
In the case of an aBj invertebrate diet, the adjustments all 
cancel out and Bcave Elliott's model. 

It is assumed that for any food type there is some mini- 
mal proportion that will not be assimilated even under the 
extremes of very low ration and high temperature. From 
Elliott's model, a brown trout at 25OC and on near-zero ration 
of amphipods will still epest just over 10% of the food con- 
sumed. The absolutely indigestible proportion of an inverte- 
brate diet, K I N V ,  is therefore assunsed to be 0.10. Among the 
lowest estimates for egestion of a piscivorous diet are Kelso's 
( B 9'72) estimates for wallcye (Stizostrdion \ I .  aitrruna) of 3.1 ?h 
on a yellow perch (Perco flca;ve.sc*eras) diet, and 2.1% on an 
emerald shiner (Notropis atkterinc~ides) diet. Vaiues of 
5-10% are not unusual, but may not he minimal; the 
indigestible proportion of a fish dict was arbitrarily set at 
KFlsH = 0.033. 

The first step in adjusting F/C for fish in the diet is to 
compute the proportion of the diet that is indigestible, K,: 

where Plkv  = proportion of the day's diet cornposcd of inver- 
tebrates: P l N V  values were read from an input array of diet 
composition. 

The second step is to subtract the indigestible proportion 
(-chitin) of an all invertebrate diet from the initial F/C esti- 
mate; (F/C) - K I N V  gives an estimate of the proportion of 
consumption scheduled for egestion that is conlposed of t'lesh 
or other potentially assimilatable materials. When fish are 
eaten, Elliott's model for F/C will underestimate the value of 
(F/C) - K I N V .  This inksst be increased in proportion to the 
ratio of actual pnsportion of the diet available for assimilation 
( I - K , )  and that proportion potentially assi~nilatable fi-on1 an 
all invertebrate diet ( I  - K I N V ) .  Finally, this adjusted value 
for potentially assimilatable materials that are scheduled for 
egestion is added to the proportion of the diet that is indiges- 
tible, K l ,  to yield an estimate of proportion of consu~maption to 
be egested for the particular mix of fish and invertebrates in 
the diet, F%I,J/C. The complete general model for mixed diets 
is therefore: 
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TEMPERATURE (OC) 

FIG. 2. (a) Contour plot (208-g lake trout eating all fish) for rela- 
tionship of proportion of consumed food that is egested (F,,,/C) to 
temperature and ration ( P  = C/C,,,); and (b) contour plot (for a 
similar lake trout) for relationship of total waste lass, ( E  -b F,;,,J/C, 
to temperature and ration. 

Daily specific egestion in grams food per gram body weight 
per day is then obtained by multiplying FADJ/C by C. It can 
be easily demonstrated that this model reduces to the original 
F / C  when P l ~ v  = I ,  in which case KI = KINv. 

Equation (12) estimates egestion for lake trout on an all 
fish diet ranging from about 0.08 at lO0C and low rations to 

0 1000 2000 3000 4000 
WEIGHT ( g )  

FIG. 3. Weight dependence of energy density (J-g ' wet weight) 
for lake trout from Lake Michigan (based on Rottiers and Tucker 
1982). 

0.34 at low temperatures and maximum ration (Fig. 2a). At 
midsummer conditions (10°C and P = 0.5),  12% of con- 
sumption is egested. Adding FAD,/C (12) to E/(C - F) (9) 
gives estimates of total proportion of consumption going to 
waste losses of 0.16-0.36 (Fig. 2b). 

Knowing the relative energy density or 8 ' s  of a predator 
and its prey is essential if an accurate estimate of predatory 
consumption is to be made from observed growth rate of the 
predator. Energy density of 1 13 individual lake trout from 
Lake Michigan (collected 1969-71) was determined by 
bomb calorimetry (Rottiers and Tucker 1982). The Q of Bake 
trout increased with weight, especially for smaller fish 
(Fig. 3). Attempts to find a simple transformation that would 
linearize this relationship were unsuccessful. Rather than 
develop a nonlinear regression model to fit these data, two 
separate linear regressions were done for fish above and 
below 1500 g. Using linear equations here makes the growth 
model developed below mathematically tractable. The regres- 
sion equations intersect at 1472 g; this is taken as the point to 
change from one regression line to the next. The model for Q 
of lake trout in J * g-' wet weight is: 

It is obvious that & can more than double over the life span 
of a lake trout (Fig. 3). The smallest observed lake trout have 
a Q of about 5256 Jag-' (1256 ca leg- ' )  which is higher 
than the value of 4185 J-g.' (1000 ca1.g-I) suggested by 
Winberg (1956) as typical for fishes. The importance of ac- 
counting for changes in Q is clear; large, old trout must 
accumulate twice as much energy as young trout to gain the 
same amount of weight. Energy density of lake trout may also 
have a seasonal cycle, but available data were too variable to 
resolve this with certainty. A seasonal cycle of Q was thus not 
modeled for the trout. 
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A Growth Model with Ontogenetic and Seasonal 
Changes in Energy per Unit Weight 20 

TEMPERATURE 
h.loa>~.h. DEVEL.OPMENT 2 I6 
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CZ 

Earlier studies have assurned that consurncss and their food = 
have the same Q (e.g. Kitchell ct al. 1974. 1977; Weininger 2 
1978). The previous section shows that this sinlple assump- 2 

I tion might yield subsaaa~tial errors whcn working with LU 

4 
S t  M U  L A T  ION 

sal~nonids which store large quantities of fat and thereby 
double their Q over their life. 'Fherc arc also marked differ- 
ences in Q of invertebrate and fish forage (Curnraains and 

CALENDAR MONTH 
J F M A M J J A S B N D  

Wuyeheck 8971). Furthermesre. certain fishes such as the 
alewifc may go through rather dramatic seasonal cycles of  Q 
(Yeo 1978). Consideration of chrnnges in Q should provide a . 4.  Seasonal cycle of midlakc surface water trmpcraturt: in 
m o E  rigorous estir~aate of true food needs or predatory inapact Lake Michigan based on Ayers ( lc167), and temperature t WC, 

by lakc trout. Solving the cncrgy halance for growth ( ~ 5 )  dashed line) assumed to be occupied by iake Ircpul whcn hurt'ihce water 
gives an initial cstimatc for growth of inriiVidual, g " ~  ~ " " m '  than 10°C during summer namths. 

M I N I ) ,  in grams food per gram body weight per day: 
values at tour different tinaes ot'ahc year wcre used to coralpute 

(15) &I,,I = C - (R,,, ,  + SDA + FA,,, + E ) .  a value for energy density of alewife. V A L ,  , on each day of the 
year by linear interpolailon. From proportional diet coanposi- 

In previous studies, growth was added to weight at a giver] tion and obscrved Q's of forage, the average cnergy ctensity 
time step ( r )  to get weight at the next time step ( t  i- I ) :  of the predator's diet, Qfc,tsIP, can be calculatccrf. 

