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'I'he striped bass hforone.ANdrifi.r is a widely distributed sport and commercial fish
species. Although native to tlie Atlantic Coast Irons Canada  o 1.1i>rida. I "e anadromous
striped bass has been successfully established along the Pacific Coast and in freshwater
reservoirs thriiughoiit niuch iif the flnited States II3ain and Bain 198 . Axon and Whitehurst
19SC!. Striped bass are highly piscivorous, have high growth poterttial  to 30+ kg! and are
relatively long lived  to 15 f years!. '1 his combination of characteristics inay cause striped
bass to cxei t 'i Iieavy' 'Iii'ipact oil forage- tisli populations  ,iteveiis I +69; Morris aild I'ollis
1978; Sui»nicrfe!t 19S6!. Q«antitative assessment of the ad«q«acy of prey supply to meet flic
forage demand of striped bass is reqi»rcd to deterniine stocking rates when establishing or
maintaining freshwater populations or to estimate the production potential of self-sustaining
popiilatiiins  Moore 1988; Brandt et al. 1992!.

I:orage demand is the product of' consumption by individtia] Pish multiplied by the
niiinber of individui.ls in the population, Estimation of prixfuction potential requires as input
 he growth rate detr,onstrated or projected for average individiials iri the population.
13i<ienergctics niodels are i»ass-balance energy equations that can be solved to estimate either
corisuniption or growth of individuals and are well suited for addressing questions of forage
demand and prodiic ion potential. ln a hioenergetics in<idel, the energy in consumed food
   ! is partitioned into its varioiis fates:

C=- i+ R >-W

vyhere  i is somatic plus gonadal growth, R is total metabolic cost.s, aiid W is the energy
contained in waste,>roducts. Metabolic and waste costs can be divided into subcomponents
 Warren l971!. Mi tabolisnt consists of energy costs for basic maintenance  standard
nietabohsin!, activity, and digestion, Waste products are the total of nonassimilated energy
egestcd as feces and assiinilatexl energy later excreted as urea and grnmonja

Bioenergetics models have been developed for a number of fish species to address
both autecological «nd synecological questions  Kitchell f983!, and a number of reviews have
been published �3rt tf and C>roves 1979; Elliot 1979; Cho et al. 1982; I3rett ]981; Brafield
f985; Soof~ani and Hawktns f985; Ney 1990!. 1he most frequent use of bioenergetics
models in tisheries has been to estimate individual consumption arid expand it to the.
population to deterinine forage demand. In this context, bioenergetics methodology has been
used to quantify the impact of stocked salmonids on the forage base of Lake Michigan
 stewart et al 19811 the potential demand of largemouth bass populations for gizzard shad
in Ohio reservoirs  C'arltne et al, l984!. and the impact of waIIeye predation on the prey
assemblage of a srr all Wisconsin lake  I yons 1984! and l~ke Erie  I<artman and Margraf
]992!, '[he bioenergetics equation can be solved for growth rathe~ than consumption to



assess the effects of potentially limiting factors, notably teinperature and prey availability
 Kitchell et al. 1977; Rice et al. 1983; Brandt et al. 1992!, or to predict comparative growth
trajectories of species which are candidates for introduction  Bevelheimer et al. }985!.

A}though a number of studies have been completed on the physiology of striped bass
 reviewed by Westin and Rogers 1978; Setzler et al. 1980!, no one has derived a complete
energetics model for piscivorous sizes of this species. Eldridge et al. �982! compiled an
energy budget for striped bass embryos and larvae based on extensive laboratory research
and Tuncer et al, �990! determined the energy budget of striped bass juvemles fed in a
hatchery. ln addition, Connolly and Tonelli �985! developed a model to estimate the
biaaccumulation of depone by striped bass in the James River estuary, Virginia. Ahhough
the latter model was adequate for their study, it would produce substantial error in other
ecological applications, primarily because of inadequate respiration data and a potentially
inaccurate value for assimilation efficiency.

We developed values for input parameters to a bioenergetics model for striped bass
based on a compilation of data collected in several studies of striped bass metabolism and
growth. Eziergetics inforination for several ecologically similar species was used to bridge
various information gaps. We selected a basic version of the bioenergetics model developed
by J. F. Kitchell and colleagues at the University of Wisconsin  Kitchell et al. 1977; Kitchell
and Breck 1980; S~ et al. 1983!. Microcomputer software and a users manual have
been developed for the Wisconsin bioenergetics model  Hewett and Johnson 1987; 1992! and
are available from the University of Wisconsin Sea Grant Institute, Madison.

