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INTRODUCTION

In the preceding paper (Webb, 1971) the thrust and power output of rainbow trout
swimming at subfatigue levels were calculated from the effects of extra drag loads on
the frequency and amplitude of the tail beat. These data can be compared with the
expected power made available to the propulsive system, calculated from the oxygen
consumption of the fish, in order to calculate the aerobic efficiency of swimming. The
calculation of aerobic efficiency, and the assumptions involved, have been discussed by
Brett (1962, 1963) and Smit (1965). One of these assumptions is that no portion of
the total energy expenditure is obtained from anaerobic respiration. This assumption
does not apply where increasing velocity increments have been used, culminating in
fatigue (Brett, 1964). No data are available on the anaerobic respiration of fish in an
increasing-velocity test. However, since these tests lead to exhaustion of the fish, the
total anaerobic fraction can be calculated from measurements of oxygen and/or lactate
debt following exhaustion (see Black et al. 1962). An attempt is made in this paper to
extend the efficiency calculations to include the anaerobic fraction of energy expenditure,
on the basis of total debt measurements reported in the literature.

In studies of fish propulsive energetics the expected thrust power output has some-
times been calculated from oxygen-consumption data (Smit, 1965) or body-fuel de-
pletion (Osborne, 1961) by assuming values for the efficiency of the muscles and
caudal propeller. It is usually assumed that fish muscles have similar properties to
other animal muscle systems, and that the caudal propeller will be as efficient as
man-made propellers. The latter assumption is supported by mathematical models
of swimming (see, for example, Taylor, 1952; Lighthill, i960, 1970; Hertel, 1966);
however, no experimental evidence is available. Therefore, the aerobic efficiency
has been calculated for five groups of fish, four with extra drag loads attached. The
loads caused changes in the parameters of the propulsive wave (Webb, 1971) and these
can be related to expected changes in muscle efficiency in order to calculate the
efficiency of the caudal propeller.

MATERIALS AND METHODS

The methods used were basically similar to those described by Webb (1971). A
Brett respirometer with a circular chamber (Brett, 1964) was used in its original
capacity as a water treadmill. The upstream half of the chamber was covered with
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black Polythene sheeting, while the downstream half was strongly illuminated. This
improved the station-holding ability of the fish.

Experiments were performed on five groups offish: a control group, and groups 1-4
with extra drag loads. The values of these loads were calculated from the data in
Webb (1971).

The water velocity in the fish chamber was increased in 0-2 ft/sec increments for

the control group and groups 1-3, and in o*i ft/sec increments for group 4, until the
fish was exhausted. The time to fatigue was recorded. The critical swimming speed
was calculated by adjusting the last velocity increment in proportion to the time for

which the fish swam after that increment (Brett, 1964; Webb, 1971). The experimental
procedure differed from that described earlier in that the test period was increased
to 60 min.

During the 45 min of the test period, water was recirculated through an aerating
system to maintain the dissolved oxygen content of the water close to air-saturation.
During the 3Oth~45th min of any test period the respirometer was isolated from the
aerating circulation. The decrease in dissolved oxygen content of the water was
measured from two sets of 150 ml water samples, taken at the beginning and the end
of the 15 min period, using the Alstberg modification of the Winkler Method (Standard
Methods, 1967). From the decrease in water oxygen content, the oxygen consumption
of the fish was calculated in mg O2/kg/h.

The dissolved oxygen content of the respirometer water never fell below 60 % air-
saturation. At the highest swimming speeds, and oxygen consumption rates, the
oxygen content did not usually fall below 75 % air saturation.

It was observed that each velocity increment was associated with a limited amount
of unsteady swimming, lasting for a maximum of 5 min. The time period selected for
the measurement of oxygen consumption gave sufficient time for the fish to settle
down after this period. There was also sufficient time to replace the oxygen used
during the 15 min period before the next velocity increment.

All experiments were performed at 15 + 0-2 °C, which was the same as the acclima-
tion temperature for the fish. The experiments were performed in spring and summer
months.

The characteristics of the fish used are shown in Table 1.

Table 1. Characteristics (mean and 2 standard errors) of the fish used
to measure oxygen consumption

Wetted
surface Muscle

Length Depth Width area Mass mass Speed
Group (L, cm) (rf, cm) (w, cm) (S, cm3) (M, g) (Mm, g) correction

Control 29*2107 5710-3 2-910-2 — 2637126-6 128-9117*9 1*12
— = o*oiL3 = o*49-M

Group 1 29*4 + 0*4 5-810-2 3*olo*i 348*4114-1 270*91267 138*214-3 1-14
= o*4oLa = o*oiL3 = o*5om

Group 2 3o-iio*5 6-ilo*2 3*iio*i 354'9i27*8 291*4133*6 145*4119*4 1*13
= o*39L2 = o*oiL8 = o*5oM

Group 3 29710*3 5-910*2 3*olo-i 357-9128-0 258-4129-4 137-0118-9 1*14
= o*4iL2 '== o-oiL3 =

Group 4 30-0 + 0*3 5*9lo*2 3*ilo-i 359-9113*1 278*9116*2 145'
= o-oiL8 =
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RESULTS

Oxygen consumption

Relationship between oxygen consumption and swimming speed

The results for the oxygen consumption of trout at various cruising speeds are
given in Table 2. The relationship between the logarithm of oxygen consumption and
swimming speed was found to be linear in all five groups of fish (Fig. 1) with the slope
increasing with the size of the extra drag loads. The linear relationship supports
Brett's (1964) hypothesis that this sort of relationship would be typical for fish. The
regression equations relating logarithm oxygen consumption to swimming speed are
given in Table 3.