If a predator and its prey differ in energy density, then cor- 
rection for relative energy value of the predator Q,,, ancf avcr- 
age energy value of all ifenss in its dlet, Q n c K l r , .  had to be 
n-sride: 

For the sinaulations presented below, an anay of diet conl- 
position for each cohort was input to the anociel. This included 
estinaates of proportion by weight of four different forage 
types: invertebrates, ( P I N V ) 3  young-of-the-year alewife, 
(Puou), aduft iP,41,1,), and other fish, (P,srkI). Since 
these proportions may change seasonally, diet conaposition is 
recvralerated at each time step (see following section, Food 
Habits of Lake l'roaaa). Energy density of invertebrates. QINv, 

and other fist], QO.I.I1. were treated as constants. Energy den- 
sity of alewife is known to folloav a seasonal cycle. Observed 

sin~ulatc weight change in a f~sh  exhikitimg ,reasonal 
cycles in energy (beit not csntogcnctic changes), we tbs~nd the 
energy val~ae of the consun.eer for the next tlnac step, QCg1, 

using the ~nterpolation schemc. 'I'hc weight change equation 
is as eq. ( 16), with ths div~sor replaced by Q,,,. 

Calculation of growth for a fish with marked ontogenetic 
changes in energy dcnslty is reaciify resolvable for the case 
when energy density is a linear fernca~on of body weight. 
Replacing Q,, in eq. (16) with Q,, + QL3* \%' gaves: 

'This can Bsc solved for W,, I using the quadratic fornauta. 

Finally, growth of a predator with koth a seasonal cyclc and ( 19) Q,. w ',+ I -t Q,,? W, + 

an ontogenetic change of energy density can be ct~rnputed. 
In this case, the value of Q,, at time t will he changing to QCE1 - [W1-(Q,> + Q1,.\4/,) + ( A B ~ N I ) * ~ ~ \ . Q I o o ~ , B ]  = 0. 

at r + I ;  QcrL comes froril the interpolation schearie dcsoribed When growth of an individual, bBIN,) (15). has been adjusted 
above. W ,  + I is found by solving: forchanges in Qusingcq. $6, B7, 18, or 19, it will heret'errcd 

to as adjusted growth, SA,,J. 
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The Lake Michigan Lake Trout Population: 
Site Specific Variables 

Actual temperature occupied by the typical individual of a 
fish population appears to be an interaction of available tem- 
perature, preferred tensperature, and to some extent, recent 
temperature experience or acclimation (Neill and Magnuson 
1974). It is believed that water ternperature of a Lake changes 
at a rate which permits nearly continuous acclimation to what- 
ever ten-eperaturc thc fish occupies, except for thc special case 
of vertical migration thrc~ugh a sharp tcn-eperature gradient. 
For %akc trout, we hypothesi;aed that they will occupy the 
warmest available temperature up to but not exceeding their 
prcferred ternperature (Bcitinger and Magnuson 1975). 

The final temperature preferred by yearling lake trout 
in laboratory studies wa\ 1 1.7"C, independent of starting 
acclimation temperature (McCauley and Tait 1976)). Field 
c~bservattons or? lake trout suggest they normally occupy a 
temperature about 2°C lower than the laboratory determined 
preferendurn (Fcrguson 8958; Spangler and Berst 1976). Fac- 
tors such as relative food availability, predator avoidance, 
interference competition, etc., will modify orientation to the 
preferred temperature (Magnu~on et al. 197C1). An observed 
thermal history is thus mare appropriate when known. For the 
simulations presented herein. the preferrcd or maximum sum- 
mer temperature occupied in Lakc Michigan is assumed to be 
10°C. The annual ternperature cyclc (Fig. 4) was estimated 
l'rosn anidlake data from Ayers ( 1962), and this agrees with 
observations of Carr et al. ( 1973). 

Actual food habits of Bake trout (expressed as proportional, 
wet-weight diet composition) are critical site-specific data 
needed for quantitative evaluation of predatory impact upon 
various forage organisms. Gary Eck (GLFL, U. S.F. W .S . ,  
Ann Arbor, MI, personal communication) has in progress 
an extensive study of seasonal food habitats of lake trout in 
Lake Michigan, and has provided us with preliminary data 
expressed in percentage occurrence of various food types. We 
converted thesc data to approximate proportions by weight 
using the following assumed typical %ive weights dg): sculpin 
adults = 20, juveniles = 2; smelt adults = 32, juveniles = 4; 
alewife (sprEng/summer/falB) adults - 34/29/33, juvc- 
niIes = 3.91 10/3.7. 'These &ita were based on values for fish 
caught in experimental trawls in Lake Michigan (L. Moffett, 
Michigan Department of Natural Resources, personal corn- 
munhcation), and for alewife, based on average lengths of 
those in the trout stonlacks ( G .  Eck, GLFL, U.S.F.W.S., 
Ann Arbor, Mi, personai coanrnunication). Data were com- 
bined with observations of Dryer et a1. ( H965) on food habits 
of small lake trout in Lake Superior, since Eck caught rela- 
tively few small juveniles i n  Lake Michigan. Dryer et al. 
indicated that benthic invertebrates may be an important com- 
ponent of the diet in juvenile lake trout. The proportions of 
invertebrates i a ~  the diet of lake trout of various size-classes 
were estimated from Dryer et al. to be 0.75 (100-200 mm 
flsh length), 0.60 (200-300 mm), 0.10 (300-400 mm), 0.0 
(> 400 mm). 

The abovc information was combined as model input 
(Table 2) of diet composition by weight for various size- 
classes of Bake trout in each sf three different seasons - 
winter and spring (Dec. -May). summer (June -Oct .), and 
fall (Nov.). The one month fall season is the period when Eck 
noted that juvenile alewife were moving into deeper water and 
were preyed upon heavily by lake trout. Data for smelt and 
sculpin were merged to form a single food class termed "other 
fish." 'This gives proportions of four food types for the lake 
trout: invertebrates ( P l N V ) ?  young-of-the-year alewife (Pyoy), 
adult alewife 4PRl,ll)y and other fish bPcrrff). 

Diet composition of Lake Michigan lake trout changes 
noticeably with size (Table 2). Small trout feed on invepae- 
brates and small fishes. As size increases to a b u t  l5Nl g, 
smelt and scbalpin are increasingly impomnt diet components. 
Trout larger than a b u t  2000 g eat almost entirely adult ale- 
wife, except during the fall. The observations of Eek on 
summer food habits of lake trout are in very close agreement 
with those of Rybieki and Kcller (1978). 

The model developed above also requires estimates of Q for 
the various food types in the diet, both ts convert metabolism 
to grams food equivalent and to conveHa growth in grams had 
equivalent to growth in body weight, iMRI)J. In the Great 
Lakes, Myss's r~licb6~ and Postfopcrreiu hoyi are important com- 
ptanents of the invertebrate forage of young lake trout (Dryer 
et at. 1965). Estimates of wet weight Q for these two inverte- 
brates could not be Located; it was ~ssumed that they are 
typical Malacc~straca with 43 ! O J g ' wet weight (Curnrnins 
and Wuychcck 1978). 

