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ABSTRACT
Experimentally derived energy and nitrogen budgets for the Atlantic menhaden permit a detailed investigation of the food consumption rate. energy expenditures, growth rate, and growth efficiency in this filterfeeding planktivore. The models were developed for adult fish (302 g wet weight, 26 cm fork length) at a
temperature of 20°C. Three variables are shown to control the energy and nitrogen budgets: The swimming
speed while the fish are feeding, the duration of the daily feeding period, and the concentration of plankton in
the water.
Growth rate increased linearly, and growth efficiency increased asymptotically, with an increase in either
plankton concentration or the duration of feeding, provided that swimming speed remained constant.
However, with increasing swimming speed, growth curvilmearly increased from zero to a maximum value and
then declined back to zero. Growth efficiency followed a similar pattern, but reached its maximum value at a
slower swimming speed than that which maximized growth. The swimming speeds which maximized growth
rate were dependent on plankton concentration, but were independent of the duration of feeding. Conversely, the swimming speeds which maximized gross growth efficiency depended on the duration of feeding, but
were independent of food concentration. Laboratory studies demonstrated that menhaden regulate their
swimming speeds according to the abundance of plankton in the water. Analysis of the energy budgets
revealed that the voluntary swimming speeds of the menhaden were very close to those which maximize
growth rate at different concentrations of plankton. We conclude that swimming speed in the menhaden has
evolved over time towards maximizing growth rate rather than growth efficiency.
In most circumstances the growth efficiency for calories and nitrogen were significantly different. The observed swimming speeds in the menhaden resulted in higher growth efficiency for nitrogen at low plankton
abundance, but higher efficiency for calories at moderate to high plankton abundance. This accounts for the
seasonal increase in the fat content of the menhaden during the summer, yet indicates that protein will be
conserved when food abundance is low.

The study offish bioenergetics can provide considerable insight into how different biotic and abiotic factors interact to control food intake and growth in
fishes. Here we describe energy and nitrogen
budgets for adult Atlantic menhaden, Brevoortia
tyrannus, a filter-feeding planktivore which ranges in
inshore waters along the Atlantic coast from Florida
to Maine (Nicholson 1978 and references therein).
These budgets are based on experimental investigations of the physiological and behavioral responses of the adult Atlantic menhaden to differing
food conditions (Durbin and Durbin 1975, 1981;
Durbin et al. 1981).
In the energy budget, the sum of somatic and reproductive growth (G K) equals the energy content of
the ingested ration (R K ), minus the energy losses to
respiration (TK ), excretion (E K ), and feces (F K ):
(1)
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We have attempted to incorporate into the energy
budget the energetic gains and losses which occur
during different phases of the normal daily activity of
the fish. For example, the energetic expenditures
during periods of feeding are considered separately
from periods when the fish are not feeding. The energy budget is then used to predict food intake,
growth rate, and growth efficiency of Atlantic
menhaden under different feeding regimes.
In the nitrogen budget, growth in nitrogen (G N)
equals the nitrogen contained in the daily ration (R N)
minus the daily nitrogen losses to excretion (EN) and
in the feces (FN):
(2)

Food intake, growth rate, and growth efficiency are
predicted.
The energy and nitrogen budgets measure different
things; the nitrogen budget is mainly for a specific
component (protein), while the energy (caloric)
budget is more inclusive and attempts to account for
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all changes in body constituents. A comparison of the
two budgets will enable us to determine the relative
efficiency with which the Atlantic menhaden utilize
the total energy content, as distinct from the nitrogen
content, of their food for growth. Each of the budgets
is presented in two forms, a general model (I) and a
special case of this model (II) which incorporates additional details on the behavior of the fish in response
to the abundance of food. Symbols used in the
budgets are as follows:

T,.K

T SDA • K

Total daily food intake ("ration")
(kcal/g dry weight per day; mg N/g
dry weight per day)
Total daily oxygen consumption
(kca1/g dry weight per day)
Total daily routine oxygen consumption (kca1/g dry weight per day)
Total daily oxygen consumption during feeding (kca1/g dry weight per
day)
Oxygen consumption attributable to
swimming activity (kcal/ g dry
weight per day)
Oxygen consumption due to the heat
increment from food (kca1/g dry
weight per day)
Total daily nitrogen excretion (kcal/g
dry weight per day; mg N/g dry
weight per day)
Total daily endogenous nitrogen excretion (kca1/g dry weight per day;
mg N/g dry weight per day)
Total daily exogenous nitrogen excretion (kcal/g dry weight per day;
mg N/g dry weight per day)
Total daily losses in the feces (kca1/
g dry weight per day; mg N/g dry
weight per day)
Total daily growth (kca1/g dry weight
per day; mg N/g dry weight per
day)
G
Gross growth efficiency =
and

GN
RN

p

v
F

L
e
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7tK

Assimilation efficiency (dimensionless)
Volume searched during feeding (1/
fish per hour)
Volume swept clear during feeding
(l/fish per minute)
Food particle length (.urn)
Filtration efficiency of the gill rakers
(dimensionless)

S

c,n
h
SC,OPT

Swimming speed during feeding
("foraging speed") (em/second)
Concentration of plankton in the water (kcal/l; mg N/I)
Duration of the daily feeding period
("foraging time") (hours/day)
Foraging speed which maximizes
growth rate at a given concentration
of plankton
Foraging speed which maximizes
gross growth efficiency for a given
foraging time.

Atlantic menhaden are highly specialized planktivores which feed on suspended particulate material
(phytoplankton, zooplankton, and detritus). During
feeding, an Atlantic menhaden swims with its mouth
open and gill opercula flared, causing the comblike
gill rakers, which otherwise lie flat inside the mouth,
to swing inward and form a fine-meshed screen
across the throat (Peck 1894). Water entering the
mouth is filtered through the rakers before exiting
through the gill arches. Adult Atlantic menhaden do
not pursue individual prey (Durbin and Durbin 1975).
Instead they filter the column of water that lies directly ahead. Although the menhaden are size-selective,
this merely reflects the mesh size of the gill rakers
and does not represent active selection for specific
types of prey.
Laboratory studies have shown that Atlantic
menhaden change their swimming and feeding
behavior according to the concentration of food in the
water (Durbin et al. 1981). In the absence of food the
fish swam at a characteristic speed of 0.47 body
lengths/s, with a routine respiration rate of 0.1 mg
O2/ g wet weight per h. The menhaden increased their
swimming speed and respiration rate severalfold
during feeding. Foraging speed increased asymptotically with increasing food concentration, while
respiration rate increased exponentially with increasing foraging speed. The fish initiated and terminated feeding at distinct threshold concentrations
of plankton that were inversely related to particle
size. Exogenous nitrogen excretion in the Atlantic
menhaden was proportional to the nitrogen content
of the ration (Durbin and Durbin 1981). Digestion
rates were rapid, and assimilation efficiency was
high. The menhaden were evidently adapted for the
efficient processing of large amounts of particulate
material which is ingested during prolonged periods
of continuous feeding.
These observations provide the basis for the
development of the energy and nitrogen budgets and
will be discussed in more detail below. In accordance
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with the experimental data, the budgets are developed for the case of an adult Atlantic menhaden,
26 em FL (fork length) and weighing 302 g wet and
101 g dry, which feeds upon the diatom Ditylum
brightwelli. The temperature is 20°C.

DERIVATION OF ENERGY AND
NITROGEN BUDGETS
Energy Budget (Model I)

(5)

In feeding experiments (Durbin and Durbin 1975)
the mean value of F for Ditylum brightwelli was 5.8 l/
fish per min, while u was estimated to be 23.3 l/fish
per min. This gives a value of e == 0.25 for D.
brightwelli.

Filtration efficiencies for different-sized particles
may be calculated from an equation describing the
relationship between filtration efficiency and food
particle length (Durbin and Durbin 1975):

The general equation for the energy budget is presented in Equation (1).

Energy Intake
TOTAL DAILY RATION, RK (KCAL/G DRY
WEIGHT PER DAY).-The daily ration, R K (kcal/
fish per d) which is obtained by an Atlantic menhaden
will be equal to the volume searched (v, l/fish per h),
times the efficiency (e, dimensionless) with which
particles are removed from the volume searched,
times the concentration (c, kcal/l) of food particles in
the water, times the duration (h, hid) of the
feeding period.
RJ{ =

U

e c h (kcal/fish per d).