Table 2. Oxygen consumption and swimming speeds for the five groups of trout

Swimming
speed

(cm/sec,
mean)

IO-2

16-9
24-2
30-6
37*4
44*2
51-0
57*9
64-2

10-3
17*3
24*7
31-1

38-o
44*7
52-0

10-3
17*2
24*1
30-9
37*9

10-4

17*3
24*7
31-2

10-3
13*7
17-11
20-5

23*9
27*5

2 S.E.S

0 7
0-4
0-3
o-6
o-8
0-9
I - I

i*3
—

0-3

o-6
0 6 2
o-8
i - o
1-4
—

O-2

0-3
0-4
o-6
o-8

o*5
o-8
0 7
1 7

o*5
o-6
0 7
0-9
I - I
—

Oxygen
consumption
(mg O2/kg/h,

mean)

Control group

147*3
150-2
199-4
237*9
294*4
355*1
488-0
657*4
954*3

Group 1

112-4

1507
206-1
268-7
365*2
486-2
614-4

Group 2

127*3
166-6
226-3
336-3
474-6

Group 3

142-7
211*5

354*5
496-6

Group 4

141-5
1699
229-1
314-0
354*8
">24*I

2 S.E.S

IO'4
J8*5
12*1
2O*3
18-0
27*5
62-1

587
—

1 6 7
15*6
21-9
22-8
3O-2
40-9

io-8
10-9
29-0
2 6 8
41-6

24*5
27*5
61-3
53*8

24*5
II-2
21-3

47*4
27-8
—

No. f

4
1 0

1 0

1 0

1 0

1 0

1 0

7
2

8
1 2

1 1

9
9
7
1

1 1

1 1

1 1

1 0

1 0

1 0

1 0

1 0

7

1 1

1 0

1 1

1 0

8
1
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Fig. i. Relationship between oxygen consumption ana swimming speed in the live groups
of trout. Vertical and horizontal bars represent two standard errors about the mean oxygen
consumption and swimming speed. The vertical solid lines represent the critical swimming
speed, the vertical dotted lines 2 standard errors about the mean.

Standard oxygen consumption

The standard rate of oxygen consumption was calculated by extrapolating the log
oxygen consumption/speed relationship to zero swimming speed. The mean standard
rate for all five groups of fish was 72-5 mg O2/kg/h, with the control group and groups
1-3 falling between 74 and 76 mg O2/kg/h. The value for group 4, with the steepest
slope, was 63-4 mg O2/kg/h. The values for standard oxygen consumption agree
reasonably well with the standard rate of 95 mg O2/kg/h measured by Skidmore (1970)
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for fish of the same size and stock, confined in a small darkened chamber. Brett (1965)
obtained a value of 73 mg O2/kg/h for sockeye salmon of the same weight using the
same method as used in the present paper.

Table 3. Linear regression equations relating log oxygen consumption
and swimming speed calculated for the data in Table 2

(Critical swimming speeds and standard and active rates of oxygen consumption also shown.)

Control
Group i
Group 3
Group 3
Group 4

Linear regression
LogO2 = 1-878 + 0-016^
LogO2 = 1-870+0-018^
Log O2 = i-87o+o-o2iF"
LogO2 = 1-878+0-027^
LogO2 = 1-802+0-033^

Critical
swimming

speed
(cm/sec)

58-i ±5-5
45-1 ±2-1
37-2 ±2-3
28-6 ±3-2
23-7 + 1-3

Standard
oxygen

consumption
(mg/kg/h)

75'5
74-1
74-1
75*5
63-4

Active
oxygen

consumption
(mg/kg/h)

658
480
447
435
378

Active oxygen consumption

The active rate of oxygen consumption was 658-5 mg O2/kg/h in the control group,
and fell in groups 1-4 as the size of the extra drag load increased. This is expected,
as although all fish are assumed to make their maximum effort at the critical swimming
speed, the rate at which they work is proportional to the critical swimming speed.
This fails with increasing size of the load, and therefore so does the power output
and hence oxygen consumption.

The critical swimming speed

The critical swimming speed for the control group was 58-1 cm/sec (2 body lengths/
sec). Critical swimming speeds for all the groups of fish were about 10 % higher than
those measured in the previous paper (Webb, 1971). Usually, a decrease in the test
period is associated with an increase in the critical speed (Bainbridge, 1962; Brett,
1964, 1967; Dahlberg, Shumway & Doudoroff, 1968). Brett (1967) found that de-
creasing the test period from 60 to 45 min increased the critical swimming speed of
sockeye salmon from 4-1 to 4-2 L/sec. However, Brett (1964) found that there was a
greater difference in the critical swimming speed dependent on the time of year at
which the measurements were made. Thus, winter sockeye salmon reached a critical
speed of 3-2 L/sec. while summer fish swam at 4-0 L/sec. This is a decrease of 20%
in the winter fish. The same phenomenon is probably the source of the higher summer
speeds obtained here.