Smelt have been studied by Foltz (1974) and data in an 
appendix of his thesis provide a basis for estimating wet 
weight Q. Foltz and Norden ( 1974) only gave dry weight data. 
Foltz presented seasonal data for both sexes of 3- and 4-yr-o!d 
smelt. A seasonal cycle of Q was evident, but not neariy as 
pronounced as that for alewife (Ye0 8978). The overal! aver- 
age value was estimated to be 5700 J . g- ' wet weight based 
on thc 20 mean values (five dates, two sexes, two age-classes) 
presented by Folta. This value was used as a constant for 
"other fish," Qol.kl, in the lake trout diet. Brockson et al. 
( i 968) estimated 52 10 J g - b e t  weight for C o t & . ~ p e r p ! e x ~ ~ .  
which is reasonably close to the smelt estimate. Estimates 
of Q for slimy sculpin dCorbsds cognabus, 5740 J a g - ' )  and 
deepwater sculpin (Wayo-rocephabus ~ I Z C P ~ ~ S O P I ~ ,  5428 J -g -  ') 
from Lake Michigan are also closely similar (Rottiers and 
Tucker 8 982). 

Alewife show a prc~nounced seasonal cycle of energy den- 
sity, Q,zn.E, and this was modeled using energy estimates for 
four different times of the year with linear interpolation 
between the observations. The vaiues for (3,tt.E (calculated 
from data presented in Yet] 8978) were 5330 (June), 6450 
(Sept.), 9080 (Nov.?, and 5270 (March) .I . g  '. There may 
also be an ontogenetic change during the first 1 or 2 yr of life 
but Yeo did not have enough data on small fish to draw 
&finite conclusions. If there is an ontogenetic change for 
older age-classes, it is obscured by the seasonal cycle. Bf YOY 
alewife have relatively lower Q ,  then simulation estimates of 
YOY alewife consumption by lake trout will be conservative. 

Growth of lake trout is faster in the southern part of Lake 
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FIG. 5 .  Simulated growth of the average individual lake trout in 
Lake Michigan as fit to the annual end points of  growth (@) based on 
the average of values estimated for three different parts of Lake 
Michigan - south, mid, north - by Rykicki and Kelier (1948). 

Michigan than in the northern part (Rybicki and Keller 1978). 
Our modeling simulations are fit to the annual end points of 
growth. We used the average southern, midlake, and northern 
observations given by Rybicki and Meller (1978: p. 41). Their 
mean size estimate for age-class 8 in the southern region was 
actually lower than for age 7, perhaps due to the small sample 
size. We therefore used average size of midlake and northern 
fish for age-classes 8 and 9 (i.e. growth end points for model 
cohorts 7 and 8). The model was extended to the end of 9 yr 
in the lake by assuming the weight gain between cohorts 7 and 
8,  239 g, was the same as that between 8 and 9. Final weight 
for age-class 2 (cohort 1 ) is taken from Weininger (1978) and 
based on a subset of Rybicki and Meller's original data. The 
growth curve thus derived was assumed to be representative 
of a lake-wide average (Fig. 5). The starting weight was set 
at 20 g on June 30 (age-class I f  ), and weight in grams at 
1-yr intervals thereafter were: 1 = 268, 2 = 659, 3 = 12 16, 
4 = 1828, 5 = 3044, 6 = 3842, 7 - 4281, 8 = 4520, 
9 = 4760. June 30 corresponds approximately to the time 
lake trout are stocked as well as the typical time for formation 
of scale annuli. 

Growth depends on P (ration or C/C,,, defined above) as 
well as C,,,. Since P is unknown, it must be estimated by 
simulation. For a given cohort, P is given an arbitrary inter- 
mediate starting value such as 0.5. A growth simulation is 
then run and the simulated annual end point of growth is 
compared to the desired (or observed) annual end point. P is 
then adjusted up or down depending on whether the simu- 
lation was too high or too low, and additional iterations are 
done until observed final weight is obtained with the desired 
degree of accuracy (e.g. k 0.2%). The iteration routine used 
was that developed by Weininger (1 978). The actual value of 
P may vary seasonally with food availability, but this possi- 
bility cannot be tested because we only have annual estimates 
of weight. 

Lake trout in Lake Michigan apparently spawn each fall, 
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TABLE 3. Symbols and estimated (or postulated) parameter values used to implement an energetics model for Lake 
Michigan lake trout (Salveiinus namayczcsh]. 

Process Symbol Parameter description Parameter value 

Consumption a Intercept for maximum consumption (C,,,), @ 0°C 0.059 (gag-' sd-') 
CP Weight dependence coefficient for C,, -0.30'7 
4 Temperatwe dependence coefficient for C,,, 0.123 

T ~ R E F  Preferred temperature (upper bound on C,.,) 10.OOC 
Metabolism a Intercept for metabolism 0.80463 (g OZ. dl')  

I3 Coefficient for metabolism vs. weight -0.295 
P Coefficient for metabolism vs. temperature 0.054 
v Coefficient for metabolism vs. swimming speed 0.0232 

Swimming speed o Intercept for optimum swimming speed 11.7 (cm-s-I) 
6 Coefficient for optimum swimming speed vs. weight 0.05 
d> Coefficient for optimum swimming speed vs. temperature 0.0405 

SDA Specific dynamic action coefficient 0.17 
Egestion fi Intercept for proportion of consumed food egested 0.212 

h Coefficient for egestion vs. temperature -Q.222 
f 3  Coefficient for egestion vs. feeding level 0.631 

K I N ,  Indigestible fraction of invertebrate diet 0.10 
K,,,, Indigestible fraction of fish diet 0.833 

Excretion E I  Intercept for proportion of consumed food excreted 0.0314 
E2 Coefficient for excretion vs. temperature 0.58 
€3 Coefficient for excretion vs. feeding level -0.299 

but for some unknown reason, there has been virtually no 
recruitment of naturally spawned young. Reproductive prod- 
ucts lost each year are nonetheless weight gained through 
additional consumption and should be considered when eval- 
uating predation and conversion efficiency. Female lake trout 
weighing less than 5 kg lay an estimated 12.1% body weight 
as eggs (Eschmeyer 1955: p. 66, assuming 0.1 g .egg-'). 
Male gonads change from an average maximum of 3.1 % body 
weight to 1.7% at end of the spawning season for a loss of 
1.4%; thus, average loss for both sexes is 6.8% (Eschmeyer 
1955). For simulations presented below. this average constant 
proportion of body weight was lost as a step function on 
day 120 (October 30) of cohorts 5 -9 (Fig. 5). 

NUMBERS, BIOMASS, MORTALITY, AND  DUCTI ION 

Model components and site specific variables presented 
above are sufficient to simulate the average individual lake 
trout in Lake Michigan. Extension to the entire Lake 
Michigan population requires estimates of numbers stocked 
and mortality rates. Past, present, and projected future 
stocking rates for lake trout in Lake Michigan, 1965-90, 
were summarized in Stewart (1988). To simulate the popula- 
tion in any given year, we estimated numbers starting in each 
age-class or cohort from actual numbers stocked in that year 
and up to 8 previous years. Mortality rates presented below 
were used for determining numbers in all but the first cohort. 