(3)

Volume searched (v).-During feeding, the mouth is
held continuously open and the fish swim in school
formation, travelling along a straight or curvilinear
path without changing course to pursue individual
prey. Thus each fish filters the column ofwater which
lies directly ahead. The volume searched is equal for
all prey types, and may be adequately described as a
cylinder, or, more accurately, an ellipsoid, with a
cross-sectional area equal to that of the fish's open
mouth and a length equal to the distance covered by
the fish per unit time, i.e., the foraging speed (s, cml
s). For an Atlantic menhaden averaging 26 em FL, the
gape was approximately elliptical, with major and
minor axes of 3.91 and 2.90 em, respectively; the total cross-sectional area of the mouth was therefore
8.93 cm2 (Durbin and Durbin 1975). Thus
U=

32.148 s (l/fish per h).

(4)

Filtration efficiency (e).-Filtration efficiency is the
efficiency with which the Atlantic menhaden filters
particles of a given size from the water and is equal to
the observed removal rate or volume swept clear, F
(l/fish per min), divided by the total volume searched,
u (l/fish per min), i.e.,

F = 8.290 logloL - 9.733 (l/fish per min).

(6)

In the experiments the fish were unable to filter particles smaller than about 13 p.m.
Incorporating the appropriate values for u and e into
Equation (3), the ingested ration, RK , for D.
brightwelli would be given by

RK

= 8.037 s c h (kcal/fish per d).

(7)

In the model the Atlantic menhaden weighed 302 g
wet = 101 g dry (Durbin and Durbin 1981). Thus
RJ{

=

0.079574 s c h (kcallg dry weight per d).

(8)

ASSIMILATED RATION, pRJ.: (KCAL/G DRY
WEIGHT PER DAY).-If the fecal losses, FK , are
subtracted from the ingested ration, RJ(' a measure of
the assimilated ration is obtained. The assimilated
ration can also be determined by multiplying R K by
the assimilation efficiency, p, i.e., pR K , where
(9)

In our experiments with the Atlantic menhaden, we
observed slight changes in the overall assimilation
efficiency of a meal, depending on meal size (Durbin
and Durbin 1981). However, because the observed
differences in overall assimilation efficiency were
small and because of the uncertainty about the
significance of these differences, we assumed a constant assimilation efficiency for the model and took
the means of the experimentally determined values.
For Atlantic menhaden feeding on D. brightwelli, the
mean assimilation efficiency, p, equalled 0.8636 for
carbon, 0.9240 for nitrogen, and 0.8954 for calories
(Durbin and Durbin 1981).
Substituting Equation (9) into Equation (1) we may
rewrite the general equation for the energy budget:
(10)
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where the assimilated daily ration, pRK , is given by

pRK = 0.8954 RK (kcal/g dry weight per d)
= 0.071250 s c h (kcal/g dry weight
per d).

(11)

(12)

Energy Output
RESPIRATION, TK (KCAL/G DRY WEIGHT
PER DAY).-In the absence of food, the Atlantic
menhaden swam at a characteristic speed of 12.2 cm/
s (0.47 body lengths/s), with a routine respiration
rate of 0.10 mg Oz/g wet weight per h (Durbin et al.
1981).
During feeding the fish increased their swimming
speed by a factor of 2.4- to 3.5-fold above the nonfeeding rate, depending on the plankton concentration in the water. Both swimming speed and
respiration rate increased abruptly with the onset of
feeding, and stabilized within a few minutes. One of
the more interesting aspects of the Atlantic menhaden feeding behavior was that they would maintain
a virtually constant swimming speed throughout the
entire 7-h experimental feeding period, if the input of
food remained constant. When the food input was
stopped, the fish quickly consumed the remaining
plankton in the tank, decreasing their swimming
speed as the plankton concentration dropped. Thus
the return to the routine swimming speed following
feeding was quite rapid. In low-ration experiments,
respiration rates declined to the routine, prefeeding
rate almost immediately after feeding. In high-ration
experiments, respiration rate remained slightly elevated above baseline for 2-5 h after feeding. The
amount of energy expended above routine during the
postfeeding period was small and did not show any
clear relationship with food ration size. It has
therefore been omitted for the purpose of the energy budget.
Based on these considerations, the respiratory
costs for the energy budget are considered separately for periods of feeding and nonfeeding. Thus

where TK = total daily expenditure for respiration
Tr • K = routine respiration during the nonfeeding period
Tr.K = respiration during feeding.
Oxygen consumption rates were converted to
caloric equivalents by means of oxycalorific coefficients in Elliott and Davison (1975). The appro180
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priate coefficients were determined from the ratios of
oxygen consumed: nitrogen excreted by Atlantic
menhaden before, during, and after feeding (Durbin
and Durbin 1981). During feeding, Atlantic menhaden swimming at their preferred speed of about
41.3 cm/s appeared to be catabolizing protein. An oxycalorific coefficient of 3.20 X 10-3 kcal/mg Oz was
therefore used during periods when the fish were
feeding. Nonfeeding menhaden catabolized about
28% protein and 72% fat (where QQ. = 3.28 X 10- 3
kcal/mg Oz), and the combined oxycalorific coefficient was 3.258 X 10-3 kcal/mg Oz.

Routine respiration rate, T r • K.-The routine respiration rate of quietly swimming, nonfeeding Atlantic
menhaden was 0.10 mg Oz/g wet weight per h= 0.299
mg Ozlg dry weight per h = 0.000974 kcal/g dry
weight per h (Durbin et al. 1981). Thus the daily
routine respiration during the nonfeeding period is
given by
T r • K = 0.000974 (24-h) (kcal/g dry weight per d)(14)

where h is the duration of the feeding period (hid).

Respiration during feeding, T e. K'-The respiration
rate increased significantly during feeding. This increase could be attributed to three sources: The
higher voluntary swimming speed, the possible effect
of excitement, and the specific dynamic effect of the
food (SDA). The swimming speed was clearly the
dominant factor, and accounted for 84.3 % of the increased respiratory rate during feeding and 73.3%
during the postfeeding period. Excitability was difficult to quantify, but our qualitative observations of
the behavior of the fish indicated that they were least
excitable during feeding and most excitable during
the postfeeding period when they continued to hunt
for food after the input to the tank had been stopped.
SDA is considered to represent mainly the loss of energy during the deamination of protein, and it appears to constitute a fixed proportion of the energy
content of a particular type of food (Muir and Niimi
1972). The energy cost of SDA is usually determined
by monitoring the metabolic rate of the fish following
a meal. Unfortunately in the present study we were
unable to measure SDA separately because of the
prolonged feeding period, during which ingestion
and digestion occurred simultaneously. However,
since about 80% of the ration was digested and
assimilated during the 7-h feeding period (Durbin
and Durbin 1981), most of the respiratory cost of
SDA was included in the measurement of the total
respiration rate during feeding.
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The total respiration rate during feeding increased
exponentially with increasing foraging speed (s, cm/
s), where
T(,K=100,02948,-1.5342 (mg 02/g wet weight
per h)

(15)

T(,K = 2.994 (10°.02948,-1.5342)
dry weight"per h).

(16)

(mg 02/g

Converting to calories
T(,K=0.00958 (100.02948'-1.5342) (kcal/g dry

weight per h).

and Watts 1974). The caloric equivalents of these
compounds are: 5.51 X 10- 3 kcal/mg urea-N (Elliott
and Davison 1975), 13.32 X 10- 3 kcal/mg creatineN, and 41.3 X 10- 3 kcal/mg trimethylamine-N
(Weast 1977). The mean value for these compounds
was 20.04 X 10-3kcal/mg DON.
Endogenous nitrogen excretion, Eb,K'-The endogenous excretion rate equals 10.72 J-lg N/g dry weight
per h (Durbin and Durbin 1981). The daily endogenous nitrogen excretion was therefore
E b•N = 0.257 (mg N/g dry weight per d).

(21)

(17)

Converting to calories
The daily energy expenditure for respiration during
feeding is therefore
T(, K= 0.00958 h 100.02948 '-1.5342)
dry weight per d).

(kcal/g
(18)

Total daily respiration, TK.-Combining Equations
(14) and (18) we obtain an expression for the total
respiratory expenditure per day as a function of the
foraging speed (s, cm/s) and the foraging time (h, h/

Eb,K

E(,N =0.616 R N - 0.020 (mgN/gdryweight

per d).