THE SIOENKRGEI'ICS MODEL

Overview
I

The equation we used to describe the energetics of striped bass is similar to that
initially proposed by Ivlev �939! and popularized by Winberg �956!. It has the general
form:

C = G+ R+ SDA+F+ U �!

ln this model, C and G are as in equation l. Energy costs of standard metabolism and
activity are combined in the R term, and the energetic costs of digestion are represented by
the term SDA. The acronym SDA refers to specific dynamic action which is appropriately
applied only to the energy released in deainination of proteins  Jobling 1985!. In practice
apparent SDA" also includes the energy used during mechanical digestion, assimilation and

storage. Energy lost in waste products is represented by F for egested and U for excreted
energy. All umts for the equation are expressed in biomass equivalents, e.g., g/glday-

The chief distinguishing feature of the Wisconsin bioenergetics model is that
consumption is estimated directly as a proportion  p! of maximum possible ration for a given
species at a particular weight and temperature. This innovation minimizes error potential



when fitting the equation to known growth patterns. The P term is also sometimes
interpreted as an estimate of feeding efficiency  Hewett and Jolinson 1992!. The Wisconsin
inodel is usually run with a daily step length over the period of interest.

Constimptlon

In the Wisconsin model, the specific consumption rate for fish is a function of both
weight and temperature and is a proportion of the physiological maximum consumption, C
such that:

�!C =C P'r.

where C = maximum consumption at the optimum temperature  T�!. The  erin C is

equivalent to a,W ', where a, and b, are allometric constants and W is wet weight in grams.
In equation 3, P is the proportionality constant of maximum ration that varies froin 0 to 1,
and r, is a temperature dependent proportional scalar of consumption rate equivalent to
 V'! e' I-V!! such that:

V ~ T~ � T
�!

S 2

400

W = lnQ,  T -T�!

Y = lnQ, T -T�+2!

The r. function, developed by O' Neill et al, �972!, increases to a maximum value of 1.0 at
the optimum temperature, T�, and declines to 0 at the maximum temperature for
consumption, T . As the value of r, increases with increasing temperature up to T, the
slope of the function, Q., approximates a Q for the rate. The Q is a temperature
coefficient used to describe a change in rate with an increase in temperature of 10'C, In
total, the consumption coinponent of this bioenergetics model requires input values for five
parameters; a�b�T�, T, and Q, as well as for the actual temperature experienced by the
Ash, T.

The basic version of the Wisconsin inodel for striped bass has 14 parameters which
require input values  Table 1!. Site-specific information is also needed for water temperature
and energy content of predators and prey. Data on diet composition and predator growth
rate may also be required, depending upon the application.



ValuesParameter DescriptionSymbol

Consuinption, C

0.33a, Coefficient for weight relationship to maximum consumption

b, Exponent for weight relationship to maximum consumption

T Optimum temperatures for consumption

T Maximum temperatures for consumption

Q, Slope for temperature dependence of consumption

Standard Metaboiisin, R

a, Coefficient for weight relationship of standard metabolism

b, Exponent for weight relationship of standard metabolism

T�Optirnurn temperatures for standard metabolism

T Maximum temperature for staruhird metabolism

Q, Slope for temperature dependence of standard metabolism

25, 22, 20.

30, 27, 25»

2.26

.02192

30, 27, 25»

35, 32, 30'

2.5

hetivtty Metabolisrn, A

A Active metabolism multiplier of standard metabolism

Digestion Metabolism, SDA

S Coefficient for apparent specific dynamic aclion

Egestion, F

f CoeNcient for proportion of consumed food egested

2.0

0. 172

0.104

Kxcntinn, U

Coefficient for proportion of assimilated food excreted 0.068

emperatures for juvenile, subadult, and adult striped bass, respectively.

Table 1. Symbols and parameter values of the bioenergetics model for striped bass.



The relationship oF maximum daily consumption to fish weight is usually described in ad
hbirwn feeding trials. llowever, no study has adequately assessed the weight diqx.ndence of C
for striped bass, and as a result, a�and b�could not be derived froin available data. We
assumed a value of 0. 3: for a� the same value derived by Rice et al. �983! from the studies of
Niimi and Bearnish �9 4! on largernouth bass, Micrpptenas sefmoides. The in~ of the
function relating maximum consumption to weight at the optimum temperature, a�can be
interpreted as the percent of maximum daily ration  i.e., 33%! consumed by a 1 g striped bass.
This value is a reasonable approximation. Rogers and Westin �978! observed newly feeding
striped bass larvae to oresume 25% of their body weight per day, on a dry weight basis, of live
Arremio nauplii at 22'C. Assuming a similar relationship between dry and wet weights as
determined for larger juveniles in their study, this value would equate to approximately 40% on
a wet weight basis. Th;it these larvae weighed less than 1 g indicates this value would be less
than 40% for a 1 g fish. Our assumed value for a, is greater than the a, values of 0,25 and
0.26, assumed for walleye  Kitchell et al. 1977! and derived for lake trout, SaIve ines
namaycush  Stewart et al. 1983!, respectively. However, it is reasonably close to 0.3, the value
measured for lamprey /'erromyzon mannus  Kitchell and Breck 1980!, sockeye salmon
OncorhyIichus Ircrka  B-ett 1971!, and assumed for skipjack tuna Karsuwonus pdomfs  Kitchell
et al. 1978!.

Maximum daily consumption declines with increasing size on a specific weight  glg!
basis: b, is negative. We set this weight dependence exponent for maximum consumption at
-0.30 for striped bass b ised on a review of derived values for other species. These ranged from
a low of -0.18 for esocids  Bevelheimer 1983! to a high of -0.327 for lake trout  Stewart et al.
1983! «nd included intet mediate values for walleye  -0.27; Kitchell et al. 1977! and largemouth
bass  W.325; Rice et al 1983!.