Rybicki and Keller (1978) estimated instantaneous total 
mortality rate for lake trout vulnerable to the sport fishery in 
Lake Michigan (i.e. after 4 yr in the lake) as a function of 
fishing effort in various statistical districts. They extrapolated 
this relationship to zero fishing effort to get an estimate of 
24.7% average annual natural mortality, or 0.284 for the 
average instantaneous natural mortality rate. From the differ- 
ence between total mortality and natural mortality, Rybicki 
and Keller estimated the average lake-wide annual fishing 

mortality to be 30%. The average annual instantaneous har- 
vest rate was therefore 0.3567 *yr-', but fishing is mostly 
concentrated in the 6-mo period May through October 
(Rybicki and Keller 1978). The annual instantaneous harvest 
rate is therefore 0.7 134 a yr- ' during May -October and zero 
for the remaining 6 mo. 

For lake trout during their first 4 yr in the lake, we used 
Rybicki and Keller's (1978) estimate of 37% annual natural 
mortality rate. This was based on an estimate for age-class 2 
from trawling catch-per-unit-effort in only one area of the 
lake. Given that rate estimates can vary somewhat for dif- 
ferent areas of the lake, their estimate for young age-classes 
needs to be substantiated by further studies. The model 
presented herein is relatively sensitive to errors in mortality 
rate estimates. 

Total annual survival rates used to determine numbers 
starting each cohort were derived from the above natural and 
harvest mortality rates. During the first 4 yr, there was rela- 
tively little fishing mortality; the primary fishing method, 
trolling, seems to select strongly for large fish. Fishing was 
assumed to become an important source of mortality in the 
fifth summer (i.e. at start of eleventh month, May, of the 
fourth cohort). 

Rybicki and Keller (1978) assumed population decreases 
were continuously exponential with natural mortality 
evenly distributed over the entire year, and fishing evenly 
spread over May -October. The same model was used herein. 
Daily instantaneous natural mortality was estimated to be 
0.284/360 = 7.889 x daily instantaneous fishing 
mortality was 0.7 134/360 - 19.8 17 x los4 during the 6-rno 
fishing season. Gross and net production for the time step can 
be estimated as: 

~ ~ G R O S ,  = (W,,, - W,) N,, 

and 
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where Z is total loss of nunabers to mortality during the time 
step. This completes the equation series for the energetics 
model, as well as derivation of the various parameters for the 
Lake Michigan lake trout population. Parameters for the pri- 
mary energetics functions are sumlarized in Table 3. 

Energetics of the Average Individual Lake Trout 

The above energetics equations extend Weininger's (1978) 
original development for lake trout. Changes include: (1 )  a 
slightly different growth curve with higher first-year growth 
and one more year in the lake; (2) a new egestion function for 
mixed diets to replace Weininger's fish-diet naodification of 
Elliott's (1976a) egestion model; (3) a growth model with 
ontogenetic changes of Q in trout and seasonal cycle of Q in 
its prey to replace assumed & food = Q trout = 44.40 .Feg-I 
as a constant throughout; (4) reproductive energy losses for 
mature fish compared to none in the earlier version; and 
(5) a model for size and temperature dependence of swimming 
speed in place of previously assumed 0.46 bl s - '  swin~ming 
speed constant at T > 5'C, and 0.33 bl-s- '  at T 5 5'C. 

Implementation of these new features revealed that the 
original version underestimated assimilation efficiency. Gross 
conversion efficiency of energy (21.8%) (over the life of a lake 
trout, including energy released as gametes, is about twice the 
conversion efficiency of mass (12.2% herein, or 12.8% esti- 
mated by Weininger 1978) kcau.se lake trout store large 
amounts of high-energy fats. Another important conclusion 
from comparison of results from the two versions is that the 
model as originally formulated was relatively robust in its 
estimates of accumulative consumption with an overall 

increase of only 3.4% between the old and new versions at the 
end of 8 yr in the lake. The ninth cohort of the new version 
adds another 18% to the total estimate for the average indi- 
vidual, but relatively few trout survive to this age. This 
robustness gives added confidence in the model estimate for 
predatory impact of lake tmut on their forage, which was the 
ultimate ob-jective of this anodeling exercise. 

The fact that implementation of these model features does 
not seriously alter the overall consumption estimates obscures 
the finer-scale changes that have been induced. Consumption, 
conversion efficiency, and their seasonality have been altered 
differentially within the different age-classes providing what 
should be a more realistic model for the life history of lake 
trout. The new egestion function was not expected to greatly 
alter either Ellicptt's model or Wcininger's modification for 
a fish diet, but rather to allow realistic sianulation of egestion 
with mixed diets. The model for linear increase in take trout 
energy density implies that targe trout consume twice as much 
food as small trout per unit gain in weight. If Q of the prey 
has a seasonal cycle, trout will have a parallct seasonal cycle 
of coraversion efficiency. If Q of the prey were lcswered a 
certain percentage, the total consumption estimate would 
increase by a grcater percentage. This emphasizes the impor- 
tance of nmodeling energy density sf both predator and prey 
with reasonable accuracy. The assumption that a planktlv- 
orous fish has the same Q as zooplankton (e.g. Kitchell et al. 
1977, YOY yellow perch), may give a 2- to 3-fold under- 
estimate of zooplankton consunaed, since zooplankton typi- 
cally have 112 to 113 the Q of a fish. Implementation of the 
mixed diet means s~rlall fish eating invertebrates will have a 
relatively lower conversion efficiency and need to eat more 
per unit weight gain than in the original version. Finally, the 
new swimming speed model increases metabolism for small 
fish and Bowers it for large fish; these two effects compensate 
each other when integrated over the life of a lake trout. 

TABLE 4. Normalized sensitivities s f  accumulative consumption estimates for Lake 
Michigan lake trout to deviations of various input parameters (see text for explanatio~l of 
procedures and normalization). 

Parameter Parameter 
input enor inpttt error 

Parmeter +lo% -10% Pmrneter + 10% - 10% 

Consumption 
(1 

b 
q 

Tmtt 
Metabolism 

a 

P 
P 
8, 

Swimming speed 
0 

6 + 
SDA 

Egestion 
./I 
f 2  

fi 
Kmv 
KPISH 

Excretion 
E I  

E? 

E1 

Energy density 
< 1472 g Q,x 

< 1472 g Q, 
:> I472 g Q,, 
> 1472 g Qa 

PINV 
OOTH 
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TABLE 5 .  Normalized sensitivities sf accumulative metabolism (g Q,, R + SDA) estimates 
for E a h  Michigan fake trout to deviation of various input parameters (see text for explanation 
of prscedums and normalization). 

Parameter Parameter 
input error input e m r  

Parameter +lo% -80%, Parameter +10% -10% 

Consumption 
n 
b 

a 

B 
P 
11 

Swimming speed 
QP) 

6 
Q 

SDA 

Egestion 
f i  

f 2  

f 3  

Kt,, 
&is, 

Excretion 
E l  

E2 

E3 

Energy density 
< 1372 g &, 
< 1472 g Qp 

> 1472 g Q, 
1 1472 g Qp 

QINV 

~ O T H  

SENSITIVITY ANALYSBS FOR @ONSUMPTION AND METABOLISM 

A sensitivity analysis was done on the complete energetics 
model for the average individual lake trout in Lake Michigan 
using the 9-yr growth curve developed from Rybicki and 
Keller (1978). The objective was to determine to what extent 
errors in estimating various model parameters influence esti- 
mates of accumulative consumption and metabolism over the 
Bife of a 1&e trout. Each of 26 input parameters was separately 
varied + 10% then - 10% and resultant changes in consump- 
tion and metabolism were compared to nominal estimates 
from the standard simulation which used best available 
parameter estimates derived in preceding sections. 