DISCUSSION

Aerobic efficiency of cruising swimming

The cruising efficiency is defined as:

energy required to develop thrust
_

aerob energy available from consumed oxygen'

(i)

This efficiency is identical to that considered by Brett (1963) and Smit (1965), who
calculated ET from the drag of a dead fish and of an equivalent rigid body, respectively.
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The proportion of oxygen used in swimming

The oxygen consumed for locomotion is usually calculated as the difference between
the oxygen consumption at any speed, and the standard rate (Brett, 1963, 1964, 1965;
Smit, 1965). At the critical swimming speed this difference is

active—standard = metabolic scope (Fry, 1957).

The validity of this method depends on the standard rate remaining constant during
swimming activity, and on no oxygen being used elsewhere as a result of activity.
Brett (1963) stresses that the standard rate is the lowest deductable value from the
total oxygen consumption at any speed.

Two factors could give rise to error in the calculation of the oxygen used in swim-
ming. These are increased activity of the ventilatory muscles and the heart. Webb
(1971) has suggested that the extra ventilatory work would mainly be performed by
the propulsive muscle, and therefore .contribute to drag. Although fish like the trout
ventilate during swimming (i.e. use opercular movements), the changes in rate and
depth of ventilation with increasing speed and oxygen demand are not significant.
Hence it is doubtful if increased ventilation during swimming is mediated by the
ventilatory muscles.

Cameron & Cech (1970) have measured the weight of the ventilatory muscle in
several species of mullet (Mugil). The mean ventilatory muscle weight was 1-5 % of
the body weight. If the trout had a similar amount of ventilatory muscle, and if it
consumed oxygen at the same rate as the red muscle, representing 8*6 % of the body
weight (Webb, 1970), then a maximum error of 16% would be introduced in the
calculation of the oxygen used in swimming at the critical swimming speed. The error
will, in practice, be very much lower than this, as it is doubtful if the ventilatory
muscle increases the amount of work done during swimming. In addition, some of the
muscle is white muscle, which has a lower rate of oxygen consumption than red muscle
(Wittenberger & Diatcuic, 1965).

Heart rate increases markedly during swimming (Smith, Brett & Davies, 1967;
Stevens & Randall, 1967; Sutterlin, 1969). Jones (1971) has calculated that the heart
could consume about 6 % of the active rate of oxygen consumption, when working
under optimum conditions.

The contributions of the heart and ventilatory muscle to the swimming oxygen
consumption will result in the calculation of a value for ^aerob slightly lower than that
expected for the mechanical system. However, the values calculated for ^aeroi)w^
include the costs of supply of metabolites and removal of waste from the skeletal
tissues, and as such are more meaningful in terms of the overall locomotor activity.

A further factor affecting the validity of calculating the oxygen availability for
swimming appears to apply here. Critical examination of the active rate of oxygen
consumption for the control group suggests that the value is high. The active rate of
658mgO2/kg/h for the trout swimming at 58*1 cm/sec is higher than the value
532 mg O2/kg/h recorded by Rao (1968) for fish of the same species swimming at
speeds greater than 58 cm/sec. The value measured here is only a little lower than
the value of 690 mg O2/kg/h measured by Brett (1965) for sockeye salmon swimming
at 96 cm/sec. Both these active rates were measured for fish of the same weight as
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those used in the present paper. The fish used here have already been shown to have
a poor swimming ability in comparison with other salmonids (Webb, 1971). It there-
fore appears unlikely that they should have such a relatively high active rate.

The active rate of oxygen consumption also appears high in comparison with the
values for the other four groups with extra drag loads. This is readily seen when the
results for the four groups are normalized with respect to mechanical parameters of
the propulsive system, as is shown in Fig. 6. The control group can only be fitted on
this figure after the active rate has been reduced to a more typical level.

It might be considered that the latter effect is a result of the extra drag loads inter-
fering with the fish. However, fish were allowed to recover for about 30 h after the
operation, which is longer than the time recommended for recovery from dorsal
aortic cannulation (Houston, DeWilde & Madden, 1969). Furthermore, active rates
of oxygen consumption for the loaded groups are more similar to the rates expected
in comparison with other salmonids.

The active rate in the loaded groups is expected to be depressed to some extent,
not only through a decrease in the maximum power output of the fish with increasing
load, but also through a reduction in the efficiency of ventilation. This is basically
ram-jet, and therefore as the critical swimming speed falls with increasing load, so
will the pressure of the water at the mouth. However, it appears that this effect is small,
as the active rates of oxygen consumption in groups 1-4 do not fall in the same way
as the fall from the control group to group 1. Furthermore, normalization of the data
with reference to the mechanical properties of the propulsive system (see Fig. 6) would
be expected to show efficiency reductions from group 1 to group 4 which were not
correlated with these mechanical properties. In practice this is not found.

£" 500

400

300

200

100

6 I
10 20 30 40 50

Swimming speed (cm/sec)
60

Fig. 2. The oxygen consumption used in swimming for the control group of fish.