TK = h 10.00958 (10 tl ,t12948 <-1.5:142) - 0.0009741
+ 0.02338 (kcal/g dry weight per d).
(19)

(20)

The energy equivalent of the excreted nitrogen was
determined as follows: Ofthe total nitrogen excreted
by menhaden, 69.6% was in the form of ammonia and
30.4% was in the form of dissolved organic nitrogen
(DON) (Durbin and Durbin 1981). The caloric equivalent of ammonia nitrogen is 5.94 X 10-3 kcal/mg
NH 3- N (Elliott and Davison 1975). The individual
compounds comprising the DON excreted by Atlantic menhaden were not determined. For the purpose
of the energy budget, the DON was assumed to consist of equal parts of urea, creatine, and trimethylamine, the major organic nitrogen compounds
which are known to be excreted by teleosts (Watts

(23)

Converting to calories
E(,K

NITROGEN EXCRETION, E K (KCAL/G DRY
WEIGHT PER DAY).-Energy is lost through the
excretion of nitrogenous compounds. In the absence
of food the fish excreted nitrogen at a low rate (basal
or endogenous excretion, E b, N)' Nitrogen excretion
increased as a result of feeding (exogenous excretion,
E(,N)' The total daily nitrogen excretion (EN) is
thus:

(22)

Exogenous nitrogen excretion, Ef,K.-The exogenous
nitrogen excretion of menhaden fed D. brightwelli
was directly proportional to the total nitrogen content of the ration, R N (mg N/g dry weight per d) (Durbin and Durbin 1981):

d):

EN = E b , N+ E(, N (mg N/g dry weight per d).

= 0.0026282 (kcal/g dry weight per d).

= 0.006299 R N weight per d).

0.0002045 (kcal/g dry
(24)

The nitrogen content of a ration of D. brightwelli, R N
(mg), may be converted to kilocalories, RK (kcal), according to the following relationship

RK = 0.06158 R N

(25)

(Durbin and Durbin 1981). Thus ifthe daily ration is
expressed in kilocalories rather than nitrogen, the
daily exogenous nitrogen excretion becomes
E(,K

= 0.1023 RK - 0.0002045 (kcal/g dry
weight per d).
(26)

Total daily nitrogen excretion, EK.-Combining
Equations (21) and (23) we obtain an expression for
the total daily nitrogen excretion rate
EN

= 0.616 R N + 0.237 (mg N/g dry weight
per d).
(27)

Combining Equations (22) and (26), the daily nitrogen excretion rate is expressed in calories
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E K = 0.1023 R K + 0.002423 (kcaVg
dry weight per d).

(28)

Since the total daily ration is given by R K =
0.079574 S c h (kcal/g dry weight per d), we can substitute and obtain an expression for the total energy
lost per day through nitrogen excretion, as a function
of the foraging speed (s, cm/s) of the Atlantic menhaden, the concentration of food (c, kcal/l) and the
foraging time (h, hid):
EK

=

0.008140 s c h

A
whereK = B(log.10) I)

(35)

In the present study where D. brightwelli is the
food,
SG,OPT = 119.4433

+ 33.9213 loglOC.

(36)

To determine the equation for the swimming speed
which maximizes gross growth efficiency (SK,OPT)' i.e.,
when dK 1 = 0, we use the following general equa-

+ 0.002423 (kcal/g

ds

dry weight per d).

(29)

tion:
Equation (30)

Growth Rate, GK and
Gross Growth Efficiency, K1.K

Equation (8)

= h I As e -

Equations (12), (19), and (29) may be combined to
provide an estimate of the daily growth rate, GK
(kcal/g dry weight per d), as a function of menhaden
foraging speed (s, cm/s), the concentration of plankton in the water (c, kcal/l), and the foraging time (h, h/
d), since
GK = pRK
GK

TK

-

-

(30)

The gross growth efficiency, K, is calculated according to
(31)

= Equation (30).
,,I(

=

(39)

h IA sc - B(10 IDs - E)
dry weight per d).

+ J] -

M (kcal/g
(33)

s

se,oPT =

P

BO = B' (log ,.10jD
J'

(40)

=':L

(41)

P

M,=M

(42)

p'

K 1 = A' -

B' 10(/1,,-,:) - J'
se
'

M'
se .

Equation (8)

We then differentiate Equation (30) with respect to
G
S, i.e., set dd = 0, and we find
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=!I

(32)

From Equation (30) we can also determine the
foraging speed which maximizes growth rate (sG,OPT),
for any given values of c and h. First restating Equation (30) in a more general form, replacing the constants byA,B, C,D,E,J, andM,
GK

(38)

And thus

Thus K , in calories is equal to
,

logic/<

+E

1

(37)

A'=~
B'

[0.06311 s c - 0.00958 (10°,02948 "-1.5342)
+ 0.000974] - 0.025803 (kcal/g dry

K

_ M

P

=h

K,=G.
R

+ J]

where P is the constant in Equation (8), Le., in the
present example, P = 0.079574. We next define the
new constants

E K (kcal/g dry weight per d)

weight per d).

B(10 1/Jd)
Pseh

- - - - + - loglOc
D
D

(34)

(43)

dK I
For -;I; = 0, we find the following identity

~'

- J'

=

(BO

S -

B') 101Ii,d).

(44)

This identity must be solved iteratively for SK,OPT by
using a given value of h and trial values of s.
In the present example using D. brightwelli, we
find
0.32426

h

0.01224 = (0.0081722
X 1010,029488-1.5342).

S -

0.12039)
(45)

Each term in the energy budget has now been
defined in the same three variables: The foraging
speed (8), the food concentration (c), and the foraging
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time (h). Modell describes the potential interactions
among these three variables, and their effects on
menhaden energy intake, energy expenditure,
growth, and growth efficiency.

Energy Budget (Model II)
Model II is a special case of Model I which incorporates information on the swimming and feeding
behavior of the Atlantic menhaden in response to
plankton concentration. Laboratory observations
have shown that Atlantic menhaden adjust their
foraging speed according to the concentration of food
in the water. When D. brightwelli was the food, the
threshold concentration for the onset of feeding was
about 1 J.Lg chlorophyll a/I. Between about 1 and 4 J.Lg
chlorophyll a/I, the menhaden increased their foraging speed roughly in proportion to increasing
plankton concentration. Above 4 J.Lg chlorophyll a/I,
however, swimming speed remained nearly constant
at about 41.3 cm/s (1.6 body lengths/s), independent
of further increases in plankton concentration. Thus
the relationship between the Atlantic menhaden
foraging speed and jJity/urn chlorophyll a (a, J.Lg/I)
was approximately asymptotic, where
29.62 (a - 1)

s = 0.396

+ (a _

1)

+ 12.2 (cm/s)

(46)

(Durbin et al. 1981). The equation includes the feeding threshold for Dity/urn (1 J.Lg chlorophyll a/I) and
the routine (nonfeeding) swimming speed of the fish
(12.2 cm/s), which represents the lower limit of the
foraging speed.
The chlorophyll a content of D. brightwelli may be
converted to kilocalories according to the following
relationship:
1 J.Lg chlorophyll a

=

6.06 X 10- 4 kcal.

(47)

Thus Equation (46) becomes
_ 48,873 c - 29.62
s - 1,650 c _ 0.604

+ 12.2 (cm/s)

(48)

where c (keal/I) is the plankton concentration.
By substituting Equation (48) fors in Equations (8),
(12), (19), (29), (30), and (32) for RK,pR K, TK,EK,G K ,
and KI. K' respectively, we are able to eliminate as
a variable and rewrite the menhaden energy budget
solely in terms of food concentration (c, kcal/I) and
foraging time (h, hId). This is Model II.

sented in Equation (2) may be rewritten:
(49)
where p is the assimilation efficiency for nitrogen =
0.9240 (Durbin and Durbin 1981). The nitrogen
budget is controlled by the same three variables as
the energy budget: The foraging speed (s), the food
concentrations (c or n), and the foraging time (h).
The total dialy ration, R N (mg N/g dry weight per
d), equals
R~ =

0.79574

S 11

h (mg N/g dry weight per d) (50)

where n is the plankton concentration (mg N/I).
The . assimilated daily nitrogen ration, pR N ,
equals

pR N = 0.073526 s n h (mg N/g dry weight
per d).