Sensitivity of a computed output value to deviation of an 
input parameter was calculated using the method presented by 
Kitcheli et a]. (19779; 

where, %,(y) = sensitivity of output parameter .P: to devia- 
tions of input parameter p ,  

p = nominal value of input parameter p,  
A = input deviation of input parameter p, 
x = nominal value of output parameter x from 

standard simulation , 
and A n  = deviation of output parameter x due to Lip. 
A sensitivity of I .O indicates that a 10% error in an input 
parameter will yield a 10% error in estimates of output such 
as consumption or metabolism. The higher the absolute sensi- 
tivity value ( / S,(p) I ), the greater the potential for error. 

Sensitivities to consumption, egestion, excretion, and 
energy parameters were all quite low (Table 4). Sensitivity to 
an energy density parameter, however, may be close to 1.0 
when the predator is eating only that particular f w d  type. 

Sensitivity of the consumption estimate to errors in estimating 
energy content of alewife may be close to 1.0 because it forms 
a large component of the lake trout's diet. Sensitivity of 
consumption and metabolism estimates to errors in deter- 
mining the annual cycle of energy content in alewife were not 
explicitly evaluated. Highest sensitivities were to the metabo- 
lism parameters, a and fl, with moderate sensitivities to p and 
v. Since the swimming speed parameter o is multiplied by v,  
its sensitivity is identical to that of v ;  sensitivity is low to other 
swimming speed parameters. Relative sensitivity of metabo- 
lism estimates to input errors of various model parameters 
(Table 5) follows a pattern almost identical to that of con- 
sumption estimates. 

Relatively high sensitivity sf the various metabolism 
parameters points to the need for good laboratory studies on 
metabolisrn of fishes. In the present model, high sensitivities 
are offset by good confidence in our parameter estimates 
which are based on a Barge data set. More observations of in 
situ swimming speed would be useful, considering the mod- 
erate sensitivity of the parameter w.  

Results of the sensitivity analysis indicate a general robust- 
ness of the model, especially for estimating consunlption by 
fitting a known growth curve. This supports conclusions from 
comparison of old and new versions of this model which were 
discussed in the previous section. Sensitivities of various 
parameters appear to be lower for consumption and metabo- 
lism estimates than for estimates of growth as presented by 
KitchelB et al. ( % 977). The k 10% input errors used here may 
be reasonable approximations of our confidence in many of 
the parameters, suggesting that estimates of consumption for 
the average individual lake trout may be within 20% or less 
of actual value. Far greater uncertainties are involved in 
estirnates of mortality rates for the entire population and 
this should be a subject for continuing research. Substantial 
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TABLE 6. Comparison of weight gain, ration, total consumption, and gross conversion efficiency of 
biomass %or the average individuals of the nine Iake trout cohorts in Lake Michigan. Based on an 
energetics modeling simulation with starting weight of 20 g for the first cohort. Growth curve (Fig. 5 )  
is from Kybicki and Keller (1978). AIso given are total weight and energy gained, consumed, and '3% 
conversion over 9 yr of life. It was assumed that 6.8% body weight was lost as reproductive products 
on day 120 (cohorts 5-9 only). Gametes lost were added to weight gained to calculate efficiency: 
gametes were assumed to have 6240 Jag- ' wet weight (Cummins and Wuycheck 1971). 

Weight Gametes Food % Gross 
Weight gain lost Ration consumed conversion 

Cohort (8) (C/c,,,,) (.d efficiency 

Total grams 
Total joules 

deviation from the smooth exponential mortality assumed has 
obvious important consequences. For example, Kitchell and 0.05 
Breck (1980) demonstrated that lamprey-induced mortality 2 
can be strongly pulsed in late summer or early autumn. +- 

a 
a 0.04 

Gross conversion efficiency ( A B A D J / C )  can provide a use- 
ful index of the general well-being of a fish under a given set 
of diet and environmental conditions. Evaluation of csn- 
version over the range of temperatures normally occupied in 
the field and at growth rates possible at various ration levels 
can also yield useful information about optimum conditions 
for a particular species (Webb 1978; Brett and Groves 1979). 
To evaluate relaiive well-being of the various cohorts of lake 2 
trout in Lake Michigan, we summarized results from the 0.02 
standard simulation for the average individual by cohort to +- 
get estimates of overall gross conversion efficiency for each 
cohort. 

Results of this analysis (Table 6) indicated relatively high 
conversion efficiency for the first cohort and lowest conver- 2 
sion for the oldest two cohorts. Conversion estimates for the 3 Oaol 

older cohorts would appear to be much lower if gamete losses w 
were ignored. Efficiency for the first cohort was unexpectedly 
high, considering the large invertebrate component in the diet. 
Cohorts 2-7 show substantial variation, apparently related to 2 
the amount of growth occurring in a given year. Fish growing 
faster are on higher rations and tend to have better conversion. 

Higher conversion efficiency at relatively higher rations is 2 4 6 8 10 12 
displayed in a contour plot of A B A B j / C  versus temperature TEMPERATURE (OC) 
and daily specific growth rate (Fig. 6). These results with 
maximum conversion at maximum ration are similar to those n,. 6. (a) Catour plot of daily specific growth rate (g. ,--I . d- I ,  
of Elliott (1976b) and modeling simulations for yellow perch u,,) for a 2m-g lake trout eating alewife versus daily specific 
(Kitchell et al. 1977>, but differ from Brett et al-'s (1969) ration (8.g-' .d-'b and temperature, and (b) contour plot of gross 
observed maximum conversion at rations slightly below conversion efficiency (%I for a similar Iake trout at various daily 
maximum. The model as presently developed consistently specific growth rates ( A B A D J )  and temperatures. 
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800 SURVlVAL OF LAKE TROUT 
IN LAKE MICHIGAN x 

2 (PER M I  LLlON STOCKED) 
LL 

LL 6 0 0  
0 

I LAKE TROUT BIOMASS 

YEARS AFTER STOCK1 NG 

FIG. 7. (Above) Suwival cuwe for lake trout in Lake Michigan (per 
one million smolts stocked) based on natural and fishing mortality 
coefficients estimated by Rybieki and Kelkr (19781, and (below) 
buildup and depletion of Iake trout biomass per million fish stocked 
in Lake Michigan based on a modeling simulation using growth 
rates (Fig. 5) and mortality rates estimated from Rybicki and Keller 
(1978). 

gives results that resemble those derived from carefully 
controlled experiments by Elliott (1976b). 