A further factor that might be expected to result in high control values is excessive
excitement in the control group. Brett (1964) found that excitement tended to affect
the standard rates, rather than the active rates. Since the standard rates are comparable
between the various groups, and it is the active rate that is apparently affected, it is
doubtful if the high active rate of oxygen consumption in the control group is the
result of excitement.
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No explanation can be given for the high active rate in the control group, but it
is apparently not typical of this stock. An active rate of 480 mg O2/kg/h has therefore
been taken in order to calculate the oxygen used by the fish for swimming. This is the
mean value for all the active rates measured in the present paper, and is more consistent
with values reported in the literature for salmonids swimming at the same speeds.
The amount of oxygen used at the various swimming speeds is shown in Fig. 2.

Table 4. Power available (-Ê reob an& ĝiye)> power required (ET) and efficiency
0/aerob and VT) during cruising-swimming of trout

Swimming
speed

(cm/sec)

IO-2
16-9
24*2
30-6
37-4
44-2
51-0
57'9
64-2

t

Aerobic
•"aerob

(ergs/sec)

3-3 x io5

5-9 x io5

9-4 x io5

13-2 x i o 5

18-4 x i o 5

33-8 x io5

33-6 x io5

43-6 x io5

53-1xio5

Power available

Anaerobic
•Egiyc

(ergs/sec)

0-18 x io3

0-54 x io3

0-76 x io3

3-5 x io3

5-8 x io 3

7-3 x io3

i«3 x io5

1-9 x i o 5

3-4 x io5

Total
•ZTaerob + Eglyc

(ergs/sec)
3-3 xio 5

5-9 x io 5

9-4 x io5

13-3 x io5

18-4 x io5

23-8 x io5

33-9 x i o 5

44-8 x io5

55'5 x io5

Power
Required

(thrust
power,

(ergs/sec)
0-04 x io5

0-30 x io5

0-58 x io 5

114X io5

2-02 x io5

3-06 x io5

4-51 x io5

633 x io5

8*39 x io5

Efficiency
A

1

Aerobic
'/aerob

( % )

1 - 2

5*1
6-2
8-6

II-O

12-8
13-8
14-8
15-8

Overall

(%)

1-3

5-1

6-3
8-6

II-O
13-8
13-3
14-1
15*1

16

12

£ 8

2
CD

<

10 20 30 40 SO 60

Swimming speed (cm/sec)

70

Fig. 3. Efficiency of swimming of trout at cruising swimming speeds. The line and solid
circles represent the aerobic efficiency and the open circles represent the estimated overall
efficiency.

The energy available for swimming

The energy released by aerobic metabolism depends on the fuel used by the tissues,
whether fat, carbohydrate, or protein derivatives. Oxy-calorific equivalents for these
fuels are 474, 5-05 and 4-46 Kcal/mole O2 used, respectively (Brody, 1945). The
normal fuel in cruising salmonids is apparently fat (Idler & Clemens, 1959). Kutty
(1968) found that the respiratory quotient for swimming trout was 0*93, which implies
that some carbohydrate could be used in addition. However, the oxy-calorific
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equivalent for fat has been used here to calculate the energy available for swimming.
This is close to the mean for all three fuels, and its use can only introduce a maximum
error of ± 6 % (Brett, 1962).

The energy equivalent of the consumed oxygen is therefore taken as 1*47 xio 8 ergs/
mg O2. The amount of energy released by aerobic respiration, EaeTOli is shown for the
various swimming speeds of the control group in Table 4.

Aerobic efficiency
Values for the power output of the fish taken from Webb (1971) are included in

Table 4. These are the values of Er. The values for ET were used to calculate ̂
from equation (1), and are shown graphically in Fig. 3. The maximum ^aerob
I5%- This is comparable with values reported for sustained activity in man, cal-
culated by a similar method (Malomsoki & Nemessuri, 1967).

Overall efficiency

The fish were exhausted at the end of any experiment, and it is probable that some
portion of their total energy expenditure was derived from anaerobic respiration.
Therefore, an overall efficiency can be defined:

™ **i /2)

energy released by anaerobic respiration+-£aerOb

•"glyc "•" -"aerob

The amount of energy made available from anaerobic respiration is unknown. The
total amount of Eglvc could, in principle, be calculated from measurements of the
oxygen debt; alternatively, it could be calculated from the total fuel depletion on
exhausting the fish. The fuel is probably carbohydrates (Black et al. 1962). The
anaerobic energy fraction could therefore be measured in terms of lactate production
or carbohydrate depletion.

Oxygen debt

Brett (1964) measured the oxygen debt in sockeye salmon following exercise. The
debt was measured as the oxygen consumption in excess of the standard rate. It was
not possible to measure the total debt directly since the fish began to move spon-
taneously after about 3-4 h, and before oxygen consumption levels had returned to
normal levels. Black (19570, »̂ c) n a s shown that a lactate debt persists in the blood
for 8-12 h following exercise to exhaustion. It is also possible that the oxygen debt
is not completely paid back. This would occur if some of the lactate produced during
exercise were excreted (Black et al. 1962). Thus the oxygen debt is likely to be an
unreliable method for measuring the total Eglyc used in swimming.

