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Abstract.—Fish proximate composition and energy density can influence growth, survival, and

reproduction, so it is important to develop models to understand the patterns and predict dynamic changes.

This paper presents three such models. Model 1 describes the general pattern of changes in lipid, protein, ash,

and energy density that occur with changes in water content. The key assumption this model is that there is a

fixed amount of water associated with each gram of protein and a much smaller fixed amount of water

associated with each gram of lipid. In combination with a mass balance constraint, this explains the commonly

observed linear relationship between the fraction lipid and the fraction water. Because energy density varies in

direct proportion to the fractions lipid and protein, the linear relationship between body composition and

fraction water makes energy density also a linear function of the fraction water. The model is fitted to data for

lake trout Salvelinus namaycush and coho salmon Oncorhynchus kisutch for a limited range in wet weight.

Model 2 describes the pattern of proximate composition and energy density that occurs with variation in body

size. A strong pattern was found between the mass of water and the mass of protein, suggesting strict control

of body water. The model is fitted to data for common carp Cyprinus carpio and bluegill Lepomis

macrochirus. This analysis shows that the relationship between body composition, energy density, and

fraction water is expected to vary with body size because both the water : protein ratio and the fraction ash

change with body size. Model 3 demonstrates how this approach can be used to predict changes in fish body

composition and energy density during starvation, as might be done with a bioenergetics model. This model is

fitted to data from a starvation experiment involving largemouth bass Micropterus salmoides.

A model for fish proximate composition and energy

density would improve understanding of observed

patterns in fish body composition data and enhance

bioenergetics models of fish growth. A model for

proximate composition could help explain two com-

mon patterns related to percent lipid and energy

density, which are linearly related to percent water

(Love 1970; Elliott 1976; Rottiers and Tucker 1982;

Hartman and Brandt 1995; Iverson et al. 2002). Fish

body composition typically changes in response to

changes in ration level (Gerking 1955; Elliott 1976;

Huisman et al. 1979; Weatherley and Gill 1983),

including starvation (Savitz 1971; Niimi 1972). Body

composition also changes during ontogeny (Tarby

1977; Henderson and Ward 1978; Wuenschel et al.

2006), so several aspects of the energetics of fish

growth are related to body composition. The stored

energy available to a fish, as reflected in its body

composition and energy density, also influences its

survival and reproduction. A model for body compo-

sition could help in understanding many aspects of fish

biology and ecology.

For bioenergetics models of fish growth, the energy

densities of a fish and its prey are among the most

influential factors affecting predicted consumption and

growth (Hartman and Brandt 1995). Although the

energy density of fish and prey were not explicitly

included in the sensitivity analyses of Kitchell et al.

(1977) or Bartell et al. (1986), those analyses indicated

that factors proportional to consumption (e.g., the

energy value of food) have the greatest influence on

predicted fish growth.

Fish energy density can influence survival and

reproduction as well as growth. Energy level in late

fall can affect overwinter survival (Oliver et al. 1979;

Shuter et al. 1980; Thompson et al. 1991). Energy level

at the end of winter can influence the timing of

reproduction. Cargnelli and Gross (1997) have shown

that larger male bluegills Lepomis macrochirus emerge

from winter in better condition and with higher levels

of lipid than smaller males. They note that this may

explain why larger individuals of both sexes tend to

breed earlier than smaller individuals in several sunfish

species (Ridgway et al. 1991; Danylchuk and Fox

1994). Females in better condition, with greater energy

stores, generally have higher fecundity (Lam 1983;

Breck 1996). In some fish species, adults may skip 1 or

more years of reproduction to attain sufficient energy

reserves (e.g., Arctic char Salvelinus alpinus and

* E-mail: breck@umich.edu

Received October 3, 2005; accepted February 28, 2007
Published online February 14, 2008

340

Transactions of the American Fisheries Society 137:340–356, 2008
� Copyright by the American Fisheries Society 2008
DOI: 10.1577/T05-240.1

[Article]



several species of sturgeon; Dutil 1986; Doroshov

1985).

Fish energy density changes in response to recent

feeding history. Energy density declines during

starvation (Savitz 1971; Niimi 1972; Elliott 1976),

including starvation overwinter (Oliver et al. 1979),

and increases as daily ration increases (Brett et al.

1969; Niimi and Beamish 1974; Elliott 1976; Tyler and

Dunn 1976; Heidinger and Crawford 1977; Weatherley

and Gill 1983; Brown and Murphy 1991). The energy

density of yellow perch Perca flavescens increased

following a reduction in the density of competing white

suckers Catostomus commersonii, which apparently

made more food available to yellow perch (Hayes and

Taylor 1994). Because energy density is so closely

linked to growth, changes in the amount of food are

expected to lead to changes in energy density as well as

growth. In fish models with interacting predators and

prey (e.g., Anderson and Ursin 1977; Breck 1993;

Rose et al. 1999), food availability to fish changes

through time. This suggests the need for a model to

predict changes in fish energy density in response to

food availability and metabolic demands.

Ontogenetic changes in body composition are

commonly observed. Fish larvae tend to have higher

percentage water content than juveniles and adults

(Tarby 1977; Henderson and Ward 1978; Machiels and

Henken 1986, 1987; Wuenschel et al. 2006). Ash

content is higher in larger fish (McComish 1974; Niimi

1974; Focken and Becker 1993; Barziza and Gatlin

2000). For many species, percent lipid tends to increase

as body size increases (Elliott 1976; Rottiers and

Tucker 1982; Van Pelt et al. 1997; Pothoven et al.

2006; Wuenschel et al. 2006; but see Craig 1977;

Anthony et al. 2000). Because energy density is so

closely linked to growth, changes in nominal energy

density across life stages should lead to ontogenetic

differences in the growth response.

Various approaches to specifying the energy density

of fish and prey have been used in typical applications

of bioenergetics models, in which the pattern of fish

growth through time is known in advance; these

models are used to calculate fish consumption of prey.

For example, the bioenergetics models of Kitchell et al.

(1977), Rice et al. (1983), Stewart et al. (1983), Stewart

and Ibarra (1991), and Hewett and Johnson (1992)

predict consumption for a single population at a time,

given initial and final fish sizes. For each group of fish

modeled, the energy density is assumed to be constant

through the year (Kitchell et al. 1977; Breck 1993;

Rose et al. 1999), changing as a function of fish body

size (Stewart et al. 1983) or changing seasonally in a

specified and predetermined pattern (Hewett and

Johnson 1992; Hartman and Brandt 1995). However,

these approaches are less applicable in dynamic models

of predators and prey because prey density can vary

during simulation runs and from run to run, so the

seasonal pattern of predator ration, which affects

energy density and growth, is not known in advance.

It would be useful for a fish growth model to be able

to compute the body condition or relative weight of

predators and prey so that the model could be used to

determine expected responses under alternative scenar-

ios (Rice et al. 1983; From and Rasmussen 1984; Van

Winkle et al. 1997). Examination of the average body

condition of predators and prey has been proposed as a

means of assessing the predator–prey status of lakes

and ponds (Wege and Anderson 1978; Anderson and

Gutreuter 1983; Murphy et al. 1991; Liao et al. 1995).