The value of Q., the slope of the r. function, was derived from data measured by Cox and
Coutant �981! in labor~tory experiments with juvenile striped bass. They measured
consumption rates for 13 groups of eight to ten juvenile striped bass fed an unrestricted ration oF
fathead minnows at constant temperatures ranging from 16'C to 34'C. These data, presented as
consumption per group on a gram per day basis, were regressed against temperatures up to
25'C, the optimum temperature for consumption by juvenile striped bass  see page 15!. ~
slope of the line  N =6, r' = 0.857, p=0.0081! was equal to 0.0814, which equates to a Q. of
2.26  e' ' "!. This Q, is very close to 2.3, the value used for bluegill Lcpornis >nacnwhi re
 Kitchell et al, 1974!, walleye and yellow perch Perca j7avescvns  Kitchell et al. 1977!, and sea
lamprey  Kitchell and Breck 1980!. The temperature dependence coefficient used by Rice et al.
�983! for largemouth bass equates to a Q, of 2.65.

Optimum and maximum temperature for consumption  T and T ! and respiration  T, and
T ! vary with life stag» in striped bass. Choice and rationale for selection of these values is
deferred until the respiration component of the model has been considered.



 8!R=R,~A~r,

Here R. the specific staellard respir3tion rate equivalent to the allornetric weight

relationship, ap, where g and b3 are species-specific constants. The parameter A is a

multiplier of standard metabolism to account for activity costs, and r, is a ternperaturc-dependent
proportional adjusttnent of respiration rate ranging hem 0 to l. This value is derived with the
same equations as for r.  equations 4 through 7! except that optimum and inaximum temperature
for respiration g and T ! replace T�and T and Q� the slope of the teinperature-dependence
function, replaces Q,. Therefore, the respiration component of this bioenergetics model requires
input values for six parameters  a�b�A, T�, T, and QJ.

The parameter a, is the intercept of the line relating maximum specific standard
rnetaboiisrn to weight at the optimum temperature, T, for respiration  i.e., specific standard
metaboiisrn of a 1 g lish at T !. For consistency with thc microcomputer versions of the
Wisconsin biocnergetics model  Hewett and Johnson 1987, 1992!, we calculated a, on the basis
of g 03/g fish/day, These microcomputer models then convert oxygen consumption to energy
consumption by oxycalorific coefficients  e.g., 13.S6 joules/mg 0,; Rice et al. 1983!. Energy is
translated to weight in thc model output depending on the energy density  joulcs/g! of the fish.

Rice and Brcck  unpublished rrianuscript! used multiple linear regression techniques to
synthesize fish respiration data for striped bass from the laboratory work of Kruger and
Brocksen �978!. Kruger and Brocksen �978! deterinincd the oxygen consumption of striped
bass at three water velocities �, 5, and 10 cm/s! and at five water temperatures  8, 12, 16, 20,
and 24 C!; sizes of striped bass ranged froin 22.S to 68.4 g. The derived equation from their
data was:

R = .0014 W~-~ e'~'~ e'~

where W weight  grams!, T=ternpcratuie  'C!, and SS =swimming speed  crn/s!. For a 1 g
striped bass at 30'C, the optimum terripeiature for respiration without activity � cm/s!, ai, is
equal to 0 02192 gm +day.

This a, value compares favorably with the work of Klyashtorin and Yarzhombek �975!,
who studied the respiration of striped bass �.3 to 22 g! at different temperatures and oxygen
concentrations. Their data indicated that a 1 g fish would consume 0.0132 to 0.0168 g Ogg day
at 22'C  interpolaicd from Figures 4 and S in Klyashtorin and Yarzhombek 1975!. Using the
equation derived from Kruger and Brocksen �978!, a 1 g striped bass at 22'C would consuine

Metabolic cost of standard plus active metabolisrn vary with fish size and water
temperature. Wc used a model functionally similar to that developed by Kitchell et al. �977! tp
derive the spccillc respiration rate  R! for striped bass standard plus activity metabolism:



0.0105 g Ogg day. The close similarity between the results of these very different investigations
indicates that our value for a�0.02192, is a realistic approximation.

The weight dependence coeAicient  bj of -0.234 was derived from Kruger and Brocksen
�978! and used in our modeling simulations of striped bass metabolisrn. Although only a small
range of weights was experimentally tested �2.5 to 68.4 g!, the value is very close to -0.2, the
value postulated by Winberg �956! to describe the weight dependence of metabolism for a
representative fish species, and used by Kitchell et al. �977! for walleye. The weight
dependence coefficient also agrees well with other studies on striped bass metabolism.
Converting the value of 0.72  Eldridge et al. 1982! to a specific rate equates to a value of %.28
for larval striped bass. Klyashtorin and Yarzhombek �975! measured a b, value of 4!.25 for
juvenile striped bass. Our coefficient is substantially greater than -0.355, the weight depenihnce
exponent derived for largemouth bass by Rice et al. �983! from the data of Beamish �970!, but
within the range of values used to model salmonid inetabolisrn, -0.295 to -0.217  Stewart 1980!.