Lactate debt

The lactate debt is related to the amount of glycolytic metabolism, and could be
related to Eglyc. Extensive studies on the relation between lactate debt and exercise
have been made particularly by Black and his collaborators (1962). However, because
of the extended periods for which the lactate is present in the blood and tissues, it

3 4 EXB55
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is difficult to calculate the total debt. Moreover, some lactate may be excreted, and
it is possible that some could be produced during recovery, for example, from the
ventilatory muscles.

Glycogen depletion

The most promising method of calculating the total anaerobic debt is from the
amount of glycogen used up to exhaustion. The use of glycogen in the calculation
assumes that no other source of energy is used. Black et al. (i960), Black, Robertson &
Parker (1961) and Stevens & Black (1966) have shown that strenuous exercise does
not result in the depletion of either muscle glucose or blood glucose or liver glycogen.
Apparently, salmonids are unable to utilize glucose at a sufficiently high rate during
locomotion for it to make a significant contribution to the total energy budget (Mac-
Leod, Jonas & Roberts, 1963). Other carbohydrates are used in glycolytic metabolism -
for example, inositol - but only in negligible quantities (Black et al. 1961).

Glycogen is the usual source of energy for the high levels of exercise which lead
to exhaustion. In man, the amount of glycogen depleted is directly proportional to
the intensity and duration of such exercise (Ahlborg et al. 1967). This is probably also
true for the trout, as there is a direct correlation between the levels of lactate produced
at different levels of activity and the amount of glycogen used (Black et al. i960).

In salmonids, glycogen is apparently not used during cruising levels of activity.
Moderate activity is associated with very small levels of lactate in the blood, and
negligible decreases in glycogen (Miller, Sinclair & Hochachka, 1959; Black et al.
i960; Black et al. 1962; Connor et al. 1964).

The amount of glycogen used up to exhaustion should, therefore, be representative
of the total amount of anaerobic respiration. The problem is further simplified because
the rate of resynthesis of glycogen is low. As a result, the debt in terms of glycogen is
accumulative in the time used in these experiments (Stevens & Black, 1966). Therefore,
the total amount of glycogen up to exhaustion was calculated from data in Miller et al.
(1959), Black etal. (i960), Black etal. (1962), Miller & Miller (1962) and Wendt (1965,
1967). The mean value from these sources was 0-19 g/100 g muscle wet weight. The
mean weight of the fish used was 140 g. The muscle mass of the fish used here, com-
parable with that sampled by the above authors, was 130 g. Hence the total amount
of glycogen used up to exhaustion is of the order of 0*247 g.

Anaerobic respiration of glycogen results in the production of two moles of lactate
and three moles of ATP (see for example Prosser & Brown, 1961). The free energy
change on hydrolysis of one mole of ATP is about 12 kcal. Thus 1 mole of glycogen
could make about 36 kcal available to the fish. This represents about 8-36 x io9 ergs,
so that the energy made available from anaerobic respiration for these trout is of the
order of 2-06 x io9 ergs.

Anaerobic metabolism at cruising speeds

It has already been mentioned that moderate (cruising) activity is not associated
with any significant levels of anaerobic respiration. However, in experiments of the
sort where the swimming speed is increased by discrete increments, an oxygen debt
of some sort is found at all levels of activity (Brett, 1964; Kutty, 1968). Furthermore
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this debt is apparently accumulative (Brett, 1964) and has the effect of reducing the
expected maximum swimming speed.

In man the commencement of any exercise period is associated with an increase
in the blood lactate levels (Saiki, Margaria & Cuttica, 1967). This is apparently the
result of anaerobic respiration by the active tissues until the cardiovascular system is
able to adjust to the new demands (di Prampero, Cerretelli & Piiper, 1970). It was
observed that the trout swam irregularly for a period of about 3-5 min after each
velocity increment. This is of the same order of time required by the cardiovascular
system to adjust to a step increase in swimming speed (Stevens & Randall, 1967).
Furthermore, when salmonids are forced to swim at cruising speeds for long periods,
the amount of lactate in the blood falls.

Therefore, it is suggested that there is an anaerobic energy fraction used in the
first few minutes of each increase in exercise level. This will be the source of the
observed oxygen debt, and lactate levels in the blood at low swimming speeds.

At higher cruising speeds greater than 80% of the critical speed, Webb (1970)
observed that the white muscle system was used as well as the red muscle system. The
white muscle probably operates anaerobically (see Bone, 1966; George, 1962) and hence
these speeds are probably associated with a continual anaerobic energy fraction con-
tributing to the total swimming budget.

The amount of anaerobic energy used in swimming

From the above discussion it is concluded that a small amount of anaerobic energy
is used at the start of each swimming period. Otherwise, the total swimming energy
requirements are supplied aerobically, except at speeds greater than 80 % of the critical
speed. Then, some proportion of the total energy expenditure is continuously derived
anaerobically.

The total amount of anaerobic energy has been distributed in proportion to the
time for which the system operates and the rate at which energy is dissipated. This is
proportional to F2'8 (Webb, 1971), where V represents the swimming speed. Then,
£"glyc at some swimming speed is proportional to F2"8£(Fig. 4), where t is 5 min at speeds
less than 80 % of the critical swimming speed, and 60 min at speeds greater than this
(Fig. 4). The total Eglyc is then

for all values of V. Then, at some speed Vif the anaerobic fraction Ei glyc is given by

2-o6xio9
T2.8E* «yc = s(F2.8z) W** e rSs- (3)

The anaerobic energy expenditure in ergs/sec is calculated by dividing Eiglyc by
3600 sec (the test period). Values for 2?glyc at each swimming speed have been cal-
culated, and are shown in Table 4. These have been added to the aerobic energy
fraction to calculate the overall efficiency from equation (2).