Predatory Impact of the Lake Trout Population 

POPULAT~ON SIMULATION FOR ONE MILLION FISH 

Results of the foregoing analyses relate to the average indi- 
vidual lake trout. The full numbers-biomass capabilities of 
the model were implemented to evaluate (1) build-up of popu- 
lation biomass and consumption over time from stocking to 
the end of 9 yr, (2) relative importance of different trout 
cohorts in preying on various forage types, and (3) total preda- 
tory impact on alewife by lake trout since they were planted 
in 1965. with projections of alewife consumption by lake trout 
to 1990. The mortality coefficients were those derived above 
from data presented in Rybicki and Keller ( 1978). 

The first two objectives in this section were addressed using 
modeling simulations for one million lake trout stocked once 

and followed over 9 yr. This differs from the following sim- 
ulations of actual populations in the lake in various years since 
actual numbers in a given cohort of a given year are dependent 
on the variable numbers stocked in previous years. The popu- 
lation simulation for a million fish indicates a steady build-up 
of population biomass over the first 3.5 yr to 330 t . million-' 
stocked (Fig. 7). Biomass may have risen slightly higher, but 
sport fishing (Fig. 7) becomes important in the fifth summer 
after stocking (Rybicki and Keller 1978) and this harvesting 
sharply curtails further increment of total population biomass. 
As might be expected, total consumption also rises to a peak 
in the third cohort then declines steadily with older cohorts 
(Table 7). Because of these time-lags in the system, manipu- 
lation of stocking densities for lake trout is not an effective 
means of moderating fluctuations in prey densities (Stewart 
et al. 1981). It seems possible, however, that lake trout could 
partially dampen prey fluctuations by short-term changes 
in consumption rates, and this would show up as annual 
variation in growth rate. 

A comparison of relative predatory impact of various 
cohorts on different forage types (Table 7) indicates that 
invertebrates are most important for the first cohort, while 
YOY alewife, other fish (smelt and sculpin), and inverte- 
brates are all relatively important in the second and third years 
in the lake. Older cohorts eat predominately adult alewife as 
noted earlier (Table 2). A comparison of percent composition 
of the total diet integrated over all cohorts, indicates a rela- 
tively higher importance of invertebrates and other fish in the 
population simulation compared to the average individual 
(Table 7, bottom). This of course is related to the large num- 
bers of young trout that do not survive to attack adult alewife 
in the simulation for the entire population. 

POPULATION SIMULATIONS FOR 1965 -90 

The general concensus over the past 15 yr has been that 
there is an abundance of forage fishes in Lake Michigan and 
substantial increases in stocking densities of predatory 
salmonids are still possible (e.g. Borgeson 1977). This lake 
trout modeling study was part of a larger effort to evaluate the 
null hypothesis that salmonids in Lake Michigan are not seri- 
ously impacting their forage base (Stewart et al. 1981). As 
noted above, the model appears to be robust and reasonable 
confidence can be put in consumption estimates, at least for 
the average individual. The numbers in each cohort during 
each year for the period 1965 -90 were estimated from actual 
or projected numbers stocked as summarized in Stewart 
(1980) and mortality coefficients derived from Rybicki and 
Keller (1 978). 

Predation of lake trout on alewife has been building 
up steadily since 1955 to about 8.4 million kg. yr-' 
(8400 t . yr- I), and is projected to rise to almost 12 000 t . yr- ' 
by 1990 (Fig. 8). This amount of consumption by itself might 
represent only a small fraction of the alewife biomass in Lake 
Michigan in a given year as estimated by Hatch et al. (1981). 
Lake trout, however, represent only about 20% of the preda- 
tory salmonids stocked in the lake, and together, the various 
salmonids could be eating as much as 20-33% of the annual 
alewife production in some years (Stewart et al. 198 1). 

Additional simulations were done for 1980-90 with 
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TABLE 7, Comparison of predatory impact of variic~ms lake trout cohorts upan different forage types in Lake 
Michigan. Based on energetics modeling simulations using the growth curve (Fig. 5) from Wybicki and Keller (1948), 
and food data fmm Table 2. All values are for a 360-d simulation year. 
- - - -- - - - - - 

Consumption by average individuala Consumption per nmillion stockedh 

Other YCBY Adult Other YOY ?adult All 
Invert. fish alewife aiewife Invert. fish aiewife alewife foods 

Cohort (a) (g) (f?) (t) (t, (t) (0 

Totals 616 8299 4156 36820 436 1985 470 2626 5447 
% of diet 1.2 26.6 8.3 73.8 8.0 35.2 8.6 48.2 100.0 

'Based on a simulation for a single fish (no mortality). 
b&ased on a simulation for the entire population with mc~rtality functions implemented. 

Y E A R  

FIG. 8. Estimated actual annual co~asumptisn of alewife by lake 
trout in Lake Michigan during various years based on modeling 
simulations for the entire trout populations, with projections to 
1990. Upper and lower curves between 1988 and 1990 are based on 
the assumptions that the stocking rate was either held constant at 
2X or $X the 1980 rate. 

double and half the number of lake trout stocked in 1980 to 
determine how rapidly a change in stocking density might be 
reflected in altered predation rates (Fig. 8). These results 
emphasize the point made earlier that about 4 yr may be 
needed to effect a marked change. Reductions in lake trout 
population biomass can perhaps be effected more rapidly 
through increased fishing effort. It could be desirable to do 
this in the event of a collapse of the forage fish populations, 
but changes of stocking densities for the various salmon 
would yield quicker responses (Stewart et al. 1981). 

The simulation results presented herein were intended to 
provide first indications of the fordge requirements of past, 
present, and projected future lake trout populations in Lake 
Michigan. We believe that our overall estimates are reason- 
able but recognize that a number of refinements should be 
possible, including evaluation of year-to-year and regional 
variation of feeding rates and diet composition. As our knowl- 

edge of the Great Lakes increases, we anticipate that the 
modeling approach developed herein will become a progres- 
sively more powerful research and management tool* 

Summary 

1) Analyses indicate h a t  the model developed herein is 
especially well suited for providing estimates of consumption 
by fitting a known growth curve. The energetics modeling 
approach can provide estimates of predation rates of utility for 
evaluating predator- prey interactions. 

2) Conversion efficiency of energy (21.8%) by lake trout 
over their 9-yr Bife in Lake Michigan is about twice that of 
converting mass to growth (12.2%) due to high-energy fat 
storage. Failure to consider both ontogenetic increases and 
seasonal cycles of energy density in both predator and prey 
can give 2- to 3-fold e m r s  in energy intake estimates based 
on energetic modeling simulations. 

3) Greatest sensitivities of the model to errors of param- 
eter estimation were for parameters relating metabolism to 
weight, indicating the need for good laboratory studies on 
metabolism. 

4) Highest mass conversion efficiencies are obtained by 
relatively fast-growing individuals, and a major proportion of 
energy assimilated annually by older cohorts may be shed as 
gametes. 

5) Peak predatory impact of lake trout occurs 3.5 yr after 
stocking; peak impact on alewife wcurs in the 4th and 5th 
year, precluding manipulations of stocking densities as a 
means to control short-term prey fluctuations. 

4) Predation by lake trmt on alewife has increased steadily 
since 1965 and further increases are projected for the near 
future. The model can provide managers with initial indica- 
tions (of possible impacts from these planned increases and 
various alternative stocking policies. 