Some studies have found relative weight (or condition

factor) to be positively correlated with energy density

(Brown and Murphy 1991; Jonas et al. 1996) and

growth (Willis et al. 1991) and negatively correlated

with percent water (McComish 1974). Other studies

have found no correlation between relative weight and

growth (Liao et al. 1995) or lipid level (Simpkins et al.

2003). A useful step toward predicting relative weight

and reconciling differences among studies would be a

model that could explain patterns of body composition

and how they change with starvation and growth.

In summary, there are several reasons for developing

a model for fish proximate composition and energy

density to enhance bioenergetics models. Such a model

would help in accounting for several important effects

on fish growth, reproduction, and survival. First,

predicted growth in bioenergetics models is very

sensitive to energy density of fish and their food.

Second, energy reserves influence survival and repro-

duction. Third, energy density can change in response

to recent feeding history. Fourth, energy density

changes with ontogeny. Fifth, a changing pattern of

energy density would be more appropriate for a

simulation model in which food availability can change

dynamically. A model for body composition and

energy density would be a useful addition to a

bioenergetics model.

The purpose of this paper is to describe two models

relating the proximate body composition and energy

density of fish to the fraction water. The approach is

used in a third model for simulating the changes in

body composition and energy density during starva-

tion. The first model can explain two common

observations related to the body composition of fish

during starvation and growth: (1) the linear relationship

between percent lipid and percent water (e.g., Love

1970; Rottiers and Tucker 1982) and (2) the linear

relationship between energy density and percent water

(e.g., Rottiers and Tucker 1982; Hartman and Brandt
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1995; Anthony et al. 2000). The second model

describes the pattern of body composition and energy

with variation in body size and percent water. The third

model predicts changes in wet weight, relative weight,

body composition (lipid, protein, ash, water), and

energy density based on the energy used each day

during starvation.

Model 1: Basic Patterns of Body Composition and

Energy Density

Description

Model 1 provides the expected relationships between

fraction water and fraction lipid, fraction protein, and

energy density based on (1) the energy density of

protein and lipid, and (2) information on the amount of

water associated with each gram of protein and each

gram of lipid in the body. The relationships presented

allow the amount of water associated with protein and

lipid to be estimated based on empirical data on energy

density and fraction water; alternatively, the slope and

intercept of the linear regression of energy density on

fraction water can be determined if estimates of the

amount of water associated with protein and lipid are

available. This approach is only appropriate for fish of

a similar size. The next model includes additional

features to account for the more complicated relation-

ships when there is a wide range in body sizes.

Model Development

Energy density, usually measured on a wet weight

basis (kJ/g of wet weight), reflects proximate body

composition in terms of lipid, protein, carbohydrate,

ash, and water. Assuming that lipid level has been

measured using appropriate methods (Randall et al.

1991; Iverson et al. 2001), energy density can be

calculated using standard values for the energy value of

lipid, protein, and carbohydrate (Elliott 1976; Brett and

Groves 1979; Brett 1995). The amount of carbohydrate

in fish is usually negligible (,0.14%; Craig 1977;

Craig et al. 1978), so it will be assumed to be zero in

this analysis. Brett and Groves (1979) mention a value

of 39.5 kJ/g for lipids synthesized by fish; they also

note that highly saturated fats in fish have a lower heat

of combustion (36.2 kJ/g) than saturated animal fats

(39.5 kJ/g), and they recommend the fish-specific

value. Craig et al. (1978) extracted lipid from European

perch (also known as Eurasian perch) Perca fluviatilis
and measured the heat of combustion as 35.5 6 4.9 kJ/

g (95% confidence interval [CI] around the mean).

More recently, Brett (1995) noted that literature values

for fish lipid range from 34.7 to 39.3 kJ/g. In his

analysis of salmon energetics, Brett (1995) used an

average value of 36.4 kJ/g. In my analysis I used

Brett’s (1995) value of 36.4 kJ/g of lipid. The

recommended energy value of fish protein, as mea-

sured by bomb calorimetry, is 23.6 kJ/g of protein

(Brett and Groves 1979). However, for the later

discussion of response to starvation, note that the

metabolizable energy value of protein to fish is only

20.1 kJ/g because most fish break down protein into

ammonia as a nitrogenous waste. Therefore, less

energy is obtained than when the protein is completely

oxidized in a bomb calorimeter (Brett and Groves

1979). In this analysis I used 23.6 kJ/g protein when

calculating the energy content of fish to compare with

data from bomb calorimetry and 20.1 kJ/g protein

when calculating the loss in protein from catabolism

during starvation.

Assuming that the amount of carbohydrate is

negligible, fish body composition can be categorized

as lipid, protein, water, and ash. As fractions of total

wet weight, these components must sum to 1; that is,

there is the following mass balance constraint:

f þ pþ hþ a ¼ 1; ð1Þ

where f is the fraction lipid (fat), p the fraction protein,

h the fraction water, and a the fraction ash. Table 1

contains a list of symbols and their definitions for all

variables and parameters used in the models.

Fish energy density (d; kJ/g) can be computed from

the fraction lipid and the fraction protein by using the

energy density of lipid (D
f
; kJ/g of lipid) and the

energy density of protein (D
p
; kJ/g of protein). Because

neither water nor ash contributes to energy content,

d ¼ f Df þ pDp: ð2Þ

It would be helpful to link equations (1) and (2) to

determine the expected relationship between energy

density and fraction water. To do this, an additional

relationship is needed. The needed relationship can be

derived from the observation that body water is

primarily associated with protein, and a small amount

of water is associated with lipid. The key assumption

for model 1 is that there is a fixed amount of water (y)

associated with each gram of protein and a smaller

fixed amount of water (z) associated with each gram of

lipid. Gerking (1955, citing Newburgh et al. 1945) and

Schmidt-Nielsen (1975:120) note that about 0.1 g of

water is associated with a gram of adipose tissue (z is

about 0.1), and about 3 g of water is associated with a

gram of protein (y is about 3). Jobling (1994:147) notes

that, in a growing fish, deposition of 1 g lipid ‘‘leads to

a weight increase of 1 g,’’ suggesting that very little

water is added and that z must be much smaller than 1,

whereas deposition of 1 g protein ‘‘leads to the

deposition of 3–4 g water,’’ suggesting that y is about
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3–4. According to this assumption, the fraction water

(h) depends on the fraction protein and the fraction

lipid, that is,

h ¼ ypþ zf ; ð3Þ

where y and z are assumed to be constant.

With this additional relationship, energy density can

be expressed in terms of fraction water. First, equation

(3) can be rearranged to express p in terms of h and f,

that is,

p ¼ ðh� zf Þ=y:

This expression for p is then inserted into equation (1).