(51)

The endogenous, exogenous, and total daily nitrogen excretion rates, E/>. ~, E1. N' and EN (mg N/g dry
weight per d) are presented in Equations (21), (23),
and (27), respectively.
Substituting Equation (27) into Equation (49), we
obtain the following expression for the daily growth
rate, GN :
ON

= 0.308

RN - 0.237 (mg N/g dry weight
(52)

per d).
Gross growth efficiency,

0.308 R N

R

-

0.237

KI.~'

equals

(mg N/g dry weight

N

per d)

(53)

where R N is calculated according to Equation (50).
If the ration is converted from units of nitrogen to
kilocalories (Equation (25)), then Equations (52) and
(53) become

GN

K 1•N

= 5.0016 RK - 0.237

(mg N/g dry weight per d)

(54)

5.0016 RK - 0.237
16.239 RK

(55)

where R K is calculated according to Equation (8).

Nitrogen Budget (Model II)
Nitrogen Budget (Model I)
The general equation for the nitrogen budget pre-

The empirical relationship between foraging speed,
s (cm/s), and plankton concentration, a(J.Lg/I) (Equa183
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tion (46)), is expressed in units of nitrogen through
the following relationship:
1p.g chlorophyll a = 0.00984 mg N.
Thus s

=

3,010.2 n - 29.62
101.63 n - 0.604

+

12 .2 crn/ s

(56)
(57)

where n is the plankton concentration in mg N/l.
The nitrogen budget can then be expressed solely in
terms of plankton concentration, n (mg N/I), and
foraging time, h (hid), by substituting Equation (57)
into Equations (50), (51), (27), (52), and (53) to compute R N , pR N , EN' GN , and K I , N (mg N/g dry weight
per d), respectively
If the food ration or the plankton concentration is
expressed in kilocalories rather than units of nitrogen, Equation (48) is substituted into Equation (8),
and then Equation (8) into Equations (54) and (55)
for the calculations of GN and K I•N , respectively.
The Model II nitrogen budget, like energy budget II,
is thus controlled by only two variables, c and h.

RESULTS
Energy Budget
The energy budget is presented in two forms, a
general model (Model I) and a special case of this
model which incorporates information on the swim- .
ming and feeding behavior of the fish in response to
plankton concentration (Model II). Model I, which
defines the range of values which the energy budget
could theoretically assume, is a function of the foraging speed (s), the concentration of plankton in the
water (c), and the foraging time (h). In Model II, foraging speed is a dependent function of plankton concentration, and the energy budget is defined simply
in terms of the variables c and h. Thus the two models
describe the potential, and the actual, bioenergetic
ranges within which the menhaden operate.
In the following examples to illustrate the models,
the variables s, c, and h assume values from 0 to 50
cm/s, 0 to 0.0090 kcaVI, and 0 to 24 hid, respectively,
which should encompass the range of these variables
in nature. In examples where S is assumed to be constant, a value of 41.3 cm/s was selected, because in
the experiments this was the average foraging speed
of the Atlantic menhaden at moderate to high plankton
concentrations, where s was nearly independent of
food level. Where c = constant, a value of 0.0030
kcaVI was used, which is slightly above the threshold
value of c at which S becomes food-concentration
independent. We lack infonnation on the foraging
time of adult Atlantic menhaden in the wild. However,
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since they feed continuously in the laboratory when
food is present, when h = constant, we assigned it a
value of 14 h, which is approximately equal to the
number of daylight hours during the summer at the
latitude of Narragansett Bay.
In the experimental studies from which the budgets
were derived, the variables s, c, and h took the following values: h = 7 h, c = 0.0010 to 0.0065 kcaVI, and
S = 29.3 to 43.3 cm/s (1.1 to 1.7 body lengths/s).
Within this relatively narrow range in foraging speed,
the respiration rate increased from 2.2- to 5A-fold
over the routine rate. Slower foraging speeds «29
cm/s) were observed during the transition period of
declining phytoplankton concentration, after the input of food was terminated. The minimum foraging
speed was greater than the routine swimming speed
(12.2 cm/s), but was not closely determined in this
study. The total ration ranged from 0.015 to 0.147
kcal/g dry weight, which corresponded to a feeding
rate of 0.00217 to 0.02065 kcaVg dry weight per h.
Using Model I we have described how foraging
speed, food concentration, and the duration of feeding affect the menhaden energy budget (Fig. 1).
In Figure 1, A1-A4,s increases, while c andh remain
constant. The total and the assimilated daily food intake (R K and pRK ) increase linearly with increasing
values of s (Fig. 1, AI). Among the energy expenditure terms, the exogenous nitrogen excretion (E r, JJ
increases linearly, the endogenous nitrogen excretion (Eo, K) and the routine metabolic rate (T" K) remain constant, and the respiration during feeding
(Tr.K) increases exponentially with increasing s (Fig. 1,
A2). Thus the assimilated daily ration increases
linearly, whereas the total energy expended increases curvilinearly. If these two curves are drawn
on the same axes, we find that they intersect twice, at
a low and a high foraging speed (here, about 7 and 51
cm/s) (Fig. 1, A3). These intersections, where the energy intake is balanced by the output and G = 0,
define a range of foraging speeds within which the energy intake exceeds expenditure, and positive growth
takes place. At foraging speeds outside this range,
the energy expenditures exceed the energy intake
and the fish must draw upon stored energy reserves,
thus undergoing negative growth. Within the defined
range of foraging speeds, the growth curve (G K ) is
convex upwards, increasing curvilinearly from zero
to reach a maximum value at an intermediate swimming speed, then declining back to zero (Fig. 1, A4).
The growth efficiency curve (K j , K) shows a similar
pattern, but reaches its maximum value at a different
foraging speed than that for maximum growth.
In Figure 1, BI-B4, c increases, whiles andh remain
constant. The energy intake (R and pRj increases
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linearly with increasing c (Fig. 1, Bl). The energy expenditure to exogenous nitrogen excretion (Ef,K) also
increases linearly, whereas E b.l\ and respiration (Tr • K
and Tf • K ) are constant (Fig. 1, B2). The curves representing energy intake and expenditure both increase linearly with increasing values ofc (Fig. 1, B3),
and thus growth (G K ) increases linearly and gross
growth efficiency increases asymptotically (Fig. 1,
B4).
In Figure 1, CI-C4,h increases, whiles andc remain
constant. Here, also, the energy intake (R andpR) increases linearly with increasing h (Fig. 1, C1). The energy expenditure to endogenous nitrogen excretion
(E b K) remains constant, while exogenous nitrogen
excretion (Ef.JoJ and the respiration during feeding (Tf,}.)
increase linearly, and the routine respiration (Tr , K)
declines linearly (Fig. 1, C2). The curves describing
the energy intake and expenditure increase linearly
with increasing values of h, (Fig. 1, C3), and again we
find that growth (G K) increases linearly, and gross
growth efficiency (K 1X) increases asymptotically
(Fig. 1, C4)
These examples demonstrate that in order for an
Atlantic menhaden, which forages ats cm/s for h hid,
to obtain a maintenance ration, the concentration of
food must equal a minimum threshold value, cmin
(Le., 0.0021 kcal/I in Fig. 1, B3-B4). Similarly, a
menhaden foraging ats cmls when the plankton concentration = C kcalll, must feed for some minimum
period h min (in Fig. I, C3 and C4; 6.2 hid) in order
to obtain a maintenance ration. There will also be a
minimum foraging speed, Smin' required to obtain a
maintenance ration for each combination of c and h
(inFig.l,A3 andA4; 7.0 cm/s). If growth is to occur,s,
c, and h must exceed Smin' Cmin' and h min • The general
rule is that for any swimming speed (s), the more
abundant the food, the smaller the maintenance ration, and the shorter the feeding time required to obtain the ration (Fig. 2, A, B). If an Atlantic menhaden
forages at 41.3 cml s, for example, the lowest concentration of Ditylum at which it could obtain a maintenance ration would be about 0.0018 kcal/l,
assuming that it fed for 24 hid. The maintenance ration would be about 0.143 kcallg dry weight per d.
With an increase in plankton concentration, the required feeding time and the maintenance ration
decline very rapidly, reaching 4 hid and 0.051 kcallg
dry weight per d at C = 0.0039 kcal/l, and declining
more slowly thereafter to 1.3 hid and 0.038 kcal/g dry
weight per d at C = 0.009 kcalll.
An interesting feature of the energy budget is that
for any combination of c and h, there is a single foraging speed which will maximize the growth rate(sG..oPT)
(Fig. 1, A4). Similarly, growth efficiency reaches its
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maximum value at a unique foraging speed (SK,OPT)'
which is always less than SG,OPT' SG,OPT increases curvilinearly with increasing food concentration (Fig. 3),
but is independent of the duration of feeding (Fig. 4,
Equation (36)). In contrast, SK.OPT declines as the
duration of feeding increases (Fig. 4), but is independent offood concentration (Fig. 3, Equation (45)). It
should be remembered however that the values of GK
and K r•K when the fish swim at SG.OPT and SK.OPT are
determined by both c and h. For example, if c =
0.0030 keal/l, a fish will maximize its growth rate if it
swims at 33.9 cmls although the actual rate of growth
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depends onh. Similarly, a fish feeding for 14 hid will
maximize its growth efficiency if it swims at 23.8 cm/
s; however the resulting values of K j will depend
onc.
The foregoing examples demonstrate that the relative size of each component in the energy budget (RK ,
pRK , TK,E K , and GK ) will vary according to the values
of s, c, and h. Since the different elements retain no
fixed proportions within the overall energy balance,
there is no single "standard" energy budget which
can be described for the Atlantic menhaden.
It can also be seen that in Model I, a change in either
food concentration or the duration of feeding has a
direct, proportional effect on the growth rate,
because total energy intake and expenditure are
linear functions of c and h, when s = constant.
However, a change ins has a nonlinear impact on the
growth rate. This is because the respiration rate is an
exponential function of swimming speed, and thus a
change in swimming speed causes a proportional
change in energy intake but a more-than-proportional change in total energy output.
In the Model II energy budget, s is no longer an independent variable, but is a dependent function of
food concentration c, according to the experimentally derived relationship in Equation (48). The foraging
:speed is nearly constant at moderate to high concentrations, but is reduced at low plankton abundance.
The threshold concentration (0.0006 kcal/l) at which
the fish stop feeding on Ditylum is also included in
this model. The effect of reducing the foraging speed,
when plankton concentration is low, is illustrated in
Figure 5, which provides a comparison of Model II
with Model I, where s = constant = 41.3 cm/s. (This
foraging speed was chosen for the Model I example
because it provides the best overall fit to Model II,
facilitating the comparison between the two. The