The temperature dependence coefficient for striped bass metabolism, 0.09f7, derived
from Kruger and Brocksen �978! data, equates to a Q�of 2.5. This value approximates Q, for
the r, function and is slightly higher than 2.0, the Q, equal to the temperature dependence
derived by Klyashtorin and Yarzhoinbek �975!, as calculated for striped bass by Mwis et al.
�981!. Comparable Q, values used by other researchers include 2.1 for bluegill  Kitchell et al.
1974!, walleye and yellow perch  Kitchell et al 1977!, and lamprey  Kitchell and Breck 1980!
and 1.8 to 2.0 for salmonids  Stewart 1980!. The teinperature dependence coefficient derived
for largemouth equates to a Q, of 1.4  Rice et al. 1983!.

Winberg's �956! review of piscine metabolic research led him to conclude that a
multiple of standard metabolism could be used to calculate the additiona1 metabolic costs
resulting from activity, He assumed a value of 2.0  Winberg 11 niultiplier! for the activity
parameter. 1n the absence of sufficient information on the activity metabolism of striped bass,
we assumed that the san e value was applicable to striped bass respiratory costs.

Although there is no physiological basis for the assumption that activity metabolism is a
constant proportion of standard metabolisin, numerous studies have assumed this relationship.
Choice of multiplier has usually been based on the investigators' perceptions of the lifestyle
patterns of their target species. Penczak et al. �984! used a value of twice standard metabolism
to estimate the total metabolism of fish species in two Polish rivers. Similarly, Kitchell et al.
�978! cited research indicating that a value twice standard metabolism might be a reasonable
estimate of activity metabolism for tuna. An activity multiplier of less than two has been used
for less mobile fishes. Stewart �980! ural a swim speed model to estimate that activity
niultipliers for lake trout ranged from 1.4, at low temperature and small size, to 1.9, at high
temperature and large size. Kitchell et al. �977! assuined an A equal to 1.0  i.e., negligible
activity costs! for walleye and yellow perch based on field data that indicated little locomotor
activity. Sauger SIizostediori canaderise in Tennessee  Minton and McLean 1982! and northern
pike &ox lucius in Alberta  Diana 1983! were also assumed to have activity multipliers of 1.0.



D ~ estimates of activity costs have been inade by determining the other components of
budget from laboratory and field stlldles and then solving the equation for activity.

~ its indi~te that activity costs can be highly variable over time and among populations.Results lii icaAd ms et al. �982! found that activity metabolism varied with time of year as well as sex in
th bass, t3nging from 0.18 to 1.44 times standard metabolisrn  A = 1.18 to 2.44!.

lariy Boise!air and ~ggett   1 989! reported that activity costs among twelve populations of
>1k,w perch ranged from zero  A = 1.0! to almost three times standard metabolism.

An alternative approach to estimating activity costs is to incorporate swimming speed in
the respiration coinponent of the bioene~etics equation  see equation 9!. This approach assumes
that swimming encompasses all activity, which is probably a reasonable assuinption for pelagic
fishes such as striped bass. We rejected this alternative on two grounds: 1! lack of accurate
field data on striped bass swimming effort; and 2! the likelihood that swiinming ability of striped
bass increases sharply with age. Neumann et al. �981! hypothesized, based on laboratory
results indicating juvenile striped bass were weak swimmers although adults exhibited extensive
coastal migrations, that swimming ability of striped bass with increasing age couM best be
described by a sigmoidal curve. Additional complexities include the confounding factors of
aerobic vs anaerobic metabolism  Webb 1978; Priede 1985!, and the fact that striped bass are
facultative ram ventilators  Freadman 1979!. Research consisting of swim speed measurements
for striped bass at various sizes, temperatures and speeds, as well as optimal  or standard!
swimming speeds and field measurements of activity, are necessary to adequately characterize
the activity metabolism of striped bass.

Our value of A �.0! is probably a reasonable estimate for striped bass. Kruger and
Brocksen �978! determined that a value of five times the standard metabolic rate would equal
the metabolic cost of a juvenile striped bass at the maximum swimming speed of 60 cm/s  as
measured by Painter and Wixcom 1967!. At more reasonable swirnrning speeds, 10 to 20 cm/s,
oxygen consumption would range from 1.6 to 2.8 tiines the standard metabolic rate, assuming
oxygen consumption at activity varies directly with the specified weight and temperature
dependence coefficients of standard respiration.

Optirntim and Maximum Temperatures

Values of T�, T, T�, and T, the optimum and maximum temperatures for consumption
and respiration, respectively, define the temperature-dependent proportional adjustments, r, and

Temperature values for striped bass were derived from research conducted by personnel of
the Oak Ridge National Research Laboratory. Optima and maxima were determined in a manner
sim'lar to that used for waHeye and yellow perch  Kitchell et al. 1977!.