Overall efficiency

The overall efficiency is shown in Fig. 3 and Table 4. At all speeds the anaerobic
energy fraction is very small in comparison with the aerobic energy. The overall

34-3
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efficiency is only smaller than the aerobic efficiency by detectable amounts at higher
swimming speeds, greater than 80% of the critical speed.

It must be realized that the above calculations are only rough approximations of
Egl c. However, they do suggest that future studies on the sustained activity of fish
may ignore this factor of anaerobic energy release, which is, in any case, an artifact
of the experimental procedure.

Fig. 4. (A) Diagram illustrating the proposed use of anaerobic energy sources in an increasing-
velocity test. Four speeds are represented, corresponding to 40, 60, 80 and 100 % of the critical
swimming speed. The solid line represents the energy made available from aerobic energy
sources. The shaded areas represent the energy made available continuously from anaerobic
energy sources, and the solid shading represents the anaerobic energy requirements at a
velocity increment. At speeds greater than 80 % VCIa, the latter energy contribution is assumed
negligible in comparison with the continual anaerobic energy contribution. (B) Proposed
energy changes over a 5 min period after a velocity increment. Note: the scales are not
the same for the aerobic and anaerobic contributions.

The efficiency of the muscles and caudal propeller

The efficiencies 7}T and ^aerot» a r e t n e products of the efficiencies of the muscles and
caudal propeller. Thus

V&QTOh ~ %nO x %» (4)

where
Vmo ~ aerobic muscle efficiency

muscle mechanical power output
E.

and
aerob

7jp — caudal propeller mechanical efficiency
thrust power output (ET)

(5)

(6)muscle mechanial power output'
Muscle efficiency

No data are available on the efficiency of fish muscle, so it must be assumed that
changes in efficiency are related to some factor, like shortening speed during con-
traction as in the muscles of other groups of animals (see Hill, 1950). Thus when the
shortening speed is constant, it may then be assumed that efficiency is constant when
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the load is the same. It is assumed that the muscle mechanical efficiency is dependent
on the shortening speed, and that the aerobic efficiency of the muscles in converting
fuel to useful energy substrates (ATP) is constant. Then, the aerobic efficiency from
equation (5) can also be considered to vary with shortening speed.

The propulsive muscles form an integral part of the propeller system. Therefore
the characteristics, frequency and amplitude of the propeller system (Webb, 1971) will
also represent the activity in terms of shortening speed of the muscles. In addition,
the characteristics of the propeller system are linearly related to swimming speed
(Bainbridge, 1958; Webb, 1971) and hence swimming speed will also be directly
related to muscle-shortening speeds.

Webb (1971) has shown that different groups of fish with extra loads of different
sizes can be compared with reference to their maximum levels of activity (the critical
swimming speed). Five levels of activity, representing 20, 40, 60, 80 and 100 % of
the critical swimming speed (% VCIit) will therefore be considered. These levels of
activity will represent muscle-shortening speeds which are the same in each group.
It is assumed that the maximum red muscle power output will occur at VCTit. This
implies that the maximum efficiency will occur at some lower level of activity,
probably about 70% VCTlt on the basis of Hill's (1950) observations. The swimming
speed represented by this value of VCTlt would be more similar to a speed maintained
for about 200 min, which Brett (1967) has suggested would be more representative
of true sustained activity. The implication is, then, that true sustained activity would
be associated with maximum red muscle efficiency.

Assuming further that the maximum value of ?/m0 is 20 %, then the diagram given
by Hill (1950) can be used to construct a curve relating aerobic muscle efficiency to
% ĉrit- This is included in Fig. 7. The calculations suggest that there is a variation
of only 3 % in 7jmQ over the upper 80 % of the cruising speed range. ijm0 will be lower
than shown in Fig. 7, above 80 % VCTlt, because of white muscle activity at these
swimming speeds. These muscles may be assumed to be working at a low efficiency,
as the white muscle would be contracting at low speeds under low loads. The usual
optimum range of operation is probably at higher speeds and larger loads as found
at sprint speeds.

Propeller efficiency

The ratio V/Vw has generally been assumed to be representative of yp (Gadd, 1952;
Taylor, 1952; Lighthill, i960; Hertel, 1966), where

V forward swimming speed of fish , .
Vw ~ backward speed of propulsive wave'

This follows because VjVw represents the ratio between the increase in momentum
given to the water by the propulsive wave, and the amount of kinetic energy required
to accelerate that water. The ratio also reflects the pressure difference across the
moving portions of the body, and hence the energy lost in cross flows.

The relationship between VjVw and %eTOh can be tested by means of the results for
groups 1-4, on the basis of the assumptions made above for the muscle system. Thus
at any value of % Fcrit, ^aerob should vary only with r/p or VjVw,

has been calculated for each level of % VCIlt. The value of the thrust for each
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fish was calculated from the data in Webb (1971) from the sum of the drag of the fish
and the drag of the load at each swimming speed. The thrust power output was
calculated from the product of thrust and swimming speed. The oxygen consumption
and aerobic power output was similarly calculated from the data presented here, and
the aerobic efficiency was calculated from equation (1). The results of these calcula-
tions are included in Table 5, together with values of V\VW from Webb (1971).