choice of another value for s would cause Model I to
depart further from the actual behavior of the fish
and would increase the difference between the two
models.)
In Model I, we found that when sand h were constant, the curves describing RK , pRK , T K , E K' and GK
as a function of increasing c were all linear or constant
(Fig. 1, BI-B4; Fig. 5, AI-M). In ModelII, these curves
are nearly linear or constant at moderate to high
plankton concentrations, where s - constant. However, they become increasingly curvilinear at lower
concentrations, when s is changing rapidly (Fig. 5,
BI-B4). Thus we find that Model II is quite similar to
Modell where s = 41.3 cm! s, when the food concentration is above cmin in the Model I example (-0.0021
kcal/l for h = 14 hid). The models diverge significantly as c declines below cmin' If the Atlantic
menhaden were to continue to swim at their
"preferred" speed when the plankton concentration
is low, a significant deficit in the energy budget would
result (Fig. 5, A3). However, Model II shows that by
reducing their foraging speed when food concentration is low, the Atlantic menhaden act to regulate
their energy expenditure to remain close to their rate
of energy uptake (Fig. 5, B3). Reducing the foraging
speed has this effect, because of the exponential
relationship between respiration and swimming
speed. A reduction in foraging speed causes the respiration term to decline more rapidly than the ingestion term. The resulting change in the energy balance
enables the fish to obtain a maintenance ration in less
time, and at a lower concentration offood, than would
have been possible had they continued to forage at
the higher speed. The growth rate and growth efficiency are thereby enhanced at low concentrations
(compare Fig. 5, A4 and B4). This effect can also be
seen in Figure 2.
At the threshold concentration (0.0006 kcal/l)
where Atlantic menhaden cease feeding on Ditylum,
it can be seen (Fig. 5, Bl and B2) that the routine
metabolic costs alone are greater than the energy
which could be derived from feeding. The behavior of
the fish apparently. reflects the fact that it is not
bioenergetically profitable to feed at such a low
planktorrdensity.

Nitrogen Budget
In the nitrogen budget there are three loss terms:
The endogenous excretion, which is a constant, and
the exogenous excretion and the fecal losses, which
are proportional to the nitrogen content of the daily
ration. The remaining nitrogen from the ration is
retained as growth. Thus we find that the nitrogen
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budget, though functionally simpler than the energy
budget, is controlled by the same three variables:
The foraging speed (8, cm/s), the concentration of
food (c, kcalormgNIl), and the foraging time (h, hid).
In the Model I nitrogen budget, R N , pR N , E I,N' and GN
all increase linearly, Eb,N remains constant, and K l ,N
increases asymptotically with increasing v~lues of s,
C, and h (Fig. 6). However, as we found in the energy
budget, these curves in the Model II nitrogen budget
are nearly linear at plankton concentrations sufficiently high that s - constant, but become increasingly curvilinear at low plankton concentrations
because of the decline in the foraging speed (Fig. 7).
Here, also, the reduction in foraging speed enables
the Atlantic menhaden to obtain a maintenance ration in less time and at a lower concentration of
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plankton, and to increase their growth rate and
growth efficiency, relative to the case in Model I
where foragmg speed was assumed to remain constant at 41.3 cm/s.
The nitrogen and energy budgets differ in some important ways. First, we have seen that in the energy
budget, with an increase in swimming speed (s), the
growth rate and growth efficiency increase from zero,
reach a maximum, then decline back to zero (Fig. 1,
A4). However, in the nitrogen budget, growth in nitrogen increases linearly (i.e" indefinitely), and
growth efficiency increases asymptotically (Fig. 6,
A4) with increasing swimming speed. Second, for any
given s, c, and h, the predicted growth efficiency in
calories is usually significantly different from that in
nitrogen (Fig. 8). Figure 8 shows that differences ex-
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ist not only in the maximum or asymptotic values of
the two growth efficiencies, but in the x-intercepts of
the curves as well. The x-intercepts are of particular
interest since they define the minimum requirements
(SOlin, COlin' h Olin) for the fish to obtain a maintenance ration in nitrogen or calories. In Figure SA, for instance,
where C = 0.0030 kcal/l and h = 14 hid, sOlin,K is
<SOlin, N' The Atlantic menhaden would be able to
show positive growth in calories at a foraging speed of
about 7 cm/s, whereas positive growth in nitrogen
would require a higher foraging speed of about 14
cm/s. However, in Figure 8B, C, cOlin,N is <COlin,K and
h Olin,N is<hmin,K' respectively. Thus in these examples