Cox and Coutant �981! found that 2S C was the optimum temperature for consumption
and growth of juvenile striped bass. This value is in agreement with the work of Cech et al.

Although there has been no adequate measure of upper incipient lethal temperature,
>u"~'le striped bass died at temperatures above 35'C  Davies 1973!. We considered 3S C as
~ upper incipient lethal temperature and the maximum temperature for respiration, T .

>mpeiature of 30'C, midpoint between 25'C and 35 C, was chosen to represent the
~imum temperature for consumption  T ! and the optimum temperature for respiration  T�!.



These terms should corr~d to the highest preferred temperature of striped bass. The 30'C
value is midpoint between 29'C and 31 C, the highest preferred temperatures of juvenile striped
bass acclimated at 24  Texas Instruments 1976!.

There is a marked ontogenetic shift in thermal preferenda with age of striped bass,
Temperature selection of subadult  ages 2-4! striped bass ranged Born 20-24 C  Coutant and
Carroll 1980! but dropped to 18-22 C for adults  ages 5-10! in freshwater impoundments
 Schoich and Coutant 1980!. Because thermal preferenda and optima are equivalent for most
species  Beitinger and Fitzpatrick 1979!, we used the midpoint of these ranges, 22'C and 20 C
as T� for consumption ty subadult and adult striped bass, respectively. The values of T, T�,
and T for subadult and adult striped bass were scaled accordingly. The respective values   C!
for juvenile, subadult, and adult striped bass were 25, 22, and 20 for T�, 30, 27, 25 for T and
T�, and 35, 32, and 30 for T .

Digestion Metabolisrn, SDA

The metabolic costs of digestion, absorption, and assimilation of food plus specific
dynamic action  SDA! are considered additional respiratory costs and defined as apparent SDA
 Beamish 1974!. Many investigators have inodeled apparent SDA as a proportion of total
consumption or ingested energy. However, error may result when the diet changes from
invertebrates to fish or becomes heterogeneous because assimilation efficiency can change with
food type  Stewart et al. 1983!. Therefore, we modeled SDA as a proportion  S! of the
assimilated energy for striped bass such that

SDA = S Consumption-Egestion! �0!

We assumed that S was independent of both temperature and ration size  Stewart et al. 1983!
Beamish �974! determined that SDA was 17.2% of rnetabolizable energy for fish on a
piscivorous diet, and we used this value for striped bass. Most bioenergetics models for
piscivorous fishes have also used 0.172 as the coefficient for apparent SDA, although some have
ranged as low as 0.14  Hewett and Johnson 1992!.

Excretion aud Egestion

We modeled egestion  F! for striped bass with a function identical to that used for
largemouth bass by Rice et al. �983!, as derived from the work of Beamish �972!:

F=fc

where f=proportion of consumed energy  C! egested. We set the value of f equal to 0.108.
Tuncer et al. �990! reported that juvenile striped bass �-18 g! fed pelletted food had egestion
rates averaging 10.8%  f=0.108! in laboratory trials at 24 C; results were very similar at two
different ration levels. This coefficient of egestion is virtually identical to the value  f = .104!
reported by Bearnish �972! for largemauth bass.



>k +~on, excretion varies as a function of size, temperature, aod ration. Excretory
~ ~ ch>efiy ammonia and urea. We modeled excretion  U! as a proportion of utilizable

energy:

�2!U = u  C-E!

h u-proportkio of utilizable energy  consumption - egestion! that is excreted. Juvenile
~~ bass fed pelletted food in laboratory trials demonstrated ao average u value of 0.066
 derived from Tunco' et al. 1990!, and we used this value of the excretion coefficient io our

Rice �981! used an excretion coefficient of 0.068 for largemouth toss, substantiating
. The combined effect of total waste loss, egestioo plus excretion, varies little with

temperature homme F aod U respond in opposite ways to temperature change  Kitchell et al.
l977!. Therefore, assuming constant proportions of consumed or assimilated energy is
reasoiuible.

MODEL IMPLEMENTATION AND REFINEMENT

For illustrative purges, the bioeoergetics model for striped bass was implemented for a
100 8 fiish at maximiiio ration  Figure 1!. As expected, maximum specific rates for all
functions, except respiration, occur at 25 C, the optimal temperature for coosumptioo. Specific
respiration rates continue to rise to 30'C, theo rapidly decline. Specific rates of all functions
decrease with increasing weight of striped bass  Figure 2!.

This striped bass bioeoergetics model has been used to inake inferenrm about potential
stocking strategies for striped bass based on the available supply of forage fishes in a Virginia
reservoir �4oore 1988!. ln addition, the model has been used to simulate striped bass growth io
Chesapeake Bay  Brandt et al. 1992!.