Solving for f leads to an equation for the fraction lipid

as a linear and decreasing function of the fraction

water. The slope is�(1þ y)/(y� z), the intercept is y(1

� a)/(y � z), and

f ¼ yð1� aÞ � hð1þ yÞ
ðy� zÞ : ð4Þ

For the current assumptions, this equation will hold

until f declines to zero, which occurs when

h ¼ yð1� aÞ
1þ y

: ð5Þ

In a similar way, equations (3) and (1) produce an

equation for the fraction protein as a linear and

increasing function of the fraction water, namely,

p ¼ hð1þ zÞ � zð1� aÞ
ðy� zÞ : ð6Þ

For these assumptions, this equation will hold until f

declines to zero. For water content higher than the

threshold given by equation (5),

p ¼ 1� h� a: ð7Þ

When represented graphically, model 10s relation-

ships for body composition are simple straight lines

(Figure 1). Example parameters (estimated from the

data discussed below) are given in the caption. The top

panel shows cumulative proportions, so the area

between successive lines indicates the proportions of

lipid, protein, ash, and water plotted against fraction

water. The lower panel shows the individual compo-

nents plotted against fraction water. Fraction ash is

assumed to be constant. Note that the slope for fraction

protein changes abruptly when lipid reaches zero.

Published reports often graph individual components as

in Figure 1B, but the general pattern of body

composition given by model 1 may be easier to

visualize in Figure 1A.

Inserting equations (4) and (6) into equation (2)

TABLE 1.—Variables and parameters used in three models for fish body composition and energy density.

Symbol Definition

First appearance

Equation Model

a Fraction of protein energy usable during starvation 24 3
a Fraction ash (¼A/W) 1 1
a

A
Intercept in log

e
(A) ¼ a

A
þ b

A
log

e
(W) 15 2

a
d

Intercept in d ¼ a
d
þ b

d
h 9 1

a
H

Intercept in log
e
(H) ¼ a

H
þ b

H
log

e
(P) 25 3

a
hW

Intercept in d ¼ a
hW
þ b

hW
h þ c

hW
log

e
(W) 30 2

a
P

Intercept in log
e
(P) ¼ a

P
þ b

P
log

e
(H) 13 2

A Ash mass (g) 15 2
b

A
Slope in log

e
(A) ¼ a

A
þ b

A
log

e
(W) 15 2

b
d

Slope in d ¼ a
d
þ b

d
h 9 1

b
H

Slope in log
e
(H) ¼ a

H
þ b

H
log

e
(P) 25 3

b
hW

Slope in d ¼ a
hW
þ b

hW
h þ c

hW
log

e
(W) 30 2

b
P

Slope in log
e
(P) ¼ a

P
þ b

P
log

e
(H) 13 2

c
hW

Slope in d ¼ a
hW
þ b

hW
h þ c

hW
log

e
(W) 30 2

d Fish energy density (kJ/g) 2 1
D

f
Energy density of lipid (kJ/g) 2 1

D
p

Energy density of protein (kJ/g) 2 1
E Total body energy (kJ) 21 2
f Fraction lipid (fat) (¼ F/W) 1 1
F Lipid mass (g) 19 2
h Fraction water (¼H/W) 1 1
H Water mass (g) 13 2
p Fraction protein (¼P/W) 1 1
P Protein mass (g) 13 2
s Fraction of energy coming from lipid in starvation 23 3
W Total fish mass (g) (¼H þ P þ F þ A) 15 2
y Fixed amount of water associated with each g of protein 3 1
z Fixed amount of water associated with each g of lipid 3 1
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yields the following linear equation for energy density,

in which energy density decreases as the fraction water

increases:

d ¼ 1� a

y� z

� �
ðyDf � zDpÞ

� h
ð1þ yÞDf � ð1þ zÞDp

y� z

� �
: ð8Þ

Equation (8) indicates that a linear regression of energy

density on fraction water is expected to have an intercept

(a
d
) and slope (b

d
) given by the following equations:

ad ¼
1� a

y� z

� �
ðyDf � zDpÞ ð9Þ

bd ¼ �
ð1þ yÞDf � ð1þ zÞDp

y� z

� �
: ð10Þ

The parameters y and z can be estimated from empirical

data on energy density and fraction water. The following

equations (derived from equations 9 and 10) determine y
and z by using a

d
and b

d
from a linear regression of

energy density on fraction water along with information

on fraction ash and the energy density of lipid and

protein. Note that the estimate for y has a linear

dependence on the value for D
p
, the estimate for z has a

linear dependence on the value for D
f
, and both depend

on the value for fraction ash, that is,

y ¼ �ad þ Dpð1� aÞ
ad þ bdð1� aÞ ð11Þ

z ¼ �ad þ Df ð1� aÞ
ad þ bdð1� aÞ : ð12Þ

Comparison with Data

The relationships specified by model 1 can be

compared with the extensive data collected by Rottiers

and Tucker (1982) on the proximate composition and

energy density of several Great Lakes fishes. It should

first be noted that model 1 is intended to describe the

general pattern of proximate composition and energy

density with water content. As will be shown below

(models 2 and 3), a more complicated pattern appears

when there is a wide range of fish sizes. For this

reason, the comparison of model 1 with data will be

restricted to fish with weights differing by less than a

factor of three.

Rottiers and Tucker (1982) reported the body

composition (percent water, percent lipid, percent

ash, and percent protein as fat-free dry matter) and

energy density for nine fish species found in the Great

Lakes. In my comparisons I used 104 samples from

lake trout Salvelinus namaycush and coho salmon

Oncorhynchus kisutch with weights ranging from a

maximum of 5,178 g down to a minimum of 1,780 g

(one-third the maximum weight). The sample sizes for

other species were much smaller (1–17 samples). I

omitted three samples where the sum of the reported

percentages differed from 100% by more than 5%.

FIGURE 1.—Body composition relationships for fish as

specified by model 1. In this example, the fraction ash¼ 0.02,

y¼ 3.4 g of water per gram of protein, and z¼ 0.16 g of water

per gram of lipid (values estimated from the data in Figure 2).

Panel (A) shows the cumulative proportions (so that the areas

between successive lines indicate the proportions of lipid,

protein, ash, and the rest is water) and Panel (B) the individual

components plotted against fraction water (note the abrupt

change in slope for the fraction protein when the fraction lipid

reaches zero).
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A regression of energy density on fraction water for

lake trout and coho salmon produced an intercept of

37.89 kJ/g (95% CI: 36.76–39.02) and a slope of

�42.94 (95% CI:�44.68 to�41.19; N¼104, r2¼0.96).

These fish had an average fraction ash of 0.0182 (SE¼
60.0003, N ¼ 104). Use of the regression slope and

intercept in equation (11) results in an estimated value

of y of 3.45 g of water per gram of protein. Note that this

estimate of y depends on the value for energy density of

protein (23.6 kJ/g). In equation (12) the estimated value

for z depends linearly on the energy density of lipid.

Using Brett’s (1995) value of 36.4 kJ/g lipid produces

the value of z¼ 0.505 g of water per gram of lipid. A

value of 38.6 kJ/g would result in z¼ 0.

Model 1 makes joint predictions about the relation-

ship of water content to energy density, fraction lipid,

and fraction protein. Therefore, estimates of y and z
should be simultaneously determined from multiple

relationships, not just from a single regression. A

weighting factor was used to combine the sum of

squared residuals for water content versus energy

density and for water content versus lipid content. Data

for fraction water versus fraction protein were not used

in this estimation because of the strong inverse

correlation between fraction protein and fraction lipid

at a given level of fraction water: from equation (1), p¼
1� f� a� h. I used the mean value of a¼ 0.0182 (SE

¼60.0003) as a constant for the N¼ 104 fish samples.