the menhaden would show positive growth in nitrogen at a lower food concentration, and with a shorter foraging time, than they would in calories.
Atlantic menhaden can exercise direct control over
the variables sand h, but they mayor may not have
any impact on the environmental variable C. Thus it is
of interest to consider how a change in the values ofs
and h will affect the minimum plankton concentration required for the Atlantic menhaden to obtain a
maintenance ration in calories and nitrogen. The curve
in Figure 9, calculated from the Model I budget,
shows the combinations of sand h at which COlin,K =
cOlin,N' For all combinations ofs andh, which fall below
189
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These models permit a detailed analysis of the energetics of the Atlantic menhaden, by showing how
energy intake (ingestion), as well as energy losses and
expenditures (feces, excretion, respiration) vary with
the concentration and size of the food particles, the
foraging speed of the fish, and the duration of feeding. These different components of the model, and the
predicted growth rate and growth efficiency, are discussed in more detail below.
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this boundary, cOlin. Kwill be lower than cOlin.N' Atlantic
menhaden will be able to grow in calories at a lower
food concentration than they can in nitrogen. Conversely, where sand h are greater than the boundary
values, cOlin,N will be lower than COlin. K' Atlantic
menhaden can grow in nitrogen at a lower food concentration than they can in calories.
Next we consider how the actual foraging speeds of
the Atlantic menhaden compare with the boundary
curve in Figure 9. Figure lOA shows the foraging
speed in relation to food concentration. Figure lOB
shows that for all values of h up to 24 hid, Atlantic
menhaden forage at speeds such that their minimum
food requirement for growth in nitrogen is lower than
for calories, i.e., Cmin,N is <Cmin,K' Thus at low plankton
concentrations, the growth efficiency in nitrogen is
greater than in calories. However, it can be seen from
Figure 9 that Kt,N remains> Kt,K only over a narrow
range of food concentrations immediately above
c min • N' K 1• K increases very rapidly above COlin. K and
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simple terms, i.e., an ellipsoid with cross-sectional
area equal to that of the fish's open mouth, and length
equal to the distance travelled by the fish per unit
time. The volume searched is equal for all types of
prey. With other species of filter-feeding fishes, a
slight modification of this basic formula may be
necessary, according to the mode of feeding. For example, a number of species (northern anchovy,
Leong and O'Connell 1969; alewife, Janssen 1978;
gizzard shad, Drenner et al. 1978) are described as
rhythmically opening and closing the mouth during
feeding, apparently producing a suction which draws
in particles located outside the perimeter of the
mouth. Here, the cross-sectional area of the volume
searched is somewhat larger than the mouth area;
also, a correction factor is needed to account for the
proportion of the time the fish's mouth is closed and
not actually filtering. Nevertheless, the basic simplicity of the volume searched by a filter feeder is in
marked contrast to the case of a predatory fish or particulate planktivore. Since these fishes visually locate and capture their prey, the volume searched is
complex and depends on a variety of factors, including the visual capacity and adaptations of the fish, the
inherent visibility and behavioral characteristics of
the prey, and the nature of the underwater visual environment (quantity and quality of the illumination,
clarity of the water). Thus the volume searched by a
particulate feeder is different for different types of
prey, and even if a fish were to swim at constant speed
and feed on a single prey type, the volume searched
will continually change according to variables such as
the time of day, and the depth at which the fish swims
(Durbin 1979).
FORAGING SPEED.-Foraging speed affects
both the energy intake and expenditure terms in the
energy budget, but only the energy intake in the nitrogen budget. Foraging speed is the principal determinant of the volume searched for food, since the
cross-sectional area of the mouth in an Atlantic
menhaden of a given size is constant. Foraging speed
in the Atlantic menhaden increases asymptotically
with increasing food concentration. Because of this
there will be two critical levels of abundance for each
prey species: cl' the threshold concentration at which
the menhaden are stimulated to feed, and c" the concentration at which foraging speed becomes approximately independent of food concentration. With
Ditylurn, the value of c/ was about 4.5 }Lg chlorophyll
all (0.0027 kcal/l), and the fish swam at an average
speed of 41.3 cml s. From Figure 2 it is seen that when
c = 0.0027 kcalll, the fish swimming at 41.3 cmls
would obtain a maintenance ration in slightly more
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than 7 h. At higher food concentrations the required
feeding time would be much less, generally <4 h.
These results suggest that Atlantic menhaden feeding on Ditylurn will swim at their "preferred" speed as
long as the concentration is sufficiently high to enable the fish to meet their daily energy requirements
in <8 h of feeding. At lower food concentrations the
fish conserve energy by swimming more slowly during feeding. Whether these results are fortuitous
and apply only to Ditylurn, or instead imply a fundamental relationship between foraging speed and
foraging time which is applicable to different food
types, cannot be determined from present information.
FILTRATION EFFICIENCY.-The effective volume searched will be determined by the filtration efficiency (e). As described earlier (Equation (6))
filtration efficiency is fairly high for zooplanktonsized particles, but in the range of phytoplanktonsized particles declines sharply to a minimum size
threshold of about 13 }Lm. This means that the Atlantic menhaden cannot directly exploit the < 20}Lm size
fraction of phytoplankton, which forms the greater
part ofthe total phytoplankton biomass on their summer feeding grounds (Durbin et al. 1975). Menhaden
exploit this food resource indirectly, however, by
feeding upon the zooplankton.
ASSIMILATION EFFICIENCY.-The efficiency
with which food is assimilated further modifies the
energy intake by the Atlantic menhaden and will affect the predicted growth rate an'd growth efficiency
in the model. If assimilation changes with different
meal sizes or rates of feeding, then the proportion of
ingested energy which is available for metabolism
and growth will also change. Most investigators have
found that assimilation efficiency is independent of
ration size (Gerking 1955; Menzel 1960; Pandian
1967; Birkett 1969; Iwata 1970; Beamish 1972;
Kelso 1972; Staples and Nomura 1976). However,
Elliott (1976) and Solomon and Brafield (1972)
found a slight decrease in assimilation efficiency as
meal size increased. (In the latter study the authors
suggest that the change may have been an artifact
arising from the incomplete recovery of a small
amount offecal material in the tank.) For the Atlantic
menhaden we assumed a constant assimilation efficiency with different ration sizes.
The mean assimilation efficiencies observed for the
Atlantic menhaden feeding on phytoplankton were
quite high (86,4 % for carbon, 92,4 % for nitrogen, and
89.5% for calories). For Atlantic menhaden feeding
on zooplankton the values were similarly high (86.7,
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91.3, and 87.7%, respectively). The high values for
zooplankton were consistent with results from other
fishes (Gerking 1955; Pandian 1967; Beamish 1972;
Kelso 1972). Few measurements of carbon, nitrogen,
or caloric assimilation exist for marine herbivorous
fishes. Menzel (1959) found that Holacanthus assimilated 85% of the nitrogen and 77.7% of the
calories from two species of macroalgae. The lower
assimilation inHolacanthus may have been related to
the type of food. However, there do not appear to be
any comparable studies with marine phytophageous
fishes, which would indicate whether the high assimilation efficiency of the Atlantic menhaden is
typical of this trophic group.

Energy Losses
RESPIRATION.-The major energy outputs by
the Atlantic menhaden are respiration and excretion. Respiration by the menhaden was divided into
feeding (Tf,K) and nonfeeding components (Tr,K)'
SDA was not included as a separate component, but
for reasons discussed earlier was included as part of
the feeding respiration rate. SDA is thought to be a
fixed proportion of the energy content of the food ration, and in carnivorous fishes has been estimated at
about 12.7-16% (Muir and Niimi 1972; Beamish
1974; Pierce and Wissing 1974; Schalles and Wissing
1976). Partitioning T{.K into its components, T s.K and
T SDA • K' would have caused some minor changes
within the energy budget, but would not have significantly affected the predictions of growth rate and
growth efficiency. The most important change would
be in a case analagous to Figure 1B, where food concentration increases while sand h remain constant.
Here, the ingested ration automatically increases in
proportion to c because Atlantic menhaden filter a
constant proportion of particles from the water. T{.K
in this illustration is constant, which reflects the fact
that its major component Ts•K is constant. However, if
SDA were included separately. we would actually expect to see a small linear increase in T{.K because
TSDA,K should presumably increase in proportion to
the ration R K •
For Atlantic menhaden, the metabolic cost of feeding appears to be high (Durbin et a1. 1981). This is
because of the very rapid increase in respiration rate
per unit increase in foraging speed. This rate of increase was about 2.5 times greater than has been observed in other (nonfilter feeding) species during
forced long-term swimming (Beamish 1978). Thus
even minor changes in the foraging speed can have a
significant impact on metabolic expenditures and the
overall energy balance.

The energy budget demonstrates that for an active
species such as the menhaden, it is not possible to use
a constant multiplier of the standard metabolism, as
recommended by Winberg (1956), to estimate metabolic expenditures in the field. Not only is the
suggested multiplier of 2 times the standard rate too
low (in our studies the routine rate was 3.4 times the
estimated standard rate, and the average feeding
rate 2.3-4.8 times routine, or about 8-17 times standard), but also the relative size of the respiration
component within the overall energy budget is also a .
variable, changing according to the values of s, c,
andh.
EXCRETION.-Excretion, the other major energy
output, is similarly a variable. In contrast to respiration which depends on swimming speed and foraging
time, excretion depends on the amount of food eaten.
Excretion, therefore, will follow no constant relationship to respiration in the energy budget (Model I).
The linear relationship between ration size and exogenous nitrogen excretion is similar to results in
other studies (Gerking 1971; Savitz et ai. 1977),
although the proportion of nitrogen excreted will depend on the balance of amino acids in the food relative to the requirements of the fish.