We thank Drs J .  F. Kitchell, W. P. Porter. J.  E. Breck, 3 .  3 .  



STEWART ET AL.: AN ENERGETICS MODEL POW LAKE TROUT 697 

Magnuson, C. J. Walters, G. Eck, R. Hatch, D. Jester, and an 
anonymous reviewer for valuable comments and criticism. Labo- 
ratory studies on lake trout energetics were conducted at the Great 
Lakes Fisheq Laboratory, U.S. Fish and Wildlife Service, Ann 
Arbor, Michigan. Modeling studies were part of a Ph.D. thesis in 
Zoology (Stewaa 1980) and a Ph.D. thesis in Water Chemistry 
(Weininger 1978) at the University of Wisconsin, Madison, 
Wisconsin. This modeling research was funded by the National 
Oceanic and Atmosphric Administration, Office of Sea Grant, 
Department of Commerce, thr~ugh an institutional grant to the 
University of Wisconsin. The University of Wisconsin Graduate 
School provided supplemental computer funds. C. M. Hughes of the 
Zoology Department, University of Wisconsin-hfadison, prepared 
the iilustrations. 

A nunaber of colleagues have contributed preliminary data or 
other information that helped round out this synthesis. They include 
G .  Eck (Great Lakes Fishery Laboratory, U.S.F.W.S., Ann Arbor, 
MI); D. Jester, W. Rybicki, hf. Keller, and L. Msffctt (Michigan 
Department s f  Natural Resources); R. Psff and J. Pfender (Wisconsin 
Department of Natural Resources) provided data from studies sup- 
ported by the Anadromous Fish Conservation Act PL89-304 as part 
of Wisconsin Project No. AFS-9; S. Yeo (Center for Great Lakes 
Studies, University of Wisconsin-Milwaukee): and R. Hsarall 
(Laboratory of Limnobgy , University of Wisconsin-Madison). 

AYERS , J . C . 1962. Great Lakes waters, their circulation and physical 
and chemical characteristics. In Great Lakes Basin. Am. Assoc. 
Adv. Sci. Pub%. 71: 71. 

BEAMISH, F. W. H. 1974. Apparent spsific dynamic action of larye- 
mouth bass, Mir'ropterws salmoid~s. J .  Fish. Res. B w d  Can. 
31: 1763-1769. 

BEFINGER, T. L. , AND %. %. MAGNUSON. 1975. Influence of social 
rank and size on themosekcaion behavior of bluegill (Lepornis 
macrschirus). 9. Fish. Res. Board Can. 32: 2133-2136. 

BELL, W. PI., AND L. B. D. TEMHUKE. 1970. Water tunnel design for 
fisheries research. Fish. Res. Board Can. Tech. Rep. 195: 69 p. 

BORGESON, D. B. 1977. Michigan fish stocking guidelines, revised 
1977. Michigan Department of Natural Resources, Fisheries 
Division. 31 p. 

BRWK, J.  E., mri J. F. KITCMELL. 1979. Effects of macrophyte 
harvesting on simulated predator-prey interactions, p. 2 11 -228. 
In J. E. Breck et al. [ed.] Aquatic plants, lake management and 
ecosystem consequences of lake harvesting. Institute for 
Environmental Studies, University of Wisconsin, Madison, WI. 
435 p. 

BRETT, J .  R. 1971a. Satiation time, appetite, and maximum food 
intake of sockeye salmon (Oncorhynchus nerka). J. Fish. Res. 
Board Can. 28: 409-415. 

1971b. Energetic response of salmon to temperature. A 
study of some thermal relations in the physiology and freshwater 
ecology of sockeye salmon (Oncorhj~nchus nerka). Am. Zool. 
11: 99-113. 

BRETT, J .  R., AND T. D. B. GROVES. 1979. Physiological energetics, 
p. 279-352. In W. S. Hoar9 D. J. Randall, and J. W. Brett [ed.] 
f ish physiology, Vol. VIBIr bioenergetics and growth. Academic 
Press, New York, NY. 

BRETT. J .  W., J. E. SHELB~RN, AND C. T. SWOOP. 1969. Growth 
rate and body composition s f  fingerling sockeye salmon, 
O n c o r ~ ~ ~ s a c h ~ ~ s  narka, in relation to temperature and body size. 
S. Fish. Res. Board Can. 24: 2363-2394. 

B R ~ K S E N ,  W. W., G .  E. DAVIS, AND C .  E. WARREN. 1968. 
Competition, food consumption, and production of sculpins 
and trout in laboratory stream communities. J. Wildl. Manage. 
32: 51-75. 

BRWKSEN, R. W., AND J. Y. B u ~ E .  1974. Preliminary Inves- 
tigations on the influence of tempernture on food assimilation 

by rainbow trout, Salmo gcmirdneri Richardbon. J .  Fish Biol. 
6: 93-97. 

CARR, y. F., J .  W. MOFFETT, AND 9. E.  A ANN ON. 1973. Thermal 
characteristics of Lake Michigan, 1954-55. U.S. Bur. Sport 
Fish. Wildl. Tech. Pap. 69: 143 p. 

CAUI-TON, M. S. 1978. The importance of habitat temperatures 
for growth in the tropical cichlid Tilapia renduWi Boylenger. 
1 .  Fish Biol. 13: 99- 112. 

CUMWNS, K. W., AND J. C .  WL~YCHECK. 197 1. Caloric equivalents 
for investigations in ecological energetics. Mitt. llnt. Ver. Theor. 
Angew. Limnol. 18: 1 - 258. 

DRYER. W. R . ,  %-. F. ERKKILA. AND C. L. TETZLOIT. 1945. Food 
of lake trout in Lake Superior. Trans. Am. Fish. Ssc. 
94: 169-176. 

EDSALL, T. A.. E. H. BROWN JR., T. 6. YOCOM, AND a. s. c. 
WOLCOTT JR. 1974. Utilization of alewives by coho salmon in 
Lake Michigan. Great Cakes Fish. Lab. Adinin. Rep. 84 p. 

ELLIOTT, J .  M. 1975a. Weight of food and ttme required to satiate 
brown trout, Sulmo ti-utta L. Freshw. Riol. 5: 51 -64. 

1975b. Number of meals in a day, maxiinurn weight of f w d  
consumed in a day and maximum rate 08' feeding of brown trout, 
Solrno ti-utta L. Freshw. Bid .  5: 287-303. 

1976a. Energy Iosses in the waste products of brown trout 
(Sulmn brutta L.). J. Anim. &ol. 45: 541-580. 

1976b. The energetics of feeding, metabolism and growth 
of brown trout ( S d m o  trutta L.) in relation to body weight. \vater 
temperature and ration size. J. Anim. Ecol. 45: 923-948. 

ELLIOTT, J. hi.. AN11 W. DAVIDWN. 19'75. Energy equivalents 
of oxygen ccansusnption in animal energetics. Oecokgia 19: 
195-201. 

ESCHMEYER, P. H. 1955. The reproduction of lake trout in southern 
Lake Superior. Trans. Am. Fish. Soc. 84: 47-74. 