The bioen
s~ped bass resul

'oenergetic parameter values that we werc able to obtain or derive from studies of
to large adult stri

resulted from laboratory observations of juvenile fish. How well these values apply
to large size suffstriped bass is unknown. Virtually all bioenergetics roodels for fishes which grow

ffer from the saine uncertainty, because the logistics of laboratory studies using
ae speciinenss are difficult. However, the need for accurate valuahon of bioenergeticparameters for 1large fish is critical, especially for the allometric weight-dependent functions of

10

However, the values we present for the parameters of this striped bass bioenergetics
model cao probably benefit from further refmemeot. The problems that aff ict valuation for
most species-specific bioenergetics oiodels presently in use also pertain to o'ir model: species
borrowing, reliance on juvenile fish, aod uocer4unty about activity metabolism  Ney 1990!
Values for sevor several lxirameters were obtained either by direct substitution from ao unrelated
pecies  e g., the coefficien of weight dependence for maximum consumption! or by selection «

an ifltefioediateterioediate value from the range reported for various species  the exporient of weight-
~~dence for maximum consumption!. However, the similarity in reported values for some
borrowio'~ parameters among fish species with comparable lifestyles suggests that species

rrowiog may sometiines be reasonable.
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tnaximum consumption;ind standard metabolism; errors in these parameters can have a strong
influence on model predictions  Bartefl et al. 1986!.

The energetic costs of activity also are poorly quantized in most bioenergetics models.
Whether activity costs aw negligible, exceed, or are equal to costs of standard metabolism will
have an obvious impact on model output for consumption or growth. Determination of true
activity costs of noncaptive fish can be accomplished only by intense field study  Boisclair and
Leggett 1989; Lucas et al. 1991!.

Despite these uncertainties, we believe that the striped bass model in its present form has
many applications. However, we strongly encourage field corroboration of this bioenergetics
model. How accurately does it predict consumption or growth for striped bass in freshwater,
estuarine and marine systems? The answers will determine both the need for and the nature of
future refinetnents in the valuation of the model.

13



LITERATURE CITED

R B McLean, and J. A. Parrutta. 1982. Energy partitioning in largemouth
'b ~ conditions of seasonally fluctuating prey availability. Traris. Am. Fish. Soc.
111 549-558.

~ D, K. Whitehurst. 1985. Striped bass management in lakes with emphasis on
agement problems. Ti3ns. Am. Fish. Soc, 114:8-11.

B and J. J. Bain. 1982. Habitat suitability index models: coastal stocks of striped
U.S. Fish and Wildlife Service Report, FWS/-82/10. L Washington, D.C.

J. E. Breck, R. H. Gardner, and A. L. Brenkert. 1986. Individual parameter
perturbation and error analysis of fish bioenergetics models, Can. J. Fish. Aquat. Sci.
43:160- 168.

Beam}sh F W. H. 1970. Oxygen consurnptiort of large mouth bass, hficroprenrs salmoi des, in
relation to swimming speed and temperature. Can. J. Zool. 48:1221-1228.

Bea»sh, F. W, H. 1972. Ration size and digestion in largemouth bass, Microprerus salmo|des
Lacepede. Can. J. Zool. 50:153-164,

Beamish, F. W. H. 1974. Apparent specific dynamic action of largernouth bass, %icropterus
sabwoIdcs. J. Fish. Res. Board Can. 31:1763-1769.

Beidnger, T. L, and C. C. Fitzpatrick. 1979. Physiological and ecological correlates of
preferred temperature: preferenda versus optima. Arn. Zool. 19:319-329.

Bevelhimer, M. S, 1983. Assessing significance of physiological differences among three
esocids with a bioenergetics inodel. M.S. Thesis, The Ohio State Uriiv., Columbus.

Bevelhimer, M. S., R. A. Stein, and R. F. Carline. 1985. Assessing significance of
physiological diffenmces among three esocids with a bioenergetics model. Can. J. Fish.
Aquat. Sci. 42:57-N.

Boisclair, D., and W, C. Leggett. 1989. The importance of activity in bioenergetics models
applied to activity foraging fishes. Can. J. Fish. Aquat. Sci. 46:1859-1867.

Brafield, A. E. 1985. Laboratory studies of energy budgets. Pages 257-281 Itt P. Tytler and
P. Calow  eds.!. Fish energetics: New perspectives. Johns Hopkins Univ. Press,
Baltiinore.

B, D. M. Mason, and E. V. Patrick. 1992. Spatially-explicit models of fish growth
rate. Fisheries 17:23-33.

Brett, J. R. 1971. Satiation time, appetite, and maximuin food int e of ~->ye ~mon.
Oncoryechtis nota. J. Fish. Res. Board Can. 28:409«5

Brett J R. 1983 Life energetics of sockeye salmon, Oricorkynckris nerka, Pages 29-63 in %.
P «pey and S. I. Lustwick  eds.!, Energetics: Vertebrate costs of survival. Ohio State
Univ Press, Columbus.

Brett J R. and T D D Groves. 1979 Physiolog'M ~ g g
J Rand+ 1 and J R Brett  eds !, Fish physiology,

and growth. Academic Press, New York.
Carline, R, F., B. L. Johnson, and T. J. Hall. 1984. Estimation ~ rp

proportional stock density for Iish populations '"
Manage. 4:139-154.