Growth Rate and Growth Efficiency
The rates of energy intake and expenditure determine the amount of energy which is available for
growth. Atlantic menhaden must invest considerable
time and energy in feeding. The Model I energy and
nitrogen budgets show that if foraging speed remains
constant, then growth will increase linearly with increasing ration size, regardless of whether this is
brought about by an increase in food concentration or
foraging time. Consequently, gross growth efficiency
increases asymptotically with increasing ration size.
Model II demonstrates that given the actual swimming behavior of the menhaden, the relationship between ration size and growth is in fact very nearly
linear at moderate-high plankton densities were s constant, but becomes significantly curvilinear at
lower plankton levels because of the decreasing foraging speed. With the reduction in foraging speed,
the energy balance changes because proportionally
less of the ingested ration is used to support metabolism, which leaves more energy available for
growth.
Ivlev's (1960) bioenergetic model of the bleak,
Alburnus alburnus, showed that in this particulatefeeding planktivore, growth increased asymptotically,
rather than linearly, with increasing food concen193
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tration. These results reflect basic differences in the
ingestion process between filter- and particulatefeeding planktivores. Since a filter feeder like the
Atlantic menhaden removes a constant proportion of
the particles in the water per unit of time, without the
necessity to capture and handle each item of prey individually, the ingestion rate increases linearly with
increasing food concentration and swimming speed.
In contrast, with the particulate planktivore, feeding
is a series of discrete events and there will be a maximum ingestion rate set by the time required to capture and handle each prey. Thus, as Ivlev has shown
experimentally (Ivlev 1960, 1961), ingestion rate increases asymptotically with increasing food concentration. This causes an asymptotic growth curve.
There does not appear to be any information available to describe the ingestion pattern of a particulate
feeder as a function of swimming speed. However,
based on Holling's predation model (Holling 1966),
an increase in the swimming speed of a particulate
planktivore will increase the encounter frequency
and hence the feeding rate. Based on this model we
could expect that with increasing swimming speed,
the ingestion rate will increase asymptotically towards
a maximum rate set by the handling time.
In most laboratory studies of the relation between
feeding and growth, the fish are given a fixed ration
for a specified period, after which the amount of
growth is determined. The food is made readily available to the fish, and hence the time and energy
expended for feeding is presumably small. In the
majority of these studies, growth was linearly related
to ration size, which implies that assimilation efficiency and the increment in metabolism and growth per
unit of ration remained constant at all ration levels
(Pandian 1967; Birkett 1969; Gerking 1971; Jones
and Hislop 1972, 1978; Niimi and Beamish 1974;
Staples and Nomura 1976; Stirling 1977). Where
reported, growth efficiency increased asymptotically
with increasing ration size; this is a consequence of
the observed linear growth-ration relation.
In several studies the relationship between growth
and meal size appeared to be slightly curvilinear,
however, with the growth rate somewhat depressed
at high rations (Carline and Hall 1973; Elliott 1975;
Wurtsbaugh and Davis 1977). Under these conditions, growth efficiency increased curvilinearly
from zero at the maintenance ration to a maximum
value, and thereafter declined curvilinearly. Warren
and Doudoroff (1971) suggested that such a phenomenon could be caused either by a reduction in
assimilation efficiency at high rations, or by a change
in the energy balance within the fish, in which the
metabolic component increased (higher SDA, or
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greater spontaneous activity) at the expense of the
energy available for growth. Another possible cause
of departure from linearity could arise from changes
in the wet weight:dry weight ratios (Staples and
Nomura 1976). These investigators found thatfish at
high ration levels increased in percent of dry weight
relative to fish on low rations. Thus measurements of
growth based on wet weight will overestimate the
true growth of fish at low rations, and underestimate
growth at high rations, which can lead to an apparent
curvilinearity in the growth-ration relationship.
The growth of sockeye salmon on fixed rations increased nearly linearly with increasing ration size, in
keeping with results from other similar studies (Brett
et a1. 1969; Brett and Shelbourn 1975). However the
latter investigators found that if they included growth
data from fish fed "excess rations," where voluntary
food intake continually declined as the fish grew, the
overall relationship between growth and increasing
ration size was asymptotic, making the growth efficiency curve convex upwards.
The Model I prediction of a linear relation between
ration size and growth in the Atlantic menhaden,
when swimming speed is constant (Le., activity =
constant), and the slight departure from linearity by
Model II, is therefore supported by most experimental studies offeeding and growth in other fish species.
It should be noted that if assimilation efficiency in
Atlantic menhaden were to decline at high feeding
rates beyond the range of the experimental data, we
would expect that growth rate will approach an
asymptote, and growth efficiency will decline with
further increases in ration size. However since the experiments covered the range of plankton concentrations which the fish might be expected to encounter
in nature (Durbin and Durbin 1981), the possible
decline in assimilation at very high feeding rates
would not appear to be meaningful for Atlantic
menhaden under most circumstances in the wild.
It should also be noted that since the foraging costs
of obtaining a ration of a particular size will vary according to s, C, and h, there will not be a single
(unique) relationship between ration size, growth
rate, and growth efficiency in Atlantic menhaden.
The models predict that over most of the range of
plankton concentrations where growth is possible,
growth efficiency will be higher for calories than for
nitrogen. These findings are consistent with field observations that the fat and caloric composition of the
menhaden increases relative to protein during its
season of growth {Dahlberg 1969; Dubrow et a1.
1976). At low plankton concentrations the fish forage
at speeds such that growth in nitrogen is possible
even when there is an overall net energy deficit. This
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suggests that protein is conserved when food levels
are low.
It should also be noted that since the foraging costs
of obtaining a ration of a particular size will vary
according to s, c, and h, there will not be a single
unique) relationship between ration size, growth
rate and growth efficiency in Atlantic menhaden.
The models predict that over most of the range of
plankton concentrations where growth is possible,
growth efficiency will be higher for calories than for
nitrogen. These findings are consistent with field
observations that the fat and caloric composition of
the menhaden increases relative to protein during its
season of growth (Dahlberg 1969; Dubrow et al.
1976). At low plankton concentrations the fish forage
at speeds such that growth in nitrogen is possible
even when there is an overall net energy deficit. This
suggests that protein is conserved when food levels
are low.

Optimal Foraging by Planktivores
In a landmark study, Ware (1975) combined Ivlev's
(1960) data onAlburnus with Holling's (1966) predation model to develop a bioenergetic model of this
particulate planktivore, which could be used to test
different theories of optimal foraging. Ware was the
first to demonstrate the existence. of se,oPT and.
SK,OPT' and showed the importance of swimming
speed in determining the energy balance within the
fish. His analysis demonstrated that the swimming
speeds of fish in nature can be extremely useful and
sensitive indicators of how different species respond
to and exploit changes in their food resource. An interesting feature of Ware's (1975) model ofaparticulate planktivore was that as C increased, se,oPT
curvilinearly increased to a maximum at a single food
concentration, and thereafter declined, whereas
SK,OPT declined monotonically with increasing values
of c. These changes in se,oPT and SK,OPT were due to
the effect of handling time on the rate of ingestion in
the Holling (1966) model. In contrast the present
study, which extends Ware's concepts of se,oPT and
SK,OPT to a filterfeeder, shows that since handling time
is negligible in a filter feeder, se,oPT increases
asymptotically with increasing values of c, whereas
SK OPT is solely a function of h and independent of c. It
is'interesting that for both particulate and filterfeeding planktivores, distinct foraging strategies are
required in order to achieve maximal growth rate or
growth efficiency.
The experimental data from the Atlantic menhaden
make it possible to determine whether the foraging
behavior of this species is directed towards enhanc-