Using the Minerr function (Mathcad software), I

estimated the values of y and z or y, z, and D
f

that

minimized the weighted sum of squared residuals for

the energy density and lipid data.

When two parameters were jointly fitted to the

energy density and lipid data, the estimated value for y
was 3.437 g water/g protein, and the estimated value

for z was 0.156 g water/g lipid. When three parameters

were jointly fitted, the estimate for y was the same, the

estimate for z was nearly the same (0.153 g water/g

lipid), and the estimate for the energy density of fish

lipid was 37.937 kJ/g. These values for y and z are

quite consistent with the general observations reported

by Gerking (1955), Schmidt-Nielsen (1975), and

Jobling (1994). The value for energy density of fish

lipid is well within the range given by Brett (1995). It is

encouraging, given observed water content and the

mean value for fraction ash, that two (or three) fitted

parameters can give such good joint estimates for

energy density, lipid level, and protein level (Figure 2).

Model 2: Variation with Body Size

Description

The pattern of proximate composition in fish can

appear more complicated when the analysis includes a

large range in body sizes. Model 2 provides the

expected relationships between water, protein, ash,

lipid, and energy density for fish of different sizes, as a

function of wet weight and fraction water. The model is

based on (1) the strong relationship between the

amount of water and the amount of protein in the

body, (2) the strong relationship between the amount of

ash and length or weight, (3) estimating the amount of

FIGURE 2.—The relationships predicted by model 1 for

fraction water and (A) energy density, (B) fraction lipid, and

(C) fraction protein. The data points are measured values from

Rottiers and Tucker (1982) for 104 lake trout and coho salmon

with body weights ranging from 1,780 to 5,178 g. The

parameters were estimated jointly from the data shown in

panels (A) and (B) and then used to predict the values in

panels (A), (B), and (C). The solid lines represent predictions

with two estimated parameters: y¼ 3.437 g of water per gram

of protein and z ¼ 0.156 g of water per gram of lipid (the

energy density of lipid [D
f
] was held constant at 36.4 kJ/g).

The dashed lines represent predictions with three estimated

parameters: y¼3.437 g of water per gram of protein, z¼0.153

g of water per gram of lipid, and D
f
¼ 37.9 kJ/g. In panels (B)

and (C) the solid and dashed lines virtually overlap. Other

parameters are as follows: fraction ash ¼ 0.0182 and the

energy density of protein [D
p
] ¼ 23.6 kJ/g.
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lipid by subtraction, so that the components sum to the

specified wet weight, and (4) as in model 1, the energy

value of lipid and protein. These relationships produce

a different pattern than model 1 when fish of different

sizes are included in the same analysis, but produce a

very similar (but not identical) pattern when all fish are

of the same weight. This approach is extended in model

3 to deal with changes in proximate composition

during starvation.

Model Development

Water and protein.—In model 1, I assumed that a

fixed amount of water is associated with each gram of

protein. In model 2 this assumption is modified. As

shown below, the amount of water per gram of protein

changes systematically with the total amount of protein

in the body. This means that fraction water is expected

to change with body size. Water content is also

expected to vary with condition or level of starvation

(see model 3).

In attempting to model the body composition data of

Huisman et al. (1979) for common carp Cyprinus
carpio, I found a very strong relationship (r2¼ 0.999)

between the logarithm of protein (g) and the logarithm

of water, namely,

logeðPÞ ¼ aP þ bP � logeðHÞ: ð13Þ

For fish of a given weight and fraction water, the grams

of water can easily be calculated as H ¼ hW, so the

following equation (obtained by exponentiating both

sides of equation 13) can be used to estimate the grams

of protein as a function of weight and fraction water for

that fish:

PðW; hÞ ¼ exp½aP þ bP � logeðhWÞ�: ð14Þ

Dividing both sides by W yields the predicted fraction

protein as a function of weight and fraction water, that

is,

pðW; hÞ ¼ exp½aP þ bP
� logeðhÞ þ ðbP � 1Þ � logeðWÞ�:

ð15Þ

Ash and body size.—Ash content increases allo-

metrically with fish body size (McComish 1974; Niimi

1974; Elliott 1976; Peters 1983; Focken and Becker

1993; Barziza and Gatlin 2000). McComish (1974) and

Barziza and Gatlin (2000) found a stronger relationship

of ash with body length than wet weight, as would be

expected for a body variable more closely related to

body structure (length) than to structure plus reserves

(weight; Broekhuizen et al. 1994). If length is not

known, a relationship can be determined between the

logarithm of ash (g) and the logarithm of body weight

(g) namely,

logeðAÞ ¼ aA þ bA � logeðWÞ: ð16Þ

Such an equation can be used to predict grams of ash or

fraction ash from wet weight (or length, if that

information is available) for nonstarving fish, that is,

AðWÞ ¼ exp½aA þ bA � logeðWÞ� ð17Þ

aðWÞ ¼ exp½aA þ ðbA � 1Þ � logeðWÞ�: ð18Þ

Lipid.—For fish of a given size, lipid appears to be

the most variable of the four body components and the

least dependent on the values of the other components.

In this model, the amount of lipid is determined by

subtraction. The disadvantage of this approach is that

all measurement and estimation errors (here, from

estimating protein and ash given water and total

weight) will be reflected in the estimated value of

lipid. This can be problematic, especially when lipid

level is so low that it is nearly the same as the amount

of ash. The advantage of this approach is that the four

mass components will sum to the given weight and the

four fractions will sum to 1, satisfying the mass–

balance constraint, that is,

FðW; hÞ ¼ W � ½hW þ PðW; hÞ þ AðWÞ� ð19Þ

f ðW; hÞ ¼ 1� ½hþ pðW; hÞ þ aðWÞ�: ð20Þ

Therefore, given wet weight and fraction water, one

can compute the grams of water (hW), protein

(equation 14), ash (equation 17), and lipid (equation

19) as well as the fractions of protein (equation 15), ash

(equation 18), and lipid (equation 20).

Energy density.—Using weight and fraction water,

total body energy (kJ) can be calculated from estimated

grams of lipid and protein. Fish energy density (kJ/g),

d(W, h) ¼ E(W, h)/W, can be calculated using the

fraction lipid and fraction protein determined from the

estimated grams of lipid and protein, that is,

EðW; hÞ ¼ FðW; hÞDf þ PðW; hÞDp ð21Þ

dðW; hÞ ¼ f ðW; hÞDf þ pðW; hÞDp: ð22Þ

If the amount of water per gram of protein varies

with the grams of protein (i.e., if b
P

in equation 13 is

significantly different from 1.0), then body weight will

affect the relationships between fraction water and

fraction protein, lipid, and ash, as observed below.

Comparison with Data

Huisman et al. (1979) carried out growth experi-

ments with common carp of different sizes at two

different temperatures (238C and 278C) and several

ration levels. They reported average energy density and
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percentages of lipid, protein, ash, and water for 30

groups of fish exposed to these various conditions for

28 d. The average value of ash for their samples was

3.3% of wet weight, notably higher than the ash

content of lake trout and coho salmon (1.8%) measured

by Rottiers and Tucker (1982) and somewhat higher

than the ash content of brown trout Salmo trutta (2.6%;

Elliott 1976). This data set for common carp involves a

large range in body size (2.5 orders of magnitude) and

thus is useful for evaluating model 2. The smallest

group had a mean weight of 2.55 g, and the largest had

a mean weight of 953.3 g. This data set also contains

higher levels of fraction water (up to 82.1%) than the

data of Rottiers and Tucker (1982) for lake trout and

coho salmon.