Cech J J.,Jr., S.J. Mitchell, ~d T. E Wragg- '
sturgeon and striped bass: effects of tempera«e ~d hyp "' '

ho, C. Y S. J. Sli, d H. S. Bayley. 1982. Bioenergetics of N
i"ta"e, expenditure and producti»ty- Comp



Connolly, J. P., and R. Tonelli. 1985. Modelling Keyone in the striped bass food chain of the
James River Estuary. Estuar. Coast. Shelf Sci. 20:349-366.

Coutant, C. C., and D. S. Carroll. 1980. Temperatures occupiedby ten ultrasonic-tagged
striped bass in freshwater lakes. Trans. Am. Fish. Soc. 109.'195-202.

Cox, D. K., and C. C. Coutant. 1981. Growth dynamics of striped bass as functions of
temperature and ration. Trans. Am. Fish. Soc. 110:226-238.Davies, W. D. 1973. Rates of temperature acclimation for hatchery reared striped bass fry and
fingerlings. Prop. Fish-Cult. 35:214-217.Diana, J. S. 1983. An energy budget for northern pike. Can. J. Zool. 61: 1968-1975.Eldridge, M. B., J. A. Whipple, and M. J. Bowers. 1982. Bioenergetics and growth of striped
bass, Morose safari lis, embryos and larvae. Fish. Bull. 80:461-474.Elliott, J. M. 1979. Energetics of freshwater teleosts. Pages 29-61 jn P. J. Miller  ed.!, Fish
phenology: Anabolic adaptiveness in teleosts. Symp. Zool. Soc. London 44.

Freadrnan, M. A. 1979. Swimming energetics of striped bass  Salmo gairdnen"1 and bluefish
 Ponurromus saltNror!: gill ventilation and swirriming rnetabolisrn. J. Exp. Biol. 83:217-
230.From, J., and G. Rasmussen. 1984. A growth model, gastric evacuation, and bodycomposition in rainbow trout, Salmo gairdneri Richardson, 1836. Dana 3:61-139.

Haitman, K- J.. and J. F. Margraf. 1992. Effects of prey and predator abundances on prey
consumption and growth of walleye in western Lake Erie. Trans. Am. Fish. Soc.
121:245-260.Hewett, S. W., and B. L. Johnson. 1987. A generalized bioenergetics model of fish growth formicrocomputers. Univ. of Wisconsin  Madison! Sea Grant Inst. Pub. WIS-SG-87-245.

Hewett, S. J., and B. L. Johnson. 1992. Fish bioenergetics inodel 2. Univ. of Wisconsin
 Madison! Sea Grant Inst. Pub. WIS-SG-92-550.

Ivlev, I. 1939. Energy balance in the carp. Zool. Zhur. 18:303-318.Jobling, M. 1985. Growth. Pages 213-230 jn Fish energetics: new perspectives. Johns
Hopkins Univ. Press, Baltimore.Keith, W. E, 1986. A review of introduction and maintenance stocking in reservoir fisheriesmanagement. Pages 144-148 jn G. E. Hall and M. J. Van Den Avyle  eds.!, Reservoir
fisheries management: Strategies for the 80's. Am. Fish. Soc., Bethesda.Kitchell, J. F. 1983. Energetics, Pages 312-338 jll P. W. Webb and D. Weihs  eds.!, Fish
biomechanics. Praeger Publ., New York.Kitchell, J. F., and J. E. Breck. 1980. Bioenergetics model and foraging hypothesis for sealamprey  Perromyzon man'nus!. Can. J. Fish. Aquat. Sci. 37:2169-2174.Kitchell, J. F., and three other authors. 1978. Bioenergetics spectra of skipjack and yellowfintunas. Pages 357-368 in G. D, Sharp and A. E. Dizon  eds.!, The physiological ecology
of tunas. Academic Press, Inc., New York.Kitchell, J. F., D. J. Stewart, and D. Weininger. 1977. Applications of a bioenergetics modelto yellow perch  Perca flavescens! and walleye  Srizosredioe virreum virrcum!. J. Fish.
Res. Board Can. 34:1922-1935.Kitchell, J. F., and 5 other authors. 1974. Model of fish biomass dynamics, Trans Am. Fish.
Soc. 103:786-798.Klyashtorin, L. B., and A. A. Yarzhombek. 1975. Some aspects of the physiology of the
striped bass, hforone saxarilis. J. lchthy. 15:985-989.

15



. and R. W. Brocksen. 1978. Respiratory metabolism of striped bass, hforone
sararltis  Walbaum!, in relation to temperature. J. Exp. Mar. Biol. Eco .

, M. C., l. 6. Piiede, J. D. Armstrong, A. N. Z. Gindy, and L. DeVera. 1991. Direct
measurements of metabolism, activity, and feeding behaviour of pike, Esox Iucius L., in
the wild, by use of heart rate telemetry. J. Fish Biol. 39:325-345.

Lyons, J. 1984. Walleye predation, yellow perch abundance, and the population dynamics of
an assemblage of littoral-zone fishes in Sparkling Lake, Wisconsin, Ph.D. Dissertation,
Univ. Wisconsin, Madison.

Minton, J. W., and R. B. McLean. 1982. Measurements of growth and consumption of sauger
 Sdzostedlon canadcnse!: implication for fish energetics studies. Can. J. Fish. Aquat.
Sci. 39; 1396-1403.