ing some measure of ecological fitness such as growth
rate or growth efficiency. This may be done by comparing the growth rates and growth efficiencies
calculated for the observed swimming speeds of the
menhaden with those that would result if the fish
were to swim at speeds equivalent to either se,oPT .or
SK,OPT' The comparison is made with se,oPT in Figure
11 for the case where h = 14 hid and with SK,OPT in
Figure 12 for the case where c = 0.0030 kcaVl.
Figure 11 demonstrates that the growth of Atlantic
menhaden which swim according to the laboratory
derived relationship in Equation (48) is very close to
the maximum possible growth at each concentration
of plankton. This suggests that foraging speed in the
adult Atlantic menhaden is a behavioral adaptation
to maximize growth rate.
In contrast, at any given concentration of food the
observed foraging speed was always >SK,OPT' which
resulted in submaximal values ofK1,K (Fig. 12). This
is evidence that the fish were not acting to maximize
growth efficiency. To maximize growth efficiency the
fish would have had to regulate their foraging speed
according to the duration offeeding. This was not observed in Atlantic menhaden in the laboratory, where
foraging speed at a given concentration of food
remained constant for periods of up to 7 h. Further,
we have shown that foraging strategies which regulate swimming speed in order to maximize growth
rate and growth efficiency are mutually exclusive.
Figures 4 and 11 provide an explanation for the
hyperbolic nature of the plankton concentrationforaging speed relationships in Equation (48). se,oPT
changes most rapidly at low concentrations of plankton, and it is in this region where Atlantic menhaden
most strongly regulate their foraging speed, sG, OPT
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changes less rapidly at moderate-high plankton
abundance, and in fact the constant preferred speed
of the Atlantic menhaden (41.3 cm/s) is sufficiently
close to sa, OPT that growth remains nearly maximal
over a very broad range ofplankton abundance. Thus
there is no great "penalty" if the fish swim at constant
speed rather than exactly at sa, OPT within this region
of the curve. The choice of this preferred speed is
fairly exacting, however. As can be seen in Figure 11,
at speeds not greatly different from 41 cm/s (30 and
50 cm/s), growth will be suboptimal over much of the
plankton concentration range.
How much of a sacrifice in growth efficiency is implied if the fish swim at Sa OPT? Figure 12 indicates
that K 1, K' though suboptimal, is still reasonably
high when the fish swim atsa,OPT' However, as the foraging speed increases above sa,oPT' there is an increasingly rapid decline in K I , K' as can be seen in
Figure 12 where S = constant = 50 cm/s.
In conclusion, the present results, which demonstrate a very close agreement between the predicted
relationship between sa,oPT and food concentration,
and the observed relationship between foraging
speed and c, indicate that the foraging speeds of the
adult Atlantic menhaden have evolved over time
towards maximizing growth rate. This optimization
of growth rate has necessarily resulted in a submaximal growth efficiency. In his analysis of data for the
bleak, Ware (1975) showed that the observed foraging speed when C - 0.000808 kcal/l was also quite
close to the value of Sa, OPT predicted from his model.
However, there was insufficient information in
Ivlev's (1960) original study to indicate whether the
bleak adjusts its foraging speed to remain near sa,oPT
at different plankton concentrations. Studies
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demonstrating selective feeding in planktivores (e.g.,
Brooks 1968; Leong and O'Connell 1969; O'Connell
1972; Werner 1974; Werner and Hall 1974; O'Brien
et al. 1976; Eggers 1977; Confer et al. 1978) indicate
that foraging strategies, which result in the maximization of energy intake, may be a more general
phenomenon among these fishes. However, it should
be pointed out that these feeding studies only consider energy intake and not energy expenditures, so
that the extent to which these fishes are following optimal strategies for growth or growth efficiency cannot really be determined.

Extension of the Model to
Particles of Different Size
Observations using several phytoplankton species
as food (Durbin and Durbin 1975) indicated that the
preferred (concentration independent) foraging
speeds were similar for these species. However these
estimates of swimming speed, made with a stopwatch, were not sufficiently accurate to distinguish
the small changes in foraging speed that have been
found to be significant in the energy budget. Thus it
would be desirable to verify this observation using a
more precise method, such as video or cinematography, to determine the swimming speeds.
In the same study it was, however, clear that the
threshold concentration for the onset of feeding (c t )
and the concentration at which foraging speed
became approximately independent of food concentration (cJ were quite different for plankton particles
of different size. The inverse nature of this relationship is consistent with the fact that when an Atlantic
menhaden forages at a given speed, its energy expenditure is the same for all food types, yet its energy intake declines with decreasing food particle size
because of the declining efficiency of the gill rakers.
This means that a higher concentration of small particles is needed in order for a fish to satisfy its
minimum energy requirement, and thus we would expect an increase in ct and Ci as particle size declines.
The constants in the equations presented here have
been specified for Ditylum brightwelli, which is about
80 p.m long. A change in particle size will change the
filtration efficiency (e), which will necessitate recalculation of some of the constants in the equations for
R, E, G, sa,oPT' and sK,OPT' This is a simple matter except for the last two quantities, and for these we have
presented the steps in the integration of the equations in sufficient detail (Equations (33) to (45» to
permit recomputation for different particle sizes.
It is of particular interest to consider how Sa,OPT
changes with a change in food particle size. It has
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been shown (Fig. 4) thats a.oPT increases with increasing food concentration. This is because with increasing c, the rate of energy intake increases per unit of
energy expenditure. An increase in food particle size
affects the ingestion rate in a manner analagous to an
increase in particle abundance, and thus we find that
sa.oPT increases with increasing particle size as well
(Fig. 13). sa,oPT is most strongly affected by food particle size in the range of 20-60 p.m, moderately affected within the range of 60-300 p.m, and relatively
unaffected by further increases in particle size above
about 300 p.m. In other words, S(;,OPT is strongly sizedependent in the range of phytoplankton particles,
less so in the range of microzooplankton, and is for
practical purposes independent of particle size in the
range of copepodites and late-stage nauplii. This pattern, of course, reflects the filtration efficiency curve
of the gill rakers (Equation (6».
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Figure 13 illustrates the need for information on
how the Atlantic menhaden responds to mixtures of
different-sized particles. For example, do the menhaden respond to the total biomass of particles, or do
they key in on certain size classes, ignoring the
remainder even though they may filter these particfes
simultaneously with the larger prey? We have seen
that Atlantic menhaden feeding on a single food type
will alter their energy expenditures according to the
abundance of food, such that they maximize their
growth rate at each level of food abundance. However
there is a need for further investigation of their feeding behavior on different sizes and mixtures of particles to determine the degree to which they act as
"optimal foragers" in a mixture of plankton
species.

Application of the Atlantic Menhaden
Models to the Field
The energy and nitrogen budgets have been derived
in terms of three controlling variables, each of which
can be determined from direct field measurements:
The foraging speed (s), the concentration of plankton
(c), and the foraging time (h). Foraging speed can be
measured in the field using acoustic techniques, and
this procedure can be used to verify our predictions
of swimming speed based on laboratory investigations of the relationship between sand c. If confirmed in the field, these laboratory studies will
enable us to eliminate s as an independent variable
and define the budgets simply in terms of c and h.
However, as mentioned previously, before we can use
this approach in the field, where the fish feed on a
variety of particle sizes, additional laboratory work is
needed to quantify the foraging speed-food-concentration relationships for different types and sizes of
plankton. The foraging time (h) could be determined
from diel surveys of stomach contents to determine
gut fullness and the state of digestion of the food (the
latter is an indicator of how recently the food was ingested).1f h proves to be relatively invariant, or under
simple control of an external variable such as day
length, it may ultimately become possible to describe
the energy and nitrogen budgets of the Atlantic
menhaden solely as a function of the average concentration of different-sized plankton in the water.
The effects of body size and temperature also need
to be considered in applying the models to the field.
Hettler (1976) has investigated the effects of body
size, temperature, and salinity on routine metabolism in juvenile Atlantic menhaden. The influence of
these variables on the swimming and feeding behavior
of the Atlantic menhaden, and on the other components of the energy budget, must be investigated
as well, before a general energy and nitrogen budget
for the Atlantic menhaden can be described.
Another point to consider in applying the present
energy budget to the field is that Atlantic menhaden
in nature may have additional energy expenditures
beyond those of the laboratory fish, principally the
costs of predator avoidance, spawning activity, and
the energy cost of migration. The first two activities
would increase respiratory expenditure, and correspondingly reduce the amount of surplus energy that
is available for growth. It is not clear to what extent
seasonal migrations ofthe Atlantic menhaden (Nicholson 1971, 1978) represent an additional energy cost,
however, since it is possible that the Atlantic menhaden continue feeding as they move along their
migratory routes. In addition, the seasonal migration
197
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does not require elevated swimming speed since
Atlantic menhaden swimming at a routine speed of
12.2 cm/s could accomplish the distance between
Rhode Island and Cape Hatteras, N.C., well within
the 3-4 mo duration of the spring and fall migrations.
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