FERGUSON, R. G. 1958. The preferred temperature of fish and their 
midsummer distribution in temperate lakes and streams. J.  Fish. 
Wes. Board Can. 15: 607 -624. 

FOLTZ, J.  W. 1974. Food consumption and energetics of the rainbow 
smelt (Osmerus mordax Mitct~ell) in Lake Michigan. M. S. 
thesis, University of Wisconsin-Milwaukee, WI. 107 p. 

FQLTZ, J. W., AND C. W. NORDEN. 1977. Seasoasal changes in food 
consumption and energy content of smelt (Osnaerus moralax) in 
Lake Michigan. Trans. Am. Fish. Soc. 106: 230-234. 

GIBSON, E. %. , AND F. E. J .  FRY. 1954. The performance of the lake 
trout, Salv~la'rzw ~zamajcatsh, at various levels of temperature 
and oxygen pressure. Can. 5 .  Zsol. 32: 252-260. 

GRIPFITHS, J. S., AND D. F. ALDERDICE. 1972. Effects of acclin~ation 
and acute temperature experience on the swimming speed of 
juvenile coho salmon. J .  Fish. Res. Board Can. 29: 251-264. 

HATCI*, W. W., P. M. HAACK, AND E. H. BROWN JR. 1981. 
Estimation of alewife biomass in Lake Michigan. 1967 -78. 
Trans. Am. Fish. Soc. 110: 575-584. 

KELSO, J. R .  M. 1972. Conversion, maintenance, and assimilation 
for walleye, Stizostediion vitreum vitreum, as affected by size, 
diet, and temperature. S. Fish. Res. Board Can. 29: 1 B 8 1 - 1 192. 

KERR, S. R. 1971. Prediction of fish growth efficiency in nature. 
J.  Fish, Res. Board Can. 28: 809-814. 

KITCHEL~., J .  F., B. J. STEWART, AND B. WEININGER. 1977. Applica- 
tions of a bioenergetics model to yellow perch (Perc-nj?avesc.rns) 
and walleye QStizos~edion vibrenm vitreurn). J .  Fish. Wes. Board 
Can. 34: 1922- 1935. 

KITCHELL, J. F.,  AND J.  E. BRFCK. 1986). Bioenergetics model and 
foraging hypothesis for sea lamprey (Petromyzon marinus). 
Can. J .  Fish. Aquat. Sci. 37: 2159-2168. 

KITCHELB.. J . ,  y. KOONGE, R. 0 ' N ~ n . l ~ ~  kI. SI-IUGART JR., 
J. MAGNUSON. AND a. BOOTH. 1974. Model of fish biomass 
dynamics. Trans. Am. Fish. Soc. 103: 786-798. 

MAGNUSON, J .  J . ,  L. B. CROWDER, AND $. A. MEDVICK. 1979. 



698 CAN. J .  FISH. AQUAT. X I . ,  VOE. 40, 1983 

Temperature as an ecological resource. Am. 2001. 19: 
33 1 - 343. 

MANN, K. H. 1978. Chapter 10: Estimating the food consumption 
of fish in nature, p. 250-273. In S. D. Gerking [ed.] 
Ecology of freshwater fish production. John Wiley and Sons, 
New York, NY. 

MCCAULEY, R. W., AND J. S. TAIT. 1970. Preferred temperature of 
yearling lake trout Salveliraus na~azaycush. J. Fish. Res. Board 
Can. 27: 1729- 1733. 

NEILL, W. H . ,  AND J.  J .  MAGNUSON. 1974. Distributional ecology 
and behavioral thermoregulation of fishes in relation to heated 
effluent from a power plant at Lake Monona, Wisconsin. Trans. 
Am. Fish. Soc. 103: 663-718. 

NIHMI, A. J., AND F. W. PI. BEAMISH. 1973. Bioenergetics and growth 
of largemouth bass (Micropfernrs salmoides) in relation to body 
size and temperature. Can. J. 2001. 52: 447-456. 

R O ~ I E R S ,  D. V . ,  AND R. M. TUCKER. 1982. Proximate composition 
and caloric content of eight Lake Michigan fishes. U.S. Fish 
Wildl. Serv. Tech. Pap. 108: 8 p. 

RYBICKI, R. W., AND M. KELLER. 1978. The lake trout resource in 
Michigan waters of Lake Michigan, 1970-1976. Michigan 
Dep. Nat. Resour. Fish. Res. Rep. 1863: 71 p. 

SMITH, R. R., G. L. RUMSEY, AND M. L. SCOTT. 1978. Net energy 
maintenance requirements of salmonids as measured by direct 
calorimetry: effect of body size and environmental temperature. 
J. Nutr. 180: 1817- 1024. 

SMITH, S. H. 1968. Species succession and fishery exploitation in the 
Great Lakes. J. Fish. Res. Board Can. 25: 667-693. 

SPANBLER, G. R., AND A. H. BERST. 1976. Performance of the 
lake trout (Salvelinus mmaycush) back crosses, F ,  splake 
(3. fontinalis X S. namycush), and lake trout in Lake Huron. 

3. Fish. Res. Board Can. 33: 2402-2407. 
STEWART, D. J. 1988. Salmonid predators and their forage base in 

Lake Michigan: a bioenergetics-modeling synthesis. Ph.D. 
thesis, University of Wisconsin-Madison, WI. 225 p. 

STEWART, D. J., J. F. KITCHELL, AND L. B. CROWER. 1981. Forage 
fishes and their salmonid predators in Lake Michigan. Trans. 
Am. Fish. Soc. 110: 751-763. 

WARE, D. M. 1978. Bioenergetics of pelagic fish: theoretical change 
in swimming speed and ration with body size. J. Fish. Res. 
Board Can. 35: 220-228. 

WARREN, C. E., AND G. E. DAVIS. 1967. Laboratory studies on the 
feeding, bioenergetics and growth of fish, p. 175-214. ln  
S o  D. k r k i n g  [ed.] The biological basis of freshwater fish 
production. Blackwell Scientific Publications, Qxford. 

WEBB, P. W. 1978. Chapter 8: Partitioning of energy into metab- 
olism and growth, p. 184-214. In S. D. Gerking [ed.] 
Ecology of freshwater fish production. John Wiley and Sons, 
New York, NY. 

WEININGER, D. 1978. Accumuiation of PCBs by lake trout in Lake 
Michigan. Ph.D. thesis, University of Wisconsin-Madison, WI. 
232 p. 

WELLS, L., AND A. L. MCLAIN. 1973. Lake Michigan: man's effects 
on native fish stocks and other biota. Great Lakes Fish. Comm. 
Tech. Rep. 20: 55 p. 

WINBERG, G. G. 1956. Rate of metabolism and food ~quirements of 
fishes. Belomssian University Minsk. 253 p. (Translated from 
Russian by Fish. Res. Board Cm.  Transl. Ser. 194, 1960.) 

YEO, S. E. 1978. Seasonal variation in food consumption and caloric 
content of the alewife, Alosa pseudoharengus (Wilson), in Lake 
Michigan. M.S. thesis, University of Wisconsin-Milwaukee, 
WI. 123 p. 