For the 30 groups of common carp (Huisman et al.

1979), there was a very strong relationship (r2¼ 0.999)

between the logarithm of protein and the logarithm of

water (equation 13): a
P
¼�1.823 (95% CI: �1.870 to

�1.776) and b
P
¼ 1.066 (95% CI: 1.055 to 1.077;

Figure 3). Reflecting the large size range among the

groups, mean values for water and protein ranged from

2.09 g of water and 0.31 g of protein for the smallest

fish (N ¼ 750 fish in the group) to 637.4 g water and

158.41 g protein for the largest fish (N¼15). This same

very strong relationship (r2¼ 0.999) was also found in

the data of McComish (1971) for 100 individual

bluegills: a
P
¼�1.535 (95% CI:�1.551 to�1.519), b

P

¼ 1.040 (95% CI: 1.034 to 1.046; Figure 3). Smaller

bluegills (35 mm total length and 0.47 g wet weight)

had 0.35 g water and 0.07 g protein, whereas larger

bluegills (192 mm and 162.70 g) had 111.21 g water

and 29.38 g protein. A similar strong relationship (r2¼
0.993) was also found in the data of Barziza and Gatlin

(2000) for 85 largemouth bass Micropterus salmoides:

a
P
¼�1.342 (95% CI:�1.456 to�1.228), b

P
¼ 0.996

(95% CI: 0.978 to 1.014). Smaller largemouth bass

(235 mm total length, 153.9 grams wet weight) had

148.4 g water and 37.1 g protein, whereas the larger

ones (566 mm and 3,245.3 g) had 2,141.9 g water and

538.7 g protein. If parameter b
P

were 1.0, then water

and protein would be in a fixed proportion (as assumed

in model 1). Although the value of b
P

is close to 1.0,

the difference from 1.0 is statistically significant for

common carp and bluegill (but not for largemouth

bass), as indicated by the confidence intervals. Because

b
P

is greater than 1.0, it means that larger fish (with a

larger mass of water) will tend to have relatively more

protein and therefore less water per gram protein than

smaller fish (with a smaller mass of water).

Because fish length was not reported by Huisman et

al. (1979), I determined the relationship between the

logarithm of ash and the logarithm of body weight for

their data using equation (16). For this data, a
A
¼

�3.806 (95% CI: �3.970 to �3.643) and b
A
¼ 1.073

(95% CI: 1.037–1.109); the relationship was very

strong (r2 ¼ 0.994; N ¼ 25 [five starved groups were

omitted]).

As indicated above, for both bluegills and common

carp smaller fish have more water per gram of protein

than larger fish, and smaller fish have relatively less

ash than larger fish. These strong relationships, which

form the basis for model 2, combine to make expected

body composition depend on both body size and

fraction water (Figure 4A). For the experiments of

Huisman et al. (1979) with common carp, the predicted

and observed values are similar for energy density and

the fractions of protein, lipid, and ash (Figure 4B, C).

Predicted and observed values for the 100 bluegills are

also similar (McComish 1971; Figure 5).

Statistical comparisons of predicted and observed

values were made for grams of protein, lipid, and ash

and for energy density and total body energy. The

predicted values result from the equations of model 2

with parameters fit by regression to the data; these are

not independent predictions. A major value of the

model, indicated in these comparisons, is that it

provides an integrated framework to obtain predicted

(fitted) values for all body components. Comparisons

of predicted and observed values for grams of protein

were done using all 30 groups of common carp (Figure

FIGURE 3.—The relationship between water and protein in

the data of McComish (1971) for 100 individual bluegills

(plus signs) and those of Huisman et al. (1979) for 30 groups

of common carp; the carp data include 25 groups fed at

various rations greater than zero (times signs) and 5 groups

given no food (diamonds). The regression equation is log
e
(P)

¼a
p
þb

p
� log

e
(H), where P stands for protein and H for water.

For bluegills (dotted line), a
p
¼ �1.535 (95% confidence

interval [CI]:�1.551 to�1.519), b
p
¼ 1.040 (95% CI: 1.034–

1.046), and r2 ¼ 0.999. For common carp (solid line), a
p
¼

�1.823 (95% CI: �1.870 to �1.776), b
p
¼ 1.066 (95% CI:

1.055–1.077), and r2¼ 0.999.

DYNAMIC CHANGES IN FISH BODY VARIABLES 347



6A). It was assumed that starvation would not have a

large effect on the water–protein relationship. Predicted

protein values were computed with equation (14) using

the wet weight and fraction water of each group. For a

linear regression of log of predicted grams of protein

on log of observed g protein, 99.9% of the variance

was explained, the intercept (0.0015) was not signif-

icantly different from 0.0 (P¼ 0.92; 95% CI:�0.030 to

þ0.033), and the slope (0.999) was not significantly

different from 1.0 (95% CI: 0.989–1.009).

For lipid, ash, and energy density, comparisons were

done using only the 25 nonstarved groups of common

carp because model 2 estimates of ash and lipid do not

account for starvation. Predicted lipid values were

computed with equation (19) using the wet weight and

fraction water of each group. For a linear regression of

the log of predicted grams of lipid on the log of

observed grams of lipid, 99.5% of the variance was

explained, the intercept (0.059) was not significantly

different from 0.0 (P ¼ 0.10; 95% CI: �0.013 to

þ0.131), and the slope (0.987) was not significantly

different from 1.0 (95% CI: 0.958–1.016; Figure 6B).

Ash was predicted with equation (17), using the wet

weight of each group. For a linear regression of log of

predicted grams of ash on log of observed grams of

ash, 99.4% of the variance was explained, the intercept

(0.004) was not significantly different from 0.0 (P ¼
0.91; 95% CI:�0.067 toþ0.075), and the slope (0.994)

was not significantly different from 1.0 (95% CI:

0.961–1.027; Figure 6C). This is a very weak

‘‘prediction’’ because it is based on a log–log

regression of the same data. Note in Figure 6C that

the predicted ash values for the five starved groups are

lower than the observed values; this is expected

because equation (17) is estimating ash for a non-

starving fish of the same weight.

The predicted values of energy density were

computed with equation (22) using the wet weight

and fraction water of each group, that is, D
f
¼ 36.4 kJ/g

of lipid and D
p
¼ 23.6 kJ/g of protein, the same as for

Figure 2. For a linear regression of predicted on

observed energy density, 92% of the variance was

FIGURE 4.—The relationships predicted by model 2 for the

fractions of ash (equation 18), lipid (equation 20), protein

(equation 15), and energy density (equation 22) and the

fraction water for common carp of different weights. Panel (A)
shows the predicted effects of fish weight (1, 10, 100, and

1,000 g) and fraction water on proximate composition, which

are due primarily to the nonlinear relationship between water

and protein and secondarily to the allometric relationship

between ash and body weight. Panel (B) shows the observed

(obs) and predicted (pred) fractions of ash (a), lipid ( f ), and

protein ( p) for 25 groups of fed fish (Huisman et al. 1979); 5

groups of starved fish were omitted because model 2 does not

account for starvation. Panel (C) shows the effect of fish

weight and fraction water on energy density. The lines show

the predicted energy densities corresponding to the proximate

composition values in panel (A); the symbols indicate the

observed energy densities for 25 groups of fed fish

disaggregated into three final weight-classes (Huisman et al.