Table 5. Aerobic power available (EaeT0}i), power required (ET) aerobic efficiency
and VjVw for groups 1-4 for five levels of % Fcri t

20

40

60

80

1 0 0

Jroup i

37
o-54
1-4
0-19

9 1

3-76
4'i
0-30

169
12-06
7-i
0-39

283
26-99

9-5
o-45

447
50-20
II-2

o-45

Group 2

38
0-37
I'O

0-17

93
2'59
2-8
0-27

171

8-35
4*8
O'35

284
1966
6 9
0-40

444
37-19
8-3
0-40

Group 3
34
0-27
o-8
0-15

82
i-73
2 - 1

0-18

152
5-68
3-7
0-28

251
13-41

5-2
O-33

391
25-32

6-4
o-33

Group 4
31

O-2I
0-7
0-15

77
1-36
i-8
0-19

1 4 0

4*37
3 ' i
0-24

233
IO-2

4*4
O-3I

364
I9-l6
5-3
0-32

•Eaerob x IO
ET X IO~4

^aerob V. M

v\vw
Eaerob x 10 -
ET x io~4

^aerob (%)

v\vw
-p v rr.~
•"aerob A l o
ET x 10-4

^aerob ( /o )

v\v9
£*aerob x 10-
ET x 10 - 4

%erob (%)

v\vw
^aerob X IO~
ET x 10-4

%erob (%)

vivw

Four curves relating q^^ and % VCTlt have been drawn (Fig. 5 A) in which the
only variable at any value of % VCTit should be V\VW. The values for the latter are
plotted out in Fig. 5 B.

The relationship between ?;aerOb an<i VjVw is shown in Fig. 6. The two parameters
are related at each value of % T ,̂rit. Furthermore, the relationship between them at
neighbouring values of % P^rit tends to overlap, so that it could be expressed as a
single line. This implies that there is very little change in muscle efficiency, and that
the proposition made above on 7jm0 is more or less correct.

In Fig. 7 an attempt has been made to summarize this discussion on propulsive
efficiency. Values for ^aeroi3 are shown from Fig. 3. These have been used with the
values for 7)m0 shown in Fig. 7A to calculate values for rjp in Fig. 7B. These are
compared with values of yp calculated from the model proposed by Lighthill (1969)
as described by Webb (1971). The discrepancy between the two sets of values for rjp

occurs because the fish do not realize the conditions of the model at low swimming
speeds (Webb, 1971). It is expected that the fish would meet these conditions at
higher swimming speeds.

Webb (1971) found that fish were reluctant to swim at low speeds. At such speeds,
less than 10% Fcrit, the overall efficiency will be very low, and hence the costs of
swimming disproportionally high. This may be an explanation for the observed
behaviour of the fish.
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Fig. s. (A) Relationship between the aerobic efficiency and swimming speed (expressed a
percentage of Vciit) for groups 1-4. The points have been calculated for values of 20, 40, 60,
80 and 100% Vciit. (B) Values for V\VW as a function of % V^ for all five groups of fish.
A, Control group; D, group 1; • , group 2; O, group 3; • , group 4.

Table 6. Calculations of V\VW at swimming speeds from o to 300 cmjsec (0-10 Ljsec)
for rainbow trout using Bainbridge's equation (1958)

Swimming speed

V (cm/sec)

5
1 0

15
2 0

3O
4 0

So
6 0
7 0
9 0

1 0 0

150
2 0 0

2 5 0
3 0 0

VjL

0-17
o-33
0-50
0-67
I*OO

i-33
1-67
2*OO

2-33
3-o
3-33
5'O
667
8-33

IO'OO

Wave velocity

Vw (cm/sec)

3i'7
36*3
40-8
45-3
54-5
63-4
72-5
8 1 6
9 9 8

108-7
117-9
163-2
208-5
253-8
299-3

v\vw
0-16
0-27
0-37
0-44
o-SS
0 6 3
0-69
0-73
o-8o
0 8 2
0*85
0-92
0 96
c-o8
I-OO
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Propeller efficiency at high swimming speeds

The difference between 7}p calculated here and that predicted by Lighthill (1960)
becomes smaller at higher cruising speeds. It is at these speeds that Lighthill's model
becomes truly applicable to the swimming trout. Then the propeller efficiency j s

expected to reach values of about 90 % as VjVw reaches about o-8.
It has also been shown that yp can be related to VJVW. Values for V\VW can be cal-

culated by means of Bainbridge's equation (1958) as described by Webb (1971). This
has been done for the fish used here up to a maximum sprint speed of 300 cm/sec

10

100

80

60

100
— • o
80 # •

i°. . _ ° D 20

40

40 o

0-1 0-2 0-3 0-4 0-5 0-6 0-7

Fig. 6 .The relationship between ijaevot, and V/Vw with % F ^ t as parameter. Numbered lines
on the left of the points represent the minimum values of ^aerOb at each value of % Fcrit,
and the lines on the right represent the maxima. Key as for Fig. 5.