Moore, C. M. 1988. Food habits, population dynamics, and bioenergetics of four predatory
fish species in Smith Mountain Lake, Virginia. Ph.D. Dissertation, Virginia Polytech.
inst. State Univ., Blacksburg.

Morris, D. J., and B. J. Follis. 1978. Effects of striped bass predation upon shad in lake E.V.
Spence, Texas. Proc. Aniiu. Conf. Southeast. Assoc. Fish Wildl. Agencies 32:697-702.

Neumann, D. A., J, M. O' Connor, and J. A. Sheik, Jr. 1980. Oxygen ccnsurnption of white
perch  kfomne amrrfcanu!, striped bass  Morose saxNi Iis! and spot  Leistamus
xanthrirus!. Conip. Biochem. Physiol. 69A:467-478.

Ney, J. J. 1990. Trophic economics in fisheries; assessment of demand-supply relationships
between predators and prey. Rev. Aquat. Sci. 2�!:55-81.

Niimi, A. J., and F. W. H. Beamish. Bioenergetics and growth of largernouth bass
 Nicmpterus salmons! in telation to body weight and temperature. Can. J. Zool.
52:447456.

O' Neill, R. V., and thee other authors. 1972. Terrestrial ecosystem energy model. Eastern
Deciduous Forest Biome Memo Rep. No. 72-19.

Paine, R. T. 1971. The measurement and application of the calorie to ecological problems.
Annu. Rev. Ecol. Syst. 2: 145-164.

Painter, R. E., and L. H. Wixom, 1967. Striped bass fishway and swimming endurance tests.
Pages 3147 U1 Delta fish and wildlife protection study. Resource Agency of California,
Sacramento.

Penczak, T., and four other authors. 1984. Food consumption and energy transformations by
fish populations in two small lowland rivers in Poland. Hydrobiologia 108:135-144.Priede, l. G. 1985. Metabolic scope in fishes. Pages 22-64 jti P. Tyler a>d P. Calow  eds.!,
Fish energetics: new perspectives. Johns Hopkins Univ. Press, Baltimore,

Rice, J. A, 1981. Derivation and application of a bioenergetics inodel for largemouth bass
 hAcivpfcl7rs sa/Notdcs!. Master s Thesis, Uiliv. Of Wisconsin, Madisoll.Rice, J, A., and three other authors. 1983. Evaluating the Oonstraints of t mperatufe, activity,
and coiisumption on growth of largemouth bass. Env. Biol. Fishes '!:263-275.

Rogers, B. A., and D. T. Westin. 1978. A culture methodology for striped bass, Noroee
saxatilis. U.S. Environmental Protection Agency, Ecol. Res. Ser. 660/3-78.

Schoich, B. A., and C. C. Coutant. 1980. A biotelernetry study of spring and summer habitat
selection by striped bass in Cherokee Reservoir, Tennessee, 1978. Oak Ridge National
Lab., ORNL/TM-7127.

16



Soofiani, N. M., and A. D. Hawkins. 1985. Field studies of energy budgets. Pages 283-307
Tytler and P. Calow  eds.!, Fish energetics: new perspectives, Johns Hopkins Univ.

Press, Baltimore.
Stevens, R. E. 1958. The striped bass of the Santee-Cooper reservoir. Proc. Annu. Conf.

Southeast. Assoc. Game Fish Comm. 11:253-264.
Stevens, R. E. 1969. landlocked striped bass. Proc, 25th Annu. Northeast. Fish. Wildh

Conf. 25:253-261.
Stewart, D. J. 1980. Salmonid predators and their forage base in Lake Michigan: a

bioenergetics-modeling synthesis. Ph, D, Dissertation, Univ. of Wisconsin, MadiMn.
Stewart, D. J., J. F. Kitchell, and L C. Crowder. 1981. Forage Ashes and their salmonid

predators in Lake Michigan. Trans. Am. Fish. Soc. 110:751-763,
Summerfelt, R. C, 1986. Summarization of thesymposium. Pages 314-32711I G. E. Hall and

M. J. Van Den Avyle  eds.!, Reservoir fisheries management: strategies for the 80's.
Am. Fish. Soc., Bethesda, MD.

Texas Instruments. 1976, Hudson river ecological study in the area of Indian Point. Thermal
effects report. Prepared for Consolidated Edison Co. New York.

Tuncer, H. 1., R. M. Harrell, and E. D. Houde. 1990. Comparative energetics of striped bass
 Morose sararili;! and hybrid  N. sarutiIis x M. chrysops! juveniles. Aquaculture
86:387-400.

Warren, C. E. 1971. Biology and water pollution control. W. B. Saunders, Philadelphia.
Webb, P. W. 1978. Partitioning of energy into metabolism and growth. Pages 184-214 jtt S.

D. Gerking  ed,!, Ecology of freshwater fish production. John Wiley and Sons, New
York.Winberg, G. G. 1956. Rate of metabolisrn and food requirements of fishes. Fish. Res. Board
Can. Transl. Ser. 194.