1979).

FIGURE 5.—Observed (obs) and predicted (pred) fractions of

ash (a), lipid ( f ), and protein ( p) for 100 bluegills (McComish

1971), accounting for fraction water and fish weight. The

predictions are from model 2.
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explained; however, the intercept (1.11) was signifi-

cantly different from 0.0 (P ¼ 0.001; 95% CI: 0.50–

1.73), and the slope (0.82) was less than 1.0 (95% CI:

0.72–0.92). The predicted values of energy density

tended to be somewhat larger than observed values

(Figure 6D). The predicted values were changed

slightly by using D
f
¼ 35.6 kJ/g lipid. This number

was obtained by finding the value of D
f
that minimized

the sum of squared differences between predicted and

observed values of energy density. However, using this

value did not improve the regression of predicted on

observed values (r2¼ 0.92; intercept¼1.16, 95% CI¼
0.55–1.76; slope ¼ 0.81, 95% CI ¼ 0.70–0.91).

In simulation models involving bioenergetics, it is

usually the total body energy of an organism that is of

interest (e.g., the total energy content of an individual

prey item or of an individual fish before starvation), not

just the energy density. Predicted values of total body

energy were computed with equation (21) using the

wet weight and fraction water of each group of fish, D
f

¼ 36.4 kJ/g lipid, and D
p
¼ 23.6 kJ/g protein, the same

as for Figure 2 (Figure 6E). For a linear regression of

log of predicted on log of observed body energy,

99.9% of the variance was explained, the intercept

(0.020) was not significantly different from 0.0 (P ¼
0.57; 95% CI:�0.053 toþ0.093), and the slope (0.999)

was not significantly different from 1.0 (95% CI:

0.987–1.011).

If additional assumptions are made about the relative

use of lipid and protein during starvation, then the

methods of model 2 can be used to predict changes in

body composition and energy density from estimates of

energy use. This approach is developed in the next

section.

Model 3: Changes during Starvation

Description

Model 3 shows how bioenergetics estimates of

energy use during starvation can be used to determine

changes in fish energy density and body composition

via the approach developed in model 2. More

specifically, model 3 allows changes in body energy

during starvation to be used to compute changes in

body lipid, protein, water, wet weight, and energy

density. Changes during growth, which are more

complicated because of the need to allocate new

biomass between structure and storage, will be

considered in a future manuscript.

Whenever an individual’s energy expenditures and

losses are greater than its energy intake, energy must be

obtained from body sources. In this analysis, I use

starvation to refer to the situation where net energy

intake is negative.

FIGURE 6.—Observed and predicted values of (A) protein,

(B) lipid, (C) ash, (D) energy density, and (E) total body

energy for 30 groups of common carp (Huisman et al. 1979).

The solid symbols denote values for the 25 groups fed at

various rations greater than zero, the open symbols values for

the 5 groups fed no food. The predictions are from model 2.
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This model for changes in energy density during

starvation has three assumptions. First, assume that

during starvation a constant fraction (s) of required

energy comes from stored lipid and the rest (1 � s)

comes from protein. Fish with high lipid levels may

initially use predominantly lipid as an energy source

during starvation (s close to 1), at least until reserve

lipid stores are greatly reduced (Black and Love 1986).

Fish with lower levels of lipid use both lipid and

protein during starvation (Savitz 1971; Niimi 1972).

An equation for estimating s is presented. Second, as in

model 2, assume that a negligible amount of water is

associated with each gram of lipid and that the amount

of water associated with each gram of protein varies

with the total amount of protein present in the body.

Third, assume that the mass of ash does not change

during starvation (Savitz 1971; Niimi 1972) but does

increase as fish increase in length (McComish 1974;

Barziza and Gatlin 2000). Then, based on the known

energy densities of lipid and protein, one can use the

energy expenditure during starvation to compute the

change in body composition (lipid, protein, water, and

ash), energy density, and relative weight.

Model Development

Let DE be the change in available body energy (kJ)

after 1 d of starvation. This could be computed with a

bioenergetics model. During starvation DE will be

negative. Fraction s of this energy will come from lipid,

and dividing by D
f
(kJ/g lipid) determines the grams of

lipid required to supply that amount of energy. The

change in body lipid (DF; g lipid) will be

DF ¼ s

Df

� �
DE: ð23Þ

Similarly, the change in body protein (DP; g protein)

will be

DP ¼ 1� s

aDp

� �
DE; ð24Þ

where a is the fraction of body protein energy that is

available for metabolism (,1.0 because of incomplete

oxidation).

Because water is so strongly associated with protein,

the change in body water (DH; g water) can be

calculated in equation (26) using the initial level of

protein (P), the new level of protein (DPþ P), and the

regression coefficients determined from equation (25),

that is,

logeðHÞ ¼ aH þ bHlogeðPÞ ð25Þ

DH ¼ expðaHÞ½ðPþ DPÞbH � PbH �: ð26Þ

The change in body weight (DW) will be the sum of

these changes (note that DA ¼ 0):

DW ¼ DPþ DH þ DF: ð27Þ

During starvation all the changes (DF, DP, and DW)

will be negative. If length, which is presumed to remain

constant during starvation (as assumed by Rice et al.

1983), is known, then the change in relative weight can

also be determined.

Energy density.—There is a decrease in energy

density during starvation because of changes in the

amounts of lipid, protein, and water (but not ash). The

new energy density (d ) is the total energy contained in

lipid and protein, divided by body weight, that is,

d ¼ ðFþ DFÞDf þ ðPþ DPÞDp

ðW þ DWÞ : ð28Þ

Estimating fraction of energy coming from lipid.—

The fraction of energy coming from lipid when food

intake is below maintenance can be estimated from the

initial and final estimates of body composition and

available energy content during starvation experiments,

that is,

s ¼ DF � Df

DF � Df þ DP � a � Dp
: ð29Þ

Note that only a fraction (a) of the energy content of

protein is available for fish metabolism during

starvation because of incomplete oxidation of the

nitrogen products.

Comparison with Data

Because this model for starvation uses protein to

predict water content, one needs regression coefficients

from the log–log regression of water content on protein

content (equation 25). For the common carp data (30

groups; Huisman et al. 1979), a
H
¼ 1.711 (95% CI:

1.682–1.740), b
H
¼ 0.937 (95% CI: 0.928–0.947), and

r2 ¼ 0.999. The corresponding regression for the 100

bluegills (McComish 1971) produces the following

parameters: a
H
¼ 1.477 (95% CI: 1.467–1.486), b

H
¼

0.961 (95% CI: 0.955–0.966), and r2 ¼ 0.999.