Table 7. Values for VjVw reported in the literature and values for
the control group offish from the present experiments

Fish

Whiting
Mackerel
Bream
Goldfish
Dace
Rainbow trout

VjL

0-91*
1-06*
2-37*
2-87*
i-68*
0-36
0 6 1

0-85
1-09
i-33
i-57
1-83
2-05

V
(cm/sec)

16-8
42-5
45
46
42

IO-I
1 6 9
23-6
3°-4
37-2
43'9
SO-7
58-i

vw(cm/sec)

25-0
77

59
65
57
43-2
49*5
47-8
59'4
680
74-5
75*3
84-8

VjV

0-67)
O-55)
076^
071
074)

O-23>

o-34
0-49
0-51
o-55
o-59
0*67
0-69;

j, Reference

Gray, 1933 a

Bainbridge, 1963

. Webb, 1971

* From Webb (1970).
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hoLlsec) in Table 6. VjVw is shown plotted against specific swimming speed (V/L)
in Fig. 8. The figure shows that the propeller conditions for optimum efficiency occur
at a swimming speed of about 4 L/sec. This is similar to the maximum cruising speeds
observed in many fish (see tables in Webb, 1970, 1971).

The validity of the theoretical line in Fig. 8 can be indicated by putting in some
values reported in the literature. Values for VjVw have been given by Gray (1933 a),

20 r A 100 1 - B

80

tfaerob 6 0

40

20

20 40 60 80 100 20 40 60 80 100
0/ 1/
/o 'cnt

Fig. 7. Summary of the efficiency relationships for aerobic efficiency, muscle efficiency and
propeller efficiency described in the text, at cruising speeds expressed as % Vctit. (A) Open
circles represent red muscle efficiency, assuming that the muscles behave in the same way
as other vertebrate muscle systems, with the maximum power output occurring at Vciit.
Aerobic efficiency values (solid circles) are taken from the results in Fig. 3. (B) Propeller
efficiency. The solid squares have been calculated from the values shown in (A). Open squares
have been calculated from the model proposed by Lighthill (1969) from the values calculated
from Webb (1971).

Bainbridge (1963) and Webb (1971). These are shown in Table 7. The agreement
between these values and the theoretical line is good. Most values have been de-
termined close to the optimum value predicted by Lighthill (i960).

The calculations of VjVw imply that the propeller efficiency will be high over most
of the cruising-speed range of fishes, and over the whole of the sprint-speed range.

SUMMARY

i. The oxygen consumption of rainbow trout was measured at a variety of sub-
fatigue swimming speeds, at a temperature of 15 °C. Five groups of fish were used,
a control group and four groups with extra drag loads attached to the body.
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2. The logarithm of oxygen consumption was linearly related to swimming Spe ,
in all five groups, the slope of the relationship increasing with the size of the ext
drag load. The mean standard rate of oxygen consumption was 72-5 mg O2/kg Wet

weight/h. The active rate of oxygen consumption was highest for the control groiln

(628 mg O2/kg/h) and fell with increasing size of the attached drag load. The activ!
rate for the control group was high in comparison with other salmonid fish, and in
comparison with the value expected for the fish. This was not a result of the extra
drag loads in the other groups. No explanation for this high value can be found.

0-1

3 4 5 6 7 8 9
Specific swimming speed (V/L)

10

Fig. 8. The relationship between V\VW and specific swimming speed (L/sec) for fish similar
to the trout. The solid line was calculated from Bainbridge's equation (Bainbridge, 1958).
Other points: • , mackerel; • , whiting (Gray, 1933a); • , bream, O, dace, A, goldfish
(Bainbridge, 1963); • , trout (Webb, 1971).

3. The critical swimming speed for a 60 min test period was 58*1 cm/sec (2-0 body
lengths/sec) for the control group. The values for the critical swimming speeds were
slightly higher than those measured for the same species in a previous paper (Webb,
1971). The difference between the two sets of critical swimming speeds is attributed
to seasonal changes in swimming performance.

4. The aerobic efficiency was found to reach values of 14*5-15-5% based on the
energy released by aerobic metabolism in comparison with the calculated required
thrust.

5. The anaerobic contribution to the total energy budget in increasing-velocity
tests is considered to be small, and can be neglected.

6. It is concluded that the efficiency of the muscle system in cruising will be
approximately 17-20% over the upper 80% of the cruising-speed range, while the
caudal propeller efficiency will increase from about 15-75 % o v e r ^ e s a m e range.

7. Consideration of the efficiency values for the caudal propeller calculated here,
and those predicted by Lighthill's (1969) model of fish propulsion, suggest that the
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fficiency of the propeller system will reach an optimum value at the maximum
C uising speeds of most fish, and will remain close to this value at spring speeds.

This work was presented in part towards the degree of Ph.D. in the Department of
Zoology, University of Bristol. I wish to thank my supervisor, Dr Q. Bone, for his
dvice and encouragement during the course of this work, and Professor G. M. Hughes
d Dr G. M. Jarman for many useful discussions.
The work was supported by a Scientific Research Council Studentship.
I also wish to thank Dr J. R. Brett for reading the manuscript for this paper, and

for his valuable criticism.
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