I used equation (29) to estimate the fraction of

energy coming from lipid during starvation for the five

starved groups of common carp reported by Huisman

et al. (1979), the bluegill experiment of Savitz (1971),

and the largemouth bass experiment of Niimi (1972;

Table 2). Four of the seven estimated values of s were

about 0.6 (range, 0.47–1.0). The highest estimated

value, 1.0, was obtained for the largest fish (586.7 g

initial mean weight). The calculated value for large-

mouth bass (0.61) agreed with Niimi’s (1972) estimate

of 0.6; he noted that both lipid and protein were used
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for energy during starvation. The same value (0.61)

was calculated for the bluegills (Table 2).

Model 3 was used to calculate the changes in body

composition and body energy for the 40-d experiment

of Niimi (1972). Calculations started with the observed

initial mean values of lipid (6.26 g), ash (5.86 g),

protein (18.72 g), and water (82.32 g), and calculated

total available body energy of 670.5 kJ with D
f
¼ 36.4

kJ/g lipid, a � D
p
¼ 20.1 kJ/g of protein, and the

observed average value of 4.40 g water per gram

protein (equivalent to a
H
¼ log

e
(4.40), b

H
¼ 1.0 in

equations 25 and 26). The stored body energy used by

the fish in each 10-d period (DE), which could be

estimated with a bioenergetics model, was empirically

estimated using the reported composition values for

each 10-d period. Given the series of 10-d DE values

(�51.7,�32.9,�28.4, and�26.4 kJ), changes in body

composition values were then calculated using equa-

tion (23) for lipid, equation (24) for protein, and

equation (26) for water. The best fit to observed final

mean values of lipid, ash, protein, and water were

obtained for s ¼ 0.66; that is, when 66% of each 10-d

change in available body energy came from lipid

(Figure 7).

Results and Discussion

Both lipid level and energy density have strong

negative correlations with percent water (Brett et al.

1969; Elliott 1976; Craig 1977; Rottiers and Tucker

1982; Machiels and Henken 1986, 1987; Thompson et

al. 1991; Brown and Murphy 1991; Hartman and

Brandt 1995; Van Pelt et al. 1997; Pothoven et al.

2006; Wuenschel et al. 2006). These observations are

not only for starvation conditions, but also include

situations where fish are growing. Model 1 provides an

explanation for these relationships in a simple way.

When the amount of body water varies in proportion to

the amount of protein and lipid (with proportionality

constants y and z, respectively), then the linear mass

balance constraint combines to make body composition

a linear function of fraction water (Figure 1). Both

fraction lipid and fraction protein will be linear

functions of fraction water. Because energy density

TABLE 2.—Changes in wet weight (W), water (H), lipid (F), protein (P), ash (A), and total energy content (E) after a period of

starvation (time) at a given temperature (T ) in experiments involving common carp (Huisman et al. 1979), bluegill (Savitz 1971),

and largemouth bass (Niimi 1972). For common carp, the change in each component was computed from the initial and final wet

weights and the reported percent composition value, based on a composite sample of N fish. For bluegills and largemouth bass, N
represents the number of fish used to calculate the initial and final means. Parameter s¼DF � D

f
/(DF � D

f
þDP � a � D

p
) represents

the change in energy content due to lipid loss divided by the total change in available body energy content.

Species N Time (d) T (8C) W
0

(g) DW (g) DH (g) DF (g) DP (g) DA (g) DE (kJ/g) s

Common carp 750 28 27 3.32 �0.77 �0.55 �0.07 �0.15 0.02 �6.67 0.47
19 28 23 42.1 �6.0 �3.0 �1.84 �1.15 0.10 �96.47 0.75

100 28 27 61.3 �9.8 �6.54 �1.42 �1.63 �0.11 �90.68 0.62
14 28 27 488.6 �71.2 �48.75 �8.40 �8.62 �2.64 �582.27 0.65
15 28 23 586.7 �40.0 �34.89 �7.19 0.63 2.59 �313.43 1.0a

Bluegill 9–10 29 23.9 67.92b �9.94b �6.61b �1.61 �1.73 0.01c �104.54 0.61
Largemouth bass 5 40 25 115 �16.12 �10.91 �2.35 �2.68 �0.07d �175.69 0.61

a The computed value for s was 1.05 because of the reported small gain (instead of the expected loss) in protein; s is probably very close to its

maximum value of 1.0 for this group.
b Only a range of 70–90 g was reported for initial bluegill weight. The initial and final water contents (not reported) were estimated from grams of

protein using equation (25) and then used to estimate the initial weight and change in weight and water.
c The values for ash were 4.00 6 0.38 g (95% confidence interval around the mean) and 4.01 6 1.58 g for the initial and final samples,

respectively, so there was no difference in g ash following starvation (Savitz 1971).
d Differences of less than 2% from the initial 5.86 grams of ash led Niimi (1972) to conclude that there was no change in ash mass during

starvation.

FIGURE 7.—Observed (obs) and predicted (pred) values of

lipid (F), ash (A), protein (P), and water (H) during 40 d of

starvation in an experiment with largemouth bass (Niimi

1972). The predictions start with the observed initial mean

values F¼6.26 g, A¼5.86 g, P¼18.72 g, and H¼82.32 g as

well as a calculated total body energy of 670.50 kJ. The best

fits to the observed final mean values were obtained when

66% of each 10-d change in body energy came from lipid.
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varies in proportion to the fraction protein and lipid

(with proportionality constants D
p

and D
f
, respective-

ly), the linear relationship between body composition

and fraction water makes energy density also a linear

function of fraction water.

The explanation is similar using model 2, but more

subtle. The very strong relationship between grams of

water and grams of protein is not quite linear (at least

for common carp and bluegill, where b
H

is slightly but

significantly different from 1.0), and the proportion ash

is not constant but increases slightly in larger fish. For

fish of similar size, this results in a nearly linear

relationship between body composition and fraction

water (Figure 4A); for data plotted as fractions of body

weight, the expected small deviations from linearity

would be difficult to detect unless the measurement

errors were unusually small.

Model 2 indicates that body composition can vary

with body size (e.g., for common carp and bluegill;

Figure 4). A graph of data on fraction lipid, protein,

and ash versus fraction water would be expected to

show different patterns, depending on the body sizes

included. Small individuals are more likely to have

high values of fraction water. Hartman and Brandt

(1995) observed a nonlinear relationship between

energy density and percent dry weight in their

compilation of 587 data points from multiple fish taxa,

density ranging from about 11% to 48% dry weight

(89% to 52% water). This type of nonlinear pattern

could be at least partly explained by the inclusion of

many sizes of fish in a single analysis. For fish with the

same fraction water, smaller individuals would tend to

have a lower fraction protein and a higher fraction lipid

than larger individuals (Figure 4A).

Model 2 predicts an effect of body weight on energy

density, and it appears that this effect is approximately

proportional to the logarithm of body weight (Figure

4C). For this reason the logarithm of body weight

would be expected to be a significant predictor variable

in a multiple regression of energy density on fraction

water and log(W), particularly when there is a large

range of body weights in the data set. In addition,

including log(W) as a predictor variable would be

expected to result in a steeper negative slope for the

effect of fraction water. Regressions were done on

several data sets using the following statistical model

with and without body weight as a predictor variable:

d ¼ ahW þ bhW � hþ chW � logeðWÞ: ð30Þ

For the common carp data of Huisman et al. (1979),

the average final weights of the fed groups ranged from

5.4 to 953.3 g. A simple regression of d on h resulted in

the following coefficients and SEs: a
hW
¼ 29.3 6 2.1

(P , 0.001) and b
hW
¼�31.2 6 2.7 (P , 0.001) (r2¼

0.85, N¼ 25 groups). A multiple regression of d on h
and log

e
(W) resulted in an increase in the variation

explained from 85% to 97%; all three coefficients were

highly significant: a
hW
¼ 47.0 6 3.3 (P , 0.001), b

hW

¼ �52.4 6 4.0 (P , 0.001), and c
hW
¼ �0.418 6

0.071 (P , 0.001) (R2 ¼ 0.97, N ¼ 25 groups). I

calculated energy density for the bluegill data of

McComish (1971) using D
f
¼ 36.4 kJ/g of lipid and D

p

¼ 23.6 kJ/g of protein. Bluegill weights ranged from

0.47 to 162.70 g. A simple regression of d on h resulted

in a
hW
¼ 27.9 6 1.1 (P , 0.001) and b

hW
¼�29.8 6

1.5 (P , 0.001) (r2 ¼ 0.79, N ¼ 100). A multiple

regression of d on h and log
e
(W) resulted in an increase

in the variation explained from 79% to 88%; all three

coefficients were highly significant: a
hW
¼ 35.7 6 1.2

(P , 0.001), b
hW
¼�39.8 6 1.6 (P , 0.001), and c

hW

¼�0.217 6 0.025 (P , 0.001) (R2 ¼ 0.88, N ¼ 100).

For the 184 lake trout and coho salmon samples from

Rottiers and Tucker (1982), 171 were 522–5,178 g and

only 13 were smaller (25–406 g), so the statistical

effect of fish weight would not be expected to be as

large. A simple regression of d on h resulted in a
hW
¼

36.6 6 0.3 (P , 0.001) and b
hW
¼�40.9 6 0.5 (P ,

0.001) (r2¼0.978, N¼184). A multiple regression of d
on h and log

e
(W) resulted in a trivial increase in the

variation explained from 97.8% to 97.9%; however, all

three coefficients were highly significant: a
hW
¼ 37.8

6 0.5 (P , 0.001), b
hW
¼�41.7 6 0.5 (P , 0.001),

and c
hW
¼�0.097 6 0.033 (P , 0.01) (R2¼0.979, N¼

184). Use of both h and log(W) as predictor variables

should increase the explained variation in d whenever

there is substantial variation in body size.

Some of the reported variation in body composition

is due to measurement errors; reported percentages do

not always sum to exactly 100% (Niimi 1972; Huisman

et al. 1979; Rottiers and Tucker 1982). Regression

analyses presented above indicated differences in the

parameters of the relationship between water and

protein for common carp, bluegills, and largemouth

bass. It is not known if these differences are due to

actual differences between species or to differences in

methods. Recent studies have shown that there can be

large differences in the measured values of lipid

depending on the methods used (Randall et al. 1991;

Iverson et al. 2001).

Body water is regulated to maintain the physiolog-

ical conditions needed for life’s biochemical reactions.

This regulation is consistent with the regression

analysis presented here showing that the amount of

water is strongly related to the amount of protein in

healthy fish (r2¼ 0.999; Figure 3). This regulation may

begin to fail in diseased or otherwise stressed fish, in

which the stress may invoke a loss of water in marine
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fish and a gain of water (and loss of some ions) in

freshwater fish.

The models described here enable simulation of

dynamic changes in fish body composition, energy

density, and relative weight during starvation. When

combined with a model for energy allocation during

growth, they will allow bioenergetics models to predict

growth in length and weight and the consequent

changes in relative weight. This represents a step

toward a more mechanistic understanding of changes in

relative weight.

Starvation experiments document that fish lose both

lipid and water as starvation proceeds; water does not

replace lipid (Savitz 1971; Niimi 1972; Huisman et al.

1979; Table 2). In the experiments summarized in

Table 2, at least half the loss of weight during

starvation was due to loss of water. However, starving

fish lose lipid faster than they lose water, so that the

relative composition changes; the fraction water

increases and the fraction lipid decreases. The models

presented here are consistent with these observations.

Relationships between body composition, energy

density, and fraction water are used in studies

involving microwave fish energy meters (Crossin and

Hinch 2005), total body electrical conductivity (TO-

BEC; Fischer et al. 1996), and body mass impedance

devices (Cox and Hartman 2005). With the microwave

fish energy meter, microwaves interact with water in

fish tissues, and the instrument readings are related to

the water content. A microprocessor in the device can

be programmed to display estimates of percent lipid,

based upon equations determined in laboratory analy-

ses of lipid and water content (Crossin and Hinch

2005); they also found strong relationships (r2¼ 0.94)

between the instrument readings and fish energy

density. In the body mass impedance technique (Cox

and Hartman 2005), the bioelectrical impedance of the

fish’s body is used to estimate energy density and body

composition. Use of microwave and TOBEC instru-

ments results in a single output value, so items that are

estimated must be related to that single measure

(Fischer et al. 1996; Crossin and Hinch 2005). Models

1 and 2 indicate that any measure that is correlated with

fraction water will also be correlated with fraction lipid,

fraction protein, and energy density. The correlations

are expected to be linear for fish of similar body weight

but may be nonlinear if fish of divergent sizes are

examined.

This approach to modeling the changes in body

composition permits the modeling of starvation

mortality in a more mechanistic way than using relative

weight alone (Rice et al. 1983). Field and laboratory

studies suggest that the probability of death increases

substantially as the amount of reserve lipid declines

toward zero (when only structural lipid would remain;

e.g., Adams et al. 1985; Sogard and Olla 2000). A

simulation model could include such a mechanism,

allowing the level of lipid to influence the daily

probability of death.

With this approach it would be possible to make

simulated fecundity increase with the level of energy

reserves. It would also be possible to have the timing of

reproduction and the probability of nest abandonment

vary with a guarding male’s level of energy reserves.

Simulating dynamic changes in the energy density of

fish and their prey could be especially important for

understanding predator–prey dynamics. Not only does

the energy density of prey influence predator growth

(Hartman and Brandt 1995; Anthony et al. 2000), but

energy stores of the prey can affect vulnerability to

predation. Hoey and McCormick (2004) found that

juvenile ambon damselfish Pomacentrus amboinensis
with lower lipid levels were relatively more vulnerable

to piscivores than individuals with higher lipid levels.

Fish growth, survival, and reproduction change with

energy status, and accounting for the temporal variation

in energy status could lead to different predictions

about population dynamics than would assuming

constant fish condition.

The models presented here distinguish four types of

body components: lipid, protein, water, and ash. This

approach could be extended to account for different

types of lipids, such as structural lipids (e.g., polar

phospholipids that are components of cell membranes

and the myelin sheath around neurons) and storage

lipids (e.g., neutral lipids such as triacylglycerols).

Some recent studies have quantified individual fatty

acids in fish and found different patterns among species

(Iverson et al. 2002).

Using the approach presented here, the coupling of a

dynamic model for body composition with fish

bioenergetics models would lead to realism for a

sensitive component—energy density—and enable

additional applications. Experiments are under way to

further evaluate the factors that influence energy

allocation to growth for length versus growth in energy

density and relative weight as fish grow.